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The role of alkoxysilanes functional groups for surface modification of TiO, nanoparticles
on non-isothermal crystallization of isotactic polypropylene composites
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Abstract

Functionalization of fillers provides advantages in non-isothermal crystallization of isotactic polypropylene (iPP); therefore,
kinetic properties of the crystallyzation of iPP composites filled with alkoxysilane-functionalized titanium dioxide (TiOj)
were investigated to understand the role of functional groups. The surface modification of TiO, nanoparticle was carried out
with three different alkoxysilanes: 3-aminopropyltrimethoxysilane (APTMS), 3-chloropropyltrimethoxysilane (CPTMS) and
3-glycidoxypropyltrimethoxysilane (GPTMS); after, composites were prepared 0.5% by weight in iPP. The results of the X-
Ray Diffraction and Nuclear magnetic resonance analyses showed the characteristic signals of each chemical species that
confirm the success of surface modification of the oxide with alkoxysilanes. The study by Differential scanning calorimetry
at different cooling rates allowed to observe that the non-isothermal crystallization of iPP composites is adequately described
by Jeziorny’s and Mo’s equations; and that the addition of fillers of TiO, superficially modified with the alkoxysilanes changed
the crystallization process thanks to the functional groups and their interface interactions with the polymer matrix; for example,
the presence of CPTMS and GPTMS caused recrystallization of iPP and therefore, increased the crystallization process rate.
Finally, the activation energy of the crystallyzation process of the composites varied depending on the alkoxysilane used, since
less energy was needed for some cases; this probably due to better dispersion and that the particles acted as nucleation centers;
therefore, facilitating the arrangement of the chains.
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Resumen

La funcionalizacién de rellenos, proporciona ventajas en la cristalizacién no isotérmica de polipropileno isotdctico (iPP); por
lo tanto, se investigaron las propiedades cinéticas de los compositos de iPP rellenos con didxido de titanio funcionalizado
con alcoxisilanos (TiO), con el fin de comprender el papel de los grupos funcionales. La modificacién de la superficie de
nanoparticulas de TiO; se realizo con tres alcoxisilanos diferentes: 3-aminopropiltrimetoxisilano (APTMS), 3-cloropropiltrimeto-
xisilano (CPTMS) y 3-glicidoxipropiltrimetoxisilano (GPTMS); después los compositos se prepararon al 0.5% en peso en iPP.
Los resultados de los andlisis de difraccién de rayos X y resonancia magnética nuclear mostraron las sefiales caracteristicas de
cada especie quimica, lo cual confirma el éxito de la modificacién de la superficie del 6xido con alcoxisilanos. El andlisis por
calorimetria diferencial de barrido a diferentes velocidades de enfriamiento permitié observar que la cristallizacién no isotérmica
de estos compositos de iPP esta descrita adecuadamente por las ecuaciones de Jeziorny y Mo; y que la inclusién de rellenos de
TiO, superficialmente modificado con alcoxisilanos cambi6 el proceso de cristalizacién gracias a los grupos funcionales y sus
interacciones de interfaz con la matriz polimérica; por ejemplo, la presencia de CPTMS y GPTMS provocé una recristalizacion
de iPP y, por lo tanto, aument6 la velocidad del proceso de cristalizacion. Finalmente, la energia de activacién de los compositos
vari6 dependiendo del alcoxisilano utilizado, ya que en algunos casos se necesité menos energia; esto probablemente debido a
una mejor dispersion y a que las particulas actuaron como centros de nucleacidn; por lo tanto, facilitaron la disposicién de las
cadenas.

Palabras clave: Polipropileno isotictico; alcoxisilanos; cristalizacién no isotérmica; rellenos; diéxido de titanio.
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1 Introduction

