
Synergistic approaches to the acidic activation of halloysite nanotubes for 
unlocking their potential in sustainable catalysis
Marco Bertini a , Alessandra Palella b,* , Lorenzo Lisuzzo a,* , Francesco Ferrante a ,  
Atte Aho c, Lorenzo Spadaro b , Dmitry Yu. Murzin c,* , Dario Duca a

a Dipartimento di Fisica e Chimica – E. SegrΥe, UniversitΥa degli Studi di Palermo, Viale delle Scienze, pad. 17, 90128 Palermo, Italy
b ITAE—Istituto di Tecnologie Avanzate per l’Energia “Nicola Giordano”, National Research Council of Italy, Salita Santa Lucia Sopra Contesse, 5, 98126 Messina, Italy
c Laboratory of Industrial Chemistry and Reaction Engineering, Johan Gadolin Process Chemistry Centre, Åbo Akademi University, Henriksgatan 2, 20500 Turku/Åbo, 
Finland

A R T I C L E  I N F O

Keywords:
Halloysite
Surface modification
Computational modeling
Experimental analysis
Acidity
Catalysis

A B S T R A C T

The acidic activation of halloysite nanotubes (HNTs) surface was investigated by a synergistic approach based on 
density functional theory (DFT) calculations and experimental methods. In particular, the protonation of hal-
loysite inner lumen was enlightened at the atomic level by considering both the reactions energy and the 
geometrical properties. The mono-, bi- and tri-protonations are indeed exothermic processes. Similarly, the 
aluminum leaching was investigated and the energy required for the dealumination (ΔETOT > =882.9 kJ.mol−1) 
can be supplied by the refilling of the active vacancy (ΔETOT > −883.5 kJ.mol−1). Hence, a detailed experimental 
study of acidic-treated HNTs was carried out by considering their chemical and morphological properties. Most 
importantly, the nanotubular shape was maintained and the acidic treatment leads to an increase in the total 
concentration of acid sites and to the formation of new Brønsted sites. The catalytic properties were tested 
through the isomerization of o-xylene and a clear acidity–activity relationship was demonstrated. The synergy 
between in silico and in lab studies are of utmost importance for the development of efficient acid catalysts, thus 
paving the way for the development of multifunctional systems for the one-pot conversion of biomass into value- 
added molecules.

1. Introduction

Clay minerals attract significant attention from the scientific com-
munity because of their unique properties which enable their use in a 
wide range of different domains. Among them, Halloysite Nanotubes 
(HNTs) are naturally and abundantly occurring aluminosilicates with 
Al2Si2O5(OH)4 . nH2O as unit formula [1]. They are composed by the 
alternation of a Si based tetrahedral layer overlapped to an Al based 
octahedral layer, resulting in the typical laminar structure of kaolinite 
mineral which tends to roll up, thus providing halloysite with its pecu-
liar hollow nanotubular morphology [2,3]. The n in the stoichiometric 
formula stands for the number of water molecules between two 
consecutive layers and it can be 0 or 2 for the dehydrated 7 Å-form or the 
hydrated 10 Å-form of halloysite, respectively [4,5]. HNTs can be 2–3 
μm long, displaying an external diameter of 15–200 nm and an internal 
diameter of 10–100 nm [6,7]. Due to their nanotubular shape, these 
inorganic nanotubes possess different chemical composition on the 

outer and inner surfaces, being the former composed of Si–O–Si groups 
and negatively charged in the 2–8 pH range, and the latter formed by 
Al–OH groups and positively charged in the same conditions [8,9]. As 
demonstrated by several works, HNTs are also biocompatible and, 
compared with other common nanotubes, such as their organic coun-
terparts (i.e. carbon nanotubes), they are low cost and relatively inex-
pensive [10,11]. In light of all these properties, halloysite nanotubes 
have demonstrated remarkable potential as catalyst and/or catalyst’s 
support in a plethora of applications, where the use of a toxic-free and 
eco-friendly catalyst is essential to ensure minimal environmental 
impact, promote green chemistry practices, and support the develop-
ment of cleaner and more sustainable technologies for addressing global 
energy and environmental challenges [12–14]. Indeed, the inner/outer 
surfaces can be selectively functionalized, thus enabling the loading of 
active species for the development of nanocarriers to be used in drug 
delivery [15–18], cosmetics [19], food packaging [20], environmental 
remediation and for the treatment of cultural heritage [21–24]. Most 
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importantly, the existence of two different and separated environments 
in halloysite nanotubes allows for their proper engineering which can 
lead to development of catalytic nano-systems [25–28]. Within this 
framework, Zheng et al. reported the synthesis of Mo modified Ni cat-
alysts confined within the inner volume of the nanotubes, after selective 
etching via acidic activation of the Al based surface, for the dry 
reforming of methane [29]. Zasypalov et al. investigated the hydro-
deoxygenation of guaiacol carried out over halloysite nanotubes deco-
rated with Ru nanoparticles after selective acid treatment, which had a 
significant impact on the catalytic activity [30]. It is indeed well known 
that acid catalysis is a key area in catalysis, but the use of liquid mineral 
acids generates a significant amount of waste. Today, the attention is 
increasingly focused on developing more selective and less polluting 
methods, driving the demand for environmentally friendly catalysts 
[31]. Herein, HNTs based heterogeneous solid acid catalysts, resulting 
from the acidic activation of the inner surface, have emerged as prom-
ising alternatives [32,33]. For instance, literature reported that HNTs 
can be solely employed as a solid acid catalyst for the alkenylation of 
various aromatics with phenylacetylene to their α-arylstyrenes [34]. 
Sidorenko et al. prepared acid-modified halloysite nanotubes which 
were used as stereoselective catalysts for the synthesis of 2H-chromene 
derivatives by isopulegol condensation with aldehydes and also for 
highly selective Prins reactions [35,36]. Furthermore, the acidic acti-
vation of HNTs was optimized for the solvent-free synthesis of tetrahy-
dropyran alcohols [37]. It should be noted that the acidic modification 
of halloysite nanotubes represents a major strategy for increasing the 
acidity of the clay and tuning the ratio between Lewis and Brønsted acid 
sites, thus tailoring the catalytic activity in acid catalyzed reactions [38,
39]. Although the importance of acidic activation of HNTs inner surface 
is generally assumed, few studies have systematically investigated the 
mechanisms involved in this process. From a computational perspective, 
research has primarily focused on aggregation properties [40], loa-
ding/adsorption of molecules for various applications [41–45], and on 
the alkaline modification of the outer surface for the creation of Si–OH 
groups which can act as active centers for the attachment of organo-
silanes and further functionalization [46,47]. A recent study explored 
the structure evolution of halloysite nanotubes during the acid leaching 
process by molecular dynamics simulations [48].

In this work, the effects of acidic treatment of halloysite nanotubes 
have been investigated using a density functional theory (DFT) based 
computational approach to have more insights at the atomistic level 
about the protonation of halloysite inner lumen and the processes 
leading to the leaching of aluminum. In particular, both the energetics of 
the reactions involved and the geometrical properties of the resulting 
structures have been studied. Experimental analysis has also been car-
ried out to establish whether a direct correlation between the acidic 
properties and the catalytic activity exists; in particular, the acid-treated 
HNTs have been tested in the isomerization reaction of o-xylene, which 
is a typical acid-catalyzed reaction [49]. The synergy between compu-
tational modeling and experimental studies has the potential to offer a 
detailed understanding of active sites, optimal configurations, and 
preferred reaction pathways, thereby paving the way for optimizing the 
catalytic efficiencies in the broader spectrum of acid-catalyzed reactions 
[50,51]. The present work is part of a wide project and can be combined 
with our previous investigations, where the external surface of halloy-
site was functionalized and decorated with metal particles for the 
oxidation of 5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic 
acid (FDCA), which is the only bio-based platform compound included 
in the “Top 12 List of Value Added Chemicals” by the US Department of 
Energy since it has the potential to replace petrochemical monomers 
[52]. Several challenges can arise in this process due to the formation of 
various by-products, such as humins and levulinic acid during the syn-
thesis of HMF [53]. In this context, the exploitation of halloysite prop-
erties may lead to the design of a multifunctional catalytic system where 
the acidic dehydration of sugars (e.g. glucose or fructose) to HMF occurs 
in the inner lumen whereas the metals catalyzed oxidation of HMF to 

FDCA is carried out on the external surface, enabling the one-pot 
approach for the reaction from biomass-derived precursors to FDCA. 
This paradigm, which involves the chemical conversion of biomass into 
value-added molecules using naturally occurring clays and combining in 
silico techniques with lab experiments, is fully aligned with the princi-
ples of Green Chemistry.

2. Models and computational details

The calculations reported in this work were conducted by using the 
Gaussian 16 software [54]. The geometries of modified halloysite 
structures were optimized within the Density Functional Theory (DFT) 
framework, by using the M06-L exchange–correlation functional [55] 
together with the resolution of identity (RI) approximation for the 
evaluation of two-electron integrals, which helps to reduce the compu-
tational cost for treating the large size systems here investigated [56]. 
The SVP valence double-zeta plus polarization basis set of Ahlrichs and 
co-workers was employed and the corresponding auxiliary functions 
needed for RI approximation were generated at run time [57]. In 
particular, the investigation was carried out by using a cluster approach. 
The starting model of halloysite surface was tailored from a nanotube 
built and investigated through a Density Functional Tight Binding 
approach [58]. The dangling bonds were saturated with hydrogen atoms 
and all the oxygen atoms at the edges were kept frozen in their positions 
during geometry optimization in order to maintain the surface curva-
ture. This model can be considered a minimax, since it is large enough to 
minimize the border effects, and yet small enough to be accurately 
treated by non-empirical density functional theory in a molecular, 
non-periodic approach. Aimed at highlighting the modified portions, the 
structure of the investigated species will be shown in mixed 
ball-and-stick representation (see Fig. 1).

Both the protonation of halloysite internal surface and the aluminum 
leaching were studied. In the former case, we focused on the protonation 
of Al hexagonal arrangement at the center of the model, which is the 
farthest from the borders. In the latter case, instead, sequential pro-
tonations and dehydrations were carried out on the same Al atom, until 
its loss from the structure. The resulting protonated structures will be 
labeled as hndm, where n indicates the number of added protons (h) and 
m indicates the number of lost water molecules, indeed dehydrations 
(d). The label L–hndm will be used to analyze the details of the leaching 
mechanism. As long as the refilling (ref) is concerned, the occurring of 
hydrations step will be marked as “hyd”, leading to the ref–hnhydm 
labels.

The energetics of all processes, of which the most important are: 
(L–)hn-1d0 = H3O= → (L–)hnd0 = H2O protonation                               
L–hndm-1 → L–hndm = H2O dehydration                                               
L–h0d3 = 6H2O → deAl–h0d3 = Al(H2O)63= leaching                             
ref–hn-1hydm-1 = H3O= → ref–hnhydm refilling                                     
will be discussed in terms of the difference between the sum of SCF 
energies of the products and the sum SCF energies of the reactants.

3. Materials and methods

3.1. Materials

Halloysite (specific surface area of 65 m2.g−1 and specific gravity of 
2.53 g.cm−3), hydrochloric acid (37 %), silver nitrate (AgNO3, anhy-
drous, Ë99.999 %), sodium hydroxide (Ë97.0 %), o-xylene (Ë98.0 %) 
were purchased from Sigma-Aldrich. A special gas mixture of H2 (90 %), 
C2H6 (4.0 %), and N2 (6 %) was purchased from Nippon Gases Industrial.
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3.2. Acid treatment of halloysite

Acid treatment of halloysite was performed with 0–30 % 
(0,5,10,15,20,30 %) hydrochloric acid solutions. A certain amount of 
clay (10 g) was placed in a three necked flask equipped with a reflux 
condenser and a thermometer. Thereafter, a solution of HCl was added 
in the ratio of 5 ml per 1 g of HNT (5 ml.g−1), heated to 40 ÄC and stirred 
at this temperature for 3 h, using an oil bath. The solid phase was then 
separated and washed from the acid with distilled water until complete 
absence of Cl− (test with AgNO3), dried on air at 110 ÄC for 2 h, and then 
aged for 48 h at room temperature to obtain air-dried material.

3.3. Catalytic test

The o-xylene isomerization tests were carried out by using a labo-
ratory semi-automatized micro-plant equipped with an AISI 316 stain 

steel up-down Plug Flow Reactor. The tests were performed at 350 ÄC 
and 11 bar, feeding 40 stp cc.min−1 of a reactant mixture of o-xylene (10 
%), H2 (81.4 %), C2H6 (3.6 %) as internal standard for the quantification 
of FI signals and for the calibration of both TC and FI signals, and N2 
(4.95 %) as internal standard for TC detectors. The reactants were 
introduced by flowing the gas stream through a thermostatic saturator 
containing liquid o-xylene, maintained at 140 ÄC and 11 bar.

In each test, the reactor was loaded with 2 g of catalyst (10–16 mesh) 
diluted one-to-one with quartz pellets. The catalytic test duration was 30 
h; all systems reached steady-state conditions within the first 5 h and no 
deactivation was observed throughout the test duration.

The on-line composition of reactants and products was determined 
by using a GC Agilent model 8890A equipped with a thermo- 
conductivity (TC) and a flame ionization (FI) detector.

Permanent gases (H2, N2, C2H6) were detected by using a Molecular 
Sieves and a Porapak Q packed columns connected in series. For GC 
separation of condensable hydrocarbons, a Supelcowax 10 fused silica 
capillary column (30 m ̧ 0.53 mm ID, 2 µm film, Sigma-Aldrich) coated 
with polar polyethylene glycol stationary phase was used. The column 
temperature was held at 40 ÄC for 5 min and then programmed at 5 
ÄC⋅min−1 at 160 ÄC, using helium as carrier gas. The response factors of 
each compound were determined for the calibration of the GC signals by 
using several standards [59]. In these conditions, a good separation of all 
reaction products in the on-line gaseous stream was obtained, being the 
1,2,4-trimethylbenzene the molecule with the highest molecular weight 
detected. The mass balance was higher than 95 % for all the systems 
under study.

Then, to evaluate the occurrence of coking phenomena and to eval-
uate the formation of high-molecular-weight species, which remain 
adsorbed on the catalysts’ surface, the catalysts, after catalytic test, were 
treated through solvent extraction and the removed material was 
analyzed by GC analysis [60,61]. The qualitative analysis did not allow 
distinguishing all the species, which roughly belong to polyaromatic and 
diphenyl family compounds; the heavy products were then quantified 
considering benzene as a reference.

Catalytic results were reported in terms of o-xylene conversion (i.e. 
Xo-xyl %), selectivity to products (i.e. S(i) %), specific reaction rates of the 
i th product (i.e. ratePi) and turnover frequency (i.e. T.O.F.): 

Xo−xyl% >
Co−xylt0 − Co−xyltn

Co−xylt0
⋅100 (1) 

S;i<% >
C;i<

Ctotal products
⋅100 (2) 

ratePi >
Fo−xyl⋅Xo−xyl⋅SPi

gcat
(3) 

T∿O∿F∿ > ISO rate
?H=@

(4) 

Where Co-xylt0 is the initial concentration of o-xylene at time 0, Co-xyltn is the 
concentration of o-xylene at time n, Ci is the concentration of the i th 
product, Ctotal products is the sum of the concentration of all the products 
detected, Fo-xyl is the feeding rate of the o-xylene in mol⋅h−1 and gcat is 
the catalyst weight in grams, ISO rate is the value of the rate of isom-
erization reactions calculated at steady-state conditions, [H=] is the total 
concentration of acid sites on the catalysts surface determined by 
potentiometric titration measurements.

3.4. Experimental analysis

Surface area (S.A.), pore volume (P.V.), and the average pore 
diameter (A.P.D.) were determined by nitrogen adsorption–desorption 
isotherms at −196 ÄC, employing a Micromeritics ASAP 2020 instru-
ment (Norcross, GA, USA), applying conventional Brunauer-Emmett- 

Fig. 1. a) The H48Al24Si24O126 model of halloysite employed in this work in the 
ball-and-stick representation. b) The detail of the central part of the model, 
showing the numerical labels used in the manuscript. Color code: H-white, O- 
yellow, Si-green, Al-cyan. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.).
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Teller (BET) and Barrett-Joyner-Halenda (BJH) calculation methods.
X-ray diffraction patterns (XRD) were collected at ambient atmo-

sphere, in the 2θ range 5Ä−80Ä, by using a Bruker D8 Advance X-ray 
diffractometer operating with Ni β-filtered Cu Kα radiation (40 kV; 40 
mA) and a scan rate of 0.05Ämin−1.

The chemical analysis was performed with a Bruker AXS S8 Tiger X- 
ray fluorescence spectrometer (Bruker AXS GmbH, Karlsruhe, Ger-
many), equipped with a 4 kW Rh X-ray tube, a scintillation counter and a 
flow proportional counter with 10 %CH4/Ar gas flow. The automatic 
QuantExpress routine with the ‘‘best detection” option was used for the 
measurement under helium atmosphere; the method consists in three 
scans that cover the range 56–0.5 keV with automatic selection of filter, 
collimator and crystals. The spectral data were then analysed with the 
Spectra Plus program.

Fourier transform infrared (FTIR) spectra were recorded using a 
Perkin Elmer Spectrum 100 spectrometer, at room temperature, in the 
4000–450 cm−1 range with a 4 cm−1 resolution.

Potentiometric titrations of HNTs in aqueous suspension (50 ml 
electrolytic 1.5 M NaCl solution) were carried out using a pH-meter 
Hanna 4221, equipped with a glass electrode for pH measurement, 
and a probe for temperature control. 2 ml of 0.1 N NaOH solution was 
initially added to the suspensions in the electrolytic solution, in order to 
have an initial pH in the range 9.5–10. Then, titration was carried out 
with 0.02 N HCl solution, using phenolphthalein as an indicator. 
Titration curves have been obtained using Hanna 9200 software, con-
nected to the pH-meter, recording pH values after 5 min of stabilization, 
while adsorption density and pH of zero adsorption have been calculated 
numerically [62,63]

FTIR spectroscopy using pyridine as a probe molecule was conducted 
to assess the acid properties of HNTs [64]. To do it, the samples were 
calcined at 350 ÄC for 2 h, then cooled to 100 ÄC and saturated with 
pyridine for 30 min. Overall concentration of the weak, medium and 
strong acid sites was determined at 150 ÄC, medium and strong sites are 
related to ability of retaining pyridine at 250 ÄC, while strong sites 
correspond to 350 ÄC [65]. The identification of the Brønsted and Lewis 
sites was carried out on the absorption bands at 1545 cm−1 and 1450 
cm−1, respectively using the extinction coefficient of Emeis [66].

Transmission electron microscopy was carried out by using a JEM- 
1400Plus (JEOL, Japan) equipped with an Osis Quemesa 11 Mpix 
bottom-mounted digital camera. A small amount of each sample was 
suspended in ethanol and placed on a copper grid prior to the analysis, 
which was conducted with 110 kV acceleration voltage and 70 μA cur-
rent. Scanning electron microscopy was also employed to observe the 
morphological properties of pristine and acidic treated halloysite 
nanotubes by using a Zeiss Leo Gemini 1530 SEM with a Thermo Sci-
entific UltraDry silicon drift detector (SDD) with x25k and x50k 
magnifications.

4. Results and discussion

4.1. Protonation of halloysite inner surface

Aimed at investigating the protonation of halloysite inner aluminum 
based surface, the central hexagonal arrangement within the h0d0 
structure, which represents the pristine clay, was focused. The addition 
of a proton to a hndm species to give hn=1dm was performed, in turn, on 
each of the (unique by symmetry) oxygen sites belonging to the central 
hexagonal portion of the model, and in order to proceed to the next 
protonation step, the most stable of the newly formed species was 
considered. For all the consecutive protonation reactions studied herein, 
the energetics of the reaction was calculated taking into consideration a 
H3O= species which protonates the surface and leaves as water mole-
cule. It should be emphasized that, according to its definition, the model 
used can only describe the contribution of the internal surface acidic 
sites; other models should be devised for the acidity of the sites at the 
edge of the nanotube or to take into account the contribution to the 

acidity coming from portions of the nanotube where morphological 
defects are present.

According to the DFT energetics, the acidic activation of halloysite 
starts at the Al(5) site. As shown in Fig. 2a, the H= attaches to the hy-
droxyl group bridging between the Al(4) and the Al(5) atoms, and the 
-OH group is then converted to H2O, thus conferring to the mono- 
protonated h1d0 structure an overall positive net charge. The process 
was foreseen to release 236 kJ.mol−1 of energy. The resulting water 
molecule remains linked to the Al(5) site with a bond length of 2.09 Å, 
which is ca. 0.21 Å longer then the Al(5)-OH distance in the h0d0 
structure. As a consequence, the distance between the Al(4) and Al(5) 
atoms also increases from 2.94 Å to 3.14 Å. The positive center arises 
above the plane, being the O-Al(5)-Al(4) angle wider by ca. 5Ä with 
respect to the corresponding configuration in the unprotonated surface. 
Moreover, the water molecule is stabilized by a strong hydrogen bond 
with the oxygen of the hydroxyl group bridging two Al centers in the 
external shell of halloysite model. Its length is 1.81 Å.

Starting from h1d0, a second protonation was studied and it is pre-
dicted to occur at the adjacent Al(6) site resulting in the h2d0 structure 
reported in Fig. 2b. Similarly to the previous findings, the H= now binds 
to the hydroxyl group bridging between the Al(1) and the Al(6) atoms 
thus forming a water molecule which bears a second positive net charge 
and is coordinated to the latter atom. In particular, the distance between 
Al(6) and H2O is 2.21 Å and the distance between the Al(1) and Al(6) 
centers is 3.22 Å. The second protonation is therefore responsible for a 
higher increase (ca. 0.30 Å) of both geometrical parameters with respect 
to the corresponding mono-protonated form. The O-Al(6)-Al(1) angle is 
42.5Ä and, as long as the energetics are concerned, the energy released 
for the h1d0 to h2d0 protonation is ca. 81 kJ.mol−1. The global reaction 
energy calculated starting from pristine halloysite is thus −317 
kJ.mol−1.

The following protonation preferentially occurs at the Al(2) site in 
the h3d0 structure reported in Fig. 2c. In this case, the Al(2)-OH2 and the 
Al(2)-Al(3) bonds are 2.04 and 3.26 Å in length, respectively. This step, 
which brings a third positive net charge to the structure, localized on the 
resulting water molecule linked to the Al(2) atom, is responsible for a 
high increase of the O-Al(2)-Al(3) angle up to 53Ä, with a variation of ca. 
=14Ä as compared to the corresponding parameter in the h2d0 structure. 
As a consequence, a very strong H-bond arises with the hydroxyl group 
bridging two other Al atoms of the external shell in the model; its length 
is 1.66 Å. However, the third protonation is an endothermic step, which 
needs =129 kJ.mol−1. Still, the global reaction starting from h0d0 to h3d0 
and three water molecules remains exothermic and the overall released 
energy is ca. 188 kJ.mol−1. It is worth to note that, for the three cases, 
the water molecules protrude from the hexagonal Al arrangement and 
interact by H-bonds with other hydroxyl groups bridging between 
aluminum atoms close to the borders. Conversely, as long as the fourth 
protonation is considered and the h4d0 structure is formed (Fig. 2d), the 
new water molecule resulting from the protonation of the -OH between 
the Al(5) and the Al(6) atoms is pointing inwards, probably due to the 
high density of four positive charges. In this case, the Al(5)-Al(6) sepa-
ration increases from 2.89 to 3.17 Å while the distance between Al(5) 
and H2O is 2.11 Å. The O-Al(5)-Al(6) angle is also wider than the cor-
responding angle in the h3d0 structure, namely 51Ä. The protonation of 
h3d0 to h4d0 is an endothermic step, with an energy balance of =353 
kJ.mol−1 which makes also the whole tetra-protonation process an 
overall endothermic reaction that needs =165 kJ.mol−1 to occur. As a 
consequence of its position, a H-bond is formed between the hydrogen of 
the water molecule and the hydroxyl group bridging between Al(3) and 
Al(4), its length is 1.87 Å.

For what concerns the fifth protonation, which results in the h5d0 
structure reported in Fig. 2e, it would occur on the -OH bridging be-
tween Al(1) and Al(2). These two atoms move away from each other by a 
distance equal to 0.31 Å and the water molecule bringing the fourth 
positive net charge is linked to Al(1) by a bond whose length is 2.10 Å. 
The O-Al(1)-Al(2) angle increases by =11Ä as compared to the 
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Fig. 2. The relevant part of the optimized structures of protonated halloysite. Color code: H-white, O-yellow, Al-cyan; added protons are highlighted in magenta. For 
the sake of clarity, the silicic layer was omitted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.).
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corresponding configuration in the h4d0 structure. Since the H2O 
molecule is also directed towards the center of the hexagonal arrange-
ment and the charge density is high, a proton hopping from Al(2)-OH2 to 
an hydroxyl group outside of the central hexagonal portion was also 
observed. The energetic balance suggests that this step is unlikely to 
happen, since the fifth protonation needs =504 kJ.mol−1 and energy for 
the whole process from pristine halloysite to h5d0 is equal to =669 
kJ.mol−1. Finally, in order to investigate the complete protonation of the 
hexagonal arrangement in the h6d0 structure (Fig. 2f), the interaction 
with another H= was focused, and it takes place at the hydroxyl group 
bridging between Al(3) and Al(4), whose distance increases up to 3.3 Å. 
The resulting water molecule is not linked to the surface of halloysite 
and any strong interactions with the aluminum centers disappear. In 
fact, the distances between the oxygen of H2O and the aluminum atoms 
are the longest observed, namely 3.82 Å for Al(3) and 4.16 Å for Al(4). 
These findings are most likely related to the highest density of positive 
charges that, together with steric hindrance, prevent the sixth proton-
ation from being kept embedded within the structure. The leaving water 
molecule interacts with the structure by three H-bonds: i) with the water 
molecule linked to Al(5), H-bond length of 1.68 Å; ii) with the water 
molecule linked to Al(1), H-bond length of 1.62 Å; iii) with the -OH 
linked to Al(3), H-bond length of 1.60 Å. As expected, this last proton-
ation is the most endothermic, as it needs =687 kJ.mol−1 to occurs and it 
makes the all process of hexa-protonation from pristine halloysite to 
h6d0 highly endothermic, with a total ΔE > =1356 kJ.mol−1.

Therefore, as summed up in Scheme 1, it is possible to assess on 
energy basis that the mono-, bi- and tri-protonations of close aluminol 
sites in a local portion of halloysite inner surface can occur, being the 
three whole processes from the pristine clay to h1d0, h2d0 and h3d0 
exothermic reactions with a total energy release of 236 kJ.mol−1, 317 
kJ.mol−1 and 188 kJ.mol−1, respectively. Focusing the attention to the 
local region defined by the aluminols in the central hexagon of the HNT 
model, the deepest energy minimum would be reached with the second 
protonation, i.e. it would be related to the process h0d0 = 2H3O=→h2d0; 
starting from h2d0, the third protonation would require 128.6 kJ.mol−1 

and would lead to a substantial decrease in the energy released by the 

global process. If one extends the discussion by considering mutually 
distant, essentially non-interacting, regions of the halloysite nanotube, 
and if one assumes that the protonation processes of the internal surface 
are reversible, on the basis of the calculated energies it could be hy-
pothesized that the monoprotonation of distant sites is the thermody-
namically favored situation. In fact, the monoprotonation of two distant 
sites (considered as if they were isolated from each other) would release 
472.2 kJ.mol−1 of energy, a much larger amount than the 316.8 
kJ.mol−1 released by the double protonation of a single local region. 
However, if one wants to study the leaching phenomenon (which indeed 
should occur after strong acidity treatment) it is obviously necessary to 
focus on a small region of the internal surface, where the protonation of 
a certain site heavily influences the protonation of nearby sites. The 
energy data obtained, in fact, demonstrate that a local concentration of 
at least three protonated sites is possible. Conversely, any further reac-
tion with H3O= should be disregarded as it would require a high amount 
of energy.

4.2. Aluminum leaching

As discussed, the acidic treatment of HNTs can lead to the loss of 
aluminum atoms from the inner surface and it can possibly cause 
morphological and structural changes. For this reason, in order to 
investigate the Al loss in acidic environments, DFT studies were carried 
out by focusing on Al(6) to have more detailed insights into its leaching 
mechanism, as a model case for the whole structure.

As reported in Fig. 3a, the first step is the protonation of the hydroxyl 
group bridging between Al(6) and Al(1), which is converted to a water 
molecule in the L–h1d0 structure. The distance between H2O and Al(6) is 
2.21 Å (ca. 0.30 Å longer than the corresponding distance in the pristine 
HNT model). As observed for the protonation mechanism, the insertion 
of H= is responsible for the increase of the Al(6)-Al(1) distance from 2.92 
to 3.21 Å. This step is exothermic, as it releases ca. 240 kJ.mol−1. Af-
terwards, another protonation occurs on a second -OH group that is 
bridging between Al(6) and Al(7), resulting in the L–h2d0 structure 
(Fig. 3b). The distance between the newly formed water molecule and Al 
(6) is 2.26 Å, while the one between the two aluminum centers increases 
from 2.94 Å for L–h1d0 to 3.16 Å for L–h2d0. A H-bond is formed between 
the hydrogen in the water molecule and a neighboring –OH, whose 
length is 1.84 Å. This second protonation is slightly endothermic, as the 
energy required is =11 kJ.mol−1, but the whole reaction from the pris-
tine clays remains exothermic and it releases 229 kJ.mol−1. Since the 
formation of h2d0 was exothermic, it may be argued that the second 
protonation on the same aluminum site, with the consequent formation 
of L–h2d0, is disfavored with respect to the protonation on another Al 
site. However, leaching should occur only if the aluminum site is heavily 
activated by protons.

Following the double protonation of halloysite inner surface, a 
dehydration step is observed for the first time. Indeed, L–h2d0 loses the 
H2O molecule interacting with Al(6) thus resulting in the L–h1d1 
structure (Fig. 3c), which display a longer distance between Al(6) and Al 
(7) atoms, namely 3.33 Å (=0.17 Å) whereas no changes can be 
observed for the Al(6)-Al(5) and Al(6)-Al(1) lengths. This step is highly 
endothermic and it needs =161 kJ.mol−1 to occur, however keeping the 
whole process from h0d0 to L–h1d1 still exothermic with a total energy 
balance equal to −68 kJ.mol−1. Similar findings are reported for the 
following most favored step, which is the loss of the second water 
molecule leading to the L–h0d2 structure (Fig. 3d). This elementary step 
of dehydration needs =181 kJ.mol−1 and it makes the whole reaction 
from the unmodified HNT endothermic, being the total energy differ-
ence =113 kJ.mol−1. At this point, the aluminum center has a tetrahe-
dral coordination sphere, as it is bonded to two –OH groups bridging 
with Al(1) and Al(5), and to two basal oxygens which act as anchoring 
points between the aluminum based and the silicon based layers of 
halloysite through Al-O-Si bonds. The fifth elementary step is the pro-
tonation of one of the two hydroxyl groups, namely that bridging with Al 

Scheme 1. Species involved in the halloysite successive protonation. A histo-
gram on the right of each species shows the energy associated to the corre-
sponding elementary step (blue bars) and the total energy difference so far 
(yellow bars) with respect to the pristine form of the HNT model, h0d0. Too long 
bars are broken. Energy values are expressed in kJ.mol−1.
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(5) which is converted to water molecule in the L–h1d2 structure 
(Fig. 3e). Due to the protonation and the insertion of a third positive 
charge, the distance between Al(6) and Al(5) increases by 0.5 Å and the 
–OH2 moiety moves around the aluminum. For instance, the O-Al(6)-Al 
(5) angle increases from 47.5 to 106Ä for the L–h0d2 and the L–h1d2 
structures, respectively. Despite a new hydrogen bond is formed with a 
–OH group linked to Al(7), whose length is equal to 1.66 Å, the energy 
required for the third protonation is =208 kJ.mol−1 and, as a conse-
quence, the total reaction becomes more endothermic (total ΔE > =321 
kJ.mol−1).

However, the newly formed water molecule is removed in the next 
dehydration step which brings to the L–h0d3 structure reported in 
Fig. 3f. It is worth to note that, after the third dehydration, the Al(6) 
atom sinks within the structure of halloysite and it has shorter gaps with 
the proximal Si centers in the underlying silicon based hexagonal 
arrangement. In particular, the Al(6)-Si(6) and the Al(6)-Si(5) distances 

are 2.53 and 2.61 Å, respectively, ca. 0.31 Å shorter than the corre-
sponding configurations in the L–h1d2 structure. This step still requires 
more energy (=185 kJ.mol−1) and it enhances the endothermic feature 
of the process, being the ΔETOT > =506 kJ.mol−1.

The aluminum ion could now be extracted from the nanotube, 
resulting in the deAl–h0d3 structure, where “deAl” indicates de- 
alumination (Fig. 3g). In order to study this step, the loss of a trivalent 
Al3= ion was hypothesized and its energy was calculated by the same 
DFT approach in vacuum conditions. The energetics for this step is the 
most endothermic, as it needs =3423 kJ.mol−1 to occur and it dramat-
ically increases the ΔETOT up to =3929 kJ.mol−1. However, since the 
acidic activation of halloysite is usually carried out in water, it should be 
taken into account that the Al3= most likely interacts with H2O mole-
cules to give its hexa-hydrated form. The formation of this octahedral 
species is a highly exothermic process which releases 3047 kJ.mol−1, so 
drastically decreasing the endothermic properties of the whole process.

Fig. 3. (a,f) The structures of protonated, dehydrated and (g) de-aluminated halloysite in ball-and-stick (only the atoms bonded to the involved Al center) and 
wireframe representations. Color code: H-white, O-yellow, Al-cyan. The silicic layer is not shown for clarity. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.).

Scheme 2. Reaction scheme and energetics of halloysite leaching and refilling processes. The blue and yellow bars in the histogram on the right of each species are 
the energy difference related to the elementary steps and the total energy difference with respect to h0d0, respectively. Too high bars are broken. Energy values are 
expressed in kJ.mol−1.
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By collecting all the investigated processes, along with their ener-
getics summarized in Scheme 2, the leaching mechanism can be repre-
sented by the reaction: 
h0d0 = 3H3O= → deAl–h0d3 = Al(H2O)63= (5)
where halloysite interacts with three hydronium species, giving the de- 
aluminated clay and the hydrated form of Al. This reaction is endo-
thermic with ΔETOT > =882.9 kJ.mol−1. However, the loss of one 
aluminum atom leaves a structural vacancy on the internal surface 
which can represent a highly active defective site for further reactions.

In light of this, the refilling of halloysite empty site was investigated 
by focusing the interactions with both H2O and H3O= species in all the 
possible configurations.

The most thermodynamically favored reaction occurs between the Al 
(1) center and H3O=, resulting in the ref–h1hyd1 structure. As reported 
in Fig. 4a, H3O= protonates the hydroxyl group linked to the aluminum, 
which is then converted to H2O increasing the Al(1)-OH2 to 2.01 Å, ca. 
0.27 Å longer than the Al(1)-OH distance in deAl–h0d3. The water 
molecule brought by H3O= also attaches to Al(1) with a bond length of 
1.96 Å. Two H-bonds are formed (with lengths of 1.95 and 1.83 Å) and 
they contribute to the stabilization of the structure. This step is largely 
exothermic, as it releases an energy equal to ca. 518 kJ.mol−1, and it is 
followed by the further protonation and hydration to form the 
ref–h2hyd2 structure in Fig. 4b. Herein, H= interacts with a basal oxygen 
bridging between the Al(7) and the underlying Si atom, creating a new 
hydroxyl group. As a result, the Si-O(H) bond increases from 1.65 to 
1.76 Å and the Al(7)-O(H) bond from 1.81 to 2.04 Å. The remaining 
water molecule is linked to the Al(7), with a bond length of 2.03 Å. Due 
to the protonation of the basal oxygen, the H-bond involving the water 
molecule attached to Al(1) is 0.17 Å longer. The second step of refilling 
the vacancy after aluminum leaching displays an energetics of −206 
kJ.mol−1. Finally, the vacancy is completely refilled (i.e. the octahedral 
geometry around each Al has now been restored) by the interaction with 
another H2O molecule which brings to the ref–h2hyd3 structure reported 
in Fig. 4c. Here, the last hydration occurs on the Al(5) atom and the 
distance between Al(5) and H2O is 2.13 Å in length. A tangled network 
of H-bonds can be observed in the structure, with lengths in the range 
from ca. 1.7 to 2.0 Å. As a consequence, this last step is exothermic and it 
releases ca. 158 kJ.mol−1.

The energetics of both the elementary steps and the whole refilling 
mechanism from the de-aluminated structure of halloysite are shown in 
Scheme 2.

The refilling of halloysite de-aluminated structure can be represented 
by reaction: 
deAl–h0d3 = 2H3O= = H2O → ref–h2hyd3                                       (6)
and the energy of the whole process is calculated to be ΔETOT > −883.5 
kJ.mol−1.

Therefore, by combining the reactions (5) and (6), it is possible to 
obtain the reaction for the complete leaching and refilling process, 
which is: 
h0d0 = 5H3O= = H2O → ref–h2hyd3 = Al(H2O)63= (7)

The energetics for reaction (7) is the sum of those for (5) and (6) and 
it is ΔETOT > −0.6 kJ.mol−1, which at least suggests that ancillary 
processes exist for the energy compensation of the aluminum leaching 
evolution.

As a matter of fact, it is important to emphasize that aluminum 
leaching, described by reaction (1), is a highly energetic event which 
could not occur from a thermodynamic point of view. The refilling of the 
vacancy left by the loss of an aluminum atom (2) is highly exothermic 
and DFT calculations showed that it can supply the energy needed for 
leaching. Furthermore, the reactions studied in this work concern the 
loss of a single Al and it is possible to state with a certain degree of 
confidence that the loss of a higher number of aluminum atoms and the 

Fig. 4. The structures of protonated and hydrated de-aluminated halloysite as 
result of the vacancy refilling. Color code: H-white, O-yellow, Al-cyan; the 
added atoms are highlighted in magenta. The silicic layer was hidden for 
clarity. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.).
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creation of a higher number of structural defects would allow to increase 
the global exothermic behavior by their refilling, thus making the whole 
process more thermodynamically favored.

For all these reasons, in order to corroborate the computational re-
sults and to have details on the spontaneity of the protonation and 
leaching reactions, experimental studies were conducted.

4.3. Effects of acidic treatment on the physico-chemical properties of 
halloysite

The chemical composition and the textural properties for the studied 
halloysites materials are given in Table 1 and Fig. 5. N2 adsorption- 
desorption at −196 ÄC (Figs. S1–S2) evidence that all acid-treated hal-
loysite nanotubes show a Type IV isotherm with an H3 hysteresis loop, 
characteristic of materials exhibiting mesoporosity and slit-shaped 
pores, typical of non-rigid aggregates of plate-like particles, according 
to IUPAC classification [67,68].

In particular, the treatment of halloysite nanotubes with hydro-
chloric acid led to a gradual increase in the specific surface area from 60 
m2.g−1 (i.e. HNT_0 sample) to 84 m2.g−1 (i.e. HNT_30) (Fig. 5a, Table 1). 
The enhancement of the surface area corresponds to a similar increase in 
the porosity of the halloysite nanotubes. Indeed, the pore volume 
increased from 0.32 to 0.38 cm3.g−1 for the sample treated with the 
highest acid concentration, compared to the pristine clay. Contrarily to 
it, the acidification treatment did not affect the average dimension of 
pores, being the A.P.D. values ca. 17–18 nm for all the samples, 
regardless of the different acid concentrations employed during the 
preparation protocol.

As previously discussed, DFT studies demonstrated that a loss of 
aluminum atoms from the inner surface of the HNTs structure is ther-
modynamically favored in acidic environments, and it could possibly 
cause some changes in the chemical and structural properties of hal-
loysite. Hence, in order to have more details about the chemical 
composition of the untreated and treated clay, X-ray fluorescence 
spectrometry was carried out (Fig. 5b, Table 1). As it can be observed, 
the Si/Al ratio slightly increased from 1.17 for HNT_0 up to 1.23 for the 
sample treated with 30 % HCl solution, proving that the enhancement of 
the acid concentration in the treatment protocol is responsible for a 
progressive de-alumination of the samples, in agreement with compu-
tational results. In particular, the acid treatment causes a partial 
removal of Al3= from the octahedral sheets of halloysite nanotubes and 
the growth of both specific surface area and pore volume could conse-
quently be associated with the formation of defects and with the partial 
disordering of the laminar structure of the nanotubes, as reported in the 
literature [30,36]. It should be noted that considering the experimental 
error, despite the Si/Al ratios do not display large variations, the values 
are not randomly scattered as they should be if they were just within the 
error. Indeed, they show a trend that, although with small changes, is 
increasing as a function of HCl concentration. This moderate increase 
can be explained by considering the treatment conditions, which are 
milder compared to other works in the literature showing larger varia-
tions of the Si/Al ratios when HNTs are treated at higher temperature or 

for longer reaction times [30,36,37].
Aimed at assessing the morphological properties of the prepared 

samples, scanning electron microscopy was carried out (Fig. 6).
The hollow nanotubular shape of halloysite nanotubes can be clearly 

observed in both the pristine and in the acidic treated nanoclays without 
any changes observed for HNT_5 and HNT_10 compared to HNT_0. For 
those samples which were treated with higher concentration of hydro-
chloric acid, instead, the presence of smaller nanotubes and fragments 
could be detected. Such findings were also confirmed by transmission 
electron microscopy (Fig. 7), which showed that the peculiar structure 
of halloysite was maintained upon treatment with HCl, although some 
nanotubes with shorter length could be observed as the concentration of 
acid increased in the treatment protocol. Also, the formation of some 
spherical particles was enlightened for the HNT_15, HNT_20 and 
HNT_30 samples (red arrows and insets in Fig. S3). These results are in 
agreement with the literature which reports that increasing the con-
centration of acid leads to the formation of spherical SiO2 nanoparticles, 
due to the breaking of Si–O–Al bonds within the halloysite structure, 

Table 1 
Chemical composition and textural properties of HNTs.

Catalyst Textural properties Chemical composition wt. % Si/Al [a]

S.A. 
(m2.g−1)

P.V. 
(cm3.g−1)

A.P.D. 
(nm)

Si Al Fe P Ca Cl

HNT_0 60.28 0.324 17.98 12.5 10.7 0.7 0.2 0.3 – 1.17
HNT_5 71.51 0.342 17.14 12.5 10.4 0.5 0.1 0.1 0.07 1.19
HNT_10 75.31 0.370 17.80 12.6 10.4 0.4 0.1 0.1 0.06 1.20
HNT_15 75.41 0.366 17.69 12.5 10.3 0.4 0.1 0.1 – 1.21
HNT_20 79.82 0.366 16.98 12.6 10.3 0.3 0.1 0.1 0.08 1.22
HNT_30 83.70 0.382 17.94 12.7 10.3 0.3 0.1 0.1 0.08 1.23
[a] The error is ¼ 0.03.

Fig. 5. Correlation between textural properties and Si/Al ratio of HNTs with 
HCl concentration.
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as discussed for the computational results, followed by the crosslinking 
of silicon based structural units, the extent of these effects depending on 
the experimental conditions [36,37,69,70]. These results were also 
confirmed by FTIR analysis (Fig. S4), which revealed a decrease in the 
intensity of the characteristic bands at 1030 cm−1 and 1090 cm−1, 
associated with the in-plane Si–O stretching, together with the perpen-
dicular Si–O stretching at ca. 1114 cm−1 and the bending vibrations of 
inner Al–OH groups at 911 cm−1 [36,46], indicating that a part of the 
Si–O–Al bonds is broken as a result of HNTs acid treatment with the 
formation of Si–O–Si fragments [36].

Nevertheless, it is worth to note that these findings are of utmost 
importance since the preparation protocol allows for the design of acidic 
halloysite nanoparticles, treated with high concentrations of acid, that 
still maintain their peculiar hollow nanotubular morphology, which is 
crucial for technological applications. Finally, the crystal structure of 
pristine and acid-treated halloysite nanotubes was studied by XRD 
(Figure S5). The X-ray diffraction pattern of raw HNT (i.e. HNT_0) dis-
plays only the characteristic peaks of halloysite 7Å-structure (JCPDS 29- 
1487) with small contaminations of silicon oxide (JCPDS 85-0695). 
Then all the acid-treated halloysites show diffractograms that are 
similar to that recorded for HNT_0, denoting that HNTs are structurally 
stable in acid environments, with no loss of the crystalline structure 
observed subsequent to the acid treatment of the material. In this regard, 
molecular dynamics simulations conducted on HNTs at different Al 
leaching percentages revealed that the variations in the crystalline 

structure become more obvious and significant after 50 % of Al leaching 
is reached, which is not the condition here investigated [48].

4.4. Acidic properties of halloysite

To obtain a comprehensive assessment of the surface properties and 
ion exchange behavior of the halloysite nanotubes, the acidity mea-
surements have been performed by FTIR spectroscopy using pyridine as 
a probe and by potentiometric titrations.

As it can be observed (Table 2), the concentration of total acid sites 
(a.s.) for pristine halloysite is 16 µmol.g−1 and Lewis acid sites pre-
dominate in the raw clay. However, the treatment with increasing 
concentration of HCl results in an enhancement of a.s. concentration up 
to 37 µmol.g−1 for the HNT_10 sample due to the formation of both 
Brønsted and Lewis acidities. In particular, processing the initial hal-
loysite nanotubes with 10 % HCl caused a growth in the number of 
Brønsted a.s. from 3 to 16 µmol.g−1 while the number of Lewis a.s. 
increased from 13 to 21 µmol.g−1. It should be also noted that a further 
rise in HCl concentration up to 15–20–30 % did not result in a higher 
acidity of the corresponding samples which, conversely, displayed a 
lower a.s. total concentration (ca. 26–27 µmol.g−1) compared to 
HNT_10, being the amounts of Brønsted and Lewis a.s. 8–10 µmol.g−1 

and 17–19 µmol.g−1, respectively. According to literature, the decrease 
in the concentration of a. s. observed after treating halloysite with high 
concentrations of HCl (up to 30 %) or H2SO4 (2 M), is due to the 

Fig. 6. SEM images of (a) pristine halloysite nanotubes and HNTs treated with (b) HCl 5 %, (c) 10 %, (d) 15 %, (e) 20 % and (f) 30 %. Details of (g) pristine clay and 
(h) HNTs treated with HCl 30 %.
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dealumination of the clay, the formation of amorphous phases and the 
partial or total destruction of the nanotubular shape [30,36]. Similar 
findings, at lower extents than those reported in literature, have also 
been observed in our work. However, it is important to note that these 
effects become more significant and better highlighted when the acidic 
treatment is conducted at harsher conditions, such as higher tempera-
ture (90–100 ÄC), longer reaction times (6–24 h) or post-synthesis 
calcination (600 ÄC) [30,36,37]. In this work, instead, the samples 
were treated at 40 ÄC for 3 h, dried on air at 110 ÄC for 2 h and then aged 
for 48 h at room temperature. Nevertheless, they display increased 
acidity reaching a maximum for HNT_10 which, together with the 
maintained nanotubular morphology, make them promising for cata-
lytic applications.

In order to have more details about the effect of the acidic treatment, 
the ratio between the Brønsted and Lewis a.s. (B/L) was calculated being 
0.2 for the untreated clay and 0.8, which is the maximum value, for the 
HNT_10 sample. Here again, those samples treated with higher con-
centration of hydrochloric acid showed lower values for the B/L ratios 

ranging between 0.4 and 0.6. In light of this, it is possible to assess that 
the acidic treatment plays a major role in the creation of new Brønsted 
sites. Moreover, it is worth to note that the weak acid sites are dominant 
in almost all halloysite nanotubes studied, in full agreement with the 
literature [36,37]. Indeed, only weak (87.5 %) and medium (12.5 %) 
acid sites were detected in the pristine HNTs and, after modification 
with 5–10 % HCl, a slight increase in the concentration of medium 
strength a.s. and the presence of small amounts of strong acid sites, 
belonging to both Bronsted and Lewis type, was observed. The increase 
in the HCl concentration, however, did not lead to any further changes 
in the strength of the acid sites formed on the surface of HNTs materials. 
These findings are promising for the preparation of acidic solids under 
mild conditions that can be exploited in catalysis.

Additionally, the surface properties of acid-activated HNTs were 
evaluated using potentiometric titration to monitor H= and OH− ion 
exchange in slurry over a wide range of pH values.

Titration curves provide information about the dissociation con-
stants (Ka) and the neutralization equivalence (i.e. acid sites amount; 

Fig. 7. TEM images of (a) pristine halloysite nanotubes and HNTs treated with (b) HCl 5 %, (c) 10 %, (d) 15 %, (e) 20 % and (f) 30 %.

Table 2 
Acid sites concentration (µmol.g−1) in HNTs calculated by pyr-FTIR measurements and ratio between Brønsted (B) and Lewis (L) acid sites (B/L).

Catalyst Acid sites (µmol.g−1)
Brønsted (B) Lewis (L) Total B/L
Weak Medium Strong Weak Medium Strong

HNT_0 2 1 0 12 1 0 16 0.2
HNT_5 4 3 1 13 4 3 28 0.4
HNT_10 13 1 2 17 3 1 37 0.8
HNT_15 8 0 0 17 2 0 27 0.4
HNT_20 7 2 1 15 1 0 26 0.6
HNT_30 7 2 1 16 1 0 27 0.6
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μmol.g−1) of samples. In fact, in all potentiometric titrations the slope 
and height of the pH variation determine respectively the amount and 
strength of functional groups. In differential curves, this is particularly 
evident from the number, height and sharpness of peaks in proximity of 
the equivalence points [62].

Moreover, in the titration of weak acids, such as the functional 
groups of halloysite, at half-equivalence point a buffer solution is 
formed, with an almost equal concentration of the functional group to be 
titrated. At these conditions, for a titrated acid pH > pKa [62].

Besides, adsorption density (Γ) of OH− and H= or rather the excess of 
one species over the other (ΓOH− - ΓH=), can be determined by the differ-
ence between total added base or acid and the equilibrium OH− and H=

concentration in solution. The function of adsorption density vs pH is a 
common method for the study of the ionic exchange equilibria on the 
surface of solids, allowing an in-depth knowledge about the surface 
charge and functional groups and their acid/base behavior, in relation to 
their strength and amount [71].

As shown in Fig. 8a, the potentiometric titration of the HNTs samples 
gives origin to curves with a similar sigmoidal shape, characterized by a 
single inflection point, close to what is generally observed for the 
titration of weak mono-protic acid [63].

Moreover, the adsorption density (ΓOH− - ΓH=) plots exhibit a regular 
shape in the range of pH between 3 and 10 (Fig. 8b). This regular 
behavior in the function classifies the materials close to amphoteric 
oxides, as they act as acids at pH values above the pH of zero adsorption 
(i.e. pHZA) by adsorbing OH− ions, and as bases at pH≁ pHZA by 
adsorbing H= ions, in compliance with the theory. The value of pHZA, 
which represents the pH at which the adsorption density is 0, is close to 7 
for the HNT_0 sample indicating that adsorption of neither H= nor OH−

occur. All the acid-activated samples, instead, display a more pro-
nounced acidic character, with pHZA always below 4. In fact, initial 
halloysite nanotubes (HNT_0) show a low acidity, with a concentration 
of acid sites in dispersion of 0.7 µmol.g−1 (Table 3). The acidic activation 
effectively enhances the acidity of halloysites nanotubes, even at low 
HCl concentration, with a sharp increase of acid sites up to a maximum 
value of 78.6 μmol.g−1 for the HNT_10 sample. These results are in good 
agreement with pyr-FTIR analysis, which showed that the treatment 
with hydrochloric acid results in an enhancement of a.s. concentration, 
whose highest value was reached for the HNT_10 sample. Similarly to 
pyr-FTIR, potentiometric titrations also demonstrated that a further 

increase in the concentration of HCl solution causes a reduction in the 
number of the acid sites, which then remains almost stable regardless of 
HCl amount.

Moreover, the dissociation constants (Table 3) indicate that the acid 
sites of all the analyzed samples have a similar medium/low strength (Ka 
> 2 ¸ 10−6 – 4 ¸ 10−6), without any clear dependence on the HCl 
concentration. The acid activation, thus, could induce an increase in the 
acidic character of halloysite nanotubes, boosting the number of acid 
sites on the surface, without altering their nature and type and therefore 
their acid strength. As evidence of this, pyr-FTIR measurements showed 
the almost exclusive presence of weak/medium Brønsted and Lewis sites 
in all acid-treated HNTs, whatever the HCl concentration used (Table 2).

4.5. Catalytic activity of HNTs in the o-xylene isomerization reaction and 
acidity–activity relationship

The acid-activation of halloysite nanotubes significantly modifies 
their chemical-physical properties. A progressive increase in surface 
area exposure and porosity, in fact, has been observed upon activation of 
the raw clay with acidic solutions. Moreover, the protonation reactions 
may lead to a loss of aluminum atoms from the inner surface of the 
nanotubes, thus altering the chemical composition of the halloysite. 
Besides, this process is accompanied by the generation of new active 
sites on the nanotubes surface, which can be crucial for improving even 
the catalytic performance of the systems in various acid-catalyzed ap-
plications, such as organic synthesis and environmental remediation 
processes.

The use of catalytic measurements, in turn, has been assessed to be 
an efficient and reliable method to establish the acid character of the 
catalyst, in other words to measure, indirectly, the acidic capability of 

Fig. 8. (a) Potentiometric titration curve for 0.1 N NaOH with 0.02 N HCl and (b) adsorption densities (ΓOH− - ΓH=) for HNTs samples.

Table 3 
Acidic properties of HNTs determined by potentiometric titrations.

Catalyst Acid sites (µmol.g−1) Ka
HNT_0 0.7 2.15E−06
HNT_5 54.7 3.73E−06
HNT_10 78.6 2.42E−06
HNT_15 52.0 4.21E−06
HNT_20 62.0 3.30E−06
HNT_30 59.0 3.51E−06
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the materials [59,72]. Therefore, the catalytic properties of the 
acid-activated halloysite nanotubes have been proved in the isomeri-
zation reaction of o-xylene, a typical acid-catalyzed reaction, to detect 
the occurrence of a direct correlation between catalyst acidity and 
catalyst activity.

As reported in Fig. 9a, o-xylene may follow different reaction paths 
on acidic catalysts [73]: 

1) Skeletal isomerization of the methyl group through carbocation 
formation to form m-xylene (a) and further isomerization of m- 
xylene to p-xylene (a’).

2) Disproportionation into toluene and trimethylbenzenes, mainly 
1,2,4-trimethilbenzene (b) that can undergo to transalkylation into 
xylenes (b’), mainly forming ortho- and meta- isomers.

3) Cracking of o-xylene to toluene and methane (c), followed by 
disproportionation of toluene to form benzene and xylenes (c’) and/ 
or creaking of toluene to benzene and methane (c’’).

4) Polycondensation reaction of the aromatic hydrocarbons to form 
high-molecular-weight molecules, leading to coking of the catalyst 
[74].

Since any benzene and methane have been detected under the 
operation conditions adopted for the study, we may exclude pathways 
(c), (c’) and (c’’). Moreover, the composition of the isomers mixture is 
determined by thermodynamic equilibrium: at 350 ÄC the equilibrium 
product distribution is 24.9 %mol p-xylene, 53.2 %mol m-xylene and 22.0 
%mol o-xylene (para-/meta- ratio of 0.47) [75].

In agreement with the product distribution, the results of the cata-
lytic measurements are summarized in Table 4, in terms of o-xylene 
conversion, ratio between p-xylene and m-xylene (i.e. p-/m-) and spe-
cific reaction rates, calculated at steady-state conditions (i.e. 20 h of 
TOS). In particular, isomerization rate (ISO) has been determined as the 
sum of m-xylene and p-xylene, disproportion rate (DIS) as the sum of 
toluene and 1,2,4-trimethylbenzene (1,2,4-TMB) and heavy product 
formation rate (HPs) has been determined through the analysis of the 
compounds deposited on the catalyst, as described in section “3.3 Cat-
alytic test”.

Raw halloysite nanotubes (i.e. HNT_0 catalyst) demonstrates an 
extremely poor catalytic activity, with a conversion of o-xylene achieved 
at steady-state-conditions (i.e. 20 h) of only 0.01 %. Then, for the acid- 
activated HNTs samples, the conversion of o-xylene perfectly reflects the 
acidic character of the materials, following the scale: 
HNT 10 ≃ HNT 20 ≃ HNT 30 ≃ HNT 5 ≃ HNT 15 

In Fig. 9b is reported the distribution of the different products 
detected for the HNTs catalysts.

All the halloysite nanotubes samples display a similar reaction path, 
catalyzing mainly the reactions which lead to the formation of m-xylene 
(65–80 %) and p-xylene (10–25 %) as the main products of o-xylene 
conversion. The p-/m-xylene isomer ratio is always lower than the 
equilibrium ratio of 0.47, ranging between 0.11 and 0.39, suggesting 
that adsorbed m-xylene intermediate desorb before the second isomer-
ization of the methyl group.

Although over mesoporous catalysts the disproportionation of xy-
lenes may form different trimethylbenzene isomers (i.e., 1,2,4-TMB, 
1,2,3-TMB and 1,3,5-TMB) [76], the 1,2,4-TMB is the only isomer 
detected, and it is produced in approximately equimolar amount with 
toluene (1–3 %). As reported by Guisnet et al., the typical distribution of 
trimethylbenzenes resulting from xylene disproportionation is 7 % 1,2, 
3-TMB, 65.5 % 1,2,4-TMB and 27.5 % 1,3,5-TMB [76]. However, 
considering the low reactivity of HNTs catalysts towards dispropor-
tionation, even evidenced by the low reaction rates reported in Table 4, 
it is plausible to assume that the reaction leads to the formation of the 
most favored isomer, which is the 1,2,4-TMB one.

Finally, HPs selectivity value is always below the 5 %, proving a good 
stability of the catalysts in the isomerization process. It should be noted 

that xylene isomerization pathways over metal-free catalysts may also 
be influenced by the presence of molecular hydrogen, even though it is 
an astoichiometric compound and there are no metal sites able to 
dissociate and activate the H2 molecule [72]. On this account, Wilson 
et al. demonstrated that hydrogen favors the reactivity of WOx-ZrO2 and 
zeolite catalysts in the o-xylene isomerization process, also prompting 
the skeletal isomerization with respect to the dis-
proportionation/transalkylation mechanism and inhibiting the catalyst 
coking [72].

Reflecting the product distribution, isomerization rate values (ISO) 
are at least 10-time higher than the specific rates of disproportionation 
(DIS) and heavy products formation (HPs). Moreover, the most acidic 
catalyst (i.e., HNT_10) displays the highest rate of formation of m- and p- 
isomers, with a value of 15.5 ̧ 10−5 mol⋅h−1⋅gcat−1. For all the other acid- 
treated HNTs catalysts, the ISO rate is quite lower and it ranges between 
5.3 and 7.9 ¸ 10−5 mol⋅h−1⋅gcat−1, mirroring the different reactivity and 
acidity of the materials.

Therefore, the activity for the isomerization of o-xylene can be 
considered as the most representative of the acid activity of halloysite 
nanotubes. In the context of the catalytic study here presented, a simple 
model of single isolated acid sites, in which the active site density, 
variations in acid strength and confinement in the pores do not influence 
heterogeneous catalytic reactions, has been applied, thus allowing 
classical approaches of heterogeneous catalysis [77,78].

On this account, in Fig. 9c-d the ISO rate and the turnover frequency 
(TOF) values have been correlated with the total amount of acid sites on 
the catalysts surface determined by potentiometric titration measure-
ments. The higher is concentration of acid sites on the surface, the higher 
was activity in o-xylene isomerization reaction. In particular, ISO rate 
follows an increasing trend with the acid sites concentration of the 
materials, reaching a maximum value for the HNT_10 sample, thus 
reflecting its superior acidic character (Fig. 9c).

The trend of the TOF function is a clear indication of the intrinsic 
activity of the catalytic materials, since it refers to the molar number of 
active sites on a catalyst surface that converts reactants into the targeted 
product per unit time [79]. Indeed, in the range of acidity investigated, 
the TOFs for o-xylene isomerization slightly increase with the acid sites 
concentration on the halloysite nanotubes surface, although prefiguring 
the reaching of a plateau for further acidity growth (see dotted fitting 
curve in Fig. 9d). Moreover, the TOFISO values for all samples vary 
within a factor of two, proving that the reactivity of active sites for the 
o-xylene isomerization path is quite similar for all the acid-activated 
halloysite nanotubes investigated. It is known that both Brønsted and 
Lewis acid sites promote skeletal isomerization of xylenes. The differ-
ence in the type of the active sites involved in the reaction, however, 
may influence the reaction mechanism. Brønsted acid sites favor the 
intramolecular isomerization, in which the key step is a 1,2-alkyl shift in 
a benzenium ion resulting from the protonation of the alkylaromatic 
moiety (pathways a-a’ in Fig. 9a). On the other side, Lewis sites or 
Brønsted–Lewis site pairs intervene via transalkylation reactions, hence 
through intermolecular isomerization process (pathways b-b’ in Fig. 9a) 
[76].

On this address, a deeper insight into the role of Brønsted and Lewis 
acid sites on HNTs surface and their peculiar reactivity emerges from the 
correlation of TOFISO values with the ratio between Brønsted and Lewis 
sites (B/L), as reported in Fig. 9e. The results clearly indicate a linear 
relationship between the isomerization rate and the B/L ratio. The 
higher is B/L, the higher is the TOFISO value, pointing towards a stronger 
involvement of Brønsted acidity in the isomerization pathway with 
respect to the Lewis one. These results are consistent with the literature 
regarding the importance of Brønsted acid sites for the skeletal isom-
erization of aromatic and naphthenic molecules with 6-membered rings 
[80,81]. In addition, it is reported that over silica-alumina materials, 
with weak-medium acidic character, Brønsted sites are those mainly 
involved in the skeletal isomerization reactions, exclusively via the 
intramolecular mechanism, while the intermolecular process prevails 
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Fig. 9. Reaction scheme of o-xylene isomerization (a); product distribution at steady-state conditions (b); correlation between ISO rate (c) and TOF (d) with the 
concentration of acid sites and between TOF and B/L ratio (e).
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over zeolites with a high acid strength, because of a different nature and 
properties of the acid sites involved in the reaction [76,82].

Although it is not possible to determine the relative weight of the two 
mechanisms, it is possible to suggest that, at 350 ÄC and over acid- 
activated HNTs, the isomerization follows predominantly the intra-
molecular mechanism, with a minor contribution of the transalkylation 
route, in full agreement with the literature [72,73,76].

Therefore, a clear relationship between ISO rate and TOF with the 
acidity of the sample has been demonstrated, even evidencing the role of 
the Brønsted sites on the reactivity of halloysite nanotubes.

The results here reported are of outmost importance in the design 
and synthesis of heterogeneous catalysts, in which halloysite nanotubes 
play either the role of a support/carrier or active species. The unique 
characteristics of halloysite nanotubes, in fact, confer them the role of a 
multiplex, adaptable, low-cost, and sustainably available materials to be 
exploited in catalytic applications.

5. Conclusions

In this work, the effects of acidic treatment of halloysite nanotubes 
have been investigated using a synergistic approach based on density 
functional theory (DFT) computations and experimental analysis. In 
particular, the protonation of halloysite surface was studied at the 
atomistic level by considering both the energetics of the single steps and 
overall reactions together with the evaluation of the geometrical prop-
erties of the resulting structures. It was demonstrated that the mono-, bi- 
and tri-protonations of halloysite inner surface are exothermic events, 
suggesting that a fairly strong protonation of a small local portion of the 
internal surface is possible. In order to have detailed insights into the 
mechanism of aluminum leaching, DFT studies were also carried out. 
Herein, the loss of a trivalent Al3= ion, which furtherly coordinates H2O 
molecules to give its hexa-hydrated form, and the formation of the de- 
aluminated structure of halloysite is an endothermic process (ΔETOT >
=882.9 kJ.mol−1). However, it was demonstrated that the structural 
vacancy represents an active site which can be refilled by interactions 
with H2O and H3O= species through a highly exothermic event that can 
supply the energy needed for the leaching. As a consequence, the global 
leaching and refilling process is likely to happen from the energetic 
point of view. In light of these results, experimental studies were con-
ducted and they showed that the acidic treatment of HNTs leads to an 
increase of both surface area (from 60 to 84 m2.g−1) and pores volume 
(from 0.32 to 0.38 cm3.g−1) proportional with the concentration of HCl 
used. Similar trends were observed for the Si/Al ratio, which indicated a 
progressive de-alumination (Al leaching), in agreement with the 
computational results. Hence, the experimental evaluation of the acidity 
of HNTs by means of pyr-FTIR and potentiometric titrations revealed 
that the acidic treatment leads to an increase in the total concentration 
of acid sites. In particular, the nanoclay treated with HCl 10 % (HNT_10) 
revealed to be the most acidic sample among all, and it displayed the 
highest concentration of newly formed Brønsted sites. Notably, the 
preparation protocol proposed in this work allows for the design of 
acidic HNTs at mild experimental conditions which, together with the 
maintained nanotubular morphology, make them promising for 

catalytic applications.
Therefore, the catalytic properties of the materials have been tested 

in a model acid-catalyzed reaction, namely the isomerization of o- 
xylene, showing that a higher concentration of acid sites on the surface 
results in a higher catalytic activity. Moreover, a clear relationship be-
tween the isomerization rate and TOF with the acidity of the sample has 
been demonstrated. In conclusion, the synergy between computational 
modeling and experimental studies can provide comprehensive under-
standing of the materials, thus expanding their application in the field of 
catalysis. In this regard, leveraging the properties of halloysite could 
lead to the development of a multifunctional catalytic system with two 
distinct environments (i.e., the inner lumen and the external surface), 
enabling a one-pot process for converting biomass-derived precursors 
into value-added molecules. This approach can have a significant impact 
in the fields of green chemistry and environmental catalysis.
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