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Abstract

Multiwall carbon nanotubes are known as multifunctional materials due to
their nanometric nature and specific physical and chemical properties. Their
oxidation induces structural chemical modification leading to better interac-
tion with polymers. In this context, it was studied the effect of low content
(0.05 wt.%) of hybrid filler constituted of oxidized carbon nanotubes (o-
CNT)/hydroxyapatite (HAp) at different proportions added to the sustainable
polyesters-polycaprolactone (PCL) and poly(lactic acid) (PLA). Properties
and polymer-filler interaction were assessed. By spin-spin relaxation times, 7}
showed no expressive variation for PCL and composites while spin-lattice re-
laxation times revealed that 7; changed for PLA-o-CNT-HAp(2:1). Thermo-
gravimetry showed that there was no significant alteration in thermal stability
of PCL and composites but PLA-o-CNT-HAp(2:1) revealed a slight increase
in thermal stability. Only PLA-0-CNT-HAp(2:1) exhibited increase of crystal-
line melting temperature and decrease of degree of crystallinity whereas no
change was achieved for PCL composites. Owing to the low content of fillers,
the rheological measurement was driven by polymer matrices. The results sug-
gested that the chemical structure of polymer matrix and the arrangement of
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the hybrid fillers jointly or to some extent influenced the chemical interaction

and properties of the composites.
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1. Introduction

Polycaprolactone (PCL) and poly(lactic acid) (PLA) are among the most im-
portant and extensively used as biodegradable polymer. They possess highlighted
features such as biocompatibility, mechanical properties, processability, slow deg-
radation rate and so on. Although both are biodegradable, each one has different
origins, namely PCL comes from fossil source and PLA from renewable sources
by fermentation of corn starch, sugarcane to generate lactic acid which after its
polymerization produces PLA [1] [2]. Recognized as biodegradable, biocompati-
ble, and environmentally friendly polymers, PCL and PLA found applications in
various sectors of human activity, notably in the biomedical one. Both present
some shortcomings which are surpassed by incorporation of fillers for reinforcing
or with specific features such as silica, oxidized carbon nanotubes, graphene, hy-
droxyapatite, carbon nanotubes and so on [3]-[9]. Single and multiwall carbon
nanotubes and its oxidized forms have been added to different polymer matrices
at low content. Dave et al synthesized a hydrogel with gum ghatti as biopolymer
(GG), acrylic acid (AA), ammonium persulphate as initiator, and methylene bis-
acrylamide (MBA) as cross-linker and 0.01 - 0.05 (wt.%) oxidized multiwalled
carbon nanotubes (-o-MWCNT). The authors reported that the increase of -o-
MWCNT amount rendered consistent crosslinking, improving the network con-
nections besides the storage modulus and complex viscosity [10]. Carbon nano-
tubes were treated by mixing sulfuric acid and nitric acid at different times (15 to
120 minutes) by Lavagna et al It was added (0.1 wt.%) to cement-based compo-
sites and its effect on properties was evaluated. It was observed that for sample
treated at 90 minutes, it was obtained cement-based composites with a gain in
flexural strength, fracture energy and compressive strength [11]. Kim et al pre-
pared composites based on epoxy resin and oxidized carbon nanotubes (0.005 to
3 wt.%), oxidizing procedure involving the use of nitric acid in different concen-
tration and time, at 100°C. The authors highlighted that rigorous conditions of
oxidation related to high acid concentration and temperature damage its structure
impacting its electrical properties [12]. Zhou et al developed a scaffold based on
PCL with silver nanoparticles (AgNP). It was concluded that AgNP provided ef-
fective antibacterial activity besides promoted osteogenic cell functions address-
ing its application for bone regeneration [13]. Composites of PCL with phospho-