Currently, synthetic polymers are in a complicated
situation. The origin of this situation is that polymers
have a vast amount of applications resulting from
their excellent properties and durability. And this
durability is the reason behind the damage they
cause to the environment (Auta, Emenike, & Fauziah,
2017; Vallejo-montesinos et al., 2017; J. Vallejo-
Montesinos, Muiioz, & Gonzalez-Calderon, 2016;
Wright, Thompson, & Galloway, 2013). It is because
of this that it has been currently studied how these
materials can be degraded in a controlled way
or the opposite case, increasing their useful life
using various types of additives (Chiellini, Corti,
D’Antone, & Baciu, 2006; Dintcheva et al., 2015;
Maryudi., Hisyam, Yunus, & Bag, 2013; Meer,
Kausar, & Igbal, 2016; Reingruber & Buchberger,
2010). Fillers have not only shown to promote any of
the previously described actions but also to improve
their thermo-mechanical properties, as already
demonstrated (José Amir Gonzalez-Calderon, Pérez-
Pérez, Pérez Rodriguez, Fierro-Gonzilez, & Vallejo-
Montesinos, 2019; Jagur-Grodzinski, 2006; Thomas,
Thomas, & Bandyopadhyay, 2009). Nowadays,
the two polyolefins with greater commercial and
environmental importance due to a large number
of applications and, therefore, wastes produced are
polyethylene (PE) and polypropylene (PP).
Polyethylene is a semicrystalline polymer with
various isomeric grades. PE is the most widely
used general-purpose polymer, prevalent in the
packaging sector, and is easy to reprocess(Mendes,
Cunha, & Bernardo, 2011). Polypropylene (PP)
is a semicrystalline thermoplastic, belonging to
the polyolefins group, which is used in several
applications such as food packaging, textiles,
laboratory equipment, automobile components, and
transparent films. For the reasons cited above, PP
is considered one of the thermoplastic products that
will have significant development in the future (J.
A. Gonzalez-Calderon, Vallejo-Montesinos, Mata-
Padilla, Pérez, & Almendarez-Camarillo, 2015; J.
X. Li & Cheung, 1999; J. Vallejo-Montesinos et
al., 2016). Besides, the PP has a high resistance to
chemical attack because it is essentially composed of
carbon and hydrogen atoms. In some cases, it has a
small presence of oxygen and nitrogen atoms that are
incorporated into its structure during polymerization.
However, PP is easily affected in the presence of

liquid hydrocarbons or chlorinated solvents that can
cause cracking or swelling, as occurs with hot nitric
or sulfuric acid that causes degradation(J. Vallejo-
Montesinos et al., 2016).

Isotactic polypropylene (iPP) is the most common
commercial form for polypropylene. The reason
behind this is due to its better mechanical properties
derived from its higher degree of crystallinity. The
high degree of crystallinity of iPP is associated
with its more stereo-regular structure since all its
methyl groups are oriented on one side of the carbon
backbone. Therefore, the development of strategies to
increase isotacticity in iPP has risen (Chiijo, Kogure,
& Viidndnen, 1994).

The iPP can have different crystalline phases.
The relative content of the different phases depend
on several factors such as stereochemical structure,
molecular weight, crystallization temperature, the
pressure applied during the crystallization process,
and the addition of additives (Dai er al., 2013;
J. A. Gonzalez-Calderon, Vallejo-Montesinos,
Almendarez-Camarillo, Montiel, & Pérez, 2016; J.
A. Gonzalez-Calderon et al., 2015; Gonzalez, Pérez,
Almendarez, Villegas, & Vallejo-Montesinos, 2016;
J. Vallejo-Montesinos et al., 2016; Z. Zhang, Wang,
Junping, & Mai, 2012). The main crystalline phases
are known as a@-, 8-, y- and smectic or mesomorphic
form(Alariqi, Kumar, Rao, & Singh, 2009; Ding
et al., 2012; Gonzélez et al., 2016; M. -R Huang,
Li, & Fang, 1995; Lotz, 1998). The « form is the
primary polypropylene form obtained under normal
processing conditions (Chin & Ai Tjong, 1997; Ju
et al., 2016; Tang, Wang, Liu, & Belfiore, 2004;
J. Vallejo-Montesinos et al., 2016); however, the 8
phase is perhaps the most exciting phase for some
applications due to its particular hardness and impact
resistance properties(Huo, Jiang, An, & Feng, 2004;
J. X. Li & Cheung, 1997; M. Li, Li, Zhang, Dai,
& Mai, 2014; Lv, Huang, Kong, & Li, 2013; Mani,
Chellaswamy, Marathe, & Pillai, 2016; Tang et al.,
2004; J. Vallejo-Montesinos et al., 2016; C. Wang,
Zhang, Du, Zhang, & Mai, 2011; Z. Zhang, Tao, Yang,
& Mai, 2008).

