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Self-Standing Biohybrid Xerogels Incorporating Nanotubular
Clays for Sustainable Removal of Pollutants

Maria Rita Caruso, Martina Maria Calvino, Pavel Šiler, Ladislav Cába, Stefana Milioto,
Lorenzo Lisuzzo,* Giuseppe Lazzara, and Giuseppe Cavallaro

In this work, it is reported a scalable and systematic protocol for the
preparation of xerogels based on the use of green, highly available, and
low-cost materials, i.e. halloysite nanoclay and chitosan, without the need for
any expensive equipment or operational/energetic demands. Starting from
colloidal dispersions, rheological studies demonstrate the formation of
hydrogels with zero-shear viscosities enhanced by ≈9 orders of magnitude
and higher storage moduli. Hence, the corresponding self-standing xerogels
are prepared by a simple solvent casting method and their properties depend
on the concentration of halloysite, possessing enhanced thermal stability and
outstanding mechanical performances (elastic modulus and ultimate
elongation of 165 MPa and 43%, respectively). The resulting biohybrid
materials can be exploited for environmental remediation. High removal
efficiencies are reached for the capture of organic molecules from aqueous
media and the CO2 capture from the atmosphere is also investigated. Most
importantly, the presence of an inorganic skeleton within the xerogels
prevents the structure from collapsing upon drying and it allows for the
control over their morphology and shape. Therefore, taking advantage of the
overall features, the designed xerogels offer an attractive strategy for
sustainably tackling pollution and for environmental remediation in a plethora
of different domains.

1. Introduction

The rapid global development has a significant impact on
the environment. Industrial pollutants contaminate water,

M. R. Caruso, M. M. Calvino, S. Milioto, L. Lisuzzo, G. Lazzara,
G. Cavallaro
Department of Physics and Chemistry “Emilio Segrè”
University of Palermo
Viale delle Science 17, Palermo 90128, Italy
E-mail: lorenzo.lisuzzo@unipa.it
P. Šiler, L. Cába
Faculty of Chemistry
Institute of Materials Science
Brno University of Technology
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while air quality deteriorates due to an-
thropogenic emissions, harming ecosys-
tems and leading to serious health con-
ditions for the population. In the recent
decades, these issues have significantly in-
tensified, highlighting the urgent need for
sustainable environmental control and in-
novative pollution technologies.[1] Litera-
ture reports various wastewater remedia-
tion technologies, including membrane fil-
tration, adsorption, ion exchange, and pho-
tocatalytic degradation.[2–6] Similarly, many
efforts have been made to design carbon
dioxide capture technologies depending on
several factors, such as cost, adsorption ca-
pacity, and stability. The main approaches
can be classified as i) post-combustion
process, where the CO2 is captured from
treated flue gas after the complete com-
bustion in industrial plants[7]; ii) direct air
capture (DAC), which could mitigate CO2
emissions from all outdoor sources[8]; and
iii) indoor CO2 capture, in which the gas is
captured from indoor environments, where
the concentrations are significantly higher
than atmospheric CO2 concentration.[9]

However, these methods come with significant drawbacks,
such as expensive equipment, operational costs, and high en-
ergy requirements. Recently, the focus has shifted toward nanos-
tructured materials due to their unique properties such as the
high specific surface and higher reactivity compared to more
traditional materials.[10,11] In general, nanoclays emerged as im-
portant resources that can act as adsorbents for pollutants.[12]

Halloysite, a naturally occurring nanoclay with a hollow tubu-
lar morphology,[13,14] shows favorable structural and chemical
properties useful for many applications,[15–18] including the en-
vironmental remediation field.[19–21] The main features of hal-
loysite nanotubes (HNTs), such as dimensions and rheological
behavior are influenced by the geological deposit from which
they are sourced.[22,23] Typically, HNTs have a length of ≈1–2 μm,
while the external diameter ranges from 20 to 200 nm and the
internal diameter from 10 to 70 nm.[24] Moreover, the surface
chemistry of HNTs is noteworthy: the outer surface is composed
of Si−O−Si groups, while the inner lumen surface consists of
Al–OH groups.[25,26] This difference explains the charge separa-
tion in the pH range between 2 and 8, making halloysite ideal
for carrying various negatively charged molecules encapsulated
within the lumen, and positive molecules adsorbed on the outer
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surface.[27–29] Due to its peculiar properties, halloysite proved to
be an efficient adsorbent for removing organic pollutants, heavy
metals, or dyes from water.[30,31] Unlike conventional surfactants,
clays can be easily separated from the emulsions through sim-
ple centrifugation or sedimentation processes, highlighting their
potential use in oil recovery.[32] Biological, chemical, and physi-
cal methods have been employed as treatment solutions to re-
duce the impact on the environment.[33,34] Herein, gel materi-
als are highly effective in environmental applications, especially
due to the control over structure and morphology.[35–37] Among
natural materials employed for wastewater treatment, chitosan,
a cationic polysaccharide, is widely recognized as a good adsor-
bent for various organic pollutants and metal ions.[38,39] However,
it is still needed to enhance the adsorption capacity of chitosan,
which is related to the amount of adsorbate taken up by the adsor-
bent per unit mass (or volume) of the adsorbent.[40] A common
approach to address this limitation involves the development of
nanocomposites.[41] For instance, composite hydrogels with chi-
tosan and halloysite nanotubes have been successfully used to ab-
sorb methylene blue and malachite green from water solutions
but also heavy metal ions.[42,43] However, the design of chitosan-
based dried gels displays some issues. According to literature, as
a general trend, aerogels and cryogels prepared via supercritical
CO2 (sc-CO2, beyond its critical point: 73.8 bar and 31.5 °C) and
freeze-drying (liquid N2) methods, respectively, possess higher
porosity and surface area compared to the corresponding xero-
gels, due to a more controlled drying step which avoids the col-
lapse of the gel network.[44–46] Nonetheless, in the specific case
of chitosan-based materials, it is reported that dried gels show
poor textural properties, especially for cryogels and xerogels. In
the latter case, the collapse of pore walls upon vacuum drying re-
sults in film-like materials with smooth surfaces, which can be
detrimental to their applications.[46,47]

The main purpose of this work is to develop a simple and
scalable protocol for the preparation of eco-compatible chi-
tosan/HNTs hydrogels and for their easy conversion into xero-
gel materials that maintain their structural network without any
loss of morphological properties. In light of this, novel biohybrid
materials can be exploited for the active capture and removal of
pollutants from aquatic environments and the atmosphere.