calcified oxidized carbon nanotubes were prepared by Jolfaei and Haddadi-Asl
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searching use as osteogenic promoter. The authors highlighted the simultaneous
optimization with respect to pore structure, surface chemistry, and ion-release ca-
pability [14]. The effects of hydroxyapatite (HAp) and chamomile extract (CE) on
composites based on blend of PCL and poly(ethylene oxide) (PEO) were studied
by Fallah et al It was reported that the incorporation of HAp (1% w/v) improved
mechanical and thermal features while CE upgraded the biological performance
[15]. Jiang et al. developed a bilayered sponge dressing based on PLA incorporated
with hybrid filler of oxidized carbon nanotubes-quaternized carboxymethyl chi-
tosan (QCMCS@GO). The authors reported that GO provided reinforcement,
modified chitosan promoted platelet activation and intrinsic coagulation pathway
while PLA acted as physical barrier mainly against Staphylococcus aureus and
Escherichia coli [16]. Pandey et al. prepared membrane for oil/water separation
having PLA as based-polymer incorporating a hybrid filler of cross-linked quater-
nary ammonium oxidized carbon nanotubes (CSQAGO). With 6 wt.% of CSQAGO,
the membrane revealed high efficiency of separation besides notable colony inhi-
bition against Escherichia coli [7]. Graphene nanofiller (0.075 wt.%) was added to
polymers mixing namely epoxy, PCL and poly(glycol ethylene) searching im-
provement as coating for corrosion protection and self-healing of metallic surface.
Its incorporation provided better tensile strength, healing efficiency and anticor-
rosive performance [17]. Litha et al investigated the biomechanical properties of
the composites based on polymer blend PLA/PCL (70/30) embedded with hybrid
filler of oxidized carbon nanotubes/hydroxyapatite (GO/HA, 0.04/15 wt./wt.%).
The authors highlighted improvement of tensile strength and Young’s modulus
besides microbial activity against Staphylococcus aureus and Pseudomonas aeru-
ginosa [18]. Pekdemir et al investigated the effects of multiwalled carbon nano-
tube (MWCNT, 0.1, 0.2, 0.5 and 1.0 wt.%) on the blend’s PCL/poly(vinyl chloride)
(PCL/PVC). The authors depicted that the ultimate stress, resilience and tough-
ness of the composite decreased linearly with amount of MWCNT [19]. Titanium
oxide (TiO,) was added to blends of PLA with poly(hydroxyalkanoate) (PLA/PHA).
It was revealed the decrease of blend’s glass transition temperature, reduction in
elasticity and a progressive increase of stiffness with filler content [20]. Thermal
degradation and shape memory recovery of PCL/PVC at variable proportions
were studied by Demir. Shape memory recovery test revealed that the PCL/PVC
(70/30) exhibited great strain recovery [21]. PCL/poly(methyl methacrylate)
(PCL/PMMA, 80/20 wt./wt.%) was filled with MWCNT (0.01; 0.03; 0.06 Wt.%).
With the increase in MWCT content, glass transition temperature diminished
while melting temperature and mechanical properties increased [22]. PCL matrix
was filled with oxidized carbon nanotubes (GO), reduced oxidized carbon nano-
tubes (rGO), multilayered graphene (Gmec) and low-oxidized graphene (Ganodic).
PCL/rGO and PCL/GO membranes presented the highest biomolecule markers
for astrocyte (support cells) differentiation [23]. This work focused mainly the
evaluation of composites based on PCL and PLA with hybrid fillers of oxidized
carbon nanotubes (0-CNT)/hydroxyapatite (HAp) at low content (0.05 wt.%).
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The effect of polymer structure and filler constitution were considered for as-

sessing physico-chemical properties and polymer-filler interaction.

2. Experimental

Multilayer carbon nanotubes (MWCNT) (98% purity), hydroxyapatite (90% pu-
rity), polycaprolactone (M, = 45,000), poly(lactic acid) (1.24 g/cm?), sulfuric acid
and nitric acid were purchased and used as received.

2.1. Chemical Modification of Multilayer Carbon Nanotubes
(MWCNT)

The chemical modification of multilayer carbon nanotubes has already been de-
scribed previously [24]. Herein, a brief description. 2 g of MWCNT was added to
400 mL of sulfonitric solution H,SO,/HNO; (3:1). The dispersion was kept under
stirring and refluxing, at 110°C, for 3 hours. After that, the medium was diluted
(four times) by distilled water accommodated in dialysis membranes and im-
mersed in distilled water until reaching pH 6.0. At the end, the content was con-
ducted to evaporate until constant weight. The black powder was labeled as oxi-
dized-CNT (0-CNT).

2.2. Synthesis of Hybrid Fillers

Hybrid fillers of o-CNT and hydroxyapatite (HAp) were prepared through ace-
tone dispersion, at different proportions. The first one consisted of blending by han-
dling o-CNT-HAp (1:2) and the second one of o-CNT-HAp (2:1). These propor-
tions were thought in order to assess how its constitution impact on the physico-
chemistry properties of the composites. For both, the HAp dispersion was dripped
slowly to the o-CNT dispersion, at 25°C, under magnetic stirring, for 24 hours. After
that, the content was submitted to evaporation and a dark brown powder was at-
tained being labelled o-CNT-HAp(1:2) and o-CNT-HAp(2:1), respectively.

2.3. Composites Preparation

PCL and composite films were obtained by its dissolution in methylene chloride
(10%, m/v) following the addition of each filler MWCNT, o-CNT, HAp and o-
CNT-HAp(1:2) (0.05 wt.%), maintaining under stirring for 24 h. After that, the
dispersion was poured onto Petri dish, kept for complete solvent evaporation to
attain a film. For comparison, a film of PLA and PLA plus o-CNT-HAp(2:1) (0.05
wt.%) was prepared as mentioned above. Summarizing, the samples were labeled as
follows: PCL, PCL-MWCNT, PCL-0-CNT, PCL-HAp and PCL-o-CNT-HAp(1:2);
PLA and PLA-0-CNT-HAp(2:1). In all cases, the low content of filler was thought to
be enough to attain better dispersion and promote changes in physico-chemical

properties of the polymer matrix.

2.4. Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) was performed using a Perkin
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Elmer Frontier equipment in the of 4000 - 400 cm™, with 120 scans and a resolu-

tion of 4 cm™.

2.5. X-Ray Diffraction

The crystallographic structure was evaluated using a wide-angle X-ray diffractom-
eter Rigaku Miniflex, employing CuKa radiation with a wavelength 1 = 1.5418 A,
a Ni filter, a current of 20 mA, a voltage of 20 kV, 20between 2° - 50° and resolu-
tion of 0.05°.

2.6. Time-Domain Nuclear Magnetic Resonance (TD-NMR)

Molecular relaxation of PCL and composites was performed through spin-spin
relaxation, transverse relaxation time ( 73), by magic sandwich echo-free induction
decay (MSE-FID) by using time domain nuclear magnetic resonance on a MA-
RAN Ultra 0.54 T (23.4 MHz for 1H) equipment, with a probe diameter of 18 mm
and WinFit 2.4-point adjustment software. The analysis was performed at tem-
perature of 30°C + 2°C, with a 2-Eco-Solid pulse sequence, a pulse duration of 90°
in 7.5 ps, with 2048 points spaced 0.5 s apart. The number of accumulations cor-
responds to 64, with a recycling time of 1 second and a receiver gain of 8%. The
adjustment function for the MSE-FID signals was determined by Equation (1): Az,
amplitude or fraction of the rigid region; A,; amplitude or fraction of the moving
region; 7;*, transverse relaxation time of each of the fractions obtained by the
equipment; g, , centroid of the Gaussian function; K; offset or baseline of the
relaxation signal that compensates for the influence of noise during nonlinear tun-
ing. The signal is governed by two components. The first (on the left) is related to
highly rigid 'H nuclei and is governed by a Gaussian function. The second (on the
right) is characterized by more mobile hydrogens that exhibit higher 7,/ values
and an exponential decay according Neto et a/. [25]. The fraction of each domain
rigid domain (Ax) and mobile domain (A, was calculated according to Equation
(2). 7> relaxation analysis was selected for PCL and its respective composites since

better resolution was achieved.

A(1)= Ay exp —[T_ﬂbj +4,, exp{—(TT H+K (1)
o, — Ax
X(A,)_—(AR+AM)x100 @

Molecular motion of PLA and composite was performed in the equipment de-
scribed above evaluating the longitudinal relaxation time ( 77), also known as spin-
lattice relaxation, which result of the existence of transient magnetic moments
produced by the rotational and translational movements of neighboring mole-

cules [25] [26]. Two replicates were evaluated.

2.7. Thermogravimetry

Samples thermal stability was conducted in a TA Instruments Q-500 equipment,
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in the range of 30°C - 700°C, at 10°C/min, in a nitrogen atmosphere. Tonset, 710,

Tinax and residue were evaluated.

2.8. Differential Scanning Calorimetry

Differential scanning calorimetry was performed using a TA Instrument Q1000.
Five thermal cycles were performed according to ASTM D3418. In the first cycle,
the sample was heated from —80°C to 200°C at 10°C/min, using nitrogen as the
carrier gas, and held at this temperature for 2 minutes to eliminate the thermal
history. A cooling cycle was then performed to —80°C at the maximum speed of
the equipment. A second heating cycle was performed under the same conditions
as the first. In the fourth cycle, a second cooling cycle was performed from 200 to
—80°C at 10°C/min, where it was possible to determine the cooling crystallization
temperature ( 77). The fifth cycle was conducted under the same conditions as the
first, and the crystalline melting temperature ( 77,) was registered. Degree of crys-
tallinity was calculated based on Equation (3) where A H,, experimental enthalpy
of fusionand AH , the enthalpy of fusion of 100% crystalline PCL, 139.5 J/g [27]
and PLA 93.6 J/g [28], ® corresponds to the content of the added particle.

AH, |
X, =[m} 100 3)

2.9. Rheology

Rheology evaluation was conducted by using a TA rheometer, model AR-2000, 25
mm in diameter with parallel plate geometry at 60°C. The procedure was per-
formed in an inert atmosphere under dynamic conditions. In order to observe the
linear viscoelasticity region of the films, deformation tests were performed at a
frequency of 1 Hz. Storage and loss moduli, as well as complex viscosity, were also

determined. Two replicates were evaluated.

3. Results and Discussion

3.1. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 1 shows samples’ spectra. PCL showed absorptions at 2950 cm™ (asym-
metric stretching of CH,), 2865 cm™ (symmetric stretching of CH2), 1730 cm™
(symmetric stretching of C=0), 1294 cm™ (stretching of C-O and C-C in the crys-
talline phase), 1234 and 1167 cm™ (symmetric and asymmetric stretching of C-
0-C), 1106 and 1049 cm™ (O-C vibrations) in agreement with reported by Ad-
eniyi ef al [29]. PLA absorptions were ester carbonyl (C=0) stretching at 1750
cm™!, C-H bending modes at 1450 and 1340 cm™, and the C-O-C stretching vi-
brations in the region between 1260 and 1050 cm™ which are in accordance to
published by Justino Netto et al. [30]. To guide the evaluation of the hybrid fillers,
spectra of them and their precursors are described. HAp absorptions were found
at 650, 1631 and 3435 cm™ (hydroxy group), 1037 and 1095 cm™ (phosphate crys-
talline arrangement) and 560, 601 and 961 cm™ (phosphate group) which were
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endorsed by several authors [31]-[33]. For o-CNT, multi absorptions were de-
tected namely intense and enlarged peak at 3495 cm™ (hydroxy group), 1725 cm™
(carbonyl stretching), 1624 and 1497 cm™ (C=C ring stretching), 1435 and 995
cm™ (C-O-H, in plane and out of plane respectively), 1232 cm™ (C-C-O stretch-
ing), 1139 and 1067 cm™, vibrations of O=S=0O(OH), 889 and 846 cm™ (C-H ar-
omatic ring vibrations) following what was published by Puliyasseri et a/ and Sai-
panya et al. [34] [35]. The spectrum of each hybrid filler shows fidelity to the pro-
portions of HAp and o-CNT. For o-CNT-HAp(1:2), 3416, 2973, 2930, 2859, 1740,
1622, 1095, 1037, 964, 865, 634, 605 and 564 cm™ were highlighted. For o-CNT-
HAp(2:1), absorptions 3602, 3552, 2975, 2923, 2852, 1740, 1621, 1420, 1150, 1093,
1013, 958, 657, 599 and 567 cm™ were registered. With respect to the PCL-0-CNT-
HAp(1:2) and PLA-0-CNT-HAp(2:1) composites their spectra display the pre-
dominant absorptions of polymer-base which could be associated with the hiding

of fillers” absorptions.

—— PCL —— PCL-HAp —— PCL-MWCNT —— PCL-0CNT —— CNT —— 0CNT —— HAp —— oCNT-HAp (1:2) —— 0CNT-HAp (2:1)
—— PCL-0CNT-HAp (1:2) —— PLA —— PLA -oCNT-HAp (2:1) ____A\J\\\ﬂ_\ﬂm
et AN
W
=
S %
A\
. W
— e 77— T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber (cm™)

Figure 1. Infrared spectra of fillers and composites.

3.2. Wide-Angle X-Ray Diffractometry

Figure 2 presents the samples’ diffraction patterns. PCL exhibits two diffraction
angles (26) at 21.5 (110) and 23.8° (200) endorsed by publication of Doostmoham-
madi et al [36]. PLA displays diffraction angle at 16 - 17 representing its a-crys-
talline form as reported by Tamburini et al [37]. HAp presented diffraction angles
at 25.9° (201), 26.5° (002), 30.2° (211), 31.9° (112), 33.0° (300), 34.2° (202), 40.0°
(410), 46.9° (222) and 49.6° (213) finding correspondence with the results re-
ported by Targonska et al, Cao et al. and Nurbaiti et al [32] [33] [38]. Before
commenting the o-CNT diffraction patterns, it is necessary to emphasize that
MWCNT precursor presented diffraction angles at 25.9° (002) and 43.1° (100)
being the first one associated with its concentric graphite structure. Interesting to

note that o-CNT revealed the first 26 angle displaced to 23.5° showing variation
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of dypacing from 3.44 to 3.77 nm. This increase in interplanar spacing is indicative of
the size and structure of the crystals, justified by the presence of hydroxyls, carbon-
yls, and sulfonic groups possibly adhered to the surface of the o-CNT, after the
chemical modification of MWCNT [39]. PCL-0-CNT-HAp(1:2) exhibits 26 angle
at 21.3, 21.9 and 22.6° related to PCL besides 23.6° which could be overlapping of
26 of PCL and 0-CNT; a low intense 26 around 30° could be attributed to HAp
apatite crystalline plane. Irani et a/ developed scaffold by co-electrospun of PCL,
gelatin, chitosan and carbon nanotubes (CNT, 0.1, 0.2 and 0.4 wt.%) for tissue en-
gineering. X-ray diffraction evaluation did not detect CNT-related 26 angles which
were associated to its low concentration [40]. PLA-0o-CNT-HAp(2:1) shows diffrac-
tion pattern similar to PLA alone which could be attributed to the low filler content.

(a) (b)

_WJ\MHAP o -

1 oCNT-HAP (1:2)

. ] PCL-0CNT-HAp (1:2)

1 OCNT -_’—_A/LA“

. 7 PCL-0CNT
T HAp 1

i g JLM/&-HAp

] 1 A PCL

T T T T T T T 1
10 20 3I0 4I0 5I0 10 20 30 40 50
2 theta (°) 2 theta (°)

a.u.
a
1

a.u.
)

. PCL-0CNT-HAp (1:2)

T T T
10 20 30 40 50

2 theta (°)

Figure 2. DRX patterns of fillers and composites.

3.3. Time-Domain Nuclear Magnetic Resonance

The application of magnetic field in the study of molecular motions is considered
a powerful technique to evaluate relaxation times. Different nuclear magnetic res-
onance processes named longitudinal and transverse relaxation times allow to ac-
cess the molecular mobility of polymer, fluid and so on. Herein, longitudinal mag-

netization (77) and transverse magnetization ( 7;) were applied to evaluate the ef-
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fect of fillers on the polymer molecular motion. Table 1 presents data (7; and %
of area) of transverse magnetization of PCL and composites. In general, for all
composites, 75 increased when faced up to PCL alone indicating increase of mo-
lecular mobility. When it compares the percentage of rigid and mobile domains it
was noticed that were invariable. Only the PCL-0-CNT composite got away from
that trend. Although 7] is determined by distinct physical process when compared
to 7; it is also valid for evaluation of polymer relaxation. 77 was applied to assess
the relaxation mode of PLA and PLA-o-CNT-HAp(2:1). Figure 3 presents the
domain curves of PLA and composite. Both showed relaxation curves with two
domains: flexible (shorter relaxation time) and rigid (longer relaxation time). At
relaxation times below 100.000 ms, the domain was related to the mobility of the
amorphous phase chain; the second, more intense peak, in the region of 100,000
- 2500.000 ms, was related to the conformation of more rigid, packed chains, or
those with greater mobility hindrance. The influence of 0o-CNT-HAp(2:1) on the
molecular mobility of the PLA phases was sharply evidenced by the enlargement
of the domain curves and their shift to lower and higher values along the time
axis. The lowering of 7; indicates higher chain mobility while on the contrary its
increase reveals lower chain mobility. Catauro et al. synthesized nanocomposites
of SiO, with PCL (0, 6, 12, 24 and 50 wt.%) by sol-gel process. The occurrence of
H-bonds among carbonyl groups of PLA chain and Si-OH was evaluated by in-
frared spectroscopy (FTIR) and solid-state nuclear magnetic resonance (NMR).
By *C-CPMAS-NMR (cross-polarization magic-angle spinning nuclear magnetic
resonance), two resonance peaks were detected which were associated to the PCL
crystalline and amorphous phases. Still, '"H and *C-CPMAS-NMR applied to
SiO,/PCL composites revealed enlargement of carbonyl peak with the increase of
PCL content which it was considered as non-covalent interaction among PCL ox-
ygens and the -OH moieties of silicon dioxide [41]. Through molecular dynamics
simulations, Celik et al intended to find a guide for design and optimization of
molecular-level interaction of polymer-nanoparticle in composites of poly(lactic-
co-glycolic acid) (PLGA) and poly(e-caprolactone) (PCL) with oxidized carbon
nanotubes (GO) and reduced oxidized carbon nanotubes (rGO). A series of eval-
uations such as hydrogen bond occupancy, radius of gyration, potential and bind-
ing energies, radial distribution functions, and solvation free energy were experi-
enced. The authors found that 75:25 PLGA-GO and 75:25 PLGA-rGO were the
most stable interaction profiles among PLGA variants, while PCL-GO was the
most stable [42]. In our study, both polymers are biodegradable polyesters in
which carbonyl groups could form hydrogen bonds with reactive groups onto o-
CNT. In the case of PCL-0-CNT-HAp(1:2), this type of interactions was avoided
or in lower extent owing to the lower availability of the reactive groups. In Table
1, when o-CNT is added to PCL, there is great variation on 7; and domain per-
centage of the polymer. The addition of HAp to PCL produces no changes on the
PCL relaxation parameters. The incorporation of o-CNT-HAp(1:2) (0.5%) causes
a negligible change in 7; and none in the domain percentages which could indi-
cate that in the 0-CNT-HAp(1:2) there is low availability of the carbonyl and hy-

DOI: 10.4236/msa.2026.177011

157 Materials Sciences and Applications


https://doi.org/10.4236/msa.2026.177011

I. C. Gongalves et al.

droxyl groups of 0-CNT leading to lower level of polymer-filler interaction in the
PCL-0-CNT-HAp(1:2) composite. The spatial degree of freedom of the methylene
and chains entanglement of the PCL could be additional factors to affect polymer-
filler interaction considering the availability of oxygen atoms to form hydrogen
bond with carbonyl and hydroxyl groups in 0-CNT. On the contrary, for PLA-o-
CNT-HAp(2:1), in the repeat unit of PLA only a secondary carbon linked as fol-
lows —~H-C-CHj; appeared between two ester groups resulting in no variation on
the degree of freedom. If compared to PCL, even tangled the PLA chains favor the
formation of hydrogen bond between the oxygen atoms of the ester groups, near
to each other, and carbonyl and hydroxyl groups in 0o-CNT. This could endorse
the more effective action of 0o-CNT-HAp(2:1) on the PLA relaxation process. As
a suggestion, Figure 4 shows step-by-step the structural constitution of the fillers.
0-CNT possesses several carbonyl groups of carboxyl acid/ketone and hydroxyl
groups onto its surface while HAp owning two hydroxyl anion for charge equilib-
rium. When o-CNT and HAp are physically mixed at 1:2 proportion most reactive
groups onto 0-CNT are hidden. On the contrary, at 2:1, 0-CNT most reactive
groups are available. Then, when mixed, the pair PLA and o-CNT-HAp(2:1)
greater possibility of chemical interaction arises while on the contrary in the pair
PCL and o-CNT-HAp(1:2) is more difficult.

Table 1. 7; relaxation time of PCL and composites.

Samples Torigia/ Area (ms/% ) Tomobile / Area (ms/%)

PCL 7.12/57 172/43

PCL-CNT 7.37/58 187/42

PCL-0-CNT 6.90/74 212/26

PCL-HAp 7.28/57 176/43

PCL-0-CNT-HAp(1:2) 8.28/59 182/41

- PLA
-~
=
=
[
=
=
h—
=
£
-
N\
10000 100000 1000000
T4H (ms)

Figure 3. Ti relaxation domain curves of PLA and PLA-0-CNT-HAp(2:1).
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Figure 4. Fillers structural constitution: speculative schematic representation.

3.4. Thermogravimetric Analysis

Figure 5 exhibits the loss mass and derivative curves. Either PCL and composites
or PLA and PLA-oCNT-HAp(2:1) presented only one stage of mass loss. Except
for PLA-oCNT-HAp(2:1), for the others samples a unique derivative peak was no-
ticed. Table 1 displays the thermogravimetric data. For all fillers tested, PCL com-
posites revealed decrease on Tonser, 710 and Zhax. Inversely, the presence of oCNT-
HAp(2:1) into PLA matrix denotes increase on Zonse, 710 and iy Fillers can play
a role in increasing or decreasing polymer matrix thermal stability in polymeric
composites. Mohammed et al (2025) studied the incorporation of silica (0 - 40
wt.%) on the properties of polycaprolactone/poly(vinyl chloride) (PCL/PVC). The
authors registered multi-step decomposition and deduced that silica residue im-
proved the thermal stability at high temperatures [43]. Poljacek et al. evaluated the
action of PCL and nanosilica when incorporated in PLA. The addition of 1 and 3
wt.% of nanosilica in PLA did not alter its thermal while for PLA/PCL blends an
increase of thermal stability was noticed [44]. Espirito Santo et al investigated the
influence of biosilica (extracted from Dragmacidon reticulatum) at different pro-
portions (10, 15 and 20 wt.%) on PCL samples from electrospun fibers and casting
films. For all composites, the thermal decomposition occurred at lower tempera-
tures which denoted decrease of thermal stability [3]. Taha et al. reported a study
on hybrid composites of PLA filled with zinc oxide (ZnO) nanoparticles and varied
content of oxidized carbon nanotubes (GO) (3, 4 and 6 wt.%). Significant enhance-