Recently significant advances in particle
modification have been reported. These investigations
have allowed improvement in the efficiency of
selective nucleation systems. Even new results have
been obtained with titanium oxide particles, which
had not been modified to achieve yields higher than
90% selectivity(J. A. Gonzalez-Calderon et al., 2016,
2015; Gonzalez et al., 2016). The reinforcement of
synthetic polymers has been the subject of several
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studies to improve its specific properties. In this
way, iPP has been enhanced with various fillers, with
titanium dioxide (TiO;) being one of the best options
because, when it is included in the polymeric matrix,
better electrical, optical, and mechanical properties are
obtained (Karger-Kocsis, 1995). Besides, TiO; has the
added value of being the primary inorganic pigment
used in the coloration of plastics. On the other hand,
this oxide is insoluble in most acids, which makes
processing difficult since it requires large amounts
of energy to achieve optimal dispersion in polymer
matrices, due to the formation of agglomerates due to
the highly attractive forces among particles (Mendoza,
Pena-Juarez, Perez, & Gonzalez-Calderon, 2020).
Surface modification is the most common strategy
to minimize this attraction and to improve colloidal
stability (Delgado Alvarado, Pefia Juarez, Perez Perez,
Perez, & Gonzalez, 2019). In particular, silanization
has provided a chemical environment to the TiO»
particles (Delgado Alvarado et al., 2019; Mendoza
et al., 2020) that allow a decrease in the activation
energy of the crystallization in iPP. Silane coupling
agents can form a strong bond between organic
and inorganic materials to generate heterogeneous
environments or a uniform composite structure. Their
characteristic composition allows two classes of
functionality. (1) The hydrolyzable group forms stable
condensation products with siliceous surfaces and
other oxides such as those of aluminum, zirconium,
tin, titanium, and nickel. (2) The organofunctional
group alters the wetting or adhesion characteristics
and significantly affects the Van der Waals forces
between organic and inorganic materials. Recently,
the use of organosilanes in polymers has increased
interest due to their intrinsic characteristics such as
heat-resistant, low toxicity, and environmentally stable
materials for commercial applications as adhesion
promoters, coupling, and crosslinking agents (Huber,
Kelch, & Berke, 2016). These types of coupling
agents interconnect different kinds of materials by
forming strong chemical bonds to both inorganic
materials and organic surfaces (Huber et al., 2016;
Pantoja, Encinas, Abenojar, & Martinez, 2013; S.
Wang, Ahmad, & Mark, 1994), and these agents
are competent at modifying the interface between
the polymer and fillers (Koch, 1983). Also, surfaces
with organosilanes attached alter the surface energy
by improving the physical adhesion of polymers
and fillers(Huber et al., 2016). Alkoxysilanes have
been used to form interpenetrating polymer networks
with wheat-protein based materials(X. Zhang, Do, &
Bilyk, 2007), to modify epoxide primers (Alyamac,
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Gu, Soucek, Qiu, & Buchheit, 2012), to improve
wood-polymer combinations(Schneider & Brebner,
1985). However little is known about the kinetics of
the polymerizations and hydrolysis of these kinds of
compounds(Issa & Luyt, 2019) which are responsible
of their vast range of applications.

Besides, it has been reported elsewhere that
organic-inorganic hybrid fillers are prepared using
various alkoxysilane compounds (Cho et al., 2016).
These hybrid fillers could be promising as nucleating
agents since they enhance the crystallinity of iPP.
Also, the mixture of polymer and alkoxysilanes
can improve the adhesion at the organic-inorganic
interface of the composites (Lee, Joo, & Gong,
2005). For the reasons cited above, the type of
organosilane used as a coupling agent is crucial
since it could impact the crystallization process. It
is expected that the functional groups on the filler
surfaces play a critical role in the final structure of the
polymer composites since they profoundly influence
the interface interactions of the filler with the polymer
matrix (He et al., 2020). Also, silane coupling agents
such as alkoxysilanes have been proved in polymer
matrices such as iPP, finding that they can enhance
mechanical properties such as tensile strength(Demir,
Balkose, & Ulkii, 2006; Fuad, Ismail, Ishak, & Omar,
1995; Ismail, Mega, & Abdul Khalil, 2001), thermal
conductivity(Demir et al., 2006; Muratov, Kuznetsov,
II’inykh, Burmistrov, & Mazov, 2015).