As illustrated in Figure 1a, colloidal dispersions of chitosan
with increasing amounts of halloysite were prepared and glu-
taraldehyde was added as a cross-linking agent for the formation
of eco-friendly hydrogels. Further solvent casting of the materials
led to the preparation of xerogel systems, without any need for sc-
CO2 or liquid N2, displaying peculiar physico-chemical properties
that are crucial for environmental-related applications. In partic-
ular, experimental characterization showed that the rheological
properties depend on the addition of both the crosslinking agent
and halloysite nanotubes, which are responsible for a shift from
a liquid-like behavior to a gel system. In the xerogels, the nan-
oclay addition results in improved thermal stability and mechan-
ical properties. More importantly, the presence of an inorganic
skeleton is pivotal, since the materials can be dried without col-
lapsing but maintain their shape when hydrogels are converted
to xerogels.

Then, the biohybrid materials were applied to capture and re-
move organic species from aqueous media thanks to their active
surface and structural properties. The p-coumaric acid, here em-

ployed as a representative model pollutant, belongs to the class of
phenolic derivatives which are challenging to be biologically de-
graded as they are toxic to microorganisms and therefore inhibit
the biological treatment of waste waters.[48] The degradation of
p-coumaric acid present in olive oil mill wastewater allows to ob-
tain more easily biodegradable molecules, with lower toxicity.[49]

It is worth noting that this phenolic compound displays two dis-
sociation equilibrium constants (i.e. pKa1 = 4.70, pKa2 = 9.90).[50]

Therefore, at pH> pKa1 the organic molecule is bearing a neg-
ative charge due to the deprotonation of the carboxylic group to
carboxylate and, as a consequence, the rising of electrostatic in-
teractions with chitosan polymeric chains and the occurrence of
ions exchange mechanism can hold a certain importance. Simi-
lar considerations can be extended to metal ions.[38] Furthermore,
the designed materials displayed practical utilization in air treat-
ment, showing good efficiency in the adsorption of carbon diox-
ide under a flow of CO2 60% v/v. Besides the simple preparation,
which does not require either expensive apparatus or high opera-
tional/energetic costs, the control over structure is worth consid-
eration. The possibility to tailor the final structure of the mate-
rials paves the ground for their use by enlarging the application
domains from water bodies and reservoirs to pipelines, plant sys-
tems, and/or equipments with various dimensions and shapes,
thus endowing them as promising candidates for real-world ap-
plications in the future in both environmental applications and
for the capture and conversion of waste products into added value
molecules.

2. Results and Discussion

2.1. Conversion from Colloids to Gels: Macroscopic Observations

As shown in Figure 1a, the preparation of chitosan/HNTs gel
systems (hydrogels and xerogels) from aqueous colloidal sys-
tems was carried out by using glutaraldehyde as a crosslinker.
The composition of the gels was varied by changing the concen-
tration of halloysite up to 10 wt.%, while the chitosan amount
was constant at 1 wt.%. Specific details on the preparation
protocol are presented in the Experimental Section. The sam-
ples will be identified as Chit/HNTs_C for colloidal dispersions,
Chit/HNTs_H for hydrogels, and Chit/HNTs_X for xerogels,
each of them followed by the amount of halloysite, i.e. 3–8–10
wt.%. The same applies to chitosan without HNTs additions,
which will be referred to as Chit_C and Chit_H for colloids
and hydrogels. It is worth noting that the xerogel based only
on chitosan could not be prepared. In this case, the designed
protocol led to the development of a film material rather than
a proper xerogel (Figure 1b). This sample will be identified as
Chit_film.

The formation of hydrogels was demonstrated through the
tube inversion test, as depicted in Figure 1b. Solvent casting
method under vacuum conditions was conducted until complete
evaporation and it led to the formation of xerogels. Prior to fur-
ther analysis and characterization, it is worth observing the over-
all behavior of each sample in the different steps. For instance,
despite the diverse physico-chemical properties that will be re-
ported in the next paragraphs, all the hydrogels possess a typi-
cal gel structure that seems to be stronger and more stable af-
ter halloysite addition. However, once the xerogels are formed,
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Figure 1. a) Schematic illustration of Chit/HNTs/GLU preparation. b) Macroscopic images of Chit and Chit/HNTs hydrogels and xerogels with increasing
concentration of halloysite nanotubes.

the most significant differences arise. As it can be observed in
Figure 1b, the xerogel made of chitosan without any clay addition
displayed a film-like macroscopic structure, which is due to the
loss of morphological properties. Contrarily to it, the Chit/HNTs
samples preserved their shape and 3D network as a consequence

of halloysite addition. Such findings have outstanding impor-
tance because they make these materials versatile platforms to
be exploited in different applications and operational ways. It is
also worth noting that the color varies from orange to white and
from brown to sand for hydro- and xero-gels, respectively, becom-
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Figure 2. Flow experiments of colloidal dispersions and hydrogels. a) Flow curves (shear viscosity as a function of shear rate) for Chit_C and Chit/HNTs_C
colloidal dispersions. b) Flow curves for Chit_H and Chit/HNTs_H hydrogels. c) Zero shear rate viscosity and d) relaxation time of colloidal systems
and hydrogels. The concentration of HNTs increased from 0 to 10 wt.%. The lines in (a) and (b) represent the fitting according to the Cross model
(Equation (1)).

ing lighter as the concentration of halloysite increases from 0 to
10 wt.%.

