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Abstract. In this work, the effect of the chemical modification of titanium dioxide particles on the non-
isothermal crystallization process of polylactic acid (PLA) was studied. Cold crystallization in some polymers
occurs above the glass transition temperature (Tg) when the polymer chains gain sufficient mobility to organize
themselves into the ordered structure (i.e. the crystal structure) by folding the chains. Cold crystallization in
general is caused by the ordering of the molecular chains in the crystalline PLA due to the increased mobility
during heating. Through an analysis of the cool crystallization process in DSC at different cooling rates, it was
observed that the behavior of PLA and its composites made with titanium dioxide, neat and functionalized with
dicarboxylic acids, can be described through the models used for crystallization of the polymer carrying out
during cooling, such as Mo’s and Jeziorny’s model. In addition, it was determined that the chemical
modification of TiO, performed with silane increases the crystallization rate in the last step of the process; while
the chemical modification with dicarboxylic acid has an accelerated effect on the crystal formation process
attributed to the affinity between the aliphatic part of this group and the polymer chains. Also, it was shown
that the inclusion of the silanized particles has no effect on the energy requirement compared to the pure PLA
process; however, the addition of particles with the dicarboxylic acid decreases the energy value required to
complete the crystalline state due to affinity at the surface to immobilize the polymer chains. Finally, it is
emphasized that the activation energy required to perform the crystallization of PLA and its composites has
positive values, which is an indicator that the crystallization was performed while heating, after reaching and
passing the glass transition temperature and before melting.

Keywords: Non-isothermal crystallization; titanium dioxide; composites; chemical modification; poly(lactic
acid).

Resumen. En este trabajo, se estudio el efecto de la modificacion quimica de particulas de didxido de titanio
en el proceso de cristalizacion no isotérmica del acido polilactico (PLA). La cristalizacion en frio en algunos
polimeros ocurre por encima de la temperatura de transicion vitrea (Tg) cuando las cadenas de polimero ganan
suficiente movilidad para organizarse en la estructura ordenada (es decir, la estructura cristalina) al doblar las
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cadenas. La cristalizacion en frio en general es causada por el ordenamiento de las cadenas moleculares en el
PLA cristalino debido al aumento de la movilidad durante el calentamiento. A través de un analisis del proceso
de cristalizacion en frio en DSC a diferentes velocidades de enfriamiento, se observd que el comportamiento
del PLA y sus compuestos hechos con didxido de titanio, puro y funcionalizado con acidos dicarboxilicos, se
puede describir a través de modelos utilizados para la cristalizacion de polimeros llevada a cabo durante el
enfriamiento, como los Modelos de Mo y Jeziorny. Ademas, se determind que la modificacion quimica del
TiO2 realizada con silano aumenta la velocidad de cristalizacion en el Gltimo paso del proceso; mientras que la
modificacion quimica con acido dicarboxilico tiene un efecto acelerado en el proceso de formacion de cristales,
lo cual es atribuido a la afinidad entre la parte alifatica de este grupo y las cadenas poliméricas. Ademas, se
demostro que la inclusion de las particulas silanizadas no tiene efecto en el requerimiento de energia en
comparacion con el proceso de PLA puro; sin embargo, la adicién de particulas con el acido dicarboxilico
disminuye el valor energético requerido para completar el estado cristalino debido a la afinidad en la superficie
para inmovilizar las cadenas de polimero. Finalmente, se enfatiza que la energia de activacion requerida para
realizar la cristalizacion de PLA y sus compuestos tiene valores positivos, lo cual es un indicador de que la
cristalizacion fue realizada durante el calentamiento, después de alcanzar y pasar la temperatura de transicion
vitrea, y antes de fundir.

Palabras clave: Cristalizacion no-isotérmica; didxido de titanio; compositos; modificacion quimica; acido
polilactico.

Introduction

Poly(lactic acid) PLA or Poly(l-lactic acid) PLLA is a known biodegradable and biocompatible
polymer [1] that has been widely considered by researchers as a suitable candidate to replace some synthetic
polymers due to its good mechanical properties, thermal stability, high transparency, biocompatibility, ease of
processability, lower environmental impact and reasonable price [2,3]. PLA is a linear aliphatic thermoplastic
polyester, produced from renewable resources; it is biodegradable and an alternative to conventional polymers,
such as polyethylene (PE), polypropylene (PP), polyethylene terephthalate (PET) and polystyrene (PS) [4]. PLA
is produced by the polymerization of lactide by ring opening, and then when sugar feed stocks are fermented,
they produce the lactic acid monomers. In the past, PLA was obtained from petrochemical-derived products at
high production costs, which restricted its applicability in several fields, such as biomedical market [5]. Later
on, the advances in bacterial fermentation of D-glucose from corn and other biomass substrates allowed the
production of lactic acid at a considerably cheaper price. To date, technology has been developed to
economically produce polylactic acid on a commercial scale [2,5]. PLA can exhibit classical crystallization
during both cooling and heating (the latter metastable); this phenomenon probably depends on its molecular
weight [1,2,6,7]. Much attention has been given to PLA in recent years due to its wide range of applications
such as medical field, including biocompatible fibers for medical resorbable sutures, implants such as wound
closure, prosthetic implants, controlled release systems and three-dimensional scaffolding [8]; and also in the
fields of packaging and agriculture [5,9].

Crystallization of polymers is an important phenomenon, and knowledge of the underlying molecular
processes, such as nucleation, is important when it comes to understanding the resulting morphology changes
[10]. Crystallization is carried out when the material is transported to the solidification point or when the solvent
evaporates from matrix; although the material has crystalline regions, there could also be amorphous regions in
the polymer structure. Semicrystalline polymers can crystallize in both the molten and vitreous state, which are
generally referred to as melt crystallization and cold crystallization, respectively. Cold crystallization occurs
above the glass transition temperature (T;) when the polymer chains gain sufficient mobility to organize
themselves into the ordered structure (i.e. the crystal structure) by folding the chains. In fact, the chains are
relatively rigid and are not able to move below T ; while above T, they possess the potential to be partly ordered
and therefore, the cold crystallization takes place thanks to the heating energy. If crystallization does not occur
during the cooling cycle, it may be due to the fact that they do not form stable nuclei.
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The thermal history of PLA when subjected to different conditions or processes influences the
crystallinity and microstructure of the material; therefore it is essential to know the kinetics of the process to
control its morphology and thus, to identify the degradation rates required for each application [11,12]. Thus,
the cooling rate strongly influences the degree of crystallinity of the system even when the material is
isothermally crystallized; then, different morphologies can be obtained by changing the degree of undercooling
operating either in isothermal or in non-isothermal conditions [1,13,14]. Non-isothermal crystallization process
of polymers has become increasingly important technologically since its conditions are closer to the actual
industrial processing of polymers [10,15]. The modelling of non-isothermal crystallization implies a knowledge
of the kinetics and morphology developed at each isothermal crystallization temperature (T,). Various theories
and experimental techniques have been employed to determine the kinetic parameters for non-isothermal
crystallization of polymers [10] including the methods of Mo [16] and Jeziorny [17]. When crystallization is
performed at high undercooling, reduced molecular mobility enhances the nucleation rate compared to the
growth rate of the crystals, which leads to the formation of a large number of smaller crystals [11]. From
previous investigations, it is well-known that PLA exhibits poor crystallization ability that results in amorphous
particles under traditional processing conditions and leads to overlong molding cycles, difficulties on
demolding, and poor heat resistance, which limits its wide applications. Therefore, tremendous efforts have
been made on improving the crystallization rate of PLA [18,19]. According to literature [20], when PLA reaches
and exceeds the glass transition, the chain segments gain mobility and try to reorganize themselves, and at
determined temperature, they have gained enough energy to move to very ordered arrangements.

In the industry, inorganic fillers such as aluminum nitride (AIN), boron nitride (BN), silicon dioxide
(810»), aluminum oxide (Al,O3), titanium oxide (Ti0,), silicon carbide (SiC) and zinc oxide (ZnO) are usually
incorporated into polymers to achieve specific electrical, mechanical and thermal properties [21-23]. The main
objetive of these inorganic fillers is mainly to reduce costs; however, the inclusion of these particles improves
physical and mechanical performance by changing properties such as color, rigidity, dimensional stability,
toughness and transparency [13,24-34]. TiO, is one of the most commonly used fillers [25,26,35,36] and is
added to the polymer matrix in order to modify its electrical, optical and mechanical properties. The introduction
of these fillers offers functionality without significantly increasing the cost of the material [37]. TiO> is an
allotropic metal oxide found in several crystalline forms [38] and is the most widely used white pigment due to
its high brightness and very high refractive index [39]; the commercial phase commonly used in the polymer
industry is rutile. TiO, has a great technological relevance, thanks to its thermodynamic stability, it can be
applied in film forming or in extrusion [39]. It is widely consumed in industry due to its low cost and high
availability. This oxide is insoluble in most acids with the exception of sulfuric acid with heating, this peculiarity
of the oxide particles makes processing difficult, requiring large amounts of energy to achieve optimal
dispersion in polymer matrices, since the formation of agglomerates is the most frequently associated problem,
which is related to the high attractive forces among particles [40]. Surface modification is the most common
strategy to minimize this attraction and to improve the colloidal stability of this oxide. This has become one of
the central topics of scientific and technological interest [39,40]. For all this, the concern of the TiO,
modification to maintain its stability and properties but also to improve the dispersion process has aroused,;
since if particles disperse better, smaller quantities are required to achieve better results than those provided by
unmodified titanium.

Composite materials generally consist of two or more components that comprise significantly different
physical and/or chemical properties. Due to the controlled combination of the components, new materials with
distinct properties from the individual components are obtained [41]. Composites are characterized to confirm
their distinctive advantage, which includes homogenous structure, no fiber rupture, optical transparency and
improved or unchanged processability [42]. Depending on the matrix material, composites can be classified in
three major categories: ceramic matrix composites, metal matrix composites and polymer matrix composites
[4]. The incorporation of inorganic particles of nanometer-sized within the PLA matrix represents a valuable
and widely studied solution to improve several practical properties [43]. Nanocomposites based on TiO, and
polymers have been widely investigated for purposes such as antibacterial application, degradation of organic
pollutants, disposal of plastic waste [44—49], etc. However, few studies on PLA/TiO, nanocomposites have
been reported.

Dicarboxylic acids (or polycarboxylic acids) contain two carboxyl groups (-COOH) in their molecular
structure, and the position of the functional groups defines their properties [50]. The melting point of this type
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of compounds is generally high, due to the great polarity they present. Due to the —-COOH group, they are
soluble in water but only for the first acids; as the number of carbons increases, the hydrophobic character is
accentuated. Due to their inherent characteristics, these compounds have been used in polymer matrices to coat
the metal oxide particles with a thin layer around since the bond between the TiO, particle surface and the
organic molecules provides thermal stability. This allows these functionalized particles to be used in an
extrusion process at temperatures above the boiling point of the pure substances used to modify the TiO, [51].
In composites of polymer and nanoparticles, the adhesion between the polymer and particles depends strongly
on the crystalline structure at the interface. The effects of the chemical and physical interactions on the
crystalline structure, and the crystallization behavior are of great importance for the development of polymer
nanocomposites [32].

On the other hand, silanes are recognized as efficient coupling agents extensively used in composites
to improve mechanical and dispersion properties [52]. They have been successfully applied in inorganic filler
reinforced polymer composites such as glass fiber polymer and mineral filled polymer composites [53], and are
also adhesion promoters in many adhesive formulations [52]. For this reason, silanes have been used for many
years at industrial scale for glass fibers, since they are promising and versatile coupling agents that could
improve the interface in various reinforced composites [54]. The bifunctional structures of silanes have also
been of interest in their application for natural fiber/polymer composites, and they must be adapted to achieve
a chemical bonding with the used polymer matrix [55]. To couple the natural fibers and polymer matrices
effectively, the silane molecule must have bifunctional groups that react respectively with the two phases, thus
forming a bridge between them. The silane coupling agents have a generic chemical structure Rey_pny — Si —
(R'X), (n = 1,2) where R is an alkoxy, X represents an organofunctionality, and R’ is an alkyl bridge (or
alkyl spacer) that connects the silicon atom and the organofunctionality [55].

In this work, the effect of the chemical modification of titanium dioxide particles under the non-
isothermal crystallization process of PLA was investigated. According to the results, it was confirmed that this
polymer can crystalize from glassy state, a process commonly named cold crystallization. In addition, the
kinetics parameters of the crystallization were obtained according to different models such as Jeziorny and Mo.
Furthermore, the activation energies of the crystallization process were obtained from a convenient non-
isothermal DSC study in order to evaluate how TiO; particles influence nucleation in the PLA system at each
crystallization stage. With this, the capability of chemical modification of the titanium dioxide particles to
mediate the crystallization of PLA composites is demonstrated.

Experimental

Materials

Titanium dioxide (TiO») particles with an average diameter of 220 nm and a crystalline structure of
rutile were obtained from DuPont (R-104 Dupont, Mexico). The coupling agents 3-Aminopropyltriethoxysilane
(APTES, 97% purity) and Pimelic Acid (PA, 98% purity) were supplied by Sigma Aldrich (Mexico). Calcium
hydroxide (Ca(OH)2, 98 %) and Polylactic acid (3.3 relative viscosity, 15 Melt flow index and 1.24 specific
gravity) were supplied by 3M Company Mexico; and Acetone (C3HeO, 96.4%) was obtained from FERMONT.

Chemical modification of titanium dioxide particles

TiO; nanoparticles were mixed with pimelic acid (PA) in a 5:1 proportion; then, calcium hydroxide
was added and the mixture mixed and sonicated for 15 min to homogenize. This mixture was subsequently
pressed into an aluminum mold, sealed, heated and held at 125 °C for 30 min. The mixture was immediately
cooled to room temperature under nitrogen atmosphere. The resulting product was washed three times with 50
ml of acetone and filtered to remove unbound PA. After 8 h in an air oven at 80 °C, the dry powders were stored
in vials for further testing and labeled as c-TiOs.

For the silanization process, TiO, was superficially modified with APTES in a 5:1 proportion. TiO,
was mixed with ethanol, and the mixture was stirred for 30 min and sonicated for 30 min; the stirring and
sonication were repeated for a total of 2.5 hours. Subsequently, 1 mL of APTES was added at a 10 min interval
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to promote hydrolysis in the reaction; then this was stirred for 6 h. The solution was washed by centrifugation
with water twice and with methanol five times for 10 min per wash, in order to remove the unreacted agent.
Drying was carried out in an oven at 80 °C for 3 h. The dry powders were stored in vials for further testing and
labeled as s-TiO».

Analysis of the chemical modification of titanium dioxide particles

Fourier transform infrared spectroscopy (FTIR) spectra of neat titanium dioxide (n-TiO>), c-TiO, and
s-TiO, were obtained with an attenuated total reflection detector (FTIR-ATR Perkin, model Spectrum 100) in
order to demonstrate the successful chemical reaction between organic molecules and TiO» nanoparticles. The
spectra were analyzed in a range between 4000 and 1000 cm™! with 80 scans per spectra for each sample.

In order to confirm the bonding of APTES to the surface of TiO,, °Si and '*C NMR spectra were
obtained in a Bruker Ascend (400 MHz) instrument operating at 400 MHz (20Si) and at 100 (;3C) MHz. For 3C
were a scan number (NS) of 16 and a pulse length (P1) of 8.5 microseconds. Samples were dissolved in CDCI3
and chemical shifts expressed in ppm via comparison with Tetramethylsi-lane (TMS) signal used as an internal
standard.

The thermal stability of all samples, n-TiO,, ¢-TiO; and s-TiO,, was analyzed with a thermogravimetric
analyzer (TA instruments model Q500) from 25 to 600 °C with a temperature ramp of 10 °C/min'. For each
measurement, a sample of approx. 3 mg was placed in a platinum crucible.

The images for neat and functionalized TiO, were obtained using a JEOL JEM 1230 transmission
electron microscope, TEM, with a resolution of 0.4 nm, operating at 100 kV. The dried samples were suspended
in ethanol and deposited on a copper grid covered with carbon.

Preparation of PLA nanocomposites by melt extrusion and non-isothermal crystallization

Compositos of PLA were prepared with each system n-TiO,, PLA/c-TiO; and PLA/s-TiO; at 0.1%
w/w in a rotating twin screw extruder at 200 °C and 100 rpm and then, cooled immediately into a water bath at
20 °C. The obtained composites were labeled as PLA/n-TiO,, PLA/c-TiO> and PLA/s-TiO». After the extrusion
process, a non-isothermal crystallization was carried out on a TA instruments model Q2000 differential
scanning calorimeter (DSC) under dry nitrogen atmosphere. Heat flow curves as function of temperature were
also recorded to analyze the crystallization process.

Non-isothermal crystallization kinetics

The kinetics parameters of the non-isothermal crystallization process were obtained according to Jeziorny’s
[17] and Mo’s [16] methods. The modelling of non-isothermal crystallization implies a knowledge of the
kinetics and morphology developed at each isothermal crystallization temperature (T,.). The Avrami equation,
which is based on the assumption of a constant crystallization temperature, is given as [51]:

X =1—exp(—Z;th) 1
where X, is the relative degree of crystallinity, the exponent n is a mechanism constant and its value depends

on the type of nucleation and growth process parameters, Z, is a composite rate constant, involving nucleation
and growth rate parameters, and ¢ is the crystallization time. The relative crystallinity X, is defined as follows:

ftto(dHc /dt) dt 2
(= x 100
fto (dH_./dt) dt

where t, and t,, represent the time at the onset and the end of the crystallization process, respectively; while
dH, is the enthalpy of the crystallization released during an infinitesimal time range. Eq. 2 is used to fit
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experimental results obtained from crystalline or semi-crystalline polymers. The double logarithmic form of
Eq. (2) yields:

log(—In(1 — X;)) =logZ; + nlogt 3

Considering the non-isothermal character of the analyzed process, Jeziorny proposed a modified
method assuming that the DSC curves of crystallization could be analyzed using the Avrami equation for non-
isothermal processes.

logZ, =InZ,/¢ 4

where Z. is the rate parameter characterizing the kinetics of non-isothermal crystallization, and ¢ is cooling
rate. Eq. 4 provides the kinetics of the non-isothermal crystallization of PLA and its composites.

Results and discussion

Analysis of chemical modification of the titanium dioxide particles

Fig. 1 shows the TEM images obtained for n-TiO,, c-TiO, and s-TiO,. In Fig. 1(a) it is possible to
observe that particles of TiO, without functionalization, n-TiO», form large agglomerates due to their high
density, which limits their suspension stability; since the attraction of the TiO, particles is due to the Van der
Waals attractive forces, as they do not present repulsion charges on surface, they tend to collide and form
agglomerates, decreasing dispersibility. Fig. 1(b) refers to the particles coated with pimelic acid, c-TiO,; these
particles unlike the non-functionalized TiO? showed a thin shell in most of the particles that corresponds to
multilayers of the organic molecules from pimelic acid. This shell is indicated with arrows in Fig. 1(b) and
according to the TEM image, its thickness is about 12.28 and 13.62 nm. It is also observed that c-TiO, formed
agglomerates, but in smaller size compared to neat TiO»; this characteristic has been previously reported in
earlier investigations that used this coating method [56]. Finally, Fig. 1(c) shows the silanized particles, s-TiO»,
which reveals an APTES organic coating on the surface TiO, of around 3.56 and 9.23 nm; these particles present
actually a better dispersion since no large agglomerates are observed, which agrees with previous investigations
[57]. Therefore with this study it can be concluded that the functionalized particles had better dispersion thank
to the outer shell, according to literature [58—60] this is probably due to that the organic molecules bonded on
the TiO, surface promotes stronger interaction through Van der Waals forces between the oxide molecules and
PA and APTES, respectively, and that the functionalized particles present strong hydrogen bonding between
the carboxylic from acid and amine group from silane and TiO, resulting in less agglomeration and favoring
dispersibility.

¢)

Fig: lTEM images of TiO, w/wo modification. (a) n-TiO,, (b) c-TiO, and (¢) s-TiO».
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The NMR characterization for s-TiO- is presented in Fig. 2 that provides evidence of the covalent
bonding between the oxide and APTES. In this Figure is possible to observe the spectrum and a schematic
overview for both a) ?°Si and b) *C. In the case of ?°Si, two different signals appeared § = -59 and -66 ppm
corresponding to different T sites: T2 and T3, accordingly, which are bonded to the surface of TiO; as proposed
in Fig. 2(a). On the other hand, the NMR spectrum for '3C in Fig. 2(b) revealed three resonance peaks § = 12,
27 and 48 ppm associated to the three carbons from the propyl group (1, 2 and 3, respectively) of the APTES.
Finally, these results by NMR suggest that APTES is bonded by the Si—-O- groups to the TiO, surface and that
the structural integrity of the APTES group is preserved even after its bonding onto the nanoparticles [61].

a) b)

g TiO;

NN
301N

0 -50 —1[‘]0 —1‘50 200 15‘0 1[‘]0 50 0
& [ppm] &[ppm]
Fig. 2. NMR spectra of silanized titanium dioxide particles. (a) 2°Si and (b) *C.

Fig. 3 shows the results of the FTIR spectra for n-TiO, c-TiO, and s-TiO used to confirm the chemical
functionalization on the surface of TiO, though the presence of characteristics bands of pimelic acid and
APTES, materials used in the synthesis. The spectrum in Fig. 3(a) corresponds to neat TiO,, in which the
characteristic band located at around 1630 cm™ related to the O-H flexion of the molecule is observed [62]. Fig.
3(b) refers to the oxide functionalized with pimelic acid; it is possible to see the characteristic bands of this
dicarboxylic acid located at around 2950 and 2845 cm-1 that are related to —CH, stretching (v¢_y); the band at
1580 cm’! can be attributed to the carbonyl group stretching (vc—o), and vibrations at 1465 and 1315 cm'! are
attributed to C—O—H in-plane bending (8._o_y) and stretching vibrations (v._o), respectively; and finally the
peak at 1415 cm’! can be attributed to asymmetric (Vasym ) stretching vibrations of the carboxylate group (COO-
) [63]. It is important to mention that a new band appeared at 1540 cm!, unlike the spectrum of pure pimelic
acid [36,64,65]; this can be attributed to the bond between the pimelic acid molecules and metal ions. With
respect to the modification with APTES, in Fig. 3(¢) a peak corresponding to the vibration of the C—N bond can
be seen at around 1120 and 1260 cm™ [66,67]. The signals in the region of 1600-1400 cm™! are attributed to the
vibrations of the NH bond of the primary amine [66,68,69], suggesting that the superficial modification of
titanium dioxide with the APTES was successful. Finally, there is a low intensity peak at 1010 cm™! caused by
the asymmetric extension of Si—O—[70,71].
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Fig. 3. FTIR spectra of TiO, w/wo modification. (a) n-TiO,, (b) c-TiO, and (¢) s-TiO».

The results of the thermal stability test performed by TGA are shown in Fig. 4. The analysis
corresponding to neat TiO; is shown in Fig. 4(a), in which it is possible to observe that n-TiO, remains stable
from 25 °C to 800 °C, while the functionalized systems exhibit losses of weight. For example, in Fig. 4(b).
corresponding to the c-TiO, system, there is a first weight loss in the range of 100 — 160 °C related to the
volatilization of crystallized water [72], which was formed by the chemical reaction between the acid and the
hydroxide; there is a second weight loss between 340 and 400 °C that involves the evaporation of organic
substances produced by the primary decomposition of bound PA molecules [56]; finally a third loss between
560 and 680 °C corresponding to the decomposition of the organic coating is observed, in this step the
methylene chains are fractured and a -CO volatilization of the carboxylic terminations are carried out and CO,
is formed [56]. On the other hand, the analysis for s-TiO; is shown in Fig. 4(c), it is possible to observe three
weight losses, the first in the range of 60 to 100 °C corresponding to the evaporation of the remaining ethanol;
there is a second drop in the temperature range of 300 to 450 °C related to the amount of unreacted methyl
groups from APTES that allow the formation of CO,. A third weight loss is observed at a temperature of 600
°C, which corresponds to the loss of the silane layers, it can be seen that there is a wide temperature range for
this decomposition since the organic layer slowly decomposes from the surface [73]. When the 3 systems are
compared, it is possible to confirm the functionalization of the TiO, since Figures 4(b) and 4(c) show the
characteristic weight losses corresponding to pimelic acid and APTES, respectively. These differences occur
because there are different chemical species and as seen in Fig. 1 (TEM analysis), the coating with pimelic acid
was better since the thickness was greater than with APTES.

o a) = b) 9% ©

\Weight (%]
Weight [%]
\Wieight [%]

0 200 400 600 800 o 200 400 600 800 0 200 400 600 800

Temperature [*C] Temperature [°C] Temperature [C]

Fig. 4. TGA images of TiO, w/wo modification. (a) n-TiO; (neat titanium dioxide), (b) c-TiO; and (c) s-TiO».
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According to the results of the TGA analysis, it is possible to calculate the grafting density (o) of
APTES according to the total loss of mass. According to this study, the % weight of APTES in s-TiO; is 0.4%
and the o is calculated according to Eq. 5 [74]:

4 3
WtapTES * PTio, "3 TTi0, * Na 5
G =

. 2

where Wt pprgs is the weight of APTES equals to 0.40 x 102 found from the experimental TGA data at 800 °C,
Prio, is the density p of pristine TiO; equals to 4.2 x 102! g/nm?, the third term is the volume of a single particle,
N, is Avogadro’s number equals to 6.022 x 10> molecules/mol. And the denominator considers molecular
weigh My,=79.866 g/mol and the last term is related to the superficial area. The radius of the particle was
considered according to the supplier’s specification ~1 10 nm, and both the surface area and volume calculations
require the assumption that the particle assumes a spherical shape. According to this, the calculated result
suggests that there is 4.645 APTES molecules per nm? of TiO, surface.

Non-isothermal crystallization analysis

The behavior of non-isothermal crystallization of pure PLA and modified composites of PLA with
TiO, was analyzed at different heating rates (5, 10, 15 and 20 °C/min). Non-isothermal crystallization
thermograms as a function of temperature at the four different heating rates (¢) are shown in Fig. 5. As observed
for pure PLA, the curves widen and move to higher temperature values when ¢ increases; in addition, it is clear
that by increasing cooling rate, the exothermic crystallization peaks become broader. The composites of PLA/n-
TiO,, PLA/c-TiO; and PLA/s-TiO; exhibit the same behavior, cold crystallization begins at higher temperatures
when the heating rate is greater. The relative values of crystallinity for PLA and its composites PLA/n-TiOs,
PLA/c-TiO; and PLA/s-TiO; as a function of time, X (t), at different heating rates are provided in Fig. 6. The
complete results of all experiments are given in Table 1 to evaluate the effect of the heating rate on the relative
crystallinity as a function of time, X (t); these calculations were obtained by integrating the area under the curve
from the data of the crystallization thermograms. Table 1 also shows the crystallization time (T,) for various
degrees of crystallinity, as well as the apparent crystallization period (AT, ), which is the difference between the
end and the beginning of the cool crystallization process for each ¢ [24,51]. As can be seen in Table 1, the
required time to reach a 0.99 of relative crystallinity substantial decreases when the cooling rate is higher. This
behavior is consistent through all functionalized composites. It is also noted that the inclusion of titanium
dioxide as filler decreases the crystallization times. From the literature [31,75], it is known that AT,, at which
the arrangement of the chain segments within the crystalline lattice occurs, decreases when ¢ is greater since
the capacity of chain movement decreases at lower temperatures; but at low values of ¢, they have enough time
to form large crystals.

125



Article

J. Mex. Chem. Soc. 2020, 64(2)
Regular Issue

©2020, Sociedad Quimica de México

ISSN-e 2594-0317

25 25
PLA PLA/n-TiO; b
_ a) : )
®  5°C/min ® 5°Cimin
- 20 ® 10 °C/min -+ 20+ ® 10 °C/min
| ® 15 °C/min | ® 15°C/min
° ® 20°Cimin ] ® 20°C/min
2 :
w 15 w15
2 :
< 10 =< 104
S =
2 2
w ®
3 3
T o8 T 054
00 4 00 i o T T T T
80 20 100 110 120 130 140 150 80 20 100 110 120 130 140 150
Temperature / °C Temperature / °C
25 25
PLA/c-TiO: c) PLA/s-TiO; d)
* 5°C/min ® 5°Cimin
= * 10°C/min - 20 e 10°C/min
i ® 15°Cmin i ® 15°C/min
° *  20°Cmin o ®  20°Chmin
° °
c -
i} w 15
: :
= = 104
E =
2 2
® ®
@ b
1= I 05
00
80 90 100 110 120 130 140 150 20 a0 100 110 120 130 140 150

Temperature / °C

Temperature / °C

Fig. 5. Non-isothermal crystallization thermograms for neat PLA and its composites. (a) PLA, (b) PLA/n-
TiO2, (¢) PLA/c-TiO2 and (d) PLA/s-TiO2 under different crystallization cooling rates.
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Fig. 6. Relative crystallinity behavior of composites as function of crystallization time for composites of (a)
PLA, (b) PLA/n-Ti0O2, (¢) PLA/c-TiO2 and (d) PLA/s-TiO2 under different crystallization cooling rates.
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Table 1. Crystallization data for the studied samples.

® /K min Neat iPP (t¢/min) AT¢/min | Ty/°C
X=0.01 | X=0.10 | X=0.20 | X=0.30 | X=0.40 | X=0.50 | X=0.60 | X=0.70 | X=0.80 | X=0.90 | X=0.99
5 1.54 2.86 3.18 3.38 3.55 3.70 3.85 4.02 4.25 4.79 6.75 5.22 102.0
10 1.33 2.03 2.24 2.38 2.50 2.62 2.74 2.89 3.12 3.55 4.53 3.20 110.4
15 0.46 0.80 0.96 1.07 1.16 1.26 1.35 1.46 1.59 1.78 2.16 1.70 117.2
20 0.26 0.54 0.68 0.79 0.88 0.96 1.05 1.14 1.24 1.38 1.62 1.36 124.6
PLA/n-TiO: (tc/min)
X=0.01 | X=0.10 | X=0.20 | X=0.30 | X=0.40 | X=0.50 | X=0.60 | X=0.70 | X=0.80 | X=0.90 | X=0.99
5 1.16 1.97 2.23 2.41 2.56 2.69 2.82 2.96 3.13 3.40 4.34 3.18 101.9
10 0.25 0.59 0.75 0.87 0.87 1.06 1.15 1.25 1.38 1.57 2.09 1.84 111.3
15 0.29 0.29 0.75 0.85 0.94 1.02 1.11 1.20 1.31 1.47 1.80 1.51 120.6
20 0.16 0.41 0.54 0.64 0.72 0.80 0.88 0.96 1.06 1.19 1.41 1.24 124.4
PLA/c-TiO2 (t¢/min)
X=0.01 | X=0.10 | X=0.20 | X=0.30 | X=0.40 | X=0.50 | X=0.60 | X=0.70 | X=0.80 | X=0.90 | X=0.99
5 1.67 3.20 3.59 3.85 4.05 4.23 4.41 4.60 4.84 5.30 6.96 5.29 104.5
10 0.37 0.81 1.03 1.19 1.32 1.45 1.58 1.71 1.87 2.10 2.55 2.18 117.9
15 0.22 0.56 0.74 0.88 1.00 1.12 1.23 1.35 1.48 1.65 1.93 1.71 126.6
20 0.15 0.40 0.54 0.65 0.74 0.83 0.92 1.01 1.10 1.22 1.41 1.26 131.6
PLA/s-TiOz2 (t/min)
X=0.01 | X=0.10 | X=0.20 | X=0.30 | X=0.40 | X=0.50 | X=0.60 | X=0.70 | X=0.80 | X=0.90 | X=0.99
5 2.19 3.19 3.46 3.65 3.81 3.96 4.10 4.27 4.48 4.90 6.82 4.64 103.5
10 0.25 0.61 0.79 0.92 1.03 1.13 1.23 1.33 1.46 1.63 2.07 1.82 113.8
15 0.14 0.45 0.60 0.72 0.81 0.90 0.99 1.09 1.21 1.37 1.66 1.53 120.2
20 0.16 0.42 0.55 0.65 0.74 0.82 0.91 0.99 1.09 1.21 1.42 1.26 127.0
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The addition of fillers in the PLA structure affects the non-isothermal crystallization process [1,27,51]
as shown in Figures 6 and 7. For example, at medium heating rates, the addition of external particles (n-TiO»,
¢-TiO; and s-TiO;) decreases crystallization times; whereas at high rates, the crystallization time seems to
remain the same. This is attributable to the fact that at low temperatures, reduced molecular mobility enhances
the nucleation rate compared to the growth rate of the crystal [14]. Comparing the crystallization times of the
functionalized composites (c-TiO, and s-TiO»), the peak temperatures of cold crystallization of c-TiO- and s-
TiO, were the highest at the same heating rate, which means that the use of external particles improves the
efficiency of the crystallization process. This is because the fillers act as nucleating agents, which leads to the
PLA crystallizing faster and therefore, the crystal size will be reduced [14,76].
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Fig. 7. Relative crystallinity behavior of composites as function of crystallization temperature for composites
of (a) PLA, (b) PLA/n-TiO2, (¢) PLA/c-TiO2 and (d) PLA/s-TiO2 under different crystallization cooling rates.

Non-isothermal crystallization kinetics

Fig. 8 shows the curves of log(—In(1 — X;)) versus logt for pure PLA, PLA/n-TiO, PLA/c-TiO;
and PLA/s-TiO,; and Table 2 summarizes the crystallization parameters of these samples using Jeziorny’s
equation. Straight lines were obtained for the different heating rates for each sample, which means that the non-
isothermal crystallization of the PLA and its composites can be well described by Jeziorny’s method, and that
it corresponds to only one stage of crystallization. As can be seen in Fig. 9, the composites exhibit higher
crystallization rates compared to pure PLA, even at low ¢ values, showing the lowest values for PLA/n-TiO,,
followed by PLA/s-TiO> and PLA/c-TiOy; this is attributable to the fact that in composite samples, fillers can
act as nucleating agents, improving the efficiency of nucleation activity and leading to a higher crystallization
rate than pure PLA [51,75] It is also clear, that a high ¢ leads to a shorter crystallization time, since many
nucleation centers are formed, which accelerates the crystallization process.
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Fig. 8. Plots of Log(-Ln(1-X;) versus log (t) for composites of (a) PLA, (b) PLA/n-TiO2, (c) PLA/c-TiO2 and
(d) PLA/s-TiO2 under different crystallization cooling rates.

Table 2. Non-isothermal kinetic parameters from the Jeziorny model for PLA and its composites PLA/n-Ti02,
PLA/c-TiO2 and PLA/s-TiO2.

Sample Cooling rate / °C min™! n 7 7,
5 6.30 0.00 0.17
1 . A1 .

Neat PLA 0 3.99 0 0.80

15 3.89 0.27 0.92

20 3.29 0.79 0.99

5 5.79 0.00 0.29

. 10 3.22 0.57 0.95
PLA/n-TiO;

15 3.49 0.63 0.97

20 2.93 1.35 1.02

5 6.43 0.00 0.14

. 10 3.28 0.21 0.85
PLA/c-TiOs

15 2.84 0.52 0.96

20 2.72 1.20 1.01
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5 7.36 0.00 0.12
' 10 3.20 0.48 0.93
PLA/s-TiO; 15 2.82 0.94 1.00
20 2.91 1.24 1.01

Linear adjustments to the curves are used to find the kinetic parameters in the crystallization stage.
The value n depends on the mechanism of crystallization. For most composite samples, their value is around 3;
this suggests that crystal growth should be a three-dimensional spherical process [14,51]. It can be seen in Table
2 that the values of Z. are higher when heating rate increases, which indicates that the crystallization rate of
PLA and its composites was carried out in slow cold; therefore the growth rate is higher and more dominant
than the nucleation rate; which means that few nuclei will form and grow very fast. On the other hand, under
faster heating, the transformation temperature is lower, so nucleation rate is more dominant than growth rate;
therefore there are many nucleation sites growing at a slower rate [14,75]

Mo’s method was combined with Avrami’s and Ozawa’s models in order to obtain a good linear
dependence between In F(T) and In t.

Ingp =F(T)—alnt 6

The physical meaning of F(T) refers to the chosen value of the heating rate to achieve a defined
crystallinity in a unit crystallization time, and a is the ratio (a = n/m) of the Avrami exponent, n, to the Ozawa
exponent, m, which depends on the dimension of the crystal growth [14,51]. The values of a and F(T) obtained
for the four systems are summarized in Table 3. According to the data, the linear fitting of In ¢ versus Int
demonstrated the applicability of Mo’s method for PLA and its composites PLA/n-TiO,, PLA/c-TiO> and
PLA/s-TiO; [14,51,75]. As can be seen, the values of F(T) are higher when X, increases, suggesting that a
higher F(T) is needed to obtain higher cold crystallinity in a unit time. In addition, the effect of the composites
is also clear since for the same X;, smaller values for F(T) are needed for the composites than for pure PLA,
indicating that the cold crystallization rate is faster due to the presence of inorganic fillers. This is attributed to
the fact that these fillers act as nucleation centers, in accordance with what was observed and discussed above.
However, the values of F(T) show differences depending on the type of filler, which indicates that the
mechanism of nucleation and growth of crystals depends on their nature showing better results for PLA/n-TiO,,
followed by PLA/s-TiO, and finally PLA/c-TiO,. This observation agrees with the crystallization for each
fillers, as discussed above [51].

Table 3. Non-isothermal kinetic parameters from the Mo model (Avrami-Ozawa combination) for PLA and its
composites PLA/n-TiO02, PLA/c-TiO2 and PLA/s-TiO2.

Xt/ % 10 30 50 70 920
Neat PLA
F(t) 11.67 15.18 18.14 21.71 27.55
a 0.84 0.94 1.02 1.09 1.112
PLA/n-TiO»
F(t) 7.96 11.39 13.89 16.88 22.29
a 0.67 0.98 1.07 1.16 1.258
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PLA/c-TiO;
F(t) 10.14 13.25 15.89 18.86 22.94
a 0.65 0.76 0.84 0.90 0.9383
PLA/s-TiO;
F(t) 9.54 11.99 14.00 16.26 19.73
a 0.60 0.71 0.78 0.85 0.8963

Effective activation energy from non-isothermal analysis

Friedman’s method has been widely used to evaluate the change in activation energy (AE) of the non-
isothermal crystallization process [77], and the evolution of the effective activation energy was calculated
according to the degree of crystallinity, as follows:

ax AE
In (—) =4A-—2 /
dt/x; RTy ;

where AEy is the effective activation energy at a given conversion, X, while (dX/dt) ;) is the instantaneous
crystallization rate, and Ty ;, is a set of temperatures at a given conversion, X, at the different heating rates (i)
and R is the gas constant equals to 8.314 x 10~ kJ mol! K-' [51]. Fig. 9 shows the behavior of the activation
energy for PLA and its composites as a function of the relative crystallinity during the whole process, and it is
possible to observe that values for Ey are positive, indicating that the crystallization process is done in the
heating and not in cooling.

In the first part of the PLA crystallization, the values decreased as X, increased, from 64.8 kJ/mol at
0.1 to 28.3 kJ/mol at 0.6 of relative crystallinity; this could indicate that cold crystallization is an accelerated
process for the pure polymer [78,79]. This same behavior with slight differences; is observed for composites
for example, it can be seen at the beginning of the crystallization process that the energy needed to start the
process is less for PLA/n-TiO, and PLA/s-TiO; than for pure PLA; this is because fillers act as nucleation
centers and facilitate the arrangement of the chains around them, while pure PLA must form its own nucleation
centers, which increases energy requirements[51]. However, for PLA/s-TiO; the behavior is reversed when
relative crystallinity increases, since the migration of the melt chains on the crystallized mass is more difficult
due to the effect of the immersed TiO; particles [75,80], which gives practically the same values as pure PLA.
Nevertheless, the situation changes for PLA/c-Ti0,, which needs less energy to complete the crystalline state
due to the non-polar nature of the CH, groups in the dicarboxylic chain.

It is clear for the four systems that at high levels of relative crystallinity, the Ey increases with high X,
values, which means that the crystallization becomes difficult several crystals are already formed. The thermal
history of PLA influences the crystallinity and microstructure of the polymer, since the cooling rate has a strong
influence on the degree of crystallinity and the morphology of the PLA under non-isothermal conditions.
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Conclusion

In this work, it was demonstrated that the chemical modification of titanium dioxide particles has a
direct effect on the non-isothermal crystallization of the PLA. Due to the partially non-polar nature of the
polymer, it was observed that the chemical modification with silane has higher values for F(t) parameter during
the cool crystallization process; this is reflected as a decrease in the rate at with which polymer chains are
accommodated in the first steps; this can be attributed to the polar nature of the surface that interacts with the
PLA chains, which forms hydrogen bonds providing mobility to the chains, which delays the process of
accommodating. On the other hand, the chemical modification with the dicarboxylic acid decreases the values
of F(t), which implies that the accommodation of the chains is earlier on the particles, reaching the crystalline
state much faster; this can be attributed to the affinity of the PLA chains to immobilize in the non-polar zones
of the acid.

With respect to the activation energy evaluated during the cold crystallization process, it can be seen
that the inclusion of silanized nanoparticles does not have an effect on the energy requirement compared to the
process of pure PLA; on the other hand, the addition of nanoparticles with dicarboxylic acid reduces the energy
value required to complete the crystalline state due to the affinity of the surface to immobilize polymer chains.
With the above, it is demonstrated that there is a dependence among the characteristics of the particles surface
in the way in which cold crystallization of PLA is carried out.
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