A vital part of the formation of the crystals
by fillers is the modification itself. Previously,
it was observed that the silanization provides a
chemical environment to the TiO; particles that
allow a decrease in the energy of activation of
the crystallization in iPP(Jos¢ Amir Gonzalez-
Calderon et al., 2019). These results, which are
opposite to another corresponding to the use of fillers
functionalized with dicarboxylic acids, have opened
a new question: how does the lateral group of a
chemical reagent affect the crystallization process
in the iPP composites? Also, a full investigation
of the influence of filler functional groups on the
non-isothermal crystallization of iPP composites
remains absent. Three representative silane coupling
agents with different functional groups are of our
particular interest: 3-aminopropyltrimethoxysilane
(APTMS), 3-chloropropyltrimethoxysilane (CPTMS)
and 3-glycidoxypropyltrimethoxysilane (GPTMS)
(Koch, 1983; Sterman & Marsden, 1966). APTMS
is widely used to improve the dispersion in aqueous
systems(Delgado Alvarado et al., 2019; J A Gonzalez-
Calderon, Vallejo-Montesinos, Martinez-Martinez,
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Cerecero-Enriquez, & Lopez-Zamora, 2019; Lépez-
Zamora, Martinez-Martinez, & Gonzalez-Calderdn,
2018; Javier Vallejo-Montesinos, Gamez-Cordero,
Zarraga, Pérez Pérez, & Gonzalez-Calderon, 2019).
CPTMS has interesting uses in catalytic systems and
for metal ions capture (Allen, Rosenberg, Johnston, &
Hart, 2012; Habila et al., 2020): Lastly, GPTMS has
exciting features derived from it epoxide group that
can be used with biological macromolecules(Connell
et al., 2017; Shirosaki et al., 2009; Tonda-Turo
et al., 2011). Therefore, in this work, these three
alkoxysilanes were chosen due to their different
nature caused by the side group. A bonus is that the
modification with alkoxysilanes can be done in less
toxic solvents than the ones used in dichlorosilanes.
The importance of these three is to assess how does
the functional group of a chemical reagent affects the
crystallization process in iPP composites. All three
had the same alkoxysilane structure and varied only in
the terminal group of the propyl chain. In this work,
the effect of 3 different alkoxysilanes on the non-
isothermal crystallization of isotactic polypropylene
was evaluated to demonstrate that the terminal of the
functional groups has a direct impact on the behavior
of this process. By assessing the kinetic parameters
and the activation energy, it was shown that the
crystallization rate could be modulated as well as the
energy requirements to carry out this process.

2 Materials and methods

2.1 Materials

Isotactic polypropylene (MFI = 35 g/10 min at 230 °C
and 2.16 kg, ASTM D 1238) was supplied by Sigma
Aldrich, 3-aminopropyltrimethoxysilane (APTMS)
97%, 3-chloropropyltrimethoxysilane (CPTMS) 97%
and 3-Glicydoxypropyltrimethoxysilane (GPTMS)
97% were supplied by Sigma Aldrich. Commercial
titanium dioxide particles (TiO;) were supplied by
DuPont (R-104). KEM supplied ethanol, methanol,
and xylene.

2.2 Silanization of the TiO, surface by
trimethoxysilanes

As reported elsewhere, the typical modification
procedure was as follows, 2 g of TiO, particles
were dispersed in 25 g of ethanol and stirred at
room temperature for one h. Later the solution was

sonicated for 30 min. To the above mixture, 4 g of
alkoxysilane (APTMS/GPTMS/CPTMS) was added
in a 10 min interval, and then the mixture was
refluxed for another six h. this solution was filtered and
the precipitate washed several times with water and
methanol to remove the unreacted alkoxysilane. The
obtained particles were subsequently dried in an oven
at 60 °C for 24 h to remove the residual solvent(J A
Gonzalez-Calderon et al., 2019; Lépez-Zamora et al.,
2018), and identified as follows: TiO, functionalized
with CPTMS labeled as TiO,-Cl; TiO, with GPTMS
as TiO,-G; and TiO, with APTMS as TiO,-NHj.