2.2. Rheological Investigations of Colloidal Dispersions and
Hydrogels

Rheological experiments were carried out to investigate the ef-
fect of halloysite nanotubes and the formation of hydrogels after
the addition of glutaraldehyde. In particular, the viscosity proper-
ties and the rheological moduli of chitosan and chitosan/HNTs
samples were analyzed by shear flow and frequency sweep mea-
surements on both colloidal and hydrogel systems.

As displayed in Figure 2a,b, the flow experiments allowed to
evaluate the dependence of the viscosity (𝜂) on the shear rate (𝛾).

As a general trend, the viscosity decreased with the shear rate,
thus indicating that all the samples behave like non-Newtonian
fluids showing shear-thinning features.

Aimed at having more detailed insights, the 𝜂 vs 𝛾 curves were
fitted by using Equation (1), which describes the Cross fit model:

𝜂 = 𝜂∞ +
(
𝜂0 − 𝜂∞

)
∕
(
1 + (𝛼 ⋅ 𝛾)m) (1)

where 𝜂0 and 𝜂∞ are the zero-shear and the infinite-shear viscosi-
ties, 𝛼 is the relaxation time, and m is the shear thinning index,

which is a dimensionless parameter related to the degree of de-
pendence of 𝜂 on 𝛾 in the shear–thinning region. In particular,
m can be 0 for Newtonian fluids, 1 for plastic fluids, and it can
range between 0 and 1 for non-Newtonian pseudoplastic mate-
rials, respectively.[51] As shown in Figure 2a,b, the Cross model
was successful in the analysis of the flow curves allowing to deter-
mine the fitting parameters for both colloidal and hydrogel sys-
tems (Figure 2c,d; Table S1, Supporting Information).

As concerns the colloidal dispersions before the addition of
the crosslinking agent, the reduction of 𝜂 with 𝛾 can be related to
the destruction of the biopolymeric network at high shear rate.
In these samples, the 𝜂0 values increase with the concentration
of halloysite nanotubes from 0.28 Pa∙s for the chitosan acidic so-
lution to 7.79 Pa∙s for the Chit/HNTs_C 10 wt.% colloidal dis-
persion (Figure 2c), highlighting a higher viscosity due to the en-
tanglement and aggregation between nanotubes and the biopoly-
mer adsorption on their surface. It is worth noting that the cal-
culated values for the exponential parameter m of all samples
reflect their plastic fluids behavior.[52] The addition of HNTs af-
fects the relaxation time, being 𝛼 ≈2.3, 3.8, and 4.4 times higher
with respect to chitosan solution for the three Chit/HNTs_C sam-
ples (Figure 2d), as a result of the reduced mobility of the poly-
meric chains. The presence of HNTs inhibits to a certain extent
the inter- and intra- chain interactions (e.g. hydrophobic inter-
actions, H bonds) and the diffusion of the polymer during the
shear.[53]
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Figure 3. Frequency sweep experiments of colloidal dispersions and hydrogels. Storage (G’) and loss (G’’) moduli as functions of the angular frequency
for a) Chit_C and Chit/HNTs_C colloidal dispersions, b) Chit_H and Chit/HNTs_H hydrogels.

As for the hydrogel samples, instead, the addition of glu-
taraldehyde plays a major role. Figure 2c shows that 𝜂0 values
are enhanced by ≈9 orders of magnitude compared to those of
the corresponding colloidal dispersions, in agreement with the
hydrogel formation. Hence, the presence of the nanoclay did not
prevent the chitosan crosslinking and the zero-shear viscosities
are higher as the concentration of halloysite increased, as ob-
served for the liquid dispersions. In this case, the m values range
from 0.77 for Chit_H up to 1 for Chit/HNTs_H 10 wt.%, evi-
dencing that the increasing concentration of halloysite enhanced
the plastic behavior. It is noteworthy represented in Figure 2d
that all the hydrogels display relaxation times which are larger
by several orders of magnitude compared to the colloidal sys-
tems. Since the reciprocal of 𝛼 represents the critical shear rate
(𝛾*), which is related to the transition from Newtonian to non-

Newtonian regime, the values were calculated to be ≈30, 13, 8,
and 7×10−3 s−1 for the Chit_C and Chit/HNTs_C 3, 8 and 10
wt.% samples and 1.6, 1.2, 7.1, and 3.1×10−7 s−1 for the Chit_H
and Chit/HNTs_H 3, 8 and 10 wt.% samples, respectively. The
expected reduction of 𝛾* for the latter samples by ≈4 orders of
magnitude is direct proof that the thinning behavior was facil-
itated in the hydrogels due to a greater reduction of the mobil-
ity and diffusion of the biopolymeric chains, in agreement with
literature.[51]

The frequency sweep measurements allowed us to determine
the storage (G′) and the loss (G″) moduli under variable angular
frequency (𝜔) of the samples before and after the addition of the
crosslinking agent (Figure 3).

As it can be observed, the Chit_C, Chit/HNTs_C 3 wt.% and
Chit/HNTs_C 8 wt.% colloidal dispersions display a crossing
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Figure 4. Optical and SEM images (polished cross sections) of Chit/HNTs_X xerogels with 3, 8, and 10 wt.% halloysite concentration.

point between the G′ and G″ curves. The angular frequency (𝜔*)
at the crossing point is related to the variations in the rheolog-
ical behavior of the systems. For HNTs < 10 wt.%, the viscous
component is predominant (G″ > G′) for 𝜔 < 𝜔*, which means
they exhibit fluid-like behavior due to fast short-range rearrange-
ments. Conversely, the elastic component became predominant
(G′ > G″) for 𝜔 > 𝜔*, indicating a gel-like behavior due to slow
short-range rearrangements.[54] Similar results are reported in lit-
erature for colloidal suspensions based on biopolymers/clay.[55]

The Chit/HNTs_C 10 wt.% dispersion, instead, displays an in-
version of the rheological moduli and the elastic component is
predominant before the crossing point, after which it resembles
a fluid system again.

Accordingly, it is possible to state that the presence of the
nanoclay at high concentration improved the aggregation be-
tween the polymer and the nanotubes, providing a gel-like be-
havior even before the addition of glutaraldehyde, with the cross-
ing point indicating that the sol-gel transition is a reversible
process.[56]

Moreover, no crossovers can be observed in the corresponding
hydrogels (Figure 3b). G′ is higher than G″ within the whole an-
gular frequency range as expected for hydrogel systems where
the elastic component overcomes the liquid behavior due to
the crosslinking.[54] Besides being the rheological moduli of the
gel materials several orders of magnitude greater than those of
the corresponding colloidal systems, they also increase with the
concentration of HNTs in the hydrogels. The absence of cross-
ing points also indicates that the gelation is not a reversible

process.[57] These findings represent further proofs for the for-
mation of strong and stable 3-D networks.

2.3. Properties of Chitosan/HNTs Xerogels

One of the most remarkable achievements of this work is the de-
sign of a synthesis protocol for the easy and cost-effective prepa-
ration of xerogels that maintain their structural properties after
vacuum drying compared to the corresponding hydrogels. Op-
tical microscopy and scanning electron microscopy (SEM) were
carried out to have more insights into the morphological features
of xerogels at the microscale (Figure 4). As previously discussed,
the xerogels have a lighter color with increasing concentrations
of halloysite nanotubes. Interestingly, Chit/HNTs_X 3 wt.% sam-
ple showed clustering of clay, which resulted in white particles
on the surface observed in the optical image. Conversely, the dis-
tribution becomes more homogeneous in Chit/HNTs_X 8 and
10 wt.% samples. SEM analysis confirmed these results since
some clusters and aggregated nanotubes can be observed in the
Chit/HNTs_X 3 wt.% sample whereas they are more homoge-
neously dispersed as the concentration of HNTs increased. Most
importantly, both optical and SEM images showed a less dense
surface for Chit/HNTs_X 10 wt.% xerogel, which displayed the
presence of pores.

Aimed at assessing the textural properties of the materials, ni-
trogen adsorption/desorption experiments were carried out for
the determination of the surface area, pore volume, pore width,
and pore diameter. These results are reported in Table 1.
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Table 1. Textural properties of the Chit/HNTs_X xerogels.

Sample SBET [m2g−1] Pore
Volume
[cm3g−1]

Pore Width
[nm]

Pore Diameter
[nm]

Chit/HNTs 3 wt.% 0.56 0.002 7.03 5.71

Chit/HNTs 8 wt.% 22.02 0.051 3.18 5.59

Chit/HNTs 10 wt.% 32.30 0.072 3.30 5.57

It can be observed that the increasing concentration of hal-
loysite plays a major role in the overall textural properties. For
instance, the surface area increases from 0.56 for the Chit/HNTs
3 wt.% up to 32.30 m2 g−1 for the Chit/HNTs 10 wt.% sample.
Furthermore, although no change can be detected in either the
pore width or pore diameter, the total pore volume is also pro-
foundly influenced by the presence of the nanoclay in different
amounts. Indeed, the value for Chit/HNTs 3 wt.% is equal to
0.002 cm3 g−1 and it soared by more than an order of magni-
tude when higher concentrations of inorganic solid are used, be-
ing 0.051 cm3 g−1 for Chit/HNTs 8 wt.% and 0.072 cm3 g−1 for
Chit/HNTs 10 wt.%, which is a 36-fold increase. It was afore-
mentioned that, as a general trend, sc-CO2-dried aerogels and
freeze-dried cryogels display higher porosity and surface area
compared to the corresponding xerogels, due to the controlled
drying which avoids the collapse of the structure.[58] However,
as far as the chitosan-based gels are concerned, literature re-
ports the preparation of sc-CO2 and freeze-dried beads based on
chitosan cross-linked with sodium tripolyphosphate which pos-
sessed a surface area of ≈70–100 m2 g−1 for aerogels and which
was not even detectable for cryogels.[59] Similarly, Takeshita et al.
prepared cryogels based on chitosan cross-linked with formalde-
hyde whose surface area was not detectable.[47] Li et al. also re-
ported about the preparation of slow freeze-dried chitosan gels
cross-linked with NaOH displaying a BET surface area of 0.5–
2.9 m2 g−1 and pore volume of 0.003–0.021 cm3 g−1 and sim-
ilar values are shown for gel networks based on modified chi-
tosan, e.g. carboxymethyl chitosan, which possessed surface area
equal to 0.49 m2 g−1.[60,61] Moreover, Chang et al. prepared dif-
ferent aerogels based on chitosan by changing the crosslinker
and relative concentration of components and they found, for chi-
tosan cross-linked with glutaraldehyde (i.e. the same used in this
work) a surface area of 66 m2 g−1, pore volume of 0.06 cm3 g−1

and pore diameter of ≈3 nm.[62] Most interestingly, Chartier et al.
prepared xerogels based on chitosan by vacuum drying and they
observed a total shrinkage of the material, the absence of pores,
and an undetectable surface area.[46] Other works in literature re-
port the preparation of xerogels based on chitosan with a com-
pletely smooth surface and no porosity.[47] In light of this, the
preparation protocol reported in this work allows for the sim-
ple design of xerogels based on chitosan that is very compet-
itive and shows better textural properties compared to similar
aerogels, cryogels, and xerogels reported in literature.[63] The
presence of halloysite nanotubes has major effects on the fi-
nal properties of the materials, by providing them with an in-
organic skeleton that avoids the structural collapse upon vac-
uum drying, thus resulting in self-standing materials with cer-
tain porosity and specific surface area useful for technological
applications.

The effects of halloysite addition and xerogels formation on the
thermal properties of the resulting materials were investigated
by thermogravimetry. The thermogravimetric (TG) curves are re-
ported in Figure 5a.

The pure chitosan displayed three different mass losses. In
particular, the first one (≈150 °C) is due to the loss of water mois-
ture. The second mass loss at 250–350 °C is related to the de-
polymerization and decomposition of the polymeric chains due
to the deacetylation and cleavage of glycosidic bonds,[64] whereas
the final degradation in the 350–650 °C range reflects the pyra-
nose ring and residual carbon decomposition.[65] The Chit_film
also exhibited three thermal losses and the final mass residue
at 800 °C is zero for both samples due to the complete degrada-
tion of the organic matrix. The residual mass values of the hy-
brid materials, instead, depend on their organic/inorganic rel-
ative composition. For instance, these values are 55.5% for the
Chit/HNTs_X 3 wt.%, 68.0% for the Chit/HNTs_X 8 wt.%, and
71.0% for the Chit/HNTs_X 10 wt.%. Besides, the thermogram
of pristine halloysite showed the two typical degradations related
to the loss of adsorbed water and the dehydroxylation of Al–OH
groups, the latter occurring between 450 and 500 °C.[66] Aimed at
assessing the effect of the gel formation and halloysite addition
on the thermal stability, differential thermogravimetric curves
were analyzed. Herein, after the crosslinking of chitosan in the
Chit_film, the loss of moisture is shifted to higher temperatures
compared to the neat biopolymer, namely up to ≈200 °C, while
the degradation of the pyranose ring occurs in the 450–700 °C
range (Figure 5b). Moreover, the addition of halloysite plays a ma-
jor role in the thermal stability of the composite xerogels. In fact,
the DTG peak related to the depolymerization and decomposi-
tion of the chitosan chains is broader and shifted to higher tem-
peratures as a function of the clay concentrations (Figure 5c), as
a proof of improved thermal stabilization due to the interactions
between the biopolymer and halloysite surface. As reported in lit-
erature, the homogenous distribution of inorganic fillers within
the polymer can cause an enhancement of the thermal stability
as a consequence of the barrier effect toward the volatile products
and the encapsulation process within the cavity of halloysite.[66,67]

To evaluate the crosslinking degree, TGA was also conducted
after each xerogel was soaked into a 2 wt.% acetic acid solution for
24 h to solubilize the uncrosslinked polymeric fraction. As shown
in Figure 5d, all the untreated samples possess lower residues
at 800 °C compared to the corresponding xerogels treated with
acid. This reduction is due to the loss of uncrossilinked chitosan
during the reaction with CH3COOH.

The quantitative analysis of the residual masses allowed us to
calculate the chitosan concentrations (CChit) for both treated and
untreated samples using the rule of mixtures.[68] Then, we deter-
mined the crosslinking degree (CD) of chitosan in the composite
xerogels using Equation (2):

CD (%) = 100 −
(
CUntreated

Chit − CTreated
Chit

)
(2)

As shown in Figure 5e, the increase of the HNTs amount in the
composite xerogel favors the chitosan crosslinking. Specifically,
we determined CD results of 94.7%, 96.5%, and 97.7% for HNTs
concentrations of 3, 8, and 10 wt.%, respectively. Based on this re-
sult we can state that HNTs/chitosan interactions do not prevent
the cross-linking of the biopolymeric chains by glutaraldehyde.

Small 2024, 2405215 © 2024 The Author(s). Small published by Wiley-VCH GmbH2405215 (7 of 14)
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Figure 5. Thermogravimetric analysis of xerogels. a) Thermogravimetric and b,c) Differential Thermogravimetric curves of pure chitosan, pristine HNTs
(p-HNTs), Chit_film and Chit/HNTs_X 3, 8 and 10 wt.% xerogels. d) Mass residue of Chit/HNTs_X 3, 8, and 10 wt.% xerogels before and after treatment
in a 2 wt.% acetic acid solution for 24 h. e) Cross-linking degree was calculated using Equation (2).

To characterize the interactions between chitosan and HNTs
and to confirm the cross-linking, FTIR spectroscopy was con-
ducted (Figure S1, Supporting Information). The spectrum of
pure chitosan showed a broad band in the 3000–3650 cm−1 range,
due to the overlapping of N–H and O–H stretching vibrations,
and a band in the 2800–3000 cm−1 range assigned to the stretch-
ing of C─H bonds.[69] For what concerns the amine deforma-
tions, instead, they produced the band at 1595 cm−1, assigned
to the N–H bending from amine overlapping the amide II vibra-
tion, and the band at 1655 cm−1, which is related to the C═O
stretching of amide I.[69,70]

After the cross-linking, the 3000–3650 cm−1 band in the spec-
trum of Chit_film has lower intensity, suggesting that some hy-
drogen bonds involving N–H and O–H groups were destroyed
and new H-bonds were formed. Moreover, a new band appeared
in the carbonyl-amide region (Figure S1b, Supporting Informa-
tion) as a split peak at 1648 cm−1 most likely related to the C═N
bonds of imines, indicating that the material exhibited a Schiff
base imine functionality as results of crosslinking, in agreement
with literature.[70] Figure S1c (Supporting Information) reports
the spectra of pristine halloysite and the Chit/HNTs_X 10 wt.%
xerogel, for comparison. Herein, the typical bands of the nan-
oclay can be observed. For instance, the two signals at 3695 and

3620 cm−1 are related to the O–H stretching vibrations of the
Al2OH groups inside the lumen of the nanotubes.[71] It is worth
noting that the broad band at ≈3450 cm−1, related to Si–OH
groups on the external surface, disappears in the xerogel thus
confirming that electrostatic interactions between chitosan and
HNTs take place.

The mechanical properties of the xerogels were tested through
Dynamic Mechanical Analysis (DMA) experiments in the com-
pression mode (Figure 6). The analysis of the stress versus strain
curves (Figure 6a) allowed for the determination of elastic mod-
ulus, stress at breaking, and ultimate elongation, which are re-
ported in Figure 6b. It is worth noting that the sample prepared
without any halloysite addition, namely the Chit_film sample,
was not tested due to its fragility upon compression.

It can be observed that all the samples have elastic properties
until a certain threshold is reached. In particular, the elastic mod-
ulus showed an increasing trend with the addition of halloysite,
and its values varied from 91 MPa for Chit/HNTs_X 3 wt.% to
165 MPa for Chit/HNTs_X 10 wt.%. Similarly, the maximum
stress also depends on clay content, with a variation from 42 to
364 MPa for the two aforementioned samples. Concerning the
ultimate elongation, the values remained nearly constant for the
Chit/HNTs_X 3 and 8 wt.% samples (≈28–32%) but it soared up

Small 2024, 2405215 © 2024 The Author(s). Small published by Wiley-VCH GmbH2405215 (8 of 14)
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Figure 6. Dynamic Mechanical Analysis of xerogels. a) Stress versus strain curves and b) mechanical parameters of Chit/HNTs_X 3, 8, and 10 wt.%
xerogels.
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to 43% for Chit/HNTs_X 10 wt.% xerogel. These results showed
that the mechanical performances of the xerogels are strongly de-
pendent on the nanofiller content, whose presence provided the
materials with improved elasticity and stiffness, as reported in
literature for other hybrid organic/inorganic materials.[72]

2.4. Chitosan/Halloysite Xerogels for Environmental Remediation

In the previous paragraphs, the design of the hybrid materials
was conducted by a bottom-up approach starting from the study
of the colloidal systems to the evaluation of the hydrogels and,
finally, focusing on their properties as xerogels. Thereafter, in
order to assess their potential use for environmental purposes,
the removal capacities of chitosan/HNTs xerogels toward organic
molecules (coumaric acid) dispersed in aqueous media as well
as the adsorption of CO2 gas were investigated as sketched in
Figure 7a.

It is worth noting that the removal of organic molecules con-
cerns both wastewater treatment and biomass recovery and val-
orization, which enlarges the plethora of domains where the de-
signed material can be used.[73] The p-coumaric acid is employed
as a representative model pollutant, as it is a phenolic derivative
usually found in olive oil mill wastewater and challenging to be
removed and degraded. For this purpose, both the Chit/HNTs_X
3 wt.% and Chit/HNTs_X 10 wt.% xerogels were used and the
analysis was carried out by recording UV–vis spectra as a func-
tion of time. The p-coumaric acid adsorption profiles are reported
in Figure 7b.

Herein, both the xerogels can remove the antioxidant species
from water with an increasing trend which is followed by a
plateau. In particular, the Chit/HNTs_X 3 wt.% xerogel reached
the maximum uptake of ≈57% after 8.7 h and the Chit/HNTs_X
10 wt.% xerogel could retain a higher coumaric acid amount
(64%) after 16.7 h. Aimed at assessing the adsorption kinetics
onto the xerogels, the curves were fitted by using Equation (3):[74]

qt = qe

(
1 − e−tk

)
(3)

where qt is the amount of absorbate per gram of absorbent at a
certain time range, qe represents the amount of absorbate per
gram of absorbent after equilibrium conditions are reached, t
is time and k is the kinetic constant. Equation (3) is a pseudo-
first-order equation, also called Lagergren’s first-order rate equa-
tion, which is used to describe adsorption in heterogeneous sys-
tems as an adaptation from reaction kinetics in homogenous sys-
tems, which means that this model is a surface reaction model,
and it suggests occupation of one active surface site by the
adsorbate.[75] It is noteworthy that the adsorption process is con-
sidered as an adsorbate concentration and diffusion-controlled
process.[76] As far as the fitting parameters are concerned (re-
ported in Figure 7c), qe resulted to be 0.56 ± 0.01 and 0.62 ±
0.01 mg g−1 for the Chit/HNTs_X 3 wt.% and Chit/HNTs_X 10
wt.% xerogels, whereas the kinetics constants were 0.87 ± 0.05
h−1 for the former and 0.28 ± 0.02 h−1 for the latter, respec-
tively. These findings suggest that Chit/HNTs_X 3 wt.% is faster
in the adsorption mechanism but it can seize a lower amount
of coumaric acid. Conversely, Chit/HNTs_X 10 wt.% is slower
and it can capture more antioxidants. On this basis, one can state

that the final amount of adsorbate and the kinetics of the capture
mechanism depend on the xerogel’s proper composition.

Figure 7d reports the CO2 adsorption of Chit/HNTs_X 3 wt.%
and 10 wt.% as a function of time. Both the curves show an ex-
ponential behavior and they were fitted exploiting Equation (3),
which allowed us to determine the amount of adsorbate at the
equilibrium and the kinetic constant.[77] The curves in Figure 7d
suggest that the CO2 uptake follows a two-stage process. As
a matter of fact, it is possible to distinguish a linear increase
that is followed by a region in which the amount of adsorbate
increases slower until the equilibrium is reached. In particu-
lar, Chit/HNTs_X 10 wt.% exhibited a superior adsorption per-
formance toward CO2 compared to Chit/HNTs_X 3 wt.%. It
was reported elsewhere that the presence of amine groups on
the chitosan structure can facilitate the acidic CO2 molecule to
get adsorbed on the surface.[78] Nevertheless, a higher contri-
bution is given by the presence of halloysite nanotubes as con-
firmed by the higher values of qe and k for Chit/HNTs_X 10
wt.%. Halloysite was indeed reported to be a promising can-
didate with good CO2 adsorption efficiency thanks to its struc-
tural properties.[79,80] Moreover, the kinetics constants are 0.026
and 0.054 min−1 for Chit/HNTs_X 3 wt.% and Chit/HNTs_X
10 wt.%, respectively, indicating that the adsorption process for
Chit/HNTs_X 10 wt.% is faster. Therefore, these results ap-
pear to be very promising in consideration of the overall cost
and ease of preparation, which should also be taken into ac-
count. For instance, literature reports different materials based
on carbon nanotubes which, although showing higher adsorp-
tion performances, have a cost that is several orders of magni-
tude greater than those proposed in this work.[81] Such findings
prove that the designed xerogels represent a class of promis-
ing adsorbent materials that can be exploited for both the
removal of organic pollutants from liquid/vapor phases and
for the valorization and conversion of biomass to higher-value
compounds.

3. Conclusion

This work reports the design of biohybrid materials based on
naturally occurring components, namely halloysite nanotubes
(HNTs) and chitosan, that can be used for environmental ap-
plications. In particular, the study focused on a scalable and
systematic protocol for the preparation of chitosan/HNTs xero-
gels, which were obtained by solvent casting of the correspond-
ing hydrogels and maintained their structural network with-
out any loss of morphological properties. The formation of xe-
rogels can be attributed to the presence of HNTs, which con-
fer an inorganic skeleton within the cross-linked chitosan ma-
trix preserving the structure upon solvent casting under vac-
uum conditions. Accordingly, microscopies showed that the clay
nanotubes are homogeneously dispersed within chitosan. Ni-
trogen adsorption experiments enlightened that the vacuum-
dried gels are very competitive and show better textural prop-
erties compared to similar aerogels, cryogels, and xerogels re-
ported in literature. Rheological experiments highlighted that
halloysite favors the aggregation between biopolymeric chains in
both colloidal dispersions and hydrogels. Moreover, it was ob-
served that the HNTs filling does not prevent the gel-like be-
havior of chitosan-based hydrogel. It is worth noting that the
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Figure 7. Environmental applications of Chit/HNTs xerogels. a) Schematic representation of the pollutant’s adsorption on xerogels in aqueous media
and air. b,c) p-coumaric acid adsorption profiles and fitting parameters. d,e) Carbon dioxide adsorption profiles and fitting parameters (CO2 capture
tests were performed under a flow of CO2 60% v/v). The fitting parameters qe and k were calculated by using Equation (3).
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addition of halloysite also improves the thermal stability of the
composite xerogels. TGA allowed us to estimate the effect of
HNTs on the chitosan cross-linking degree, which is 94.7, 96.5,
and 97.7% for halloysite concentrations of 3, 8, and 10 wt.%, re-
spectively. These data agree with FTIR spectra, which evidenced
that the chitosan/HNTs interactions do not prevent the chitosan
gelation. Mechanical experiments in compression mode high-
lighted that larger HNTs amounts improve the elasticity and stiff-
ness of chitosan-based xerogels. Finally, aimed at assessing their
potential use for environmental purposes, the capture of chi-
tosan/HNTs xerogels toward p-coumaric acid dispersed in aque-
ous media and the adsorption of CO2 from the atmosphere were
investigated. Herein, the Chit/HNTs_X 10 wt.% reached the max-
imum coumaric acid uptake of ≈64% after 16.7 h and also exhib-
ited a superior adsorption performance toward carbon dioxide.
Compared to Chit/HNTs_X 3 wt.%, the CO2 adsorption efficiency
increased by 10% for the xerogel with the largest HNTs amount.
Such findings prove that the designed materials hold consider-
able promise for addressing environmental challenges associated
with pollutant capture and removal from both liquid and vapor
phases in a sustainable and cost-effective manner. These aspects
are crucial in the framework of sustainable development and
for the valorization and conversion of biomass to higher-value
compounds.