ment of thermal stability was observed at high content of GO which was attributed
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to the filler network which effectively hindered the release of volatile degradation
matters [45]. Table 2 displays the thermogravimetric data of the PCL and PLA ma-
terials. For PCL-based composites, Tonse, 710 and Trax showed a tendency to de-
crease but the decrement was more evidenced for the PCL-oCNT-HAp(1:2) which
could be imputed to some filler catalytic action. Reversely, for PLA-oCNT-
HAp(2:1), Tonser» Tio and Trex were significantly higher denoting upper thermal sta-
bility which endorses the hypothesis of better chemical interactions between poly-
mer matrix and filler. Summarizing, the thermogravimetric data can suggest that
either polymer structure or filler composition had influence on the thermal stabil-
ity of the composites. If compared PCL-oCNT-HAp(1:2) and PLA-oCNT-HAp(2:1)
composites, in each one polymer matrix and filler had inverse action on their ther-
mal stability. Herein, it was possible to infer that the composite PLA-oCNT-
HAp(2:1) possesses high thermal stability which could be imputed to the occur-
rence of chemical interaction between constituents. On the contrary, thermal sta-
bility tends to decrease for all PCL composites probably owing to a gap of chemical
interaction between polymer and fillers.
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Figure 5. Mass loss and derivative curves of PCL and PLA materials.

DOI: 10.4236/msa.2026.177011

160 Materials Sciences and Applications


https://doi.org/10.4236/msa.2026.177011

I. C. Gongalves et al.

Table 2. Thermogravimetric data of PCL and PLA materials.

Samples Tonset CC)  Ti0(°C)  Tinax ("C) Content of degradation (%)
PCL 386 382 411 99.4
PCL-HAp 385 381 408 99.0
PCL-oCNT 384 379 408 99.0
PCL-oCNT-HAp(1:2) 382 377 407 98.6
PLA 323 302 330 99.5
PLA-oCNT-HAp(2:1) 334 334 350 99.9

3.5. Differential Scanning Calorimetry

Figure 6 shows the third heating curves of PCL and PLA materials. For the third
heating curves of PCL, it was detected the melting temperature ( 7). On the other
hand, their counterpart for PLA materials showed 7, and 7, besides heating crys-
tallization temperature (7;). Table 3 displays the calorimetric data of the PCL and
PLA materials. With respect to PCL, its composites did not show significant vari-
ations on the calorimetric data. The values of 7. and 7, are in accordance with
those reported by Mohammed et al [43]. Similarly, for all composite, X, was in-
variable. For PLA, 7, and T, value are agreement with what was published by
Oliver-Cuenca ef al [46]. In the same article, it is described that PLA homopoly-
mer possesses four polymorphic structures named @, @, S, and y. a-phase is the
most common and stable crystalline structure. A'-phase can occur at lower crys-
tallization temperatures. S-phase is formed by mechanic stress combining high
temperature and high drawing ratio. y-form is obtained through specific crystal-
lization condition, epitaxial crystallization. Herein, none of the conditions men-
tioned for the appearance of polymorphism was applied, then the double 7, peaks
were associated to the formation of crystals of different sizes. With respect to PLA
crystallization temperature (77), its value was endorsed by the article of Ak-
develioglu et al [28]. For PLA-oCNT-HAp (2:1), it was observed that the 7, and
T. of PLA were shifted to higher temperature, a unique melting temperature ( 77,)
was detected while the degree of crystallinity (X.) diminished. The effects on the
PLA calorimetric characteristics by addition of PCL (0 - 50 wt.%) and nanosilica
(1 and 3 wt.%) were investigated by Poljacek ef a/ When alone, the incorporation
of nanosilica in PLA promoted an increase of degree of crystallinity (X.). In blend,
with or without addition of nanosilica, for PLA, X, did not show any tendency
while X; of PCL phase decreased when its content was 30 wt.%; above this amount
X. stabilized. With respect to the crystallization temperature (77) and melting
temperature (7,,), both were invariable for PLA and PLA/PCL blends, with or
without the presence of nanosilica [44]. Lomakin et a/ studied composites of PLA
with layered nanomodifiers-graphene nanoplates and sodic montmorillonite (0,
1, 5 and 10 wt.%). The calorimetric data revealed that 7, and 7,, were practically
invariable. Independent on the fillers amount, both ones showed increase on 7
and X. which the authors associated to the role as nucleating agent promoting
PLA crystallization [47]. Herein, it was evidenced that not only the amount of
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filler but its chemical nature and constitution besides the polymer chemical struc-
ture address the interaction polymer-filler in polymer composite. In the case of
PCL-0-CNT-HAp(1:2), no variation in calorimetric data could be imputed to the
lack of interaction PCL with o-CNT-HAp(1:2) because of quasi total occlusion of
the carbonyl and hydroxy groups in o-CNT by HAp hindrance. For PLA-0-CNT-
HAp(2:1), the existence of hydrogen bond between carbonyl and hydroxyl groups
in 0-CNT and oxygen atoms in PLA chains favors the increase of 7 but create an
obstacle to the diffusion of PLA chains to the crystallization centers decreasing the
X.. Summarizing, the DSC results emphasized that structural arrangement of the
fillers o-CNT-HAp(1:2) and o-CNT-HAp(2:1) was the reason for the differences
found in the calorimetric results. PLA and o-CNT-HAp(2:1) attained a certain
degree of chemical interaction which is absent or in lower extent that found for
PCL and o-CNT-HAp(1:2). TDNMR and TGA endorsed these findings.
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) k PCL-0CNT
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—
r’_’_,_/}k_— PCL-CNT
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Figure 6. Precursors and composites heating curves (third cycle).

Table 3. Precursors and composites calorimetric data.

Samples T:(°C) Tm (°C) X (%) T, (°C)
PCL 30 56 51 -63
PCL-HAp 29 56 52 -63
PCL-oCNT 30 56 51 -63
PCL-0-CNT-HAp(1:2) 32 56 51 -63
PLA 106 144/152 31 55
PLA-0-CNT-HAp(2:1) 117 149 26 62

3.6. Rheology

Figure 7 presents the moduli (storage and loss) and complex viscosity curves. For
all samples, storage modulus (G') increased with frequency. The curve of PCL-
CNT is separated from the others. The curves of PCL, PCL-0-CNT, PCL-HAp and
PCL-0-CNT-HAp(1:2) are superimposed while the curves of PLA and PLA-o-
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CNT-HAp(2:1) are also overlapped. For loss modulus (G"), the curves of PCL,
PCL-CNT, PCL-HAp and PCL-0-CNT-HAp(1:2) are superimposed. The curves
of PLA and PLA-0o-CNT-HAp(2:1) are overlapped and laid out as intermediate
related to the others. Immediately below, the curve of PCL-0-CNT can be seen.
With respect to |77*|, the curves of PLA and PLA-0-CNT-HAp(2:1) are upper than
others being the latter with higher viscosity value. Following, the curves of PCL,
PCL-CNT, PCL-HAp appeared practically superimposed while immediately be-
low the curve of PCL-0-CNT is seen. In the range of frequency studied, PCL, PCL-
CNT, PCL-HAp and PCL-0-CNT-HAp(1:2) behaved as a Newtonian fluid while
PLA and PLA-0-CNT-HAp(2:1) resembled as pseudoplastic fluid. Table 4 dis-
plays the G, G" and G"/G' ratios of the samples at 10' and 10* rad/s. Either PCL
and composites or PLA and composites the values of G' and G" reflected the re-
sponse time of the materials. In this type of measurement, both increased at high
frequency once polymer chains, microstructures, distribution and dispersion of
fillers exerted influence on chain relaxation time and flowability. Herein, at high
frequency, the chain relaxation time was not achieved and then the material re-
sponse is rigidity. As the amount of filler was very low either in PCL or in PLA,
the results in the rheological evaluation were driven mainly among neighboring
polymers chains through restrict mobility to each other.

This explanation was validated by the values of ratio G"/G".
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Figure 7. Precursors and composites moduli and complex viscosity curves.
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Table 4. G, G" and G"/G ratio at different frequencies.

Frequency (10! rad/s) Frequency (107 rad/s)
Sample ' " ' "
(Pailoz) (Pacx}m‘*) GG (Pac><;104) (Pac>;<10‘*) GG
PCL 8 1 1.25 2 5 2.5
PCL-CNT 20 1 0.5 2 5 2.5
PCL-0-CNT 8 0.002 0.025 2 0.02 0.01
PCL-HAp 8 1 1.25 2 5 2.5
PCL-0-CNT-HAp(1:2) 8 1 1.25 2 5 2.5
PLA 2 0.04 2.0 0.2 0.2 1.0
PLA-0-CNT-HAp(2:1) 2 0.04 2.0 0.2 0.2 1.0

4. Conclusion

The effect of low content (0.05 wt.%) of hybrid filler constituted of oxidized car-
bon nanotubes (0-CNT)/hydroxyapatite (HAp) at different proportions when
added into PCL and PLA were evaluated. Infrared and X-ray diffraction evalua-
tions did not show any variation for PCL and PLA materials. Molecular mobility by
time domain nuclear magnetic resonance revealed signifcant variation in 7 in the
PLA-0-CNT-HAp(2:1) composite but for its counterpart PCL-o-CNT-HAp(1:2) 75
remained quasi constant. These two composites also presented antagonistic be-
havior in TGA and DSC. Although both polymers are polyesters with distinct re-
peating units and the fillers also have uneven compositions which could indicate
a limitation in the study, the hypotheses constructed regarding variations in prop-
erties and the possibility of interaction were supported by powerful techniques of
characterization (TDNMR, DSC, and TGA). In summary, it was possible to sup-
pose that difference of the chemical constitution of repeat unit of each polymer
besides fillers’ constitution and arrangement had an important role on the chem-

ical interaction between polymer-filler and properties.
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