2.3. Preparation of iPP composites by solution and
non-isothermal crystallization

iPP/TiO,-Cl, iPP/TiO;-NH;, and iPP/TiO2-G
composites of 0.5% of mass were prepared by solution
of 10 g of iPP/TiO, with 100 mL of xylene at 120 °C
and 400 rpm. The corresponding solution was dried at
100 °C for 24 h to remove any sign of the solvent. The
composites were later dried one week in an oven at
60 °C to remove any traces of solvent. This led to fine
powder that was later dried and kept away from light
exposure. To perform a non-isothermal crystallization
analysis, the study was conducted on a TA Instruments
model Q2000 differential scanning calorimeter (DSC)
in a dry nitrogen atmosphere. About 10 mg of the
composites, were melted at 200 °C and maintain an
isothermal step for 10 min as a means to delete the
thermal and mechanical memory of the composite,
finally cooling at different constant rates of 2.5, 5,
10 and 20 °C min~!. The equipment recorded all
the exothermal curves of heat flow as functions of
temperature.

2.2.1 Non-isothermal crystallization kinetics

As in previous studies, the Avrami equation initially
stated for the isothermal crystallization process was
used:

Xp=1-e%" (1)

where X; refers to the relative crystallinity, the term n
relates to a mechanism constant n, Z;, is a composite
rate constant (here the information about nucleation
and growth rate parameter is contained), and finally
t is the crystallization time. The relative crystallinity
X; is derived from the following equation:

1
(dH./dt)dt
= —ff’ x 100 2)
ft()“ (dH,/db)dt
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In this approach, the enthalpy of the crystallization
generated during an infinitesimal time range (dH,) is
integrated over a lapse time that ranges from an onset
time 7y to an end time of 7, respectively. Eq. 1 is then
expressed in their logarithmic form as:

log(—In(1 — X;)) = logZ; + nlogt 3

The previous equation allows estimating Z;;
however, for this model to be suitable for a non-
isothermal process, Z; must be adequately corrected to
consider cooling rate, ¢, of the polymer. For this case,
the Jeziorny correction is used and assumes a constant
or almost constant ¢; therefore, the equation for the
non-isothermal crystallization kinetics remains as:

InZ,
InZ, = N

“

As stated, before for this model is sustained in
the assumption that a non-isothermal process is an
integration over an infinite number of small isothermal
steps:

—K(T)
1-Xr=e ¢ ®)
where K(T) is the cooling function, m corresponds to
an Ozawa exponent (which is related to the dimension
of the crystal growth). To further adequate to all kind
of systems, it is common to combine Eqs 1 and 5 to
produce the following:

In(p) =InF(T) —alnt (6)

and

F(T) = [K(T)/Z]"™ 7

where the logarithm of the cooling rate was obtained
as the difference between F(T) (which is defined as
the value of cooling rate that is the cause of a defined
crystallinity degree over a unit crystallization time)
and the product of the ratio of the Avrami exponent
a and the logarithm of the crystallization time t. F(T)
is the ratio between the cooling function K(7T') and the
Jeziorny term (Z;) elevated to the inverse of the Ozawa
exponent (m).

The Kissinger method was used to estimate
the change in the activation energy (AE) of the
crystallization process using an iso-conversional
method, as proposed by Friedman and Vyazovkin
(Blaine & Kissinger, 2012a; Kissinger, 1956). This
method associates the variation of the crystallization
peak temperature with the cooling rate obtained
by a correlation value of AE, according to the
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following(Blaine & Kissinger, 2012b; Dai et al.,
2015; L. Huang, Wang, Wang, Wang, & Song, 2016;
Kissinger, 1956; Papageorgiou & Panayiotou, 2011;
Vyazovkin, 2002):

dX AE
ln(—) =A- X (8)
dt X.i RTX,,'

being AEy the neat activation energy at a specific
conversion, X, using an instantaneous crystallization
rate (dX/dt)x; at a spectrum of temperatures for that
conversion Tx; changing the cooling rates (i).