4. Experimental Section
Preparation of Chitosan/HNTs Colloidal Systems, Hydrogels and Xerogels:

First, a 1 wt.% chitosan (CHIT – Sigma–Aldrich, Mw = 50–190 kg mol−1,
deacetylation degree ≥75%) aqueous solution was prepared in 0.5 wt.%
acetic acid (Sigma–Aldrich, ACS reagent, glacial, ≥99.7%) and it was mag-
netically stirred at 25 °C for 24 h until the complete dissolution of the poly-
mer was reached. Then, a certain amount of halloysite nanotubes (HNTs –
Sigma–Aldrich, Al2Si2O5(OH)4 · 2 H2O) was added as powder to 10 mL of
the polymer solution, which was sonicated for 10 min and stirred for 1 h.
Different colloidal systems were prepared by changing the nanoclay con-
centration, which namely was 0, 3, 8, and 10 wt.%, respectively. Finally,
glutaraldehyde (Sigma–Aldrich, ≈50% in H2O, 5.6 m) at 0.5 wt.% was
added as a cross-linking agent. The dispersion was magnetically stirred
until the tube inversion test confirmed the hydrogel formation. The prepa-
ration of the xerogels was carried out by solvent casting at room temper-
ature for 12 h under vacuum conditions (P = 0.01 atm) from each hy-
drogel sample. The samples were identified as Chit/HNTs_C for colloidal
dispersions, Chit/HNTs_H for hydrogels and Chit/HNTs_X for xerogels,
each of them followed by the amount of halloysite that can be 3–8–10
wt.%, respectively. The same applies to chitosan without HNTs additions,
which was referred to as Chit_C and Chit_H for colloids and hydrogels. It
was worth noting that the sample Chit_X does not exist, due to its prop-
erties, and it was identified as Chit_film. Pure chitosan powder (p-Chit)
and pristine halloysite nanotubes (p-HNTs) were also investigated for
comparison.

Materials Characterization: The rheological investigations were per-
formed using a rheometer (Discovery HR-1, TA Instruments) equipped
with a parallel plate (40 mm diameter and 1 mm gap size). Shear-viscosity
tests were carried out in a flow ramp mode by increasing the shear rate
from 0.01 to 10 s−1 within 60 s. The obtained flow curves (viscosity vs
shear rate) were analyzed by using the Cross equation.[51] In addition, fre-
quency sweep tests were conducted with a constant strain amplitude (1%)
and a variable angular frequency (from 0.01 to 10 Hz) to assess the vis-
coelastic properties by the determination of the storage (G’) and loss (G’’)
moduli as functions of the angular frequency.

Morphological investigations of the xerogel materials were carried out
by using a Digitus (DA-70351) optical microscope and a SEM microscope

(Desktop SEM Phenom PRO X PHENOM) with magnification field 160–
350.000x and voltage in the range between 4.8 and 20.5 kV. Each sample
was preliminarily coated with gold to avoid charging effects under an elec-
tron beam.

NOVA 2200e high-speed gas sorption analyzer (Quantachrome In-
struments) was used to study the textural properties. The samples were
weighed into a measuring cell. The measuring cell was placed in a de-
gassing station where the degassing process was carried out at 100 °C for
24 h. After cooling, the samples were placed in a measuring station. The
measurement parameters were set as follows: thermal delay – 1 200 s,
pressure tolerance – 0.05 Torr, equilibration time – 60 s. The adsorption
and desorption isotherms were measured under the conditions of liquid
nitrogen (77 K) from 0.05–0.95 of relative pressure P/P0. Obtained data
were processed by NovaWin software using the BET method for the de-
termination of the specific surface area, the Barret–Joyner–Hallenda (BJH)
method for pore diameters, and the DFT method for the evaluation of pore
volume and pore width.

Dynamic Mechanical Analysis (DMA) was conducted on xerogels by
a DMA Q800 apparatus (TA Instruments) equipped with a compression
clamp and working under a force ramp of 0.1 N min−1 from 0 to 10.0 N
at 25.0 ± 0.5 °C. The mechanical performances were determined by the
analysis of stress vs strain curves. The measurements were performed on
cylindrical samples (10 mm in thickness, 0.1240 mm in diameter) which
were prepared using a DMA sample cutter from TA Instrument.

Thermogravimetric analysis (TGA) was performed by using the TGA
550 Discovery Series (TA Instruments) apparatus under N2 flow, which
was 60 cm3 min−1 for the sample and 40 cm3 min−1 for the balance, re-
spectively. The xerogel samples (≈5 mg) were heated from room temper-
ature up to 800 °C with a scanning rate of 20 °C min−1. The instrumental
calibration was conducted on the basis of the Curie temperatures of stan-
dards (nickel, cobalt, and their alloys).[82,83]

Fourier transform infrared (FTIR) studies were carried out through a
Frontier FTIR spectrometer (PerkinElmer) at room temperature. The spec-
tra were recorded in the range between 4000 and 450 cm−1 with a 2 cm−1

spectral resolution from KBr pellets with a low content (< 2 wt.%) of milled
samples.

Crosslinking Degree Evaluation: The analysis of the crosslinking de-
grees was carried out by thermogravimetric analysis (TGA 550 Discovery
Series – TA Instruments). A certain amount (≈1g) of xerogels was weighed
and soaked into a 2 wt.% acetic acid solution for 24 h. Then, the samples
were dried under vacuum conditions, washed three times with water, dried
again, and weighed. The crosslinking degrees were calculated as reported
in the discussion paragraph.

Pollutants Capture Tests: The adsorption of coumaric acid (p-Coumaric
acid – C9H8O3, Sigma–Aldrich, ≥98.0%, MW = 164 16 g mol−1) was stud-
ied by UV–vis spectrophotometry. In particular, the xerogels (≈0.02 g) were
placed in a quartz cuvette together with 3 mL of 8 mg ml−1 coumaric acid
solution. Spectra were recorded from 185 to 400 nm as a function of time
by using a Specord S600 (Analytik, Jena, Germany). For what concerns the
carbon dioxide capture, instead, the adsorption tests were conducted by
using TGA equipment (TGA 550 Discovery Series – TA Instruments). Ini-
tially, each sample was equilibrated at 100 °C for 15 min to remove mois-
ture, followed by an additional equilibration step at 30 °C for 10 min, both
under nitrogen flow of 60 cm3 min−1 for the sample and 40 cm3 min−1 for
the balance. The gas was then switched to CO2 60% v/v (60% v/v CO2,
40% v/v N2) under isothermal conditions for 100 min and a flow of 60
cm3 min−1.
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the author.
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