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ABSTRACT: Halloysite clay nanotubes (HNTs) are emerging nanomaterials for numerous 

environmental applications, including catalysis and biomass valorization. The efficacy of halloysite as 

nanoplatform for the catalytic conversion of biomass can be accurately evaluated by combined 

approaches based on experimental investigations and computational modeling. Recently, many efforts 

have been made to properly describe the most peculiar features of halloysite by focusing its structural and 

interfacial features through computational studies, which are challenging for natural clay nanoparticles 

yet crucial for the design of novel catalysts to be exploited in biomass conversion. Within this framework, 

this review paper critically and extensively discusses recent advancements related to the use of halloysite 

in different catalytic processes, such as enzymatic reactions, precious and non-precious metals and alloys 

catalyzed reactions, acidic activated mechanisms. The research gap on the computational modeling of 

biomass chemical conversion occurring on halloysite surfaces has been highlighted throughout this study 

together with the latest experimental achievements. To optimize the catalytic efficiency of halloysite 

based materials for biomass valorization, future efforts should focus on the implementation of 

experimental data with calculations provided by proper models, in a synergistic approach. 

 

1. INTRODUCTION  

1.1. The relevance of biomass valorization within Green Chemistry  

The modern age is characterized by a growing population, rapid industrialization and escalating waste 

production. One of the most important issues that urgently needs to be tackled is primarily related to 

global warming and pollution,1 which result in a continuous push towards a transition from a petroleum-

dependent economy to a sustainable development based on renewable resources.2 

These problems set the base for the scientific community to take action, in particular Prof. Paul Anastas 

and Prof. John Warner proposed the 12 principles of Green Chemistry, which still remain relevant today.3 

These principles advocate, among others, for the reduction or elimination of toxic solvents in chemical 

processes and assessments, as well as the prevention of waste generation. They propose environmentally 

friendly practices for every stage, from product planning and synthesis to processing, analysis, and 

disposal after use.4  



The term “Green Chemistry” gained the meaning that bears today only in 1996 with the first publication 

made by Anastas and Warner: the primary idea involves employing chemical expertise and knowledge to 

mitigate or eliminate the production or release of harmful substances throughout the planning, production, 

and utilization of chemicals, with the aim of reducing risks to both operators health and the environment.3 

In addition to reducing the impact on the planet, Green Chemistry has also captured market interest by 

reducing the need for investments in effluent storage and treatment, leading to promising economic 

prospects. This is an important aspect to achieve, since it would have not been possible to pursue this path 

without any economic advantage.5 

The success of Green Chemistry lays in the application of critical thinking in different fields of life, such 

as research and development (e.g. in pharmaceutical analysis): green thinking can contemplate, for 

example, cutting superficial steps in a synthesis or thoroughly analyzing the methods chosen for the 

characterization to have a low impact on the environment.6  

The most important novelty of green chemistry is indeed thinking about the whole process and 

minimizing the different aspects that take part in it, e.g. the number of steps, the chosen reagents, the 

consumption of energy and the overall cost. The impacts of Green Chemistry are far-reaching. Notably, 

the scientific community is currently embracing biomass valorization with the goal of achieving a 

climate-neutral future.7 

Due to the increase of human population, the demand for energy has surged significantly. Given that the 

primary energy sources stem from fossil fuels, this demand has resulted in numerous concerns regarding 

the environmental, socio-economic, and sustainability aspects. Consequently, finding an approach that 

transforms the way we produce and ensure reliable energy supplies plays a key role. The intrinsic organic 

nature of biomass, along with its abundance and easy availability, makes it a prime candidate as an 

alternative source for cleaner and more sustainable applications.  

When discussing bioenergy, plants emerge as the predominant source of biomass, alongside with organic 

residue, encompassing materials such as food and wood waste. Biomass can be categorized as either non-

lignocellulosic or lignocellulosic and can be found in diverse forms, including woody, herbaceous, 

aquatic debris, agricultural manure and by-products, and other variations.8 Given its abundant availability 

worldwide and considering the disposal challenges associated with it, the former could indeed be a viable 

candidate for renewable resources.  

Lignocellulosic biomass (LCB) is indeed namely composed of cellulose (40–50%), hemicelluloses (25–

30%) and lignin (15–20%). Traces of inorganic compounds, pectin and nitrogen compounds are also 

present.9 Lignocellulosic polymers, when combined, create intricate assemblies interlinked with each 

other which provide resistance to degradation by microbes and enzymes, making them challenging to 

dismantle. Another significant challenge in disposing of LCB is the issue of incineration, primarily due to 

its high water content.10 Considering all of the above, it’s clear that rather than disposing of and burning 

waste, integrating LCB into green processes contributes to solve waste troubles and serves as a 

foundation for green strategies. 

As shown in Fig. 1, the biosphere provides various renewable carbon feedstocks, such as lignocellulosic, 

agro-based, and marine biomass, which can be used to produce competitive functional materials. Utilizing 

these feedstocks, alongside organic waste valorization, prevents the addition of fossil carbon from the 

ground into the above-ground carbon cycle and supports a more circular economy.11 

 

 

 

 



 
 

Figure 1. Schematic depiction of the biomass valorization to bioproducts and value-added chemicals.11 

Reproduced from [11]. Available under a CC-BY 4.0 license. Copyright 2024 The Author. Published by 

American Chemical Society.  

 

Various conversion processes can be employed to transform organic waste materials into green fuels and 

value-added products so to obtain renewable energy and to try to solve the problem of shortage of 

resources. Among these processes anaerobic digestion can be found together with direct combustion, 

hydrothermal liquefaction, transesterification, pyrolysis, fermentation, all of them employed for 

generating renewable energy from biomass.12 In general, methods can be classified into two main 

categories: thermochemical and biochemical. The former uses a heat source and controllable oxygen 

atmosphere for converting biomass into the interested form, while the latter employs engineered 

organisms, such as enzymes and bacteria for the conversion of biomass.13 

In terms of thermochemical pathways for biomass conversion, the focus lies predominantly on 

transforming organic waste into gases, solids, or liquid fuels, along with their respective intermediates. 

This transformation is dependent on various reaction conditions such as heating rate, temperature, and 

pressure. Some of the most commonly used methods include pyrolysis, which involves thermal 

degradation of LCB under inert conditions at temperatures ranging from 300°C to 500°C, producing bio-

oil, gases and biochar useful in agriculture.14 Gasification is another thermochemical conversion 

technology that generates a gas/vapor phase known as "syngas," functional to power generation or biofuel 

production.15 Additionally, hydrothermal liquefaction treats biomass in an aqueous environment at high 

pressures, ensuring rapid reaction rates and high energy efficiency.16 These processes are generally 

preferred due to their higher yields. Regarding the biochemical conversion processes, they involve 

microorganisms which metabolize biomass and produce alcohols, fatty acids and gases. Some of them are 

involved in the composting process, which transforms wastes into value-added products like humic 

substances by utilizing endogenous microbes and their associated enzymes,17 or anaerobic digestion, 

which instead breaks down the biomass waste through anaerobic microbial action.18 

Some major problems related to these methods are significant costs and significant risks. To overcome 

these problems, different valorization processes can be combined, so that they could also lead to the 

realization of a circular economy, as suggested by Sikarwar et al., creating a closed-loop system that 

reduces reliance on finite resources and mitigates environmental impact.19 

The concept of a circular economy is guided by two fundamental principles: maximizing the utility 

derived from materials integrated into products and minimizing the degradation of utility over time.20 In 

the pursuit of the circular economy, it is crucial to avoid unsustainable resource consumption, product 



obsolescence, waste generation, and pollution production. These objectives align closely with many 

principles of green chemistry, since the final objective is to help reducing waste and limiting the 

consumption of finite resources. 21 This comprehensive strategy fosters a regenerative cycle wherein 

biomass waste is repurposed, as depicted in the iconic “butterfly” infographic made by the Ellen 

MacArthur Foundation and adapted by Sherwood.22  

 

1.2. Nanoclays as emerging platforms for biomass conversion  

As thoroughly explored in the previous paragraph, there is a pressing need to find viable methods to 

effectively convert biomass for sustainable purposes. During the past few years, nanomaterials have 

gained interest in environmental applications. Oppositely to the conventional in situ remediation 

techniques, the utilizations of nanomaterials represent cheap and efficient strategies to reduce the amounts 

of chemicals to be employed in the treatment of contaminated environments.23 Nanomaterials possess at 

least one dimension in the nanometer range, which significantly increases their  surface area (A).  

Increased A values provide more active sites for pollutant adsorption, leading to higher adsorption 

capacities and making these structures highly versatile.24 Aim of this review is to enlighten various 

possibilities in which nanoclays could be considered as possible set of materials useful for recycling and 

the valorization of waste into sustainable and added-value products. Clays are formed by the physical and 

chemical weathering of rocks under certain conditions, such as the alteration of volcanic ash or micaceous 

minerals or decomposition of feldspars.25 Clay minerals (CM) are extensively acknowledged for their 

exceptional adsorption capabilities and have been extensively investigated for their efficacy in removing 

various contaminants from water and wastewater. Their layered structures, along with high specific 

surface areas and porous morphology, offer a significant number of active sites for molecules anchoring 

and contribute to their effectiveness as adsorbents.26 Another crucial characteristic is the capacity of clay 

minerals to undergo ion exchange. The exchangeable cations on the clays surface can be substituted by 

cations from other species, thereby effectively extracting them from the environment.27 It is also worth to 

consider that clay minerals can be regenerated and reused, which make them economically and 

environmentally advantageous for many applications.28 The structure of clay minerals consists of hydrate 

aluminum/magnesium silicates with a predominance of particles smaller than 2 μm. CMs are classified 

according to their sizes and type of layered structure. The allocation of each clay mineral to a determined 

group is done by considering the number of tetrahedral and octahedral local arrangements and on the way 

the corresponding sheets are packed together. Based on the arrangements of the sheets, CMs can be 

classified in three groups as illustrated in Fig. 2. In detail, clay minerals are phyllosilicates with layered 

structure composed by silica tetrahedral (T) sheet and an alumina octahedral (O) sheet. As concerns 1:1 

clays, the structure of each layer is T:O, while 2:1 clay minerals presents one octahedral sheets 

sandwiched between two tetrahedral sheets. Chlorite, which belongs to the 2:1:1 clay minerals, possesses 

a 2:1 structure alternated with a magnesium dominated trioctahedral sheet.   



 
Figure 2. Classification of natural clays.  

 

Within the broader context of Green Chemistry, clays play a crucial role due to their inherent properties, 

which can be exploited for wastewater treatment, biomass recovery and catalysis. These materials are 

highly affordable and exhibit low toxicity to both the environment and humans, making them well-

aligned with the 12 principles of green chemistry. Their low cost further facilitates their incorporation into 

the green economy. According to the previous considerations, clays could be effective to valorize 

available biomass wastes into valuable materials.  

Another significant application of biomass valorization involves the utilization of clay minerals in the 

hydrolysis of cellulose. Given that lignocellulosic biomass represents the most abundant class of biomass, 

converting cellulose into glucose and water-soluble cellulose holds great importance for producing 

recyclable organic compounds.29 Among various methods like solid-state hydrolysis and enzymatic 

hydrolysis, mechano-catalytic hydrolysis, which involves milling a solid acid catalyst with cellulose 

powder, stands out for its cost-effectiveness and environmental friendliness. Clay minerals are recognized 

as highly effective mechano-catalysts in this process.30 

Clays can play major roles in the synthesis of catalysts for the conversion of biomass. For example, 

Sudibyo et al. evaluated different classes of phyllosilicates, such as kaolinite, vermiculite, and 

montmorillonite, as catalysts for the hydrothermal liquefaction of wet biomass wastes, including agri-

food waste and livestock manure with the aim of converting these wastes into valuable products that offer 

both economic and environmental benefits.31 Montmorillonite has also been used by Zhang et al. for the 

aerobic oxidation of 5-hydroxymethylfurfural (HFM). In this work the montmorillonite K-10 clay showed 

catalytic activity for the conversion of HMF:  after 12 h in the presence of the catalyst, the conversion of 

HMF could reach 97.8% with a 5-hydroxymethyl-2-furancarboxylic acid (HMFCA) yield of 72.1%.32   

Montmorillonite, along with kaolin and hydrotalcite, is also utilized as a catalyst for the pyrolysis of 

mixed plastics for fuel and energy recovery, achieving a yield of 71.0%. This further reinforces the role of 

clay nanocomposites as catalysts in green applications.33 

The following paragraphs will delve deeply into the various aspects of halloysite, the central focus of this 

work. These sections will provide a comprehensive investigation of halloysite properties, applications, 

and potential benefits, ensuring a thorough understanding of its significance and potentiality. We think 

that a good way to dive into the description of halloysite structures and properties is to begin with its 

computational characterization. 



2. HALLOYSITE CLAY NANOTUBES 

2.1. Computational modeling  

The first thing to do when one wants to start a computational investigation is to define the system under 

examination from the point of view of its composition and general structural characteristics. This step, 

often trivial for small to mid-sized molecular systems, becomes particularly puzzling for halloysite 

nanotubes due to the ongoing uncertainty about their structure and composition. Commonly, a simplistic 

model is accepted according to which HNTs have a peculiar spiral morphology generated by the rolling 

up of a kaolinite-like sheet, composed by one layer of SiO4 tetrahedrons (which will form the outer 

surface of the nanotube) joined to a layer of AlO6 octahedrons (representing the inner surface). The 

accepted nominal HNT stoichiometry is Al2Si2O5(OH)4·nH2O, allowing to distinguish a hydrated form (n 

= 2, indicated as HNT-10Å), with two water molecules between the arms of the spiral, and a dehydrated 

one (n = 0, HNT-7Å). The model used for computational studies on halloysitic systems depends on the 

type of investigation being conducted. Even if it would be desirable to employ a nanotube model for all 

types of studies, even for highly local ones, it is obvious that this is not possible, since to evaluate, for 

example, the energy barriers of a reaction catalyzed by a metal particle supported on the external surface 

of HNT, more electronic structure details are needed than is required, for example, to study the dynamics 

of water molecules found between the arms of the spiral, and such details cannot be achieved with the 

computational methods that can be used to model the entire  tubular system. Therefore, it is needed to 

distinguish between modeling the nanotube and modeling its surfaces, and each of these tasks has its own 

computational difficulties. 

 

2.2. Modeling the halloysite nanotube 

The first problem to solve for the simulation of HNTs is the construction of the input geometry, made 

difficult by the putative spiral structure of the nanotubes. As a matter of fact, every atomistic calculation 

must start from an educated guess of the molecular geometry. Free or commercial softwares can be used 

for the construction of a list of nuclear positions representing a possible molecule geometry to be used as 

input for the calculation; in order to treat large size systems, however, it is clear that a number of 

automatisms must be devised. A vast choice of codes is available for i) the building, visualization and 

analysis of unit cells with given lattice symmetry for periodic calculations; ii) the construction of 

polypeptides or nucleic acid once the list of the aminoacidic residuals or of the base pair is provided; iii) 

the generation of carbon nanotubes and similar structures given the chirality. Since halloysite nanotubes 

are periodic only in the direction of the rolling axis, however, they cannot be generated employing 

common codes for periodic systems. In fact, the spiral architecture has a curvature changing from point to 

point along the arm, so no exact replication of a unit cell can be used to generate it. One artifact could be 

to leave the spiral structure and use a (multiwalled, if it is the case) cylindrical model for HNT.  One such 

model was used by Guimarães et al.,34 who defined the Al/Si=1:1 halloysite structure as the inverted 

counterpart of the imogolite nanotube, being this one a Al/Si=2:1 clay material showing a single walled 

cylindrical structure with Al2O3(OH)3 (gibbsite) defining the outer surface and an inner surface formally 

composed by SiOH groups. This relatively simple model, considered as generated by the rolling of a 

kaolinite-like sheet, allowed to obtain valuable insights about the electronic (band gap), structural (tube 

diameter and average bond lengths) and mechanical (Young modulus) properties of the nanotube as a 

function of its chirality, determined by the rolling direction and spanning from (7,0) to (20,0) for the zig-

zag mode and from (6,6) to (15,15) for the armchair mode (an issue deepened sometime later by 

Lourenço et al. by means of calculations on the proper imogolite nanotube).35 In addition, the nanotube 

strain energy (i.e. the energy required when the atoms of the material are rearranged from the planar to the 

cylindrical structure) should have negative values in the (extrapolated) range comprised between 24 and 

54 Å for the tube radius, meaning that in this region the nanotube is more stable than the corresponding 

flat monolayer.34 

As will be discussed below, the imogolite-like approach could almost naturally cause the missing of 

particular features related to the spiral architecture. A better alternative is perhaps to generate HNTs by 



starting from a reference regular lattice of points arranged on an Archimedean spiral,36 with polar 

equation r(θ) = a + bθ. These points must be placed at equal distance one from the other along the spiral 

arms by exploiting the formula for the spiral arc length 

 

  (1) 

 

An appropriate repetition unit is now placed at every lattice point, after that it was opportunely rotated 

and its geometry was subjected to small adjustments as a function of a correction angle determined by the 

value of the spiral curvature k in that point 

 

  (2) 

 

Such an approach demonstrated to work well unless the curvature is too pronounced, but this is never the 

case provided the HNT model has a large enough inner cavity. 

An alternative is to perform a transformation of the (x, y, z)  coordinates of all centers belonging to a 

kaolinite sheet of thickness h.37 The following relations exist between (x, y, z) and the (X, Y, Z)  

coordinates of the centers of the kaolinite slab rolled around the x axis: 

 

    (3) 

 

being 

   (4) 

  

where R is a measure of the inner radius of the spiral, Δ its pitch and  is an atomic-center dependent 

parameter representing the angle that makes equal the arc length between two adjacent atoms in the inner 

side of the spiral to the distance between the two atoms in the flat kaolinite sheet. 

Later, Liu et al. proposed an equivalent transformation method useful to build multiwalled spiral HNT 

structures showing different inner and outer diameters and having different winding directions.38 Their 

approach starts from the conversion of the polar spiral equation to the cartesian form: 

 

     (5) 

 

where r0 is the distance of the starting point of the spiral from the origin of the reference system. Then the 

plane (x, y) coordinate of each atom of a kaolinite slab is projected to the spiral (the process is repeated 

for each z coordinate along the winding direction) to form new (X, Y) coordinates by means of the 

equations: 

 

         (6) 

 

 
   

 

 
 

 
       

 
  

    
  

 
   

   

       

                  

 
  

  
      

 

  
 

                         

 
 

 
    

  

 

 
  

 
 

    
  

 

 
 



being h an offset parameter depending on the kaolinite section to be projected and d the increase of the 

spiral radius at each turn. For HNT, h = d = 7 Å. In order to generate the spiral nanotube these equations 

must be coupled with the one defining the polar angle θ:    

 

        (7) 

 

and, once the nanotube was built by this approach, it is relatively easy to calculate its specific surface area 

and pore volume. 

Recently, Gianni et al. wrote a freely available C# code for nanotube generation, including a graphical 

user interface, able to build general cylindrical or spiral nanotubes according to specific structural 

parameters (such as inner and outer diameters, total length, wall width) once an appropriate definition of 

the replicating unit cell is provided as input.39 

The models obtained using these construction approaches are generally only the starting point for a 

process of geometry relaxation or molecular dynamics simulation. After building a suitable HNT 

supercell, indeed, the issues related to its size must be faced. For example, by considering the limiting 

cases of armchair and zig-zag rolling of a kaolinite sheet, a supercell corresponding to the section of a 

HNT-10Å characterized by an inner cavity of only 5 nm diameter and by spiral arms overlapping for one 

half, is formed by ca. 1400 and 2000 atoms, respectively (Fig. 3).  

 

 

Figure 3. Construction of the spiral halloysite 10Å nanotube by means of an atom-by-atom approach: 

every atomic center of an appropriate unit cell composed by N atoms (b) is positioned in turn with respect 

to a reference spiral (a); this originates intermediate structures (c) and after N steps gives rise to the final 

spiral supercell (d). This last can be used for periodic calculations on HNTs, such as the SCC-DFTB ones 

reported by Ferrante et al.36 The optimized nanotube can be analyzed in order to discover, for example, 

the nature and the magnitude of the SiO4 tetrahedral (σt) and AlO6 octahedral (σo) distortions (e), as well 

as the characteristics of the hydrogen bonds network linking together the spiral arms (f). Color code: 

yellow = Si, cyan = Al, orange = O, white = H. 

 
 

 

 

 
       

 

 
      



The cylindrical or spiral HNT supercell should be replicated in a periodic way along the nanotube axis by 

using the appropriate cell vector length (e.g., 5.2 Å for the armchair rolling, 9.0 Å for the zig-zag one, to 

be optimized if it is the case), and choosing, in the  directions perpendicular to the rolling axis, cell 

vectors long enough to assure sufficient vacuum in order to avoid spurious interactions with the replicas. 

System of such dimensions are simply too large to be treated with ab initio methods, but they fall within 

the applicability range of DFT-based semiempirical approaches like, e.g., the Self Consistent Charge 

Density Functional Tight Binding (SCC-DFTB) and its modern variants.40–44 The matsci set of Slater-

Koster parameters could be used if DFTB is the method of choice,45 a set generated with the aim of 

treating systems containing common elements in material science, including clays. Alternatively, one of 

the formulation of the Extended Tight Binding scheme recently proposed by Grimme,46 which is free of 

atom-pair dependent parameters, can be explored, even if to our knowledge it has never been employed to 

investigate alumino-silicate systems. It should be good practice to use, whenever possible, softwares 

which implement only one kind of computational approach instead of more general ones; so, as concerns 

the code to use to perform this kind of calculations the choice could be the DFTB+ program developed by 

Aradi and coworkers.47,48 

According to SCC-DFTB calculations, the intrinsic disorder of the spiral architecture gives rise to some 

features that can be revealed only by geometry optimization of a suitable spiral supercell. As an example, 

let's consider the HNT-10Å form of halloysite and make a comparison with a hypothetical system formed 

by planar kaolinite layers which sandwich water molecules in-between; such a system would correspond 

in fact to the unrolled HNT-10Å. In this case a perfect periodicity is present in the model: all the 

tetrahedral silicon centers and the octahedral aluminum centers have the same geometry, and a regular 

network of hydrogen bonds would occur between the water molecules, and between them and the upper 

and lower surfaces. If this unrolled system is transformed to the spiral HNT-10Å, non-periodic distortions 

of the SiO4 and AlO6 geometries arise along the arms and, as revealed by SCC-DFTB calculations,36 

spiral arrangements where relatively large distortions of the SiO4 tetrahedrons  are localized in a limited 

number of points along the arms, joined to very small distortions in all other points (a sort of segmented 

spiral) are those requiring the smaller amounts of   energy and are preferred to other, smoother, structures 

where geometrical distortions are distributed between all the SiO4 centers (Fig. 3e). Noteworthy, the form 

of segmented spiral seems to be analogous to the HNT model proposed by Gray-Wannel et al. on the 

basis of a combination of SEM, AFM and TEM images acquired from a number of samples of halloysite 

coming from different natural deposits.49 

Further, the characteristics of the hydrogen bonds network in the unrolled HNT are determined from the 

periodic SiO and AlO surfaces between which water molecules are enclosed. On the other hand, in the 

spiral HNT-10Å, water molecules experience a disordered environment and, as a consequence, a large 

variety of hydrogen bond configurations may occur (Fig. 3f). One can hypothesize that water molecules 

would adapt in order to give rise to the best interactions with the enclosing surfaces. At finite 

temperatures, the H-bonds configuration can change over time, creating to a dynamic linkage between the 

arms of the halloysite nanotube, and the occurrence of this adaptive H-bond network could be one of the 

reasons why HNT-10Å exists instead of lamellar kaolinite with water between adjacent layers. 

 

The models described above, based on circumstantial crystallographic evidence, can be useful for 

studying the properties of halloysite nanotubes but cannot give direct information on the formation of the 

nanotube itself. These kinds of issues are to be investigated more appropriately through molecular 

dynamics (MD) approaches. Even if MD calculations based on classical force field can nowadays applied 

to millions (or billions) of atoms, thinking of simulating exceedingly large-size non periodic systems 

subjected to extremely complex processes, which probably require geological time scales and whose 

outcomes depend on a large number of variables and environment conditions, is utopia. However, some 

clues on the dynamics of formation of tubular structures can be obtained. 

Commonly, in a molecular dynamic simulation of the nanotube formation a flat aluminosilicate sheet is 

allowed to evolve spontaneously following the interaction rules determined by an appropriate classical 



force field. The most used force fields in this context are the very simple CLAYFF,50 with AMBER-like 

contributions with the exclusion of torsional terms 

 

     (8) 

 

or some appropriate modification of the more cumbersome COMPASS force field,51 which, in addition to 

the common bond stretching and angle bending (up to quartic order in this force field), torsion, coulombic 

and Lennard-Jones (of 9-6 type, with pair parameters defined by the particular Waldman-Hagler rules) 

contributions, contains one term corresponding to  out-of-plane bending contributions and six cross-

terms: bond-bond, bond-angle, bond-torsion, angle-angle, angle-torsion and angle-angle-torsion. 

In one of the first important works within the clays MD field, González et al. simulated the rolling 

process of a planar aluminosilicate to form imogolite as a function of temperature (between 10 K and 368 

K) and of the number of repeated unit cell in the initial unrolled structure.52 Other than having 

demonstrated that the supercell repetition length along the nanotube axis does not sensibly affect the 

strain energy joined to the rolling process, in this investigation it was showed that, even if a number of 

different structure were obtained, such as nanotubes, nanoscrolls and "binocular" ones, a rolled 

conformation seems to be the natural evolution of a aluminosilicate sheet. 

More recently, Prishchenko and coworkers reported a large-scale and long-time canonical ensemble MD 

simulation (up to 25 ns on systems of up to 500,000 atoms) of the flat kaolinite sheet rolling to 

halloysite.37 Also in this case the rolling process occurred almost naturally, ending up to complex 

halloysite structures with 10 nm inner radius and the adoption of nanotubular, binocular and twisted 

geometries, these last occurring when periodic boundary conditions along the winding axis are removed. 

The performed simulations revealed that the formation kinetic is heavily affected by the rolling direction, 

being the rolling around the a axis (resulting in zig-zag configuration) much faster than the one around 

the b axis (giving the armchair configuration). This would suggest that the preference for natural HNT to 

form nano-systems resulting from rolling around the b axis should not be caused by kinetic aspects (it is 

however worth to note here that Tunega and Zaoui recently inferred that HNT cylinders with zigzag edges 

should prevail in nature).53,54 The twisted spiral configuration for the halloysite nanotube was found by 

means of MD simulations also by Pebdani,55 by exploring the rolling of a periodic boundary condition-

free sheet of kaolinite around an armchair direction which was intermediate between the a and b axes. It 

is to emphasize that all molecular dynamics simulations regarding the rolling of an aluminosilicate sheet 

to form tubular systems were performed not considering the intervention of water, which instead could 

have a predominant role in the mentioned rolling process. 

Other than information on the HNT characteristics and formation process, molecular dynamics force 

fields were also used for the investigation of the interaction between the nanotube and molecular systems, 

as it is the case of the study about the encapsulation of retinol, niacinamide and glycolic acid inside the 

HNT cavity,56 performed by means of COMPASS, and the adsorption characteristic of the antioxidant 

quercetin on the aluminic surface,57,58 for which the Universal Force Field was employed. Still, 

considering the compass force field for molecular dynamics, an impressive model formed by a periodic 

tubular structure obtained by replicating a supercell with Al304SI304(OH)608 stoichiometry, having an 

internal diameter of 27 Å, filled and embedded in more than 3000 water molecules, was used to 

investigate the adsorption of a peptide nucleic acid tetramer on the inner and outer surface of halloysite.59 

 

 

 

 

 

 

 

 
            

 
 

 

 

     

 

    
 

    



2.3. Modeling the HNT surfaces and its modifications 

Many applications of HNTs depend on the formation of nanocomposites involving modification and/or 

functionalization of the nanotube exposed surface HNTs. From the computational point of view this 

constitutes a significant challenge, to tackle which one must resort to a number of modeling compromises. 

Taking into consideration that common applications of halloysite-based composites depend on the 

physico-chemical interactions of its surface with molecules of interest, local models of HNT can be used 

instead of the whole nanotube. Further, it must be realized that details of the interaction modes are 

needed, such as adsorption geometries, local distortions, bonds breakings and formations, activation 

barriers, etc., i.e. quantitative outcomes are necessary if one wants to provide predictive information. In 

these cases, one must turn to accurate density functional theory treatment. For such systems as HNT, DFT 

can become extremely expensive (or even prohibitive) in terms of both computational time and resources: 

a suitable choice must be done for the HNT model and a common way to proceed is to tailor a portion of 

surface from the whole nanotube (Fig. 4a) or from a kaolinite periodic slab. What a representative HNT 

portion is in terms of lateral extension and thickness heavily depends on the nature of the properties one is 

interested on but, again, the choice is restricted to systems with sizes that can be treated by DFT. 

If one refers to the outer and inner surfaces of HNT as graphene-like hexagonal arrangements having, the 

first, silicon atoms on the corners and oxygen slightly above the middle of the edges that connect them 

and, the second, aluminum atoms on the corners and two oxygen atoms above and below the middle point 

of the hexagon edges, a minimax model can be devised for the accurate treatment of various processes 

occurring on the HNT surfaces (Fig. 4b). This model, which will be labeled 7AlSiHex throughout, is 

formed by a coronene-like portion of the silicic surface and an analogous portion of the aluminic one, 

dislocated with respect to the first just like it occurs in the halloysite nanotube accepted model, i.e. 

showing one of the edge oxygen atom belonging to the aluminum layer just below each one silicon atom 

of the silicic layer. From a layered point of view, it can also be described, going from the interior of the 

modeled nanotube to its exterior, as a layer of hydroxyl groups, one of aluminum atoms followed by an 

interlayer of oxygen atoms having two different natures: one half is part of a hydroxyl group, the other 

half represents the connection to the upper silicon layer, which in turn is followed by the outermost 

oxygen layer (Fig. 4c).  

 

 

 



Figure 4. The definition of the 7AlSiHex coronene-like minimax model for HNT, that may be used for 

accurate local computational investigations.60–64 After having built a long enough nanotube (a), an 

external or internal portion (b, three-quarter view; c, lateral view) can be tailored, isolated and saturated 

with hydrogen on the edges. The central hexagonal region of 7AlSiHex can be used to study 

modification/functionalization of the outer silicic (d) or inner aluminic (e) HNT surface.  

This model can be quite naturally tailored from a nanotube generated by one of the approaches described 

in the previous section, having care to saturate, after the cutting, the edge dangling atoms with hydrogen. 

Its curvature can be maintained by freezing the positions of a particular set of atoms during geometry 

optimization; for example, in those works where the simple adsorption of molecules on the silicic and 

aluminic surfaces of the model was investigated,60,61 the positions of interlayer oxygen atoms were 

constrained, while in cases where the central portion of the model was modified to mimick the HNT 

surface modification63 and functionalization,64 the position of the oxygen atoms on the model edges were 

kept fixed. This was done with the assumption that the adsorption of small molecules and local chemical 

modifications affect the geometry of the whole HNT real surfaces only to some extent, and distortions do 

not propagate in a sensible way. 7AlSiHex can be labeled as "minimax" since with its Al24Si24O126H48 

stoichiometry (which is the starting point of a variety of systems that could show modifications and 

functionalizations) is, at least at the time of writing, at the limit of the system sizes that can be treated by 

regular DFT and, at the same time, is quite representative if the investigated processes occur near the 

central hexagonal arrangement. The concept of representative is however bound to the system or process 

to study; for example, a smaller model was efficiently used by He et al. in the field of pollutant removal, 

in order to determine the adsorption properties of heavy metals and their chlorides on the inner HNT 

surfaces bearing modifications simulating high temperature treatment.65 

If it is case, 7AlSiHex could be treated as the model system of ONIOM calculations,66 so that processes 

occurring on a wider surface area can be investigated. If ONIOM is the method of choice, a molecular  

mechanics force field (such as CLAYFF, or the Universal Force Field, UFF) can be considered as the low 

level method, so that a sort of consolidating framework exists for the portion of surface under 

investigation. Some DFT exchange-correlation functional (which is well-tested for the kind of species and 

processes to be studied, and includes corrections for dispersion interactions as well) could be employed 

for the high level of theory. The same exchange-correlation functional can be chosen if 7AlSiHex is used 

standalone, in which case the user should pay attention, for the geometry optimization, to freeze the 

positions of some of not-influent selected atoms in the borders of the model, which otherwise would be 

subjected to spurious distortions. 

Having the 7AlSiHex model available, it was possible to treat and investigate questions about the 

adsorption of small molecules on the two halloysite surfaces, the modifications of the surfaces, their 

functionalization and some reactions that can occur in composite systems that exploit the modified 

halloysite. This would be a valid alternative to the use of minimal models where the functionalization is 

bound to very small clusters of AlO-SiO units, such, for example, those reported in the work of Bahri-

Laleh et al.,67 where the coordination of Pd atoms with dendrimeric amino derivative functionalities 

attached to the silicic surface was investigated; or the very recent single SiO4 tetrahedron model 

employed for the investigation of systems (to be used for industrial wastewater treatment) where the 

HCrO4
- ion interacts with polyamino species protruding from the functionalized HNT silicic surface.68 

Although these minimal models are of practical applicability for fast studies of the interactions of 

particular species with the functionalization portion of HNTs, they did not allow in any way to verify the 

influence of the support, an influence that can be sensible in terms, for example, of the formation of large 

hydrogen bonds networks that can occur between the HNT surfaces (the inner one in particular) and the 

functionalization or the adsorbed/reacting species, obviously affecting the characteristics of the processes. 

For example, the interaction of CuI with the silicic surface functionalized with AEAPTMS (framed in the 

research on copper hybrid catalysts) could not be described properly if, together to the coordination to 

nitrogen, the bonding of Cu to surface oxygen atoms is not considered.69,70 Further, the HNT surfaces are, 



as it is known, subjected to a number of possible modifications depending, for example, on the condition 

of a given reaction, which therefore can be affected by some defect or surface modification close to the 

active sites. It is true that such a large number of variables poses heavy challenges to any computational 

approach (as well as to the interpretation of experimental results), but it is also true that this opens the 

way to an even larger number of application possibilities. 

While we will face modeling reactions on HNT later, here we want to report some studies that, by 

exploiting the 7AlSiHex model, shed some light to the comprehension of the external halloysite surface 

structure. The first reported use of 7AlSiHex to model the pristine, stoichiometric HNT was about the 

DFT calculation of the adsorption energy of small molecules (water, alcohols, halides, and carboxylic 

acids), commonly used as solvents, on the HNT inner and outer surfaces.60 The adsorption geometries 

were described in terms of hydrogen bond network and the calculated interaction energies strongly 

evidenced that polar molecules adsorb preferentially on the inner aluminic surface. In that work, also the 

presence of substitutional defect, i.e. aluminum substituting silicon in the outer surface and magnesium 

substituting aluminum in the inner one,71,72 was considered and it was shown that they may cause sensible 

variations in the adsorption properties. Later, by using a slightly modified 7AlSiHex model, the 

computational study of the HNT surfaces was extended to the adsorption of corrosion inhibitors.61 

Compounds like benzotriazole, hydroxyquinoline, mercaptobenzimidazole, and mercaptobenzothiazole 

are known corrosion inhibitors for bronze, steel, copper, and aluminum which can be trapped inside the 

HNT lumen and released in a controlled manner.73,74 The computational study suggested variable 

adsorption geometries and interaction energies as a function of the inhibitor conformation and, in 

particular, of the surface: whereas the interactions with the aluminum surface have large magnitude and 

are strongly affected by the orientation of the adsorbate, the weak interactions with the pristine silicic 

surface drive adsorption geometries where the corrosion inhibitor molecule adopt a parallel arrangement 

with respect to the surface and the interaction energies (slightly above the physisorption regime) are 

essentially unaffected by the nature of the adsorbate. 

The information acquired was employed to suggest (and realize) two new corrosion inhibitors/HNT 

systems, namely those with the salicylaldoxime and quinaldic acid molecule. Recently, the computational 

investigation on benzotriazole adsorption was enriched by exploring the effects of chemisorbed metal 

cations (Fe2+, Cu2+ and Zn2+) on the interactions with the inner surface.75 It was demonstrated that the 

presence of metal cations enhances the adsorption energy, which was consistent with an increased loading 

capacity of benzotriazole inside HNT as measured by thermogravimetric analysis. 

These studies evidenced that, in the case of a pristine HNT model, the inner surface is responsible of the 

stronger interaction with polar molecules in composite systems, due to the intricate network of hydrogen 

bonds that can occur by exploiting the numerous protruding aluminol groups. Things can heavily change, 

however, if modifications of the silicic outer surface are considered. As a matter of fact, the nature of the 

7AlSiHex model allows to investigate surface modification, so Rozza et al. simulated the effect of 

different pH environments on the HNT surface.62 In this respect, it is worth to mention here also three 

recent studies that exploit the above 7AlSiHex system to understand how the external surface should be 

accurately modeled and just prepare the way for the computational investigation of functionalizations and 

reactive processes. Clearly, the interactions with the silicic surface will change quite a bit if this last was 

subjected to modifications, hence the subsequent studies, which were necessary as there is not enough 

clarity in the literature on the real structure of this surface in given conditions, even if it has been 

supposed from long time that it is dotted with various kinds of Si-OH groups 76 and has been confirmed 

by spectroscopic techniques in a number of works. 77 Yet, this knowledge is extremely important for the 

nanotube functionalization and therefore many chemical, physical and technological uses of HNT. 

The structural properties of silanol groups located on the HNT outer surface were deepened by 

computational approaches,63 where a number of reactions were simulated between the silicic surface and 

water in neutral and, in particular, alkaline environment, according to the schemes (with n = 1, 2, 3) 
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where HNT is the pristine halloysite nanotube model and  HNT−Si(m, n), with a proton or negative 

charges, represent a modified HNT model, simulating the reaction products, with m+n silanol groups in 

the surface, appearing as m (−O)3SiOH surface species and n arrangements represented by (−O)2Si(OH)2, 

in the case of reaction (10), or (−O)Si(OH)3, in the case of reaction (11), with these last ones protruding 

from the surface. The negative charge in these compounds is formally localized on oxygen atoms in the 

interlayer (which will result neutralized if OH- is not present), but by means of the hydrogen bond 

frameworks that realized in these structures, which can give rise to intrasystem proton shift, in some cases 

the negative charge can localize on O atom of the outer surface. The obtained results suggest that the 

creation of silanol groups on the HNT surface (Fig. 5a,b) is, from a thermodynamic point of view, always 

a highly exothermic reaction, and it is even favored at high pH values. Further, DFT calculations allowed 

to infer that the formation of a certain number of silanol groups far away one from the other is slightly 

preferred with respect to the agglomeration of the same number of silanols in a small portion of the 

surface. This would suggest that −Si(OH)x clustering would begin only at high pH values, while in neutral 

and mild alkaline conditions the outer surface of HNT would be sparsely populated of silanols, an issue of 

great importance for surface functionalization. In order to validate the computational results, experimental 

investigations were also carried out in the same work.63 In particular, halloysite nanotubes were treated in 

alkaline conditions by using a NaOH solution 4 M to evaluate the formation of silanol groups. Herein, 

thermogravimetric analysis showed a higher moisture content for the alkaline treated clay compared to 

the neat halloysite, with values of 3.4% and 2.2%, respectively. This effect was related to the creation of 

Si-OH groups acting as anchoring sites for water molecules. Also, a new broader band centered at 3450 

cm-1 in the FTIR spectrum of the alkali activated HNTs was a further proof of the appearance of new 

silanol groups on the external surface due to the treatment with NaOH. Interestingly, X-ray Diffraction 

analysis showed the hydrolysis did not change the morphology of halloysite, which maintained its hollow 

nanotubular structure.63  

The surface functionalization was the object of an investigation, which analyzed the energetic and the 

structural properties of various likely chemical species formed by the reaction of the HNT−Si(m, n) 

systems above with APTES and AEAPTMS molecules,64 framed in the wide field of functionalization of 

silicic surface with organosilanes.78 To this aim, the particular HNT−Si(2n, n)n-, n = 1, 2, 3, species 

formed from reaction (8) were considered, which with their characteristic −OSi(OH)3 groups facing 

upwards (Fig. 5c), act suitable active sites for the anchoring occurring through the formal reaction 

 

    (12) 

 

where (A, R) = (APTES, CH2CH3) or (AEAPTMS, CH3) and m = 0, 1, …, 3-n. The notation HNT-SinAm  

indicates a species showing m -OR groups left on the organosilane residue after the functionalization and 

formed from a modified HNT having n −OSi(OH)3 groups on the surface.  

 

 

 

 

 

 

 

 

 

                  

        
 

               

                        



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. The "hydrolytic unit" on the silicic surface of HNT: silanol groups (b) form starting from the 

pristine configuration (a) due to hydrolysis of Si-O bonds by means of two water molecules, producing a 

neutral system.62 The same reaction benefits from alkaline environment, where the intervention of a 

hydroxyl ion and a water molecule occurs,  giving rise to a system with a negative charge formally 

localized on one oxygen atom of the interlayer. In (c) the details of a system showing a dense 

constellation of protruding groups is depicted, as investigated in reference.63 

 

By comparing with the case of organosilane anchoring on a vacant site of the silicic surface, created for 

example by the loss of an orthosilicic acid molecule, the DFT result suggest that the functionalization is 

highly favored by the presence of silanols, being reactions (12) extremely exothermic. Further, 

functionalization of the silicic surface with organosilane should be favored also with respect to the 

corresponding functionalization of the aluminic inner surface, which instead show very low 

exothermicity. To corroborate the computational findings, experimental investigations were also carried 

out. It was demonstrated that the functionalization with both organosilanes was more efficient after the 

alkaline activation of the clay and the creation of silanols, being the grafting efficiency 10.9wt% and 

11.0wt% for APTES and AEAPTMS functionalized halloysite, in agreement with the proposed 

attachment to Si-OH groups. FTIR spectroscopy and XRF analysis were also conducted and the latter 

showed an increase of the Si/Al ratios to 1.58 and 1.65, providing a further proof that the 

functionalization of halloysite surface with the organosilanes was enhanced, in line with computational 

suggestions.64  

A valid alternative to the use of a finite portion of aluminosilicate tailored from a larger model of HNT is 

to employ a periodic approach, ultimately substituting halloysite by an unrolled kaolinite slab. Such an 

approach is based on the assumption, suggested recently,79 that the unit surface area of halloysite and 

kaolinite exhibit minimal differences and should be valid when the investigation does not involve 

portions of HNT with sensible curvature, as could happen when considering the inner surface of a HNT 

with a relatively small diameter cavity. 



However, the periodic approach, when it can be used, suffers more or less from the same difficulties as 

the cluster approach: if surface modifications, functionalizations, catalyzed or non-catalyzed reactions are 

to be investigated, one must be careful to use supercells large enough to dilute the spurious interactions 

between periodically replicated modifications, defect, physi- or chemi-sorbed molecules, and reaction 

centers (an issue that replaces the edge effects problem of the cluster approach). Furthermore, depending 

on the desired information, other problems may arise, such as the need to use numerical methods, e.g. the 

nudged elastic band and its variants,80–82 to find transition states of reactions elementary steps, and the 

possible need for empirical a posteriori corrections when dealing with electrically charged cells.83,84 

Considering the properties of kaolinite indicative for the study of halloysite with this method, one of the 

first work using a periodic approach is that of  Tosoni et al.,85 which employed a hybrid exchange-

correlation functional and a gaussian basis set (a theory level not common in the periodic field, made 

possible by the Crystal code86,87) to investigate the structure (cell parameters and ion coordinates) of 

kaolinite as bulk and slab system, along with the vibrational properties (phonon spectrum) of all the kinds 

of hydroxyl groups present in its inner surface, in the interlayer and in the outer surface. Even if this work 

is not directly correlated to halloysite usage, it resulted of great importance since constitutes a 

computational benchmark for the energetic and geometries of the interlayer hydrogen bond networks as 

well as for the vibrational properties related to these types of clays, which helped the interpretation of the 

experimental spectroscopic evidence. 

We had to wait about ten years before an accurate periodic calculation of the adsorption of a molecule on 

kaolinite appeared. In a jointed experimental-computational work, Spepi et al. investigated the various 

mode of interaction of salicylic acid and salicylate salts with the aluminic surface of kaolinite (mimicking 

the loading of the inner lumen of HNTs), showing that in order to have satisfying agreement with the 

recorded spectra, the monodentate and bridging mode of adsorption (instead of a bidentate mode, which 

resulted strained) of the salicylate ion must be invoked.88 Staying in the field of controlled drug release,89 

a periodic model for HNT was employed also to study the interaction of isoniazid and 5-aminosalicylic 

acid with the inner lumen.90,91 In these works, however, a larger and more appropriate supercell was used, 

with a hemicylindrical structure replicated along the cylinder axis, and the use of molecular dynamics 

allowed to simulate the molecular adsorption also in the presence of water inside the cavity, so detailing 

its effects on the interaction in terms of hydrogen bonds. Another example is contained in the work of 

Kruglikov et al.,92 who investigated through DFT the interaction of lactic acid with the aluminosilicate 

surfaces, including those on the edge; this in order to extrapolate information for the encapsulation of 

polylactic acid in the nanotube cavity, in particular those regarding hydrogen bonds and van der Waals 

interactions. More recently the computational studies of molecular adsorption on kaolinite (most of the 

time as support for experimental characterization) were extended to other compounds relevant to 

technological usages of HNT, such as ketoprofen.93 Moreover, a certain number of recent works, which 

will be detailed in the next paragraphs, report DFT periodic studies on the interaction of the HNT surfaces 

with metal atoms and metal clusters, to be used for catalytic purposes.65,94–97 

From the point of view of HNT surface modification, studies on the aluminic layer acid leaching, 

performed by means of a periodic model consisting of four kaolinite unit cell (Al16Si16O40(OH)32 ∙ nH2O), 

were reported by Fu et al.98 According to their investigation, aluminum leaching, simulated by 

consecutive protonation of the aluminol groups and resulting in the substitution of Al3+ with protons, 

requires an amount of energy which decreases as the number of substitute aluminum ions increases, 

suggesting that the leaching process becomes increasingly easier once triggered. This would be in 

agreement with some experimental evidence which would indicate that Al leaching occurs layer by 

layer.99 

A number of dehydration and dehydroxylation processes inherent the treatment of halloysite nanotubes 

were investigated also by Zsirka et al. by using a cluster model similar to the 7AlSiHex portion above,100 

whose reliability for simulating exfoliation was tested by Táborosi and Szilagyi a few years earlier.101 

Their calculations, which accompanied experiments aiming at the controlled mechanochemical  

modification of exfoliated halloysite for catalytic purposes, are among the most accurate and complete on 



this argument, and allow to define the atomistic details of proton transfer and water desorption on the 

HNT aluminic surface. Further, more recently the acid leaching of multiwalled spiral HNT was 

investigated on very large systems by molecular dynamics simulations,102 which permitted to monitor the 

structural evolution in time, the changes in pore size distribution and the formation of interlayer spacings. 

 

2.4. Structure and interfacial properties 

Halloysite is an emerging nanomaterial suitable for numerous technological applications because of its 

physico-chemical properties combined with its biocompatibility, which guarantees low-environmental 

impacts. Moreover, halloysite is a safe nanoparticle for biomedical purposes as evidenced by in vivo and 

in vitro toxicological tests.103–106 Mineralogically, halloysite is an aluminosilicate that belongs to the T:O 

layered clays being that each layer is composed by a silica tetrahedral sheet and an alumina octahedral 

sheet.107 These structural characteristics are typical of the kaolin clay minerals, such as kaolinite, dickite 

and nacrite.108 The geological formation of halloysite is related to weathering or hydrothermal alteration 

at low temperature of aluminosilicate minerals, including feldspars.109 The conversion from feldspars to 

halloysite needs that the geological deposits present large and persistent amounts of water as well as 

acidic conditions.109 Consequently, the interlayer space of halloysite contains two water molecules, which 

are not detected in other kaolin clays. This peculiarity confers specific properties to halloysite in terms of 

structure and surface chemistry. Halloysite possesses a hollow tubular morphology with sizes dependent 

on the specific conditions of the geological deposit.109,110 In this regard, Fig. 6 shows SEM and TEM 

images of halloysite nanotubes (HNTs) obtained from several sources distributed in USA, Australia e 

New Zealand.  

The intervals for HNTs length and diameters are reported in Table 1, which evidences that patch 

halloysite nanotubes from Kalgoorie (Western Australia) possess a higher aspect ratio and they are 

significantly longer with respect to other halloysites.109,110 Accordingly, patch HNTs form a bird nest 

structure due to the entanglement of the long nanotubes (Fig. 6E).111 This characteristic allows to the 

formation of hydrogel systems after their dispersion in aqueous media with variable ionic strength.111  



 
 

Figure 6. SEM and TEM images of halloysites from Dragon Mine, Utah, North America (A), Latah 

County, Idaho, North America (B), Camel Lake site, South Australia (C), Matauri Bay, New Zealand (D) 

and Kalgoorie, Western Australia (E).107,109–112 Reproduced with permission from [107]. Copyright 

2013, Elsevier. Reproduced with permission from [109]. Copyright 2021, Elsevier. Reproduced 

with permission from [110]. Copyright 2018, Elsevier. Reproduced from [111]. Available under a CC-

BY 4.0 license. Copyright 2024 The Authors. Published by Elsevier. Reproduced from [112]. Copyright 

2017, American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

  

 



Table 1. Geometrical characteristics, specific surface and ζ-potential  

of halloysites from different geological deposits.  

 

Deposit Length 

 (μm) 

Outer  

diameter  

(nm) 

Inner  

diameter  

(nm) 

Specific  

surface  

(m2 g-1) 

ζ-potential 

  (mV) 

Dragon Mine  0.05 – 1.5 20 - 150 5 - 30 57.30 -20.7 

Latah County  0.15 – 4.5 30 - 300 8 - 55 29.57 -35.1 

Camel Lake 0.1 – 1.5 20 -70 10 - 50 74.66 / 

Matauri Bay  0.1 - 3 50 - 200 15 - 70 22.10 -36.2 

Kalgoorie 0.2 – 5 40 - 55 12 - 22 79.71 -20.1 

 

 

The HNTs cavity can be easily filled with functional molecules by using the vacuum cyclic procedure, 

which exploits the Gibbs-Thomson effect due to the confinement of solvents as demonstrated for water 

and ethanol.113,114 Literature reports that halloysite act as an effective carrier for antimicrobial and 

anticancer compounds, such as doxorubicin and ionomycin.115–117 The encapsulation of anticorrosive 

molecules within the halloysite lumen was successfully explored to obtain protective coatings,61,118 while 

the filling of HNTs with antioxidant and antiacid drugs can be used for the conservation of lignocellulosic 

artworks.119,120 The loading capacity of halloysite can be improved by the enlargement of the HNTs 

cavity through the selective acid etching of the alumina groups.99,121 The halloysite treatment by glacial 

acetic acid solution (concentration equals to 1 M) determined an increase of 81% of the loading efficiency 

towards aceclofenac, which is a nonsteroidal anti-inflammatory drug. Remarkably, the etching procedure 

enhances the specific surface area and pore volume of halloysite, while the crystallinity of HNTs is 

unaltered.121  

Halloysite presents interesting interface properties because of the separation between silica and alumina 

sheets, which are the components of outer and inner surfaces, respectively.122 In particular, HNTs possess 

surfaces with opposite charges for pH ranging between 2 and 10 as a consequence of the different 

ionization equilibria of silica and alumina groups. The inner surface is positively charged, while the 

HNTs shell is negative. On the other hand, the net surface charge of halloysite is negative as 

demonstrated by the ζ-potential data, which are between ca. -20 mV and ca. -50 mV at pH equals to 2 and 

10, respectively, for HNTs from Dragon Mine.107 It should be noted that the ζ-potential is slightly 

affected by the HNTs geological source in agreement with the results presented in Table 1, which refers 

to pH equals to 6. Halloysite from Matauri Bay possesses the most negative ζ-potential and, consequently, 

the highest colloidal stability in water due to the strongest repulsions between the nanotubes. Within this, 

literature reports that the aqueous colloidal behavior of halloysite can be easily controlled by the addition 

of electrolytes, which generate screening effects towards the repulsive interactions between the 

nanotubes.123 Besides, the colloidal stability can be tuned by altering the HNTs attractive forces through 

variations of the refractive index of the aqueous solvent. To this purpose, variable amounts of sucrose can 

be added in the HNTs aqueous dispersions.124 The different charge of inner and outer surfaces can be 

exploited to selectively functionalize HNTs by using ionic molecules, which interact with halloysite by 

electrostatic attractions.122 As examples, the selective adsorption of anionic surfactants (sodium 

alkylsulphates,125 sodium alkanoates126 and sodium perfluoroalkanoates127) on HNTs internal surface 

drives to obtain inorganic micelles with specific functionalities. Sodium alkaonates/HNTs composites are 

effective for the removal of aliphatic and aromatic hydrocarbons in aqueous systems as well in vapour 

phase,126 while inorganic micelles based on halloysite and sodium perfluoroalkanoates are suitable as 

nanocontainers for oxygen storage.127 The HNTs functionalization by sodium alkylsulphates was 

effective to achieve nanoreactors for micellar catalysis purposes.125 Compared to pristine HNTs, 

inorganic micelles present larger net ζ-potential values due to the neutralization of the positive charges of 

alumina inner surface.122 Consequently, the modification by anionic surfactants improves the HNTs 



stability in water because of the enhancement of the repulsions between the nanotubes. On the other hand, 

the functionalization of HNTs external surface can be achieved by cationic surfactants, such as alkyl 

bromides, allowing to generate inorganic reverse micelles with a hydrophilic cavity and a hydrophobic 

shell.128 Alkyl bromides/HNTs hybrids are suitable for the confinement of hydrophilic compounds, 

including copper sulphate128 and sodium alginate.129   

However, the functionalization of halloysite is based on the reactions of different species with the 

hydroxyl groups on the external silicon-based surface which is mainly covered by Si–O–Si groups, with 

some –OH groups that can be found only on either defective sites or at the edges of the nanotubes. For 

this reason, the modifications of the nanoclays in alkaline or acidic media is crucial for the formation of a 

higher number of active sites with a consequent improvement of both colloidal stability and 

functionalization efficiencies. As previously discussed, the pretreatment of the clay with NaOH resulted 

in the creation of silanols on the external surface by alkaline hydrolysis,63 and these newly formed Si-OH 

groups improved the grafting with organosilanes.64 Such aspects are crucial for the catalytic application of 

halloysite, since the functionalized nanotubes possess functional groups that can be exploited for the 

interaction with metals, thus leading to the development of halloysite decorated with metal nanoparticles. 

These aspects will be better detailed in the next paragraphs. 

Besides the electrostatic stabilization, the stability of halloysite aqueous dispersions can be controlled by 

adding non-ionic polymers, such as cellulose ethers,130 which create steric barriers preventing the 

sedimentation of the nanotubes. The combination of halloysite and polymers is employed for the 

fabrication of composite films with excellent barrier properties131,132 and thermo-mechanical 

performances.133,134 It is important to evidence that the characteristics of polymer/halloysite composites 

are strictly related to the specific interactions between matrix and nanofillers. Due to their hydrohophilic 

nature, HNTs can be homogeneously dispersed in matrices based on ionic polymers, such as alginate, 

pectin and chitosan.132 The addition of halloysite within anionic polymers induces relevant thermal 

stabilization effects because of barrier and encapsulation mechanisms of HNTs towards the volatile 

products generated by the degradation of organic macromolecules.132 On the other hand, the formation of 

clusters and layered structures can be observed in nanocomposites obtained by mixing HNTs with non-

ionic polymers, such as cellulose ethers and starch.132,135  

Recently, halloysite nanotubes were investigated as interfacially active particles for the preparation of 

Pickering emulsions.136   

Due to their large specific surface and hydrophilic characteristics, HNTs can act as emulsifying agents of 

O/W Pickering emulsions useful for health applications,137,138 environmental purposes,139–142 

restoration143,144 and catalysis.145,146 Fig. 7 shows some micrographs of O/W Pickering emulsions based 

on halloysite and schematic representation of the HNTs stabilization mechanism of oil droplets in water.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 7. (A) Schematic representation of the HNTs stabilization mechanism at oil/water interface.141 

Reproduced from [141]. Copyright 2014, American Chemical Society. (B) SEM image of wax/water 

Pickering emulsion stabilized by HNTs. The scale bars are 20 μm for the image and 3 μm for the inset.144 

Reproduced from [144]. Copyright 2021, American Chemical Society. (C) Optical images of 

dodecane/water Pickering emulsions stabilized by variable amounts of halloysite. The scale bar is 100 

μm.141 Reproduced from [141]. Copyright 2014, American Chemical Society. 

 

 

The stabilizing efficacy of halloysite can be thermodynamically evaluated by calculating the detaching 

free energy (ΔGdet) of HNTs from the oil/water interface to water, which represents the bulk phase of 

O/W Pickering emulsions. As reported by Owoseni et al.,141 ΔGdet can be estimated by the experimental 

determinations of the HNTs three phase contact angle (θ) and the oil/water interfacial tension (γow) 

considering the sizes (external radius and length) of halloysite nanotubes. In general, the ΔGdet are 

significantly larger than thermal energy (KT) highlighting that the nanotubes are irreversibly adsorbed at 

the oil/water interface. As examples, ΔGdet  values of (3.45 × 104)·KT and (7 × 104)·KT were calculated 

for dodecane/water and decane/water emulsions, respectively.141,143 Interestingly, the addition of ionic 

biopolymers improves the colloidal stability of the Pickering emulsions in agreement with the enhanced 

ΔGdet. The presence of pectin and chitosan increased ΔGdet values of HNTs from decane/water interface 

to (125 × 104)·KT and (27 × 104)·KT, respectively.143 The high stability of pectin + Pickering emulsion 

was exploited to fabricate gel systems with surface cleaning capacity related to the decane droplets that 

act as apolar microdomains for hydrophobic contaminant. Owoseni et al. evidenced that hydrophobically 

modified chitosan facilitates the connection between the nanotubes at dodecane/water interface creating a 

barrier to the coalescence of the oil droplets.140 As demonstrated by Stehl et al., the HNTs adsorption at 

the oil/water interface is favoured by the capillary forces between the nanotubes, which can accumulate in 

a radial side-to-side configuration on dependence of their concentration in the emulsion.142 In general, the 

increase of the HNTs concentration generates a non-monotonous reduction of the oil droplet sizes 

because of the balance between capillary forces and electrostatic repulsions, which affects the HNTs 

coverage degree at the oil/water interface.136 It is reported that the average droplet diameters for 

dodecane/water Pickering emulsions range between ca. 190 and 80 μm for HNTs concentrations of 0.01 

and 1 wt%, respectively.147 The surface carbonization of HNTs can be exploited to reduce the dodecane 

droplets sizes because the halloysite attachment at the oil/water interface is thermodynamically 

favored.148 The selective modification of the silica side with amino groups is effective to convert HNTs to 

Janus nanoplates, which are stabilizing agents for dodecane in water driving to obtain Pickering 

emulsions with droplets diameters from 15 to 18 µm.149  

 

3. HALLOYSITE NANOTUBES FOR CATALYSIS  

Recently, halloysite has been extensively explored as sustainable nanomaterial for heterogeneous 

catalysis of several chemical reactions, including hydrogenation, oxidation, coupling reactions and 

photochemical processes.150 Within catalytic applications, HNTs can be exploited as supports of catalysts, 

such as metallic nanoparticles.151–153 Halloysite can act as a nanoreactor by the confinement of the 

reactive species within the cavity of the nanotubes.125,154 Besides, Pickering emulsions based on halloysite 

can be employed for catalysis due to the encapsulation of the reagents within the microdroplets stabilized 

by HNTs.136,145,155 Moreover, halloysite is an efficient template for the synthesis of carbonaceous 

materials with catalytic activity.156,157 In the field of catalysis, there are other materials there are worth to 

be mentioned and, among them, carbon nanotubes and metal-organic frameworks hold a certain 

importance. Carbon nanotubes (CNTs) have several catalytic applications due to their large surface area, 

thermal stability, electronic properties, enhanced metal-support interactions and high catalytic activity 



which make them well-established candidates for a large number of reactions, including the conversion of 

biomass.158,159 In this field, also metal-organic frameworks (MOFs), a class of crystalline materials 

composed of metal nodes and organic linkers, have attracted considerable attention.160 MOFs and MOF-

based materials have been extensively investigated  in the domain of heterogeneous catalysis, because of 

their structural and physico-chemical properties which offer several advantages thanks to the ability to 

control porosity, backbone functionalization, guest immobilization and active site modification.161,162 

Moreover, the possibility to downsize the dimensions of metal particles into nanoscale significantly 

enhances the metal dispersion and specific surface areas, resulting in an increased activity.163 For 

instance, metal nanoparticles can be incorporated inside the pores and work as catalytic sites for 

important reactions such as the carbon dioxide conversion to valuable chemicals.164 

However, halloysite shows several advantages compared to carbon nanotubes and metal-organic 

frameworks. Although being considered the organic/inorganic counterparts of hollow nanotubular 

structures, HNTs are far less expensive than CNTs, being their costs ca. $4 and $500 per kg, 

respectively.73 In addition, being a natural occurring nanomaterial, the world supply of halloysite is much 

larger than that of carbon nanotubes. Indeed, contrarily to CNTs, thousands of tons of HNTs are available 

per year, making possible a true large-scale industrial application that could be achieved in the near 

future. Also, halloysite is biocompatible, whereas carbon nanotubes are toxic. This aspect is important in 

applications which require a biocompatible nanocontainer/nanosupport.73 On the other side, the 

preparation and the design of MOFs often require precise and sometimes complicated synthetic protocols. 

Being composed of metal nodes and organic ligands, the assembling processes make it difficult to design 

or predict the nanoarchitectures and components of the resultant framework.165 Moreover, the use of 

functionalized ligands can significantly affect the solubility of MOF precursors leading to crystallization 

process. In this regard, post-synthetic strategies, such as ligand modification, ligand exchange and 

deprotection, still allow rational design and fabrication of MOFs by introducing the functional groups into 

the pre-synthesized MOF structures.166 Halloysite, instead, possesses a hollow nanotubular morphology, 

with porosity and high aspect ratio and, being a natural occurring material, no complicated synthetic 

protocols are needed for its preparation. Considering all these points (natural occurrence, low costs, 

biocompatibility, high availability, ease of manipulation, etc), halloysite is likely destined to play an 

increasing role in catalysis.  

 

3.1. Halloysite as catalytic support  

Halloysite is a suitable support for catalysts, such as metal active species (Ru, Pd, Au, Ag, Pt, Ru, Co, 

Mo, Fe2O3, CdS, CdZnS, Cu–Ni) that can be anchored on both inner and outer surfaces of clay 

nanotubes.167 Catalytic supports for methane oxidation were obtained by anchoring palladium 

nanoparticles and bimetallic palladium alloys (PdNi, PdCo, PdCu) on the HNTs external surface through 

in situ reduction of the metal ion precursors.168 Cui et al. proposed a double solvent strategy to anchor 

platinum nanoparticles (diameter of ca. 3 nm) on both inner and outer surfaces of halloysite. The high Pt 

loading (3.8 wt%) assured excellent catalytic performances for chemoselective cinnamaldehyde 

hydrogenation.169 Efficient catalytic systems for ammonia borane hydrolysis were prepared by the 

homogeneous immobilization of Ni0.13Co0.87P nanoparticles (diameter of 1.4 nm) onto the HNTs outer 

surface.153 As previously discussed, HNTs surfaces are chemically modified to enhance the loading 

capacity and the selectivity towards the catalysts.150,167,170 Silanes and Schiff bases have been largely used 

to introduce specific functionalities on HNTs surfaces that can be furtherly exploited for the interaction 

with metals nanoparticles to design proper catalytic systems.171–173 Recent works demonstrated that HNTs 

modified with ionic liquids are efficient supports for catalysts.151,152 As reported by Sadjadi et al., the 

functionalization of HNTs external surface by melamine, 1,4 dibromobutane and triethanolamine 

represent a needed step which is effective to obtain nanotubes decorated with 5 wt% ionic liquid able to 

immobilize Pd nanoparticles, which were used for the catalysis of the reductive degradation of dyes, such 

as reductive degradation of methyl orange and rhodamine B.151 A schematic representation for the HNTs 

surface modification with ionic liquid is presented in Fig. 8A.  The decoration of halloysite with 



dendrimer functionalized ionic liquid was exploited to obtain a catalytic support for oxidation of 

aldehydes to the corresponding acids.174 It was proved that the surface functionalization by 

macromolecules (carbohydrates, cyclodextrins, copolymers) confers to halloysite specific functionalities 

for catalytic applications. The covalent attachment of chitosan on ionic liquid decorated halloysite was 

effective for Pd immobilization.175 The obtained composite nanomaterial showed better catalytic 

performance for C-C coupling reactions with respect to those of Pd anchored on pristine HNTs.175 

Moreover, the catalytic efficiency of halloysite can be increased also by chemical modification of its 

inner surface, which can be conducted through acidic etching. Yu et al. showed that the etching with 

piranha solution enhances the specific surface and the porosity of HNTs.176 Compared to the pristine clay, 

a significant increase of the hydroxyl groups was observed in etched HNTs and they enhanced the surface 

functionalization with 3-aminopropyl silane and, consequently, the loading of Au nanoparticles. The 

resulting catalytic system was successfully used for heterogenous reactions, e.g. the reduction of 4-

nitrophenol and oxidation of furfural.176 Similarly, a nickel-based nanocatalyst suitable for CO 

methanation was prepared by the acidic etching of halloysite with hydrochloric acid.177 The modification 

of HNTs outer surface with alkaline compounds, such as sodium hydroxide (NaOH) or Na2CO3–NaNO3 

molten salts, enhanced the interactions between halloysite and CO2.
178 Moreover, the alkaline-etched 

HNTs exhibited an improved resistance to coke deposition prolonging the catalytic activity and stability 

of halloysite.178 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. (A) Schematic representation of the HNTs decoration with melamine, 1,4 dibromobutane and 

triethanolamine.151 Reproduced from [151]. Available under a CC-BY 4.0 license. Copyright 2020 The 

Authors. Published by Springer Nature. (B) Schematic representation of micellar catalysis by HNTs 



modified with sodium alkylsulphates.125 Reproduced with permission from [125]. Copyright 2022, 

Elsevier. 

 

 

Recently, an efficient nanocatalyst for ammonia borane dehydrogenation was obtained by the 

combination of cobalt phosphide (Co2P), carbon dots (CDs) and halloysite nanotubes (HNTs).179 It is 

worth to note that the three components (HNTs, CDs and Co2P) generate synergistic effects improving 

the catalytic activity of the composite nanoparticle. In detail, HNTs represent the support for the loading 

of the other two components, while CDs provide numerous adsorption sites for ammonia borane and 

water. In addition, CDs create a catalytic interface with Co2P improving electron transfer. Catalytic 

systems for hydrolytic dehydrogenation of ammonia borane were prepared by the anchoring of Cu and Co 

nanoparticles on the surfaces of HNTs modified with poly(diallyldimethylammonium chloride).180   

 

3.2. Halloysite as nanoreactor for catalysis  

The halloysite cavity can be exploited for the confinement of reactive species allowing to enhance the 

kinetics of several reactions, such as Belousov-Zhabotinsky (BZ) reaction,125 Fischer-Tropsch 

synthesis,154 desulphuration of model fuels181 and hydrogenation of aromatic compounds.182 The catalytic 

action towards the Belousov-Zhabotinsky (BZ) reaction was achieved by the selective functionalization 

of HNTs inner surface with sodium alkylsulphates, which include sodium decylsulphate (NaDeS) and 

sodium dodecylsulphate (NaDS). As sketched in Fig. 8B, the adsorption of the anionic surfactants onto 

the halloysite internal surface induces the formation of tubular inorganic micelles with a hydrophilic shell 

and a hydrophobic cavity, which possesses a high affinity towards apolar molecules, such as organic 

substrates. Lisuzzo et al. proved that sodium alkylsulphates/HNTs composites significantly enhance the 

rate of the Ce(IV) oxidation of 2-benzylpropanedioic acid (BzMA) as a consequence of the confinement 

of the reactive species within the HNTs lumen.125 The presence of NaDeS/HNTs and NaDS/HNTs 

generated enhancements of the rate constant of 94% and 65%, respectively. Contrary to the conventional 

surfactant micelles, alkylsulphates/HNTs hybrids can be easily recycled after separation, water washing 

and drying. The hydrophobization of the HNTs inner surface by alkyltriethoxysilanes with different tail 

lengths was exploited to favor the entrapment of ruthenium nanoparticles. The hydrophobization degree 

affected the loading as well the sizes of Ru nanoparticles. Glotov et al. detected that Ru particles of ca. 5 

nm are encapsulated in HNTs modified with octadecyltriethoxysilane. This nanomaterial promoted 

benzene hydrogenation and it provided selectivity to cyclohexane. Oppositely to the design of inorganic 

micelles and alkyltriethoxysilanes/HNTs, Guo et al. prepared HNTs-based nanoreactors with hydrophilic 

cavity and hydrophobic external surface.181 These systems were employed for catalysis of desulphuration 

of dibenzothiophene. The HNTs outer surface was modified with hexyltrimethoxysilane, which 

guaranteed a good dispersibility in oil phase. The hydrophilic lumen was used for the encapsulation of 

MoOx, dibenzothiophene and H2O2 driving to concentrate the reactive species within a confined space. 

Interestingly, the products of the reaction can be selectively separate from the oil phase. As concerns the 

Fischer-Tropsch process, HNTs can be used as nanoreactors because of their capacity to encapsulate 

ruthenium and cobalt nanoparticles within their lumen.154 The preparation of the catalytic systems was 

based on three subsequent steps: 1) loading of Ru was via microwave irradiation; 2) reduction by H2 and 

NaBH4; 3) impregnation in cobalt nitrate solution. Compared to other nanoparticles (silicates, 

aluminosilicates, CNT, γ-alumina), the prepared catalysts exhibited higher selectivity for C5+ 

hydrocarbons containing heavy fractions.154    

 

 

 

 



3.3. Pickering emulsions based on halloysite for heterogeneous catalysis in biphasic systems 

Halloysite-based Pickering emulsions are suitable for heterogenous catalysis of reactions occurring in a 

two-phase system. In this regard, literature reports that Pickering emulsions based on HNTs can be 

exploited as catalytic system for hydroformylation of olefins to aldehyde.136 As expected, the catalytic 

efficiency is strictly related to droplet sizes and polydispersity of the oil droplets dispersed in the aqueous 

solvent. As reported by Von Klitzing et al., HNTs-based Pickering emulsions are effective for catalysis of 

hydroformylation of 1-dodecene to tridecanal.155 It should be noted that the olefin (1-dodecene) 

represents simultaneously the oil phase of the Pickering emulsion and a reactant of hydroformylation, 

while the catalyst precursor is [Rh(acac)(CO2)] with hydrophilic modification. The preparation protocol 

of 1-dodecene/HNTs Pickering emulsions affected the droplets size and, consequently, the 

hydroformylation rate. Ultrasonication represents a powerful tool to reduce the sizes of 1-dodecene 

droplets due to the high energy input provided for the formation of Pickering emulsions. In addition, the 

droplet sizes can be decreased by addition of electrolytes and/or surface modification of halloysite.  

Pickering emulsions stabilized by HNTs were used for catalysis of oxidation of 5-hydroxymethylfurfural 

(HMF) into 2,5-furandicarboxylic acid (FDCA).145 In particular, HNTs-based Pickering emulsion was 

exploited to synthesize a porous material based on nitrogen-doped carbon (NC), which acts as support of 

bimetallic AuPd catalyst. The synthesized system exhibited promising catalytic efficiency being that the 

highest yield of FDCA was equal to 96.7 %. The promising results are related to both basicity of NC and 

catalytic activity of AuPd.     

Chen et al. demonstrated that HNTs-based Pickering emulsions can be employed for the preparation of 

catalysts with double functionalities necessary for the conversion of biomass derivates into 5-

ethoxymethylfurfural (EMF).146  

Recently, Janus amphiphilic halloysite nanosheets were employed as emulsified agents of petroleum ether 

(oil phase) in water.183 Simultaneously, halloysite nanosheets were used as carrier for the immobilization 

of Lipase B from Candida antarctica (CALB), which is a biocatalyst for biphasic conversion of functional 

lipids. The prepared Pickering emulsion was efficient as catalytic platform for hydrolysis of retinyl 

acetate.183      

 

3.4. Halloysite as nanotemplate for catalysis  

Halloysite is suitable as nanotemplate for synthesis of functional materials thanks to its hollow tubular 

shape.150 Within this, HNTs can be used for the preparation of carbon-based materials with catalytic 

properties. In general, the preparation protocol requires the following steps: 1) surface coating of HNTs 

with organic macromolecules obtained from carbon sources; 2) carbonatation of macromolecules; 3) 

HNTs removal by acidic etching. As examples, N-doped carbon nanotubes were synthesized by the 

combination of HNTs with polyaniline,156 melamine and terephthalaldehyde.157  Moreover, polyaniline 

deposition onto halloysite surfaces was exploited to synthesize Fe-N co-doped carbon nanotubes efficient 

for catalysis of oxygen reduction reaction.184 The precipitation polymerization onto HNTs was proposed 

by Wang et. al185 for the preparation of N-doped carbon nanotubes that can support AuPd bimetallic 

catalysts. Fig. 9 shows the synthesis protocol and TEM images of the nanotubes during the preparation 

steps. Interestingly, the polymerization ratio affects the nitrogen content of the nanotubes and, 

consequently, their active sites with Au and Pd metals. As evidenced by TEM micrographs (Fig. 9B), the 

metal nanoparticles, which display sizes between 2.47 and 3.35 nm, are homogeneously distributed onto 

the N-doped nanotubes. Halloysite nanotubes were employed also for the preparation of 1D mesoporous 

tubular graphitic carbon nitride useful as photocatalyst for the degradation of tetracycline.186     

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. A) Schematic representation for the synthesis of N-doped carbon nanotubes supporting AuPd 

bimetallic catalysts according to protocol proposed by Wang et al.185 (B) TEM images of nanotubes after 

polymerization, carbonization and HNTs removal and AuPd loading.185 Adapted with permission from 

[185]. Copyright 2023, Elsevier. 

 

 

4. HALLOYSITE CLAY NANOTUBES FOR BIOMASS CATALYTIC CONVERSION 

4.1. Computational studies of catalytic reactions on halloysite clay nanotubes 

Halloysite nanotubes are complex systems which make difficult an atomistic detailed experimental as 

well as computational characterization, and this problem becomes even more serious when HNTs are used 

as support for catalytic processes. One of the reasons, in addition to the issues discussed in the previous 

section, concerns the study of a catalyzed reaction which requires the correct identification of the 

transition states of the elementary processes of a reasonably proposed mechanism. This identification 

should occur through the characterization of the imaginary frequency associated with the normal mode of 

vibration corresponding to the reaction coordinate, which requires calculating the second derivatives of 

the molecular energy with respect to the nuclear positions. This calculation may be impossible if a very 

large system is being treated; but even if it were feasible, it must be taken into consideration that the 

computational mapping of a reaction mechanism requires calculations on a high number of elementary 

processes which, can be more than 100 even for medium/small sized reactive molecules.  

It is therefore not surprising that the number of articles of computational nature in which chemical and 

physical characteristics of HNT surfaces, their modifications and functionalizations, simple adsorptions of 

small molecules and other related aspects are studied, is far greater than those in which catalyzed 

reactions on appositely functionalized halloysite surfaces are investigated. As a matter of fact, in many 

works it is preferred to study the catalyst characteristics, without interest on the reaction mechanisms or 

even to carry out calculations on the catalyzed reaction without introducing the halloysitic support, in 

order to infer at least the general thermodynamic and kinetic properties of the reaction in vacuum and thus 

help the experimental interpretation in some, less general, issue. This is the case of various articles, 

mainly experimental, such for example the two of Sidorenko et al., where the low natural acidity of the 



HNT inner surface is exploited for the selective synthesis of benzofurane derivatives, a set of compounds 

with potential pharmaceutical activity, starting from 2-carene and 4-methoxybenzaldehyde or for the 

preparation of a chromene derivative with analgesic activity from decanal and mentadiendiol.187,188 Here, 

density functional is used only to help mechanisms discrimination by investigating the nature of key 

intermediates or finding the energetically preferred pathway in the vacuum, without the direct 

intervention of the HNT surface chemical species. These aspects will be better detailed in the next 

paragraph.  

Conversely, a system formed by ZnIn2S4 nanoaggregates adsorbed on HNT outer surface was proposed 

for the photocatalytic water splitting to produce hydrogen;96 calculations were performed to obtain the 

electronic bands and the density of states of sulfide-HNT model systems, as well as the adsorption energy, 

but the reaction mechanism was not the subject of any calculation. As a final important example, the very 

recent work of Sun et al. can be mentioned,189 where an iridium nanocatalyst was supported on a natural 

HNT and was demonstrated to be very effective for the reduction of nitrogen oxides by means of carbon 

monoxide; DFT in this case was employed to find the preferred adsorption sites of CO and NO on the 

Ir(111) surface. 

On the other hand, if one wants to introduce the halloysitic support into the investigation, together with its 

effects, which could be other than those of a mere support, compromises must be made in the 

computational investigation, trying to devise specific models that allow obtaining circumstantial 

descriptions of the systems. This in the expectation that, following the increase in hardware and software 

performance and the lowering of their cost, systems that can be handled at an adequate computational 

level will become increasingly complex and larger in size. 

In this kind of investigations, again, computational researchers could employ cluster models of various 

sizes or the kaolinite layer periodic system. Peng et al. encapsulated a ionic liquid with Lewis acidic 

properties, formed by 1-butyl-3-methylimidazolium bromide and ZnBr2, inside the enlarged lumen of a 

HNT subjected to acid treatment, so creating a composite system with potential catalytic activity for 

carbon dioxide conversion to propylene carbonate via the reaction with propylene epoxide.190 In order to 

investigate the process through regular DFT, they used periodic calculations on a kaolinite supercell large 

enough to attenuate the spurious interactions between the replicated images of the adsorbed bromide ionic 

liquid and the co-adsorbed reacting molecules. The calculations were useful both to discover the nature of 

the interactions between the ionic liquid and the HNT surface (which mainly occur through O−H−Br and 

O−H−N+ attachments), the interaction between propylene epoxide and the ionic liquid, which causes the 

partial ring opening of the epoxide, whose oxygen atom coordinates to zinc after the overcoming of an 

energy barrier of 29 kJ mol-1, and finally to evaluate the mechanisms of the catalyzed reaction, according 

to which the CO2 molecule inserts barrierless in the opened epoxide ring to form propylene carbonate as 

final product, with the release of ca. 60 kJ mol-1 of energy. In a more recent investigation, Peng et al. 

loaded Mg-Al layered double hydroxide into the two surfaces of HNT and used the resulting system as 

catalyst for the Baeyer-Villiger oxidation of cyclohexanone;191 also in this case periodic DFT was used in 

order to investigate the charge depletion on Mg centers, which seems to improve the reaction yield and 

selectivity. They obtained some insights on the mechanism of the reaction which would convert 

cyclohexanone and hydrogen peroxide to ε-caprolactone and water, but a global evaluation of the process 

is still an open question. 

A number of computational works report studies (very often in synergy with the experiments) on the 

interaction, in various forms, of metal or metal-derived (e.g. oxides) species with HNT. These studies may 

have a variety of purposes, such as devices for heavy metal pollution removal,65,68 or new generation 

electrodes for batteries obtained by making clays conductive.94,192 They are undertaken also with the aim 

to generate efficient catalytic systems for specific or generic reactions.   

In 2018, Bahri-Laleh et al. synthesized a catalyst for C−C coupling reactions formed by polyamidoamine 

dendrimers attached to the silicic surface of HNT, with palladium coordinated by nitrogen.67 By using 

DFT on a small cluster model to investigate the interaction of the metal with the protruding amino 

moieties, and combining calculation results with experimental evidences, they demonstrated that 



palladium better interacts in the Pd(0) form, so that it can be selected ad active center, and that the first 

generation dendrimer (terminated by anthranilamide) is by far the most active for a wide number of 

Sonogashira and Heck reactions in water, showing also good recoverability and low palladium leaching. 

Some years later, their work was extended to systems where palladium was coordinated to a triazine 

derivative, inserted in turn into the silicic surface,193 but this time calculation was performed only on the 

coordinating protruding portion of the aggregate, in order to select, on the basis of Pd interaction energy 

and prior to experiments, which N-derivative would represent the best choice to coordinate palladium. 

Amhad et al.,194 in 2019, synthesized highly dispersed PdM alloys (M = Co, Ni, Cu) on the outer surface 

of halloysite and characterized experimentally the catalyst from the point of view of the adsorption 

characteristics as well as of the activity toward the CO oxidation reaction, which resulted encouragingly 

high. Their DFT calculations, however, were limited to the CO conversion on the palladium alloys, 

without the intervention of the support; the results allowed however to reveal that the CO2 desorption 

energy has no role on the catalytic activity, which instead is determined by O2 activation, which rules the 

PdNi > PdCo > PdCu > Pd activity order. 

The activation of O2 and H2O2 toward the formation of superoxide anion by means of Fe(III) ions 

coordinated by EDTA in the HNT inner layers was investigated also by Baruah et al.,195 a process to be 

used for the conversion of benzyl alcohol to benzaldehyde, a much studied reaction in the field of 

cosmetics and pharmaceutics.196 DFT calculations reported in that works are mainly devoted to detail the 

spin multiplicity state of the systems with interacting Fe/superoxide portion, a helpful information for the 

interpretation of the experimental spectral and the validation of the proposed mechanism. 

One of major potential advantages of using a support for metal catalysis is the attenuation of metal 

sintering processes, whence the possibility to use nanoparticles as catalysts.197 In some cases, the 

formation of particles can be controlled to obtain low size dispersion or very reduced dimensions,198 so 

entering in the field of cluster,199–201 or even single-atom, catalysis.202–204 The use of supported metal 

clusters for catalytic processes could take benefit of the huge surface-to-volume ratio, which could lead to 

catalyst saving in the cases, e.g., of noble metals,205,206 or exploit the distinct catalytic activities of metal 

sites having different coordination numbers.207,208 The formation of metal clusters or metal active sites on 

the halloysite surfaces is therefore one issue worth investigating. 

The calculated coadsorption properties of small clusters of calcium oxides and lanthanum oxides on the 

inner wall of HNT, along with the adsorption energies of methanol and acetic acid on both clusters, 

provided some hints for the interpretation of the experimental results obtained by Lin et al regarding the 

reactions of transesterification for the production of biodiesel.209 They suggested that lanthanum oxide 

should boost the reactions given the preferential adsorption of methanol, while calcium oxide, which does 

prefer to adsorb the acid, would act a protection for the La catalyst. 

Finally, two very recent works are worth to be discussed. The first is the one by Wang and coworkers,97 

where the Pt6 cluster as well as the Pt6Fe2 and Pt2Fe6 bimetallic clusters were anchored on kaolinite and 

used to investigate by DFT their activity with respect to the preferential oxidation of CO. The analysis of 

the calculated reaction pathways together with experimental HRTEM, FT-IR, NMR, DRIFTS and MS 

characterization allowed to conclude that the encapsulation of Pt/Fe bimetallic nanoparticles (showing 3:1 

ratio) in the inner lumen of HNT activates the hydroxyl group of the aluminic surface, which acts in 

synergy with the metals to oxide carbon monoxide at low temperature. In particular, the reaction 

mechanism should proceed via the CO adsorption on platinum, the reaction with a coadsorbed hydroxyl 

giving rise to a formate fragment, the shift of a OH radical from the surface to the cluster and the final 

formation of water and carbon dioxide. The role of iron should be to activate the oxygen molecule, which 

fragments and reacts with water to produce the adsorbed hydroxyl groups that continue the catalytic 

cycle. 

In the second work, the possibility to use H2O2 to convert 5-hydroxymetylfurfural (HMF) to 

furandicarboxylic acid (FDCA) through a gold-catalyzed reaction is explored.210 In particular, a model 

catalyst was computationally designed by attaching a gold atom on the outer surface of a HNT, which 

simulated a system that firstly was treated at alkaline condition to generate a constellation of silanol 



groups and then functionalized with APTES, providing protruding fragment which bears the metal-

coordinating amino group. The 7AlSiHex model was used for the DFT calculations, joined to a dedicated 

and tested ONIOM protocol, which allowed to well characterize the adsorption geometry and energetics 

of all the intermediates occurring in the conversion and to suggest a mechanism, which involves radical 

species and is ignited by a C-H bond cleavage in HMF caused by gold (Fig. 10).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Schematic reaction mechanism for the oxidation of 5-hydroxymethylfurfural to 

furandicarboxylic acid by means of hydrogen peroxide, postulated by Bertini et al.210 The catalyst is gold 

anchored to the amino group belonging to an APTES residue protruding from the modified HNT silicic 

surface. 

 

Other than predicting that the oxidation reaction to FDCA should be driven by thermodynamics, being ca. 

-1000 kJ mol-1 the standard free energy difference associated to the 

 

 (13)  

 

global process (evaluated, within the harmonic approximation, at T = 298 K by means of the standard 

procedure of electronic structure codes211), the computational work suggests to continue exploring the 

proposed catalyst, from both the experimental and computational point of view. This is related to the fact 

that the system could be exploited for gold cluster catalysis, in a sort of border line between homogeneous 

and heterogeneous way, but above all because by using HNT two chemical environments are available: 

the inner one, with acidic characteristics could catalyze the dehydration of fructose to HMF, while the 

outer one, with a metal and basic nature, could serve as catalyst for HMF oxidation, so eliminating the 

need to isolate this highly reactive intermediate. 

To conclude, even if there are relatively few computational studies on reactions inherent to biomass 

catalyzed by modified and functionalized HNT, the investigations carried out so far, although always 

punctuated by problems of calculation and modeling representations, were nevertheless very useful to 

begin understanding what role halloysitic support could have in energetics and reaction mechanism, as 

                 



well as to witness the  fact that halloysite nanotubes offer a large variety of catalytic possibilities given 

their high feasibility to chemical modification and the presence of the two environments, the internal and 

external one, with chemically different properties. From a computational point of view this field is 

certainly fruitful and full of challenges. 

 

4.2. Experimental studies of Halloysite clay nanotubes for biomass conversion 

The availability of lignocellulosic biomass and its potential to be converted into added value 

products has spurred the need for innovative biotechnological processing methods. Industries 

across various sectors, including chemicals development, biofuels production, cosmetics, 

pharmaceuticals and food industry rely on cellulose hydrolysis to convert it into glucose prior to 

utilization. However, traditional hydrolysis techniques involve the use of corrosive and 

environmentally harmful chemicals, which result in the formation of toxic side products.212 

On the other side, enzymatic reactions offer many advantages compared to chemo-catalytic 

processes, such as high efficiency, precise selectivity and mild operational conditions. 

Nonetheless, employing free enzymes in colloidal form presents several challenges, including low 

biocatalyst stability and recovery and high production costs, these factors making the method 

difficult to be applied in the long-term.213 Within this issue, the immobilization of enzymes within 

porous supports represents a potential solution. Due to their peculiar properties, high aspect ratio, 

hollow nanotubular morphology and ease to be selectively functionalized, HNTs emerged as 

versatile inorganic materials for enzymatic entrapment and reactions.214 

Working at the interface between nanoscience and biotechnology allowed for the design of a 

nanobiocatalyst based on halloysite supported with cellulase enzymes for the efficient hydrolysis 

of cellulose into glucose.215 It is worth to note that cellulases have found widespread use in the 

valorization of biomass through the bioconversion of lignocellulosic substrates into value added 

products for industrial processes. Hence, the first step for the nanobiocatalyst preparation involves 

the anchoring of iron oxide nanoparticles onto the external surface of the clay to provide magnetic 

character which is needed for the separation and recovery of the material. Then, the decorated 

nanotubes were modified with aminosilanes and glutaraldehyde to create the active sites for the 

cellulase adsorption and further immobilization (Fig. 11a).215  

The optimization of the resulting nano-platform led to improved biocatalytic activity and enabled 

high yields (i.e. ∼93.5% activity with 111.6 mg·g−1 cellulase loading). The presence of the 

support is crucial for providing enhanced thermal stability at higher temperatures (≥60°C) 

compared to the colloidal enzymatic form and the magnetic properties enabled 100% recovery 

and reuse up to seven consecutive cycles while retaining 68.2% of its original activity. Moreover, 

the nanobiocatalyst displayed excellent ionic-liquid tolerance and high saccharification against 

carboxymethyl cellulose and extracted bagasse under continuous running, thus showing good 

commercial viability for high cellulose conversion. 

 

 



 
 

 

 

 

Figure 11. Schematic representation for nanobiocatalysts preparation using a) cellulase enzyme 

immobilized onto halloysite nanotubes decorated with iron oxide nanoparticles.215 Reproduced from 

[215]. Copyright 2020, American Chemical Society. b) dopamine-assisted surface functionalization for α-

amylase enzyme anchoring.216 Reproduced from [216]. Copyright 2022, American Chemical Society. 

 

In a similar perspective, the advantages related to the enzyme immobilization onto halloysite 

nanotubes were also exploited for the transformation of food processing waste into more value 

added chemical products.216  

Food waste is composed by different organic components that can serve as precursors in various 

biochemical processes. For instance, potato peel waste contains varying amounts of starch and 

other polysaccharides, which can be used to produce biofuels and fermentable sugars. The 

enzymatic saccharification and hydrolysis of starch leads to the synthesis of glucose stream 

suitable for further biotransformations.217 In this case, the nanobiocatalyst can be created by 

deposition of iron oxide nanoparticles on halloysite surface, which was then functionalized with 

dopamine for α-amylase immobilization, as reported in Fig. 11b.216 The resulting material 

revealed enhanced hydrophilicity and aqueous dispersibility together with a high enzyme loading, 

which is needed to transform the food processing waste into an active fermentation medium. In 



particular, the thermal and kinetic activities were also improved and, due to the magnetic features, 

the nanocatalyst could be completely recovered (>99.1%) and used for 10 consecutive steps while 

retaining >56% activity. The interactions arising between the components also limited the 

inhibitory effects of cellulose and metal ions which usually act as contaminants. Moreover, aimed 

at assessing the continuous operation of the nanobiocatalyst and its potential industrial 

application, it was evaluated for the continuous hydrolysis of the potato peel waste derived starch 

to produce reducing sugars and it exhibited continuous hydrolysis activity for 72h. The 

nanobiocatalyst also allowed to develop a nutritive food waste hydrolysate that can be used as a 

fermentable medium substitute for batch culturing of E. coli and a single-cell proteins. It is worth 

to note that the so far produced waste hydrolysate is commercially relevant due to the promotion 

of calcite precipitation (∼73%) by microbial-induced biocementation, thus reducing the overall 

cost for the valorization of food waste biomass.216 

A cutting-edge concept in green chemistry involves the development of highly effective 

techniques for synthesizing valuable chemicals by integrating renewable raw materials into 

cascade reactions. For instance, compounds with a chromene (benzopyran) structure are 

recognized for their wide-ranging biological effects.218 The significant pharmaceutical activity and 

minimal toxicity associated with these species have spurred considerable interest in developing 

new chromene derivatives. In particular isopulegol, which is an intermediate of the production of 

menthol, can be prepared via the cyclization of citronellal and it is widely used for its flavoring 

and anesthetic properties. Moreover, it can also be exploited as starting scaffold for the design of 

new value added chemicals coming from biomass. Among them, 2H-chromene derivatives 

possess high physiological activity depending on their particular structure, exhibiting the 4R-

diastereomer of octahydro-2H-chromen-4-ols in vivo prolonged analgesic effect (more than the 

widely used diclofenac) and a high anti-influenza activity, whereas only poor biological activity 

was showed by 4S-diastereomers.218 In light of this, the contribution of chemistry is crucial in the 

development of novel catalysts to accomplish this important task.  

Within this issue, the main features of halloysite and the ease to conduct chemical modifications 

on its surfaces make this nanoclay suitable for catalytic purposes even without metals supporting 

and/or enzyme immobilization. Literature reports the synthesis of 2H-chromene derivatives by the 

reaction of isopulegol with aldehydes on a stereoselective catalyst based on acid-modified 

HNTs.219 To do it, halloysite nanotubes were treated with HCl and the effects of the acidic 

modifications on the chemical composition and morphology of the nanoclay were focused by 

different techniques. Despite the structure of halloysite being preserved, the content of Al2O3 

decreased by 9.5% while the specific surface increased from 62 to 130 m2g-1, as observed by XRF 

and N2 adsorption/desorption measurements. Such findings are related to the partial leaching of 

aluminum from the inner surface of halloysite, although Al and Si MAS NMR analysis showed 

that the aluminum atoms remaining in the nanotubes keep their six-coordinated state, typical of 

the octahedral layers, whereas some Si-O bonds are broken and amorphous silica formed due to 

the acid treatment. As expected, the concentration of acid sites in the clay also increased from 34 

to 46 µmol g-1 with both Brønsted and Lewis sites. The latter result holds a major importance 

since the catalytic conversion of isopulegol to its derivatives, namely the thiophenyl substituted 

octahydro-2H-chromenols, strictly depends on the presence of acidic active sites. The reaction 

was studied without any solvent and in cyclohexane at different temperature conditions in the 20 

to 40 °C range.219 

Under mild conditions in cyclohexane, a high ratio of 4R/4S diastereomers (7.6–14.5) was 

obtained along with increased selectivity (79–83%) towards the 4R isomer of thiophenyl-

substituted chromenol, which is known for its high analgesic properties. The enhanced 

stereoselectivity suggests the preferential formation of the 4R diastereomer on weaker Brønsted 

sites. As a result, the acidic modification of halloysite nanotubes and the control of water content, 



which depends on both drying temperature and acidic site concentration, resulted to be effective 

for the stereoselective synthesis of heterocyclic compounds in acid-catalyzed organic reactions. 

Given the significant potential of halloysite as a catalyst for the synthesis of 2H-chromene 

derivatives, further research was carried out to optimize the acidic treatment and the reaction 

efficiencies. Therefore, the inorganic nanotubes underwent acid treatment with increasing 

concentrations of hydrochloric acid solution, from 1 to 30%, while keeping the temperature at 

90°C. The acidic properties of the solids were determined through FTIR spectroscopy using 

pyridine as probe molecule to determine the Brønsted and Lewis sites.220 In agreement with has 

already been reported, the increasing amount of HCl caused a decreasing trend in the Al2O3 

composition from 43.8 to 12.4 wt% and a concomitant increase in SiO2 content from 55.1 to 87.0 

wt%. Also, the BET surface of halloysite increased from 60 m2g-1 for the pristine clay to 207 m2g-

1 for the sample treated with 30% HCl. Such findings, together with the increase of the pore 

volume from 0.22 to 0.65 cm3g-1, are direct consequences of the removal of structural cations (i.e. 

aluminum) and formation of silica. The changes in the morphology of the nanotubes were also 

studied by both scanning and transmission electron microscopy, which revealed their significant 

destruction after treatment with 20 and 30% acid solution, differently from the lower 

concentration treatment which did not significantly affect the hollow nanotubular structure.220 

As long as the concentration of acid sites is concerned, it increased from 34 to 52 µmol g-1 upon 

treatment with 10% hydrochloric acid and the number of Lewis site was higher than the Brønsted 

sites until treatment with 20% HCl. Then, for higher concentrations, a significant reduction in the 

concentration of acid sites, particularly Lewis sites, was detected and it is probably related to the 

dealumination mechanism, formation of amorphous phases and structural breaking.  

The effect of halloysite treatment on the Prins reaction of the terpenoid (-)-isopulegol with 

thiophene-2-carbaldehyde to form the octahydro-2H-chromen-4-ol was studied without any 

solvent and in cyclohexane solution as function of reaction temperature (from 50 to 350°C), 

catalyst amount and initial concentration of substrates. It was found that the optimal conditions 

for halloysite acid treatment (5% HCl) at 40°C and initial reagents concentration of 0.5M allowed 

to reach a very high yield (ca. 80%) of the 4R-diastereomer.  

The presence of halloysite nanotubes resulted in a remarkably high overall selectivity (ca. 90%) 

towards the desired octahydro-2H-chromenol, attributed to a significant ratio of weak to the 

combined medium and strong acid sites. The activation energy for 4R formation on halloysite (55 

± 2.1 kJmol-1) was notably lower compared to a previously studied clay with stronger acidity (82 

± 1.7 kJmol-1). The proposed reaction mechanism, based on kinetic data, suggests the formation 

of an intermediate involving the reactants and the transfer of surface water to this intermediate, 

ultimately yielding chromenols. 

Furthermore, it has been observed that halloysite maintains its catalytic activity for at least three 

reaction cycles. Consequently, novel stereoselective, stable, and reusable catalysts can be 

developed by the acidic modification of halloysite nanotubes and they can be exploited for 

synthesizing octahydro-2H-chromenols, enabling excellent yields of the 4R-diastereomer under 

mild reaction conditions.220  

Besides chromene species bearing benzopyranic structure, also those compounds with 

isobenzofuran (IBF) moieties are well known for their biological activity such as anticancer, 

antiviral, thrombolytic, etc. For instance, the product of condensation of IBF with vanillin showed 

a remarkable neuroprotective activity in the Parkinson's disease model in vivo.221 Within this 

framework, the synthesis of isobenzofuran derivatives falls in the wider green chemistry 

approach, which advocates for the production of value added chemicals from renewable sources. 

It is worth to note that IBF can be prepared from carenes species, which can be found in many 

essential oils, and 3-carene is one of the major components of turpentine. For these reasons, the 

design of new catalytic protocols starting from renewable terpenoids is compelling. Sidorenko et 

al. activated HNTs with a 5% HCl solution at 90°C and the acid aluminosilicates were 



investigated as catalytic systems for the condensation of 2-carene with 4-methoxybenzaldehyde 

for the preparation of IBF derivatives with pharmaceutical potential.187 Here again, the acidic 

modification of the nanoclay demonstrated to be crucial for the catalytic properties of the 

resulting materials which showed higher performances compared to the pristine HNTs. It was 

found that the highest selectivity increases up to 71% when the acid sites concentration is 45 

µmol g-1 with minimum formation of isomerization side products. Interestingly, the highest yields 

were reached on air dried HNTs, thus indicating that weak Brønsted sites favoured the reaction. 

Halloysite could be reused, after washing with ethyl acetate and acid reactivation, without loss of 

activity and selectivity. As it was mentioned in the previous paragraph, calculations based on the 

density functional theory (DFT) can be used to have more insights about the mechanisms for the 

reactions of interests and to support the interpretation of the experimental data, which can be also 

exploited to validate the computational models. In this study, DFT calculations were used for the 

mechanism discrimination by investigating the nature of key intermediates or finding the 

energetically preferred pathway in vacuum conditions.187 In particular, the computational study 

showed that the mechanism involving the condensation of the cyclopropane moiety of 2-carene 

with the anisaldehyde, leading to isobenzofurans formation, was thermodynamically more 

favorable compared to the transformations of 2-carene to p-menthenyl ion, which led instead to 

the  formation of side products such as the 3-oxabicyclo[3.3.1]nonane. The calculation results 

were consistent with the experimental results of the reaction in the presence of halloysite. Indeed, 

the largest selectivity to isobenzofurans in the presence of the clay nanotubes is associated with 

the weak acidity of these catalysts, allowing to avoid side reactions of isomerization and 

condensation.187 The high potential of halloysite based catalyst for biomass valorization and 

conversion was confirmed.  

Many compounds with tetrahydropyran (THP) structure also display a plethora of biological 

activities (antiviral, analgesic, etc) which make them useful for drug synthesis and also in 

perfumery and cosmetics applications. THP derivatives are usually prepared via Prins cyclizations 

of alcohols with carbonyl species by catalysts possessing Brønsted or Lewis acid sites.222 As it has 

been discussed, the acidic modification of clays represents an effective strategy to handle this 

challenge, since it allows to tune the concentration and the type of active sites on the catalytic 

surface due to protonations, ion exchange and structural leaching. In the context of green 

chemistry, literature reports the design of an active catalyst based on acidic treated HNTs for the 

production of tetrahydropyran alchohols by studying the Prins cyclization of isoprenol with 

isovaleraldehyde to form tetrahydro-2H-pyranols as a mixture of cis- and trans- isomers, which 

are used in fragrance industry.223 To do it, the acid treatment of halloysite nanotubes was 

conducted by using a 5% HCl solution at different temperatures, namely from 30 to 100°C. The 

acidity of the activated nanoclays was evaluated through pyridine FTIR which revealed an 

increase of the acid sites concentration as a function of temperature from 34 to 55 µmol g-1 at 

100°C. Interestingly, only weak and medium acid sites can be observed within the range of 30–

50°C. However, the increase of temperature resulted in the appearance of strong Lewis and 

Brønsted sites. This phenomenon can be attributed to an intensified protonation and cation 

exchange occurring on the clay surface, with a notable decrease in the weak to the medium and 

strong acid sites ratio. The specific surface area also increased, while preserving the nanotubular 

morphology. The catalytic tests showed that the yield of tetrahydropyranol ranged from 65% to 

72%, showing a slight increase with higher acidity. However, the selectivity towards the cis-

isomer remained unaffected by the concentration of acid sites in the clays although a slight 

decrease in selectivity towards the trans-isomer with decreasing acidity could be observed, as a 

consequence of the formation of dehydration by-products.223 

Cascade (tandem) reactions offer an effective approach for synthesizing polycyclic compounds, 

primarily due to the sequential formation of different chemical bonds within a single reaction 

space, which erases the need for isolating and purifying the intermediate products, one of the 



pillars of green chemistry.224 Among them, the Prins and Prins-Friedel-Crafts reactions allow to 

synthesize valuable chemicals by using renewable raw materials such as terpene compounds 

coming from turpentine, whose annual production reaches approximately 360,000 tons. Also in 

this case, the concentration and strength of acid catalytic sites plays a significant role for the 

synthesis of polycyclic compounds based on terpenoids, which have high cytotoxic, anti-

inflammatory and fungicidal properties.225  

Therefore, the Prins/Friedel-Crafts cascade reactions of the terpenoid trans-4-hydroxymethyl-2-

carene (derived from 3-carene) with aromatic aldehydes were systematically explored on acidic 

mesoporous clays (including halloysite, illite, and montmorillonites).226 Herein, both the process 

rate and the selectivity toward the tetrahydrofuran polycyclic products were enhanced by 

increasing the catalyst acidity and drying temperature, enlightening the effect of the relatively 

strong Brønsted and Lewis acid sites in promoting their formation.  

Additionally, it was demonstrated that the mesoporosity of the catalyst plays a pivotal role in 

determining catalytic performance. Notably, the presence of at least one electron-donor 

substituent at the meta-position of benzaldehyde was identified as crucial for facilitating the 

Prins-Friedel-Crafts reaction.226 

In addition to the Prins-Friedel-Crafts reactions, the Prins-Ritter cascade reactions also gained the 

interest of the scientific community because they represent an effective method for the chemical 

conversion of biomass derivatives into functional bio-active molecules bearing an amide moiety. 

For this purpose, the solid materials need to be functionalized with acid groups and, among them, 

the grafting with -SO3H species demonstrated to be an efficient strategy.227 Aimed at having more 

detailed insights, Sidorenko et al. studied the functionalization of different aluminosilicates (e.g. 

halloysite, montmorillonite) and carbon materials (e.g. biochar, carbon nanotubes) to be used as 

catalysts for the Prins-Ritter reaction of (-)-isopulegol with benzaldehyde and acetonitrile for the 

synthesis of octahydro-2H-chromene amides (as 4R- and 4S-isomers).228 

In particular, the chemical grafting was carried out by using chlorosulfonic acid (CSA) and 2-(4-

chlorosulfonylphenyl)ethyl trimethoxysilane (CSP), respectively. 

In the former case, a high selectivity was observed by using the catalyst in presence of water, 

whereas a relatively large amount of octahydro-2H-chromenols (up to 31%) resulted in the latter 

case, as products of the Prins condensation. Although this reaction proceeds efficiently on weak 

acid sites, the Prins-Ritter reaction requires sulphated materials with strong Brønsted acidity. The 

study of the reaction showed that at 30°C the formation of 4S-amide is thermodynamically 

favoured  compared to that of alcohols and dehydration products.228 

Moreover, the addition of water leads to a sharp increase of the process rate and 4R-amide 

selectivity due to a change to the kinetic control, resulting in both high yields and 

stereoselectivity. The proposed reaction pathways were also confirmed by kinetic modeling. 

It has already been reported that turpentine, which is obtained by distillation of resin produced by 

tapping pines, mainly consists of α-pinene (40–85 %), 3-carene (up to 40 %), and β-pinene (up to 

35 %) and the further chemical processing of these compounds leads to the synthesis of a wide 

class of molecules with applications in perfumery, cosmetics and pharmaceuticals.229 For instance, 

the Prins condensation of α-pinene with formaldehyde in the presence of Brønsted and Lewis acid 

sites into a novel terpenoid 8-acetoxy-6-hydroxymethyllimonene was studied by both common 

homogeneous acids and acid activated aluminosilicates, such as halloysite.230 Similarly, the 

catalytic condensation of 3-carene with formaldehyde for the one-step preparation of terpenoid 

trans-4-hydroxymethyl-2-carene, a terpenoid with floral-fruity fragrance used in perfumery and as 

a chiral platform chemical, was also carried out and discussed in literature by comparing 

commonly available Brønsted and Lewis acids, as well as acid aluminosilicates (halloysite 

nanotubes, K-10 montmorillonite, H-Beta-25 zeolite).231 

In the previous paragraphs, the importance of precious metals nanoparticles (NPs) for catalytic 

applications and biomass conversion was reported and discussed. Typically, precious metal NPs 



can be deposited onto different supports to prevent their clustering during catalytic processes, 

thereby improving their stability. Additionally, the surface electronic characteristics of these NPs 

play a significant role in their catalytic activity, regulating crucial aspects like reactants adsorption 

or intermediate species involvement. Employing organic ligands capable of establishing 

interactions with the metal is an efficient method to modulate the surface of nanoparticles and to 

tune their electronic properties.232 

Since the catalytic performance is deeply affected by the electronic structure, many efforts have 

been made to study and engineer the electronic metal-support interactions. Heterogeneous 

catalysis is recognized as a kinetics phenomenon and, within this issue, the microkinetics related 

aspects involve the microscopic catalyst surface information.233 In particular, the nature, the size, 

the charge and the chemical composition of the catalytic active sites hold a great importance for 

catalyst design. In this context, it is important to identify the factors affecting the active sites to 

enlighten the structure-performance relationship, which is helpful for the development of more 

active, selective and stable catalysts. However, bridging the molecular-level description of the 

microscopic properties of the active sites and the macroscopic catalytic performance of the 

reaction, i.e. the microscopic-to-macroscopic transition, is still challenging. Chen et al. reported a 

mesokinetics modeling enabling a quantitative description of the active site features and the 

related mechanistic information, as a versatile tool to rationalize catalyst design.234 In particular, 

the kinetics-based methodology can be exploited to identify and quantify the number of 

dominating active sites over the catalyst surface and then the catalytic descriptor for its 

quantitative determination of the turnover frequency. The influence of the microscopic Pt 

electronic structures and the particle size-sensitive catalytic activity on the macroscopic catalytic 

performance was elucidated and allowed to gain a full picture of the mechanism and kinetics for 

the CO oxidation.234 Similarly, a combination of DFT calculations, physico-chemical 

characterizations and kinetics studies allowed to understand the relations between the carbon 

surface chemistry, Pt charge and binding energy, activation energetics and final catalytic activity 

in the ammonia borane hydrolysis by using a Pt/C catalyst. Among all these factors, the Pt charge 

was found to be the experimental descriptor of the active sites, contributing to a great increase in 

the hydrogen generation rate.235 It is clear that the mechanistic and kinetics analyses represent an 

important strategy to understand the structure-performance relationship and to improve the 

rational design of complex catalysts and predict their functionalities in more sophisticated 

reactions, such as the chemical conversion of biomass. 

Within the framework of biomass valorization, Yu et al. worked on the preparation of Au NPs 

supported on halloysite nanotubes, which were previously activated by acidic treatment using 

piranha solution, for the design of efficient heterogeneous catalysts to be exploited in the 

oxidation of sugar derived molecules, namely furfural, into furoic acid.176 To do so, HNTs were 

etched with a piranha solution, prepared by mixing concentrated H2SO4 and 30% H2O2 solution in 

a 7:3 volume ratio, and chemically functionalized with APTES to introduce amino groups for the 

anchoring of gold, which was carried out via in situ reduction of AuCl4
-.  

After etching with the acid solution, the treated nanoclay showed a larger BET surface area of 132 

m2 g-1, which is 2.8-fold higher than that of pristine HNTs, and increased pores volume. The 

deposited Au NPs displayed a narrow distribution of ca. 2.6 nm after TEM analysis and 

Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) allowed to calculate the 

loading of the precious metal, which resulted to be 5.29% for the etched samples, higher than the 

metal supported HNTs without any pre-treatment or activation.176 The catalytic tests were 

performed in a Schlenk flask equipped with an oxygen balloon to investigate the performance of 

the material in the oxidation of furfural to furoic acid by environmentally friendly solvent and 

oxidizing agent, i.e. H2O and O2, respectively. The supported system exhibited significantly 

greater efficiency, with a furoic acid yield of 97% within 8 hours and a turnover frequency 25% 



higher than the reference. The interactions arising between the amino groups and gold stabilizes 

the positively charged NPs, resulting in outstanding catalytic performance and stability.176 

It is well known that furfural is one of the most important derivatives sourced from renewable 

biomass to produce different fine chemicals. Among them, furfuryl alcohol (FA) finds widespread 

application in the chemical industry for the synthesis of special resins, polymers, and coatings.236 

Hence, the selective hydrogenation of furfural to FA has been widely investigated by using 

halloysite nanotubes to optimize the catalyst cost and its efficiency. In particular, literature reports 

the design of nickel and cobalt supported HNTs by deposition method. Halloysite role is 

important because it can act as carrier and stabilizer, being a nanostructured matrix which can 

tailor the growth of mono- or bimetal species.237 It is worth noting that the use of non-precious 

metal is important to decrease the overall cost of both the catalyst and, as a consequence, the 

conversion of organic molecules based on biomass. However, as it was previously discussed, the 

clay was activated by using nitric acid and tetraethylammonium hydroxide to generate more 

active sites and to increase the specific surface area of halloysite before decoration with metals. 

XPS analysis showed that Ni had a zero-valent character whereas Co was deposited in its oxide 

form. Both Ni and CoO particles have an average diameter of ca. 10 nm.237 

For what concerns the catalyzed hydrogenation of furfural to furfural alcohol, Ni-HNTs catalyst 

presented higher selectivity (ca. 99.0%) and conversion compared to CoO- and Ni,CoO-HNTs 

due to the enhanced electronegativity and ability to attract Ni electrons. Carrying out several 

cycles demonstrated that the catalysts maintain good stability and efficiency over time.237 

Starting from this work, further research was conducted into the synthesis and characterization of 

nickel based nanoparticles on both functionalized and pristine halloysite for the hydrogenation of 

biomass derivative reactants into value added molecules. Herein, halloysite was functionalized 

with surface amino (-NH2) and ammonium (HAL-NEt3) functional groups to stabilize the metal 

nanoparticles, which were deposited by decomposition of [Ni(cod)2] under a dihydrogen 

atmosphere in the presence of the support. To hinder the agglomeration and clustering of Ni, the 

natural alkaloid quinidine was added in the reaction mixture and small (5.3 ± 1.5 nm) but yet very 

well-dispersed nanoparticles were deposited also on unfunctionalized halloysite, as observed in 

Fig. 12.238 

 



 
 

 

Figure 12. TEM micrographs of: (a) Nickel supported on HAL; (b) NiNPs supported on HAL-

NH2 (NiA); (c, d) NiNPs supported on HAL-NEt3 (NiB); and (e, f) NiNPs supported on HAL stabilized 

by quinidine (NiC). g) HAADF-STEM image of NiC and EDX mapping of NiC.238 Reproduced from 

[238]. Available under a CC-BY-NC-ND license. Copyright 2022 The Authors. Published by Wiley-VCH 

GmbH. 



Catalytic tests showed that NiNPs stabilized by quinidine on unfunctionalized halloysite are the 

most efficient catalysts for the reduction of a large range of functional groups (alkenes, alkynes, 

ketones, aldehydes, and nitro-derivatives). Moreover, the material was efficient in reducing 

substrates from biomass to produce high value added products such as squalane,   saturated fatty 

acids, furfuryl alcohol and γ-valerolactone with high yields at mild reactions conditions.238 

Over the past decade, there has been an increasing interest for the production of liquid fuels and 

petrochemicals from lignocellulosic biomass derived bio-oils as alternative renewable energy 

sources. Wood wastes emerged as promising feedstocks due to their unique ability to capture CO2 

from the atmosphere and to enable the production of biofuels with similar properties to those of 

conventional motor fuels.239 Nonetheless, the oils coming from biomass possess a high amount of 

oxygen-containing compounds, which represent serious issues for their use as fuels, due to their 

corrosiveness, low mass calorific value, high viscosity and tendency to polymerization 

condensation.240 Hence, oxygen removal and water separation are needed. For such purpose, the 

catalytic hydrotreatment, i.e. hydrodeoxygenation (HDO), is a promising technology. Through 

HDO, bio-oil components undergo decarboxylation, decarbonylation, cracking, and 

hydrogenation processes, consequently enhancing the hydrocarbon content. For instance, in bio-

oil generated from the fast pyrolysis of plant biomass, approximately 40% of the content 

comprises phenolic compounds and their derivatives, which originate from lignin-derived 

building blocks. Among them, guaiacol is considered a model molecule for HDO studies due to 

the presence of two type of C-O bonds, with an overall mechanism involving two reactions: the 

hydrogenation, usually conducted on metal sites, and direct deoxygenation of functional groups, 

provided by acidic sites on the support. In this framework, Zasypalov et al. studied the liquid-

phase hydrodeoxygenation of guaiacol by using Ru-decorated halloysite nanotubes.241 The 

treatment of HNTs with sulfuric acid allowed to prepare the etched nanoclays, which showed 

enlarged lumen (24.3 nm), higher surface area (154 m²g-1) and increased acidity (0.343 mmol g-1). 

The catalytic performance of the ruthenium supported, via impregnation under microwave 

irradiation, on pristine and acid-etched HNTs catalysts was evaluated in the hydrodeoxygenation 

of 10 wt% guaiacol in water under hydrogen pressure of 3 MPa in the temperature range of 120–

180 °C for 3 h with a molar guaiacol/Ru ratio of 200. 

The analysis of the catalytic results demonstrated that catalysts derived from etched halloysite 

showed higher activity (TOF – 211 h⁻¹) in guaiacol hydrodeoxygenation (HDO) compared to 

those supported on pristine HNTs. Beside the 100% conversion in the whole temperature and 

reaction time ranges, the Ru-catalyst obtained from etched HNTs exhibited improved selectivity 

towards hydrogenolysis and completely deoxygenated products (cyclohexane). These findings 

make the material promising for efficient oxygen removal and bio-oils production and 

processing.241 

Similarly to bio-oils, biodiesels are considered as a valid alternative for clean energy since they 

are renewable, biodegradable, non-toxic and their use produces low amounts of pollutants. 

Biodiesels are produced through the transesterification of triglycerides with short-chain alcohols 

in the presence of an alkaline catalyst.242 However, the use of bases such as KOH, NaOH, 

CH3ONa, poses several challenges due to corrosion, saponification and separation. For this 

reason, researchers focused on the design of heterogeneous catalysts to overcome these issues. 

For instance, literature reports the preparation of a green nanocatalyst based on halloysite 

nanotubes impregnated with sodium aluminate (NaAlO2) by ultrasounds assisted method to be 

used for the catalytic transesterification of palm oil to methanol for biodiesel production.242 

Differently from conventional wet impregnation, ultrasonic radiation facilitated a more uniform 

and stable distribution, leading to enhanced performance and reusability. Indeed, the catalyst 

exhibited outstanding performance, with a maximum biodiesel yield of 99.15% under specific 

conditions, namely catalyst loading of 8.82wt%, methanol to oil molar ratio of 16.79, and 

transesterification temperature of 65.12°C.242 



In this scenario, it is clear that significant attention has been placed on the valorization of waste 

biomass for energy production, particularly in the creation of biofuels. Among these biofuels, 

fatty acid methyl esters, which were previously referred to as biodiesels, stand out as ideal 

substitutes for petro-diesel.243 Casiello et al. reported the modification of halloysite surface with 

tetrabutylammonium iodide, which was exploited for the anchoring of ZnO nanoparticles.244 After 

characterization of the nanomaterial, which was carried out by FT-IR spectroscopy, 

HAADF/STEM investigation and thermogravimetric analysis, it was evaluated for the 

transesterification/esterification of soybean oil, free fatty acids and waste lipids from real matrixes 

(e.g. wastewater sludge, oil mill residue, etc.). In particular, the catalyst allowed to reach 

moderate to good yields (35-95%) depending on the source. This research could facilitate the 

scaling up of both catalyst synthesis and catalytic reactions for industrial use and, being HNTs 

biocompatible and eco-friendly, once the catalyst is exhausted it could be recovered and used as 

raw material for other applications.244 

Finally, it is worth to mention that halloysite nanotubes can also be loaded with metals to develop 

engineered nanoreactors, containing bimetallic RuCo nanoparticles, as catalysts for the Fischer-

Tropsch process.154 The Fischer-Tropsch process stands as a sustainable industrial method that 

offers novel paths for transforming waste into valuable products. This process enables the 

conversion of various sources such as natural gas, coal, carbon dioxide, carbon monoxide and, 

most importantly, biomass into high-quality synthetic fuels, waxes, lubricants or monomers.245 

As discussed in the previous paragraphs, the depletion of fossil fuels and the increasing 

environmental concerns, such as global warming and ecosystem pollution, pose a significant 

threat to sustainable development. To address these challenges, biomass emerges as a promising 

alternative to traditional non-renewable energy sources. In this framework, carbohydrates have 

garnered considerable interest, with extensive research focused on developing efficient pathways 

for converting carbohydrates into valuable products. These include biomass-derived platform 

chemicals, which hold potential for producing biofuels. Among them, 5-Hydroxymethylfurfural 

(HMF), which contains two functional groups, aldehyde and alcohol,246 acts as a key platform 

chemical that can be applied for the production of a wide range of added value molecules for 

biochemical, polymer, drugs and fuels related applications.247 HMF can be produced by the acid-

catalyzed dehydration of hexose monosaccharides and, since a fructofuranose structure readily 

dehydrates, the synthesis of HMF from fructose dehydration has been widely studied.248 

Nonetheless, due to the limited availability of fructose in nature, the one-pot synthesis from 

glucose, which is more abundant, has attracted great attention and the production of HMF could 

be conducted by isomerization of glucose to fructose and further dehydration of fructose to 

HMF.249 However, this process remains difficult to be performed with good efficiency due to high 

costs, low yields and product instability and susceptibility to form side-products including 

levulinic acid, formic acid and cross-polymerization and formation of humins.248 To deal with 

these challenges, the choice of the catalyst, solvent and reaction conditions is important. Given 

their peculiar morphological properties, porosity, high aspect ratio and feasibility of 

functionalization, halloysite nanotubes play a major role in this context. 

Zhang et al reported the preparation of nitrogen-doped carbonaceous catalysts (NCC) made via 

precipitation polymerization, calcination and sulfonation of HNTs. The resulting material 

displayed a mesoporous structure with high thermal stability and bifunctional active sites due to 

the doping of nitrogen cooperating with the sulfonic acidic groups.250 

The catalytic efficacy was assessed in a solvent made of both isopropanol and DMSO for the one-

pot conversion of glucose to HMF. The effects of different catalysts, isopropanol to DMSO ratio, 

catalyst dosage, reaction time and temperature were studied to reach the optimal conditions. In 

particular, the synergistic effects of the acid-base bi-functional active sites allowed to achieve the 

highest HMF yield (62.8%) with a selectivity of 69.5% in an isopropanol mediated DMSO 

system. 



Moreover, the one-pot synthesis of HMF from cellulose was also evaluated by the NCC 

bifunctional catalyst in an ionic liquid based system for the direct transformation of renewable 

carbohydrates into platform chemicals.250 

Ionic liquids (ILs), which consist of organic cations and organic/inorganic anions, can be 

designed to incorporate acidic functional groups and they proved to be efficient in a plethora of 

chemical reactions such as oxidations, reductions and hydrolysis.251 Additionally, ILs can be 

easily immobilized on supporting materials to create heterogeneous catalysts offering advantages 

such as easy recovery, efficient recyclability, and reduced environmental impact.251 Literature 

reports the grafting of ionic liquids onto amino-functionalized halloysite by consecutive reactions 

with 2,4,6-trichloro-1,3,5-triazine and 2-aminopyrimidine to introduce a heterocyclic ligand onto 

halloysite surface. The ligand was then converted into acidic ILs through reaction with 

chlorosulfuric acid.252 This preparation strategy, which is based on the chemical modification and 

functionalization, demonstrated to have important effects since modified nanoclay showed 

enhanced Brønsted acidity which is crucial for the hydrolysis of carbohydrates. Hence, the 

catalytic activity was investigated and it was found that under mild reaction conditions (0.03g 

catalyst, at 85°C for 70 minutes), the catalyst facilitated the transformation of fructose, sucrose, 

glucose and galactose to HMF with high to excellent yields. The recycling tests demonstrated the 

remarkable recyclability of the catalyst up to six consecutive runs.252 In this study, DFT 

calculations were carried out and they allowed to understand the mechanism of the reaction and to 

find the kinetically limiting steps together with an evaluation of the importance of the non-

covalent interactions. More interestingly, computational studies suggested to conduct the reaction 

at ca. 350 K. In order to validate such results, the experimental dehydration of fructose was 

repeated at different temperatures, ranging from 328 to 378 K and it was observed that an increase 

of reaction temperature from 328 to 358 K enhanced the yield of HMF from 62 to 93%. Notably, 

358 K was the optimum value and a further increase of temperature led to the decrease of HMF 

yield and to the formation of soluble polymers and humins. Therefore, the experimental results 

successfully validated and they were in good agreement with computational suggestions.252  

Similarly, halloysite underwent functionalization with 2,4,6-trichloro-1,3,5-triazine and 

subsequent reaction with caffeine. The resulting compound was then transformed into an ionic 

liquid through a reaction with ZnCl2 to finally give a novel bio-based heterogeneous Lewis acid 

IL supported on HNTs.253 

The catalyst was also employed for the dehydration of fructose into 5-hydroxymethylfurfural and 

a product yield of 98.5% was achieved within 100 minutes at 100°C in anhydrous DMSO. 

Furthermore, the catalyst demonstrated recyclability for up to six cycles with minimal zinc 

leaching. Comparative analysis revealed the higher catalytic activity of the catalyst over halloysite 

and a control catalyst containing a caffeine-based Lewis acid ionic liquid, showing the pivotal 

role of 2,4,6-trichloro-1,3,5-triazine in enhancing the number of grafted caffeine molecules and 

thereby increasing the catalyst acidic sites.253 

Moreover, in order to have a cost-effective and efficient heterogeneous catalyst for the 

dehydration of fructose, the acidity of halloysite was tuned through vinyl functionalization 

followed by polymerization with vinyl imidazole and 2-acrylamido-2-methylpropanesulfonic 

acid. The resulting imidazole rings were converted into acidic polyionic liquids through treatment 

with chlorosulfuric acid.254 This protocol allowed to synthesize HMF with a yield of 97.8% under 

optimal conditions, namely 30 minutes reaction time, 20 wt% catalyst loading and 70°C 

temperature with good activity up to seven consecutive cycles.254 

Heteropolyacids (HPAs) are well known for being acidic inorganic complexes used in different 

catalytic reactions as valid alternatives to traditional acids, also due to their non-corrosive and 

non-toxic properties.255 However, their low solubility in many solvent media together with the 

difficult recovery and recyclability represent some major concerns. To overcome these issues, 

literature reports the design of halloysite nanotubes supported with Keggin type HPAs (i.e. HNTs-



SiW species) as heterogeneous catalysts for the conversion of fructose and glucose to HMF. It is 

worth noting that the immobilization of these species onto inorganic supports is effective to 

improve and facilitate their use.256 For this purpose, HNTs were used for the anchoring of the 

active moieties by a conventional impregnation method from silicotungstic acid. Characterization 

analysis allowed to study the interactions arising within the material and the acidic properties in 

terms of Brønsted acidity. The employ of these catalysts resulted in the production of HMF with 

99.5% yield at 125°C in DMSO from fructose and a decrease in halloysite leaching. The catalyst 

efficiency was also evaluated for the production of the target molecules from other carbohydrates, 

with glucose leading to the highest product yield among them, namely 64.24%.256 

Aimed at stabilizing the heteropolyacids on halloysite surface, the latter was furtherly 

functionalized with (3-amino-propyl) triethoxysilane (APTES), 2,4,6-trichloro-1,3,5-triazine 

(TCT) and L-arginine. In particular, the presence of different heteroatoms is important due to the 

interactions with HSiW, especially as far as nitrogen is concerned.257 The carboxylic acid groups 

of L-arginine may contribute in enhancing the acid properties. The functionalization of the clay 

did not affect its nanotubular structure, but it enhanced the amount of functional active groups 

which were mainly placed on the outer surface and at the edges of the nanoclay, according to 

experimental analysis, playing major effects on the resulting catalytic properties. The specific 

surface area of HNTs experienced significant reduction after the preparation protocol was carried 

out, resulting in approximately 53% and 64% decreases compared to pristine HNTs. These 

findings proved the successful functionalization of HNTs with APTES, TCT, and L-Arginine, 

with HSiW distributed across the surface of the nanoclays and embedded within their 

meso/macropores and channels.257 The catalytic conversion of fructose to HMF resulted in a 95% 

yield with 8.5 wt% catalyst loading, a reaction temperature of 102°C and a reaction time of 65 

minutes. Remarkably, the catalysts could be recycled up to 9 times without a significant loss in 

activity (ca. 5%).257 

It is also worth to mention the design of bio-based catalytic systems by using naturally occurring 

components for the reaction of interest. In particular, halloysite nanotubes were covalently 

conjugated with gum arabic, which is a highly branched acidic polysaccharide, to exploit 

synergistic effects in the resulting acidic properties of the material.258 Similarly, the nanoclay was 

modified with k-carrageenan, an acidic polysaccharide derived from red seaweed, via 

precipitation polymerization with acrylic acid in aqueous media.259 In both cases, the resulting 

heterogeneous catalysts displayed good activity in the dehydration of fructose to HMF, with very 

high yields under mild conditions for different consecutive runs, thus paving the way for the 

development of green materials for the valorization and conversion of biomass. 

  

The importance of 5-hydroxymethylfurfural as key platform compound that can be converted into 

various high value-added chemicals was previously enlightened. Among them, the oxidation of 

HMF to 2,5-furandicarboxylic acid (FDCA) is one of the major challenges. Due to its peculiar 

structure, made by a cyclic furan ring with two carboxylic groups, FDCA is widely considered as 

the most promising precursor within the furan family for producing green polymers from 

biomass.260 In 2004, FDCA was included in the "Top 12 List of Value Added Chemicals" by the 

US Department of Energy due to its potential to substitute petrochemical monomers.261 For 

instance, poly(ethylene furandicarboxylate) (PEF), one of FDCA derivatives, has the potential to 

replace the petroleum-based polyethylene terephthalate (PET) thanks to its better mechanical, 

thermal and gas barrier properties, together with high renewability and recyclability.262 

As a consequence, the oxidation of HMF to FDCA has attracted much interest and both the 

scientific and industrial communities are making efforts to achieve this aim for a green transition 

and a sustainable development, which are fundamentals for green chemistry.  

Various catalysts have been developed for the oxidation of HMF to FDCA, employing oxidizing 

agents like organic peroxides, hydrogen peroxide, oxygen (or air), and others.263 However, the use 



of O2 or air stands out for its green and cost-effective features. The development of heterogeneous 

catalysts based on noble metals such as Pt, Au, Pd, and Ru have been explored for this purpose.264 

Nonetheless, challenges arise due to the multi-step oxidation process of HMF to FDCA, leading 

to the generation of byproducts and potential decrease in catalyst activity due to the aggregation 

and leaching of metal nanoparticles.265 

To handle this issue, nanosized bimetallic catalysts have emerged as interesting solutions, 

demonstrating enhanced catalytic activity and stability by combining synergistic effects between 

the metal components.266 Moreover, to overcome aggregation issues commonly observed with 

bimetallic nanoparticles, various supports have been explored. Halloysite nanotubes present 

themselves as promising catalyst supports for the oxidation of HMF to FDCA, owing to their 

unique features. 

For instance, Zhong et al designed a highly efficient and stable halloysite-supported Pt−Au alloy 

catalyst for the reaction of interest. Au is well known for its efficiency in oxidizing the aldehyde 

group in HMF to carboxyl groups, forming HMFCA under alkaline conditions. However, it 

exhibits lower activity for oxidizing the alcohol group in HMFCA. Thus, combining the catalytic 

activities of Pt and Au in this reaction holds significant potential.267 

To do it, halloysite was firstly functionalized with aminosilanes (i.e. APTES) in order to optimize 

the anchoring and the distribution of the bimetallic nanoparticles on the surfaces of the clay. Once 

again, the chemical modification and functionalization of the pristine HNTs represent a crucial 

step for design of the catalytic system. Herein, the nitrogen atom, possessing a lone electron pair 

in the amino groups, has the potential to form chelating complexes with the PtCl6
2− and AuCl4

− 

metal ions. Upon reduction with sodium borohydride, the anion groups were transformed in situ 

into alloy nanoparticles (Fig. 13a).267 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 13. a) Schematic representation for the preparation of halloysite-supported Pt−Au alloy 

catalyst and its reaction for converting HMF to FDCA. b) The morphology and structure of 

PtAu/N-HNT.267 Reproduced from [267]. Copyright 2022, American Chemical Society. 

 

 

TEM analysis showed that the nanoparticles were uniformly distributed on the surfaces of HNTs 

with a narrow size distribution ranging from 1 to 4 nm and an average dimension of ca. 2.1 nm 

(Fig. 13b). These findings suggested that the functionalized HNTs supports can effectively 

achieve high dispersion of nanoparticles, which have typical crystalline lattices.267 The prepared 

bimetallic particles were used for the catalytic oxidation of HMF to FDCA and several parameters 

such as Pt−Au atomic ratios, metal loading contents, temperature, oxygen pressure, amount of 

base were optimized, thus reaching complete conversion of HMF and a remarkable selectivity of 

99% towards FDCA (Fig. 14).267   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 14. HMF conversion and product selectivity of 1.5Pt1Au4/N-HNT as a function of the (a) 

dispersants, (b) molar radio of Pt/Au, (c) metal loading, (d) amount of base, (e) reaction 

temperature, and (f) O2 pressure. Reaction conditions: HMF, 0.50 mmol; HMF: metal molar ratio, 

1:0.01; and H2O, 10 mL. The reaction time is 3 h. (g) HMF conversion and product selectivity as 

a function of reaction time. Reaction conditions: HMF, 0.50 mmol; HMF: metal: NaOH molar 

ratio, 1:0.01:4; H2O, 10 mL; and O2, 10 bar. The reaction temperature is 95 °C.267 Reproduced from 

[267]. Copyright 2022, American Chemical Society. 

 

It should be clear that the ability of Au to activate oxygen by gold-oxygen interactions depends 

also on the nature of the support. For this reason, various metallic oxides have been investigated 

due to their distinctive properties, such as their crystal phases that can significantly influence 

reaction activity owing to differences in surface physicochemical properties, exposed crystal 

planes, defect amounts.268 Indeed, the dispersity of supported nanoparticles and the strength of 

interactions vary considerably among different crystal phases of metallic oxides, thus changing 

the catalytic performance by creating abundant metal-support interfacial active sites with unique 

electronic and/or geometric characteristics, which represent the active centers.269 For instance, 

ZrO2 is frequently employed as a support for metal catalysts because it creates more contact 

between the metal and the support while enabling the generation of active oxygen via oxygen-

vacancy defects. ZrO2 possesses different phases (i.e. monoclinic, tetragonal and mixed phases) 

depending on the synthesis methods, pretreatment conditions, pre-calcination temperature, etc.270 

Literature reports the development of ZrO2 coated halloysite nanotubes, by acidic treatment and 

using hydroxypropyl cellulose as surfactant, as supports for Au nanoparticles to be exploited in 

the oxidation of HMF to FDCA by the preparation protocol depicted in Fig. 15.271 The structure-

activity relationship of the material and its catalytic performance were studied and it was found 

that acid sites and ternary active sites, which consisted of oxygen vacancies (Ov), Au atoms and 

partially reduced Zr3+, were created. The quantity of active sites at the Au-ZrOx junction could be 

finely tailored by varying the crystal phases of ZrO2 through changes in calcination temperature. 

Also, oxygen vacancies played a major role in enhancing the adsorption of O2, leading to the 

production of oxygen active species (superoxide radicals). Moreover, higher concentrations of 

oxygen vacancies also enhanced the adsorption of a key intermediate, 5-hydroxymethyl-2-

furancarboxylic acid (HMFCA), thereby accelerating the rate-determining step of hydroxyl group 

oxidation (HMFCA → FFCA). The synergistic effects between gold and the support allowed to 

achieve the highest FDCA yield of 99.4% within 3.0 hours after calcination conducted at 650 

°C.271   

 

 



Figure 15. Schematic representation for the preparation of ZrO2 coated halloysite nanotubes as 

supports for Au nanoparticles to be exploited in the oxidation of HMF to FDCA.271 Reproduced 

with permission from [271]. Copyright 2023, Elsevier. 

 

This work paved the way for the improvement and upgrading of chemical processes dealing with 

biomass derived platform chemicals. Indeed, the advantages of supporting the metal catalyst on 

metal oxide surfaces was put together with the exploitation of synergistic effects coming from 

bimetallic alloys.  

As it was previously discussed the modification and the functionalization of halloysite nanotubes 

are important because, besides dispersing and stabilizing the metal nanoparticles by the 

interaction with the attached functional groups, the support also allowed for the transfer of 

interface charge and for the variation of molecular adsorption behaviour, depending on crystal 

phases and surface defects.272 On the other side, the presence of the second metal in the alloy not 

only adjusts the electronic structures of the active center but also speeds up the oxidation steps 

within the reaction, enhancing the catalytic performance. Literature reports the preparation of a 

catalyst based on modified halloysite nanotubes coated with ZrO2 by the addition of citric acid 

(CA), which were then decorated with AuPd bimetallic nanoparticles by co-reduction method.273 

Herein, the increased concentration of oxygen vacancies within the ZrO2 support improved the 

ability of the catalyst to adsorb and activate molecular oxygen while a higher concentration of 

Lewis acid sites, coming from halloysite modification, enhanced its adsorption capacity for 

reaction substrates. Moreover, the synergistic effect of AuPd bimetallic nanoparticles facilitated 

the tandem oxidation of aldehyde and alcohol groups, thus accelerating the rate-determining step. 

Importantly, the correlation between the vacancies concentration and the catalytic performance 

highlighted that the catalytic activity for HMF oxidation is a result of the active interface of 

AuPd-ZrOx. The experimental tests, which were carried out using water as solvent, demonstrated 

the remarkable activity of Au3Pd1/ZrO2@HNTs-1.0CA under 0.5 MPa O2, with a high FDCA 

yield of 99.5% and formation rate of 1057.9 mmol·g−1·h−1. The possible reaction mechanism for 

the catalytic process was also proposed (Fig. 16).273 
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Figure 16. Proposed mechanism for the aerobic oxidation of HMF to FDCA over 

AuxPdy/ZrO2@HNTs-zCA catalysts.273 Reproduced from [273]. Copyright 2023, American 

Chemical Society. 

 

Similarly, a catalyst made of halloysite covered with a citric acid (CA)‑assisted 

synthesized TiO2 layer was designed for loading AuPd nanoparticles to oxidize HMF to 

FDCA by using water as reaction medium and air as oxidant.274 Also in this case, the 

strong metal-support interactions (SMSI) were crucial to improve the catalytic 

performance. Halloysite nanotubes acted as ideal carriers for assembling small metal and 

metal oxide particles. This is attributed to their large surface area, high porosity, excellent 

thermal and chemical stability, effective surface adsorption and good dispersion that 

allowed to prevent the aggregation of metal oxide particles.274  

Beside being used as support material, HNTs can also act as templates. Indeed, literature 

reports the preparation of halloysite-templated layered porous hollow rod-shaped 

nitrogen-doped carbon supported bimetallic AuPd catalysts (AumPdn/HRNxC) with 

varying nitrogen contents and bimetallic nanoparticle sizes for the aerobic oxidation of 

HMF to FDCA in a sodium carbonate aqueous solution.185 

In comparison to metal oxides, carbon materials doped with non-metal heteroatom (N, P, 

S) offer advantages such as enhanced electrical conductivity, increased porosity, larger 

specific surface area and easy surface modification together with a high number of defects 

in the structure due to the differences in the atomic radius and bond length between 

carbon centers and their combination with heteroatoms.275  The coordination effect, 

especially for doping with nitrogen, can stabilize the metal nanoparticles and improve the 

catalytic performance. Hence, the layered porous nitrogen-doped carbon supported AuPd 

catalysts were synthesized through the precipitation polymerization on halloysite, 

followed by carbonization, clay removal and bimetallic nanoparticles loading. Catalytic 

experiments enlightened the potential reaction pathway and the synergy between 

nitrogen-doped carbon support and AuPd alloy, which allowed to achieve the highest 

100% HMF conversion and FDCA yield of 99.9% under optimal reaction conditions.185 

Moreover, the catalyst exhibited excellent stability and reusability. This study presents an 

efficient, cost-effective, and environmentally friendly heterogeneous catalyst derived 

from raw clay minerals for the large-scale production of FDCA from HMF.185  

  

 

5. CONCLUSIONS AND PERSPECTIVES  

Within Green Chemistry, clay nanoparticles have been recently explored for biomass 

valorization. Among nanoclays, Halloysite Nanotubes (HNTs) represent suitable 

nanoplatforms for improving the catalytic efficiency of several reactions involving the 

conversion of organic waste materials and residues (e.g. hydrogenation, oxidation, 

hydrolysis, coupling reactions, photochemical processes). Generally, chemical 

modifications of halloysite surfaces are requested to obtain nanotubes that can be 

exploited as catalytic supports, nanoreactors and nanotemplates useful to transform 

biomass into value-added products. In the last decade, numerous experimental studies 

demonstrated that the selective functionalization of both inner and outer surfaces of 

halloysite through supramolecular and covalent interactions is a crucial step for the design 

of HNTs based catalysts for the bio- and chemo-catalytic conversion of biomass. 
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However, literature sometimes lacks in the computational description of modified HNTs 

and their specific catalytic activity. As a matter of fact, the modelling of halloysite and its 

surfaces can be challenging due to the system size, which may lead to exceedingly long 

computation times, and to system complexity, whose atomistic characterization would 

involve the detailed knowledge of a large number of variables. Nevertheless, 

computational analysis represent a crucial tool to understand the influence of halloysite 

on the energetics and the mechanisms of the reactions for biomass catalyzed conversion 

as reported for the oxidation of 5-hydroxymethylfurfural to furandicarboxylic acid. In 

particular, once the suitability of a certain model for a given application was established, 

according to the authors opinion the best way to characterize the HNTs surface properties 

and behavior, especially in the field of catalysis, is to employ atomistically detailed 

approaches based on density functional theory. Indeed, DFT is the only theoretical level 

which is general enough and has the highest accuracy/cost ratio able to give information 

on reactive processes that occur on HNTs surfaces, whether they are used as a support for 

nanoparticles or whether they play a key role in some step of a catalyzed reaction. This 

critical review is mostly focused on the modeling of halloysite surfaces and their chemical 

treatment to enhance the catalytic activity for the reactions of interests. Herein, we 

evidence that the key role of halloysite can be investigated by experimental studies as 

well as computational modeling. The synergy between both approaches has the potential 

to provide a comprehensive and detailed representation of the active sites, optimal 

configurations and most favored reaction paths, which can pave the way for the 

optimization of the experimental catalytic efficiencies. Thanks to the modern 

development of processors and the consequent reduction of their costs, today increasingly 

large and complex systems can be treated with the techniques of computational chemistry. 

However, there is still a long way to go to take into account all the variables present in a 

real system. The basic knowledge obtainable by isolating the effects by means of specific 

theoretical models, however, certainly pushes us to continue studying HNTs-based 

systems and the processes involving them, covering with investigation at the atomistic 

level the vast set of systems already synthesized and characterized experimentally, even if 

treating these systems is very challenging and requires the investment of a lot of time and 

resources. Finally, it is important to underline the difficulties for a direct and 

homogeneous comparison between the results of a calculation and the experimental 

evidences in the field of HNTs-based systems and alike. While the latter are the averaged 

(in space and time) results of observations made on real systems and derive from all the 

possible effects acting on them, the former are carried out on simplified atomistic models, 

taking into account only the effects that the researcher wants to simulate, so helping asses 

their importance for a given use. Therefore, the two perspectives with which calculation 

and experiment look at the processes concerning halloysite nanotubes must be seen and 

used as complementary, hence the synergy. It is worth recalling that this paradigm, which 

deals with chemical conversion of biomass into value added molecules by using naturally 

occurring clays and exploiting in silico techniques prior to experiments in lab, is in 

complete accordance with the principles of Green Chemistry.   
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