2.3 B¢, 2Si NMR (Nuclear Magnetic
Resonance) characterization

13C, 295i, NMR spectra of the TiO; functionalized
particles were obtained using a Bruker Ascend
(400 MHz) equipment (*’Si) in solid-state. For '>C
NMR, the parameters were the following: 20480 scans
with an acquisition time of 0.0339 with a cp pulse
sequence with a relaxation delay of 4s. For 2°Si NMR,
the parameters were the following: 12288 scans with
an acquisition time of 0.0639 with a cp pulse sequence
with a relaxation delay of 4s and a pulse width of 4 us.

2.4 XRD Characterization of the modified
TiO; particles

To further confirm the crystalline structure of the
functionalized systems was kept, an X-ray diffraction
spectroscopy (XRD) analysis was performed. The
samples were prepared using a mortar to grind
up finely the TiO, powders. The particles were
characterized using an Equinox System Equip (Inel
081D Model with XRG 3000D Program) in a 26 range
of 5 to 80°.

3 Results and discussion

3.1 XRD characterization of the samples

In Figure 1, XRD patterns exhibited sharp diffraction
peaks at 25° (101), 38° (004), and 49° (200), which
refers to the TiO, crystalline structure (Thamaphat,
Limsuwan, & Ngotawornchai, 2008). It is well-noted
that the modification did not affect the crystallinity of
the TiO, particles since the typical pattern for TiO»
was maintained for all three functionalizations, TiO5-
Cl, TiO,-NH3, and TiO,-G, as reported everywhere.
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Fig. 1. XRD Pattern for the TiO; particles. TiO,-C stands for TiO,-Chloride, TiO,-G holds for TiO,-Glycidoxy,

and TiO,-NH; stands for TiO;-Amine.

The conservation of the DRX pattern implies
that the functionalization was performed only on
the surface of the metal oxide that the siloxane
coating is skinny in-depth(Ijadpanah-saravi, Safari, &
Khodadadi-darban, 2014; Tong, Zhang, Tian, Chen, &
He, 2008)

3.2 NMR Characterization of the siloxane
coating

In Figures 2 and 3, the 13C and ?°Si NMR spectra
of the functionalized particles are presented. As it is
visible in figure 2, TiO,-NH, exhibited the following
chemical shifts: 10, 22, and 41 ppm that correspond to
the presence of the 3-aminopropyl groups: (1) Si-CHj-
, (2) -CH3- and (3) -CH,-NHj, respectively; while
TiO,-Cl showed signals at 10, 26 and 47 ppm for the
3-chloropropyl groups attached to the atom: (1) -Si-
CH;-, (2) -CH;- and (3) -CH;-Cl (Allen et al., 2012;

Cao, Zuo, Wang, Zhang, & Feng, 2017; Habila et al.,
2020); and finally, for TiO,-G in there were peaks at
9, 23, 42, 50 and 71 ppm, which are associated with
the glycidoxy group: (1) -Si-CH,-, (2) -CH>-, (5) -
O-CH;-, (4) -O-CH- and (3) -CH3-O (Kesmez, 2020;
Nocun, Siwulski, Leja, & Jedliniski, 2005; Shirosaki
et al., 2009; Tonda-Turo et al., 2011). Besides there
was a shift at 127 ppm that can be attributed to
solvent traces (xylene). For the 2°Si NMR spectrum
of the functionalized particles (see Figure 3), TiO;-
NH; showed two chemical shifts at -54 and -68 ppm,
TiO,-Cl had chemical shifts at -58 and -68 ppm,
finally TiO,-G showed the same shifts at -59, and -
67 ppm. These shifts are a clear indication of the T
units (T2 and T3) present in the particles (Cao et al.,
2017; Tonda-Turo et al., 2011; Uhlig & Dortmund,
2000; Javier Vallejo-Montesinos et al., 2019). With the
results obtained from the spectra of the TiO; particles,
the success of the functionalization with alkoxysilanes
was confirmed.
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Fig. 2. 13Cc NMR spectra of the functionalized TiO; particles. 1) stands for TiO>-NHj, 2) holds for TiO,-Cl, and 3)
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Fig. 3. 295§ NMR spectra of the functionalized TiO, particles. 1) stands for TiO2-NHj, 2) holds for TiO,-Cl, and 3)

TