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We have studied the thermal properties of nanocomposites based on T1107 copolymer and halloysite clay
nanotubes (HNTSs) by combination of Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis
(TGA). Both DSC and TGA experiments have been carried out on T1107/HNTs composites prepared by aqueous
casting procedure. The HNTs content has been systematically varied to explore the effect of the composite
composition on the thermal characteristic of T1107/halloysite composites. According to DSC results, the pres-
ence of HNTs determines a reduction in both temperature and enthalpy of copolymer melting. On the other hand,
TGA data have highlighted that the HNTs addition induces destabilization effects on the T1107 resistance to
thermal decomposition.

This study shows that the thermal properties of T1107 copolymer are influenced by its interactions with
halloysite surfaces, to an extent which depends on the specific composition of the composite materials. T1107/
HNTs composites present thermal characteristics suitable for technological and environmental applications, such

as adsorption of volatile organic compounds and 3D scaffold for catalysts.

1. Introduction

The combination of clay nanoparticles with polymeric materials
represents a powerful strategy to obtain hybrid systems with specific
functionalities useful for several purposes, including environmental
applications [1-4], biomedicine [5-7] and catalysis [8,9]. Within this,
the functionalization of clay nanoparticles with thermo-responsive
polymers can be suitable to obtain composite materials with different
properties and structure depending on external stimuli, such as tem-
perature  variations [10-13]. The adsorption of  poly
(N-isopropylacrylamide) (PNIPAAM) onto the surfaces of clay nano-
tubes (imogolite and halloysite) was exploited to prepare
thermo-sensitive nanocarriers suitable for drug delivery applications
[10,14]. Literature reports that functional composite materials can be
fabricated by mixing halloysite clay nanotubes and thermo-responsive
copolymers, such as poly(sodium acrylate-acrylamide) (PAA-AM)
[15], and blends, including polyacrylic acid (PAA)/polyaniline (PANI)
[16]. Recently, halloysite clay nanotubes (HNTs) have been largely
employed in a wide range of applications because of their hollow tubular
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shape and tunable surface properties [17]. Due to their large specific
surface, HNTs are efficient catalytic supports [18-20] as well as emul-
sifying agents for preparation of Pickering emulsions [21-23]. As re-
ported in a recent review [24], HNTs can be used as catalytic supports
and nanoreactors/nanotemplates for catalysis due to their surface
chemical composition (Si-OH and Al-OH groups). The catalytic perfor-
mances of halloysite are influenced by different factors, such as tem-
perature and pH conditions, as well as selective modification of
inner/outer surfaces. The emulsifying capacity of halloysite depends on
its geometrical characteristics (sizes and shape) and wettability, which
affect the adsorption free energy at the interface and, consequently, the
stability of Pickering emulsions [25]. Moreover, halloysite nanotubes
are suitable as nanofillers of polymers for the preparation of nano-
composite films which show promising results for application in pack-
aging and outdoor applications [26-28]. Depending on the chemical
structure of polymers, the interactions between halloysite nanotubes
and matrix can be driven by supramolecular forces (electrostatic at-
tractions, hydrogen and/or hydrophobic bonds, van der Waals in-
teractions) [29,30], which influence the morphology and the
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mesoscopic properties of nanocomposite materials. Literature reports
the suitability of HNTs for the fabrication of flame retardant materials
[31-33]. Remarkably, halloysite clay is a biocompatible and non-toxic
nanomaterial as evidenced by both in-vivo and in-vitro tests [34-36].
Consequently, HNTs can be used for pharmaceutical and biomedical
purposes, such as tissue engineering [37-39] and controlled delivery of
drug molecules [40-42]. In addition, halloysite is employed in cosmetic
formulations for hair treatment and skincare products [25].

The interfacial properties of halloysite are intriguing because of the
different chemical composition of inner and outer surfaces. The external
surface of HNTs is formed by silicon dioxide (SiO3), while the cavity is
composed by alumina (Al,03). As a consequence of the specific ioniza-
tion equilibria of SiO, and Al;O3 groups, inner and outer surfaces pre-
sent variable charges (positive and negative, respectively) for pH
ranging between 4 and 10 [25]. This configuration can be exploited to
control the adsorption of ionic macromolecules onto the HNTs surfaces
as reported for polymers [43], proteins [44] and surfactants [45]. Ac-
cording to the electrostatic attractions, anionic molecules can be filled
within the halloysite cavity, while cationic compounds are proper for
the coating of halloysite shell.

In this work, we report for the first time composite materials based
on HNTs and Tetronic T1107, which is a positively charged block
copolymer suitable for the selective adsorption onto the halloysite outer
surface. Tetronics are star block copolymers with four poly(propylene
oxide)-poly(ethylene oxide) arms linked to a central ethylene diamine
core [46]. Consequently, Tetronics are positively charged macromole-
cules in a broad range of pH because of the protonation of diamine
groups [47]. Literature reports that Tetronics are suitable compounds
for numerous applications, which include drug delivery [48-50] and
environmental remediation [47,51]. The thermal behavior of T1107
copolymer can be controlled by its interactions with inorganic nano-
particles, such as amorphous TiO2 [52], as well as by its confinement in
the cavity of cyclodextrins [53]. The encapsulation of the copolymer
within hydroxypropyl modified cyclodextrins determined a decrease in
T1107 crystallinity degree and melting temperature [53].

Thermal investigations are crucial to study supramolecular systems
leading to obtain specific information on the interactions between the
components [31,32,54-58]. Thermogravimetric analysis (TGA) was
successful to explore the electrostatic interactions between poly(vinyl-
idene fluoride) (PVDF) and silanol groups of modified zeolite nano-
particles [59]. Differential Scanning Calorimetry (DSC) and
thermogravimetry were employed to investigate the interactions be-
tween polyvinyl azide (PVA) and nitrocellulose [60]. Both TGA and DSC
allowed to study the supramolecular interactions of T1107 with cyclo-
dextrins [53] and fluorinated surfactants [51].

In this work, TGA and DSC experiments were performed on T1107/
HNTs composites to investigate their thermal properties, which are
fundamental to evaluate their suitability in environmental and catalytic
applications. Moreover, the implementation of DSC and TGA data
allowed us to explore the effects of T1107/HNTs interactions on the
copolymer melting process and thermal decomposition.

2. Experimental
2.1. Materials

T1107 and HNTs are purchased from Sigma Aldrich. T1107 is a block
copolymer [(EO)s7(PO)2112NCH;CH,N[(PO)21(EO)s7] with a molecu-
lar mass of 15,000 g mol™. The chemical formula of HNTs cell unit is
Al,SiOs(0H)4-2H20. The geological source of HNTs is Dragon Mine
(Utah, USA), which provided clay samples containing 90 % halloysite
with ca. 10 % of kaolinite, quartz and gibbsite [61]. An SEM image of
halloysite is presented in Fig. 1. According to literature [24], the length
of HNTs is 50-1500 nm, while the inner and outer diameters are 5-30
and 20-150 nm, respectively.
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Fig. 1. SEM images of halloysite clay nanotubes from Dragon Mine. Repro-
duced with copyright permission from [61].

2.2. Preparation of T1107/HNTs composites

The T1107/HNTs composites were prepared using the aqueous
casting procedure as reported elsewhere for polymer/halloysite hybrids
[62,63]. Firstly, a stable aqueous dispersion of T1107 (concentration of
3.5 wt %) was obtained by magnetically stirring for 2 h at 25 °C. Then,
HNTs powder was added to the T1107 dispersion. It should be noted that
the amount of halloysite was systematically changed to obtain com-
posite materials with variable T1107/HNTs ratio. The T1107/HNTs
aqueous mixture was kept under ultrasonication for 10 min at 25 °C to
avoid the formation of halloysite clusters. Finally, the mixture was
magnetically stirred overnight at 25 °C allowing to obtain stable
dispersions.

The dispersions were poured into glass Petri dishes under vacuum at
25 °C until complete water evaporation. Vacuum conditions enhance
water evaporation rate, which is a key factor to improve the uniformity
of composite materials. Typically, the casting method for polymer/HNTs
nanocomposites is conducted in oven (at temperature > 50 °C) [29],
which is not feasible for T1107/HNTs because of the thermosensitive
characteristics of the copolymer, which starts to melt at ca. 40 °C. The
obtained solid materials (T1107/HNTs composites with variable
composition) were stored in desiccator under controlled conditions
(relative humidity of 75 % and temperature of 25 °C).

2.3. Methods

2.3.1. Differential scanning calorimetry (DSC)

Differential Scanning Calorimetry (DSC) experiments were con-
ducted using a TA Instruments DSC (2920 CE) under nitrogen atmo-
sphere with a flow rate of 60 cm® min™!. The temperature calibration was
performed using the melting enthalpy of standard indium (28.71 J g™ 1)
[64]. The samples (ca. 5 mg) were kept in aluminum pans. The mea-
surements were carried out from 10 to 100 °C using the following pro-
gram: 1) equilibration at 10 °C for 5 min; 2) heating ramp from 10 to 100
°C with a rate of 10 °C min’l; 3) equilibration at 100 °C for 5 min; 4)
cooling ramp from 100 to 10 °C with a rate 10 °C min™'. The procedure
was repeated twice to evaluate the influence of the thermal history of the
samples. DSC data reported in paragraph 3.1 refer to the second cycle of
measurements.

2.3.2. Thermogravimetric analysis (TGA)

Thermogravimetric analyses (TGA) were carried out with a Q5000 IR
apparatus (TA Instruments). Measurements were performed under ni-
trogen flow (25 and 10 cm® min™! for sample and balance, respectively)
from 25 to 600 °C. The heating rate was kept at 10 °C min’. The mea-
surements were carried out using platinum pans, which contained ca. 4
mg of samples. The temperature calibration of TGA apparatus was
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conducted by using the Curie temperatures of standards (nickel, cobalt,
and their alloys) as reported elsewhere [65,66].

2.3.3. {-potential

{-potential measurements were conducted with a Zetasizer Nano-ZS
(Malvern Instruments) apparatus. Experiments were carried out at
constant temperature (T = 25 °C) on aqueous dispersions of HNTs and
T1107/HNTs composites using a disposable folded capillary cell. The
concentration of the dispersions was fixed at 0.01 wt %.

2.3.4. Scanning electron microscopy (SEM)

The morphology of T1107/HNT composites was studied by Scanning
Electron Microscopy (SEM) using an ESEM FEI QUANTA 200F electronic
microscope. To avoid charging under the electron beam, each sample
was coated with Au in argon by means of an Edwards Sputter Coater
S150A. Measurements were conducted in high vacuum mode (<6 x 107
Pa) for secondary electrons collection. The energy of the beam was 25
kV and the working distance was 10 mm.

3. Results and discussion
3.1. Thermodynamics of copolymer melting in T1107/HNTs composites

The influence of halloysite addition on T1107 melting was investi-
gated by Differential Scanning Calorimetry. Fig. 2 compares DSC curves
of pristine T1107 and the composite filled with 70 % of halloysite. As a
general result, we observed an endothermic signal in the range ca. 40-55
°C that can be attributed to the T1107 melting.

The quantitative analysis of the DSC peak allowed to determine the
temperature (Ty,) and enthalpy variation (AHy,) of the melting process
for all investigated samples. Specifically, T, was calculated from the
temperature corresponding to the minimum of the DSC signal, while
AHp, was estimated from the integration of the endothermic peak. Re-
sults are reported in Table 1, where AH, values are expressed as Joule
per gram of T1107.

We detected that the loading of HNTs induces a decrease in both Tp,
and AHy, in agreement with the presence of specific interactions be-
tween T1107 and halloysite surfaces. Table 1 reports the T, variation
(ATy,) due to the HNTs addition with respect to pristine T1107. Litera-
ture reports similar results for nanocomposites based on HNTs and
polyethylene glycols with variable molecular mass [63,67].

T1107
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F'1107/HNTs (30:7(
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Fig. 2. DSC curves of pristine T1107 and T1107/HNTs (30:70) composite.

Thermal Advances 6 (2026) 100119

Table 1
Temperature and enthalpy of T1107 melting in composite materials with vari-
able composition.

Mass percentage (T1107:HNTs) Tm /°C ATy / °C AHy, / J 8 T1107 -1
100:0 52.3 125.9
95:5 52.0 -0.3 118.3
90:10 51.6 -0.7 123.8
75:25 51.2 -1.1 107.3
50:50 48.4 -39 96.9
30:70 48.3 -4 90.0
25:75 47.8 —4.5 46.2
15:85 46.7 -5.6 29.3
10:90 46.5 -5.8 23.2
5:95 46.5 -5.8 21.9

The AHp, reduction reflects the loss of crystallinity of T1107 copol-
ymer as a consequence of the interactions with HNTs. As reported
elsewhere, the relation between the composition of the nanocomposites
and the melting enthalpy of polymeric matrices can provide further
insights on the interactions between nanofiller and polymer. It is note-
worthy that the crystallinity reduction positively influences the T1107
adsorption capacity. As reported in a recent review [68], polymers with
a lower crystallinity possess a greater number of adsorption sites for
organic pollutants. On the other hand, the loss of T1107 crystallinity can
generate a decrease in the mechanical strength because of the random
orientation of polymeric chains [69].

Fig. 3 shows the dependence of AHy, on the reciprocal of T1107 mass
percent (Ciluoy).

We observed an initial linear decrease in AHy, that can be attributed
to the reduction in copolymer crystallinity. For nanocomposites with a
very large HNTs content (Ct107 < ca. 10 wt %) we detected that AHy, is
not influenced by variations of composition. According to literature
[63], the AH,, vs C511107 trend can be explained by considering the
presence of three fractions of T1107: 1) a portion of T1107 macromol-
ecules directly in contact with the HNTs surfaces, which cannot be
melted due to the anchoring onto halloysite; 2) loops and tails of T1107
macromolecules adsorbed onto HNTs, which is not directly interacting
with halloysite; 3) unbound T1107 macromolecules formed by some
portions of T1107 macromolecules not adsorbed onto HNTSs, not directly
in contact with the HNTs surfaces.

Based on these assumptions, the AHp, vs Cri107 can be analyzed by
the following expression:

AHy = AHy A5 11107 + (1 7XffT1107)'ZFT“07'AHj" M

where AHp,* is the melting enthalpy of pristine T1107, yt.r1107 is the
mass fraction of unbound T1107 macromolecules and Y1107 is the
fraction of the T1107 portions away from the HNTs surface with respect
to the total adsorbed macromolecules. It should be noted that y.t1107
does not depend on the composition of the nanocomposite, while yr.11107
can be expressed by the following equations depending on the saturation
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Fig. 3. Enthalpy of T1107 melting as a function of the reciprocal of T1107
concentration in the composite materials.
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point (critical aggregation concentration, cac):

Xp-r1107 = 0(forCru107 < cac) @)

Xf-11107 = 1
— *(CCIC / CT1107)'((100 — C1‘1107) / (100 — cac))(forCan > CaC)
3

The combination of Egs. (1)-3 allowed to determine cac and y¢ 11107
as fitting parameters of the trend presented in Fig. 3. Details on the
model expressed by Egs. (1)-3 are reported elsewhere for composites
based on laponite clay and homopolymers and copolymers [70].

The linear decreasing fitting provided the yyr1107 value (0.197),
while the intersection between the two fitting lines provided the satu-
ration point (11.24 wt %). Moreover, we estimated the largest content of
T1107 (in g) that can be associated to 1 g of halloysite, calculated as ® =
cac/(100-cac). We detected that the o value for T1107/HNTs nancom-
posite is 0.126, which is lower than the one observed in polyethylene
glycol/HNTs nanocomposites [63]. Based on the specific surface area of
halloysite (46.36 g m2) [61] and ® value, we calculated that the surface
density of T1107 adsorbed onto HNTs is 5.841 g m™. Namely, the
saturation of halloysite surface is achieved by adsorption of 0.389 mmol
of copolymer onto 1 m? of HNTs. For comparison, the surface density of
polyethylene glycol (with molecular mass of 20,000 g mol'!) is 0.813
mmol m2, which is ca. 2 times larger than that of T1107. This result can
be correlated to the molecular architecture of the polymers being that
polyethylene glycol is linear, while T1107 presents a star-shaped
structure that might reduce the fraction of polymeric chains bound to
the HNTs surface.

3.2. Thermal stability of T1107/HNTs composites

The thermal stability of T1107/HNTs hybrids was investigated by
thermogravimetry. Fig. 4 compares the thermogravimetric (TG) curves
of pristine T1107 and T1107/HNTs composite with 70 wt % of
halloysite.

As concerns pristine T1107, we observed two mass losses: 1) a slight
mass reduction at 25-150 °C due to the expulsion of water molecules
physically adsorbed onto the copolymer; 2) a significant mass decrease
at ca. 300-420 °C that can be attributed to the thermal decomposition of
T1107. The composite material evidenced an additional mass loss at ca.
450-550 °C, which is related to the dehydroxylation of aluminum inner
sheets of halloysite [71]. Differential thermogravimetric (DTG) curves of
T1107/HNTs (30:70) composite (Fig. 5) clearly evidenced the presence
of three degradation steps for the hybrid materials.

We detected that the presence of HNTs induced a slight increase in
mass change at 25-150 °C, in agreement with the hydrophilic character
of halloysite clay nanotubes. In our previous works, we demonstrated
the high hydrophilicity of HNTs by wettability measurements, which
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Fig. 5. DTG curve of T1107/HNTs (30:70) composite.

evidenced that the initial water contact angle of halloysite is ca. 30°
[72]. Namely, the addition of halloysite enhanced the moisture content
of T1107 as reported for polymer/HNTs nanocomposites [73] due to
halloysite surface groups (Si-OH and Al-OH). In particular, we calcu-
lated that the moisture losses are 1.15 and 1.75 wt % for T1107 and
T1107/HNTs (30:70), respectively. In contrast, T1107/HNTs in-
teractions do not create new hydrophilic sites.

The influence of HNTs on the thermal stability of T1107 was eval-
uated by considering the temperature (T},) corresponding to the mini-
mum of DTG peaks in the range 300-420 °C. As shown in Fig. 6, Tj, vs

400 [ : ! ! e !

395

@

390

T,/ °C
L ]

385

380
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0 10 20 30 40 50 60 70 80
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Fig. 6. T1107 degradation temperature (taken from the DTG peak) as a func-
tion of the halloysite concentration in the composite materials.
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Fig. 4. TG curves of pristine T1107 and T1107/HNTs (30:70) composite.
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HNTs content presents a decreasing trend, highlighting that the addition
of halloysite induces a thermal destabilization of T1107 copolymer.
These results might indicate that the interactions between T1107 and
halloysite surfaces generate a catalytic effect on the thermal decompo-
sition of the copolymer. It should be noted that trace metal impurities
[74] and silanol groups [24,75] of halloysite can facilitate the thermal
pyrolysis of copolymer chains. Similar results were detected for poly-
ethylene glycols/HNTs [63] and methylcellulose/HNTs [73] nano-
composites. In spite of such catalytic effects on thermal degradation, the
interactions with HNTs do not compromise the long-term stability and
thermal technological applications of copolymer, which presents high
decomposition temperature (> 375 °C) in T1107/HNTs
nanocomposites.

3.3. Mechanism of T1107/HNT interactions and morphology of the
composites

DSC and TGA data revealed the presence of specific T1107/HNTs
interactions causing the reduction of melting enthalpy and degradation
temperature of the copolymer in the composite materials. Moreover, the
adsorption of T1107 onto HNTs determined a decrease in copolymer
crystallinity. The main driving force in the formation of T1107/HNTs
complexes is likely related to electrostatic attractions between the pro-
tonated state of the T1107 central diamine and the negatively charged
outer silica surface of halloysite. This consideration is supported by
comparing the {-potential data of pristine HNTs and T1107/HNTs
composites. We observed that the net negative charge of pristine HNTSs
(¢-potential = —24.1 + 1.5 mV) is reduced in T1107/HNTs composites
(¢-potential = —9.8 + 0.8 mV for 5 wt % of HNTs content). This result
can be attributed to the neutralization of the HNTs outer surface (Si-O”
groups) by the protonated diethylenediamine group of T1107 copol-
ymer, as sketched in Fig. 7. Similar observations are reported for hybrids
based on HNTs and alkyltrimethylammonium bromides [76]. It should
be noted that hydrogen bonding can also contribute to adsorption of
T1107 on HNTs external surface, while the copolymer confinement
within halloysite lumen is hindered because of electrostatic repulsions
between Al-OH3 groups and protonated diethylenediamine.

The specific interactions between T1107 and HNTs affected the
morphological characteristics of the nanocomposites, which were
studied by SEM images (Fig. 8).

We observed that T1107/HNTs (95:5) presents single nanotubes that
are randomly distributed within the polymeric matrix (Fig. 8a), while a
further increase in halloysite content (25 wt %) determines the forma-
tion of aggregates between the nanotubes (Fig. 8b). Accordingly, we

Halloysite nanotubes
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detected stronger destabilization effects on T1107 thermal properties by
increasing the halloysite amount of the composites. As shown in Fig. 8¢,
the surface morphology of T1107/HNTs (25:75) exhibited a complete
coverage of halloysite clay nanotubes. As a general consideration, the
nanotubes did not show any orientational ordering after their dispersion
in T1107 matrix. It should be noted that the tubular morphology of the
halloysite is preserved in the nanocomposites, ruling out any exfoliation
processes, in agreement with polymer/HNTs hybrid materials prepared
by aqueous casting method [29].

4. Conclusions

In the present work, thermal investigations were conducted on
T1107 copolymer filled with variable amounts of halloysite clay nano-
tubes. The composite materials were easily prepared using the casting
method from aqueous dispersions.

DSC results evidenced that the interactions between T1107 and
halloysite surfaces affect the thermodynamics of copolymer melting. In
particular, both temperature and enthalpy of T1107 melting exhibited
decreasing trends with the halloysite content. The reduction in the
melting enthalpy is in good agreement with the loss of T1107 crystal-
linity due to the adsorption of the copolymer onto the halloysite sur-
faces. Modeling the melting enthalpy data allowed us to determine the
stoichiometry (T1107/HNTs mass ratio of 0.126) for the formation of
the complex.

The interactions between HNTs and T1107 influenced thermal sta-
bility, of the copolymer as highlighted by TGA data. Specifically, the
copolymer degradation temperature showed a decreasing trend with
HNTs concentration, indicating that clay nanotubes generate thermal
destabilization effects on T1107. The composite retains, however, an
excellent thermal stability, a desired characteristic for a broad range of
applications, with degradation temperature of T1107 and T1107/HNTs
(30:70) equal to 397 and 375 °C, respectively. Moreover, thermog-
ravimetry evidenced that T1107/HNTs composites are more hydrophilic
as compared with the pristine copolymer.

The thermal characteristics of T1107/HNTs composites are of in-
terest within a wide range of purposes, including adsorbent materials for
volatile organic contaminants and scaffolds for catalyst support. The
thermal study of T1107/HNTs materials represents a starting point for
future works, which will focus on interfacial characterization, rheolog-
ical investigations and adsorption capacity of the composites to validate
their application performances.

T1107 copolymer

"N\ Poly(propylenc oxide)

we—e Poly(ethylene oxide)

@ @Diclh,' liamine (pr

ted)

Fig. 7. Schematic representation of T1107/HNTs interactions driven by electrostatic attractions.
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Fig. 8. SEM images of T1107/HNTs nanocomposites with halloysite concentration equals to 5 wt % (a), 25 wt % (b) and 75 wt % (c). The scale length is 2 pm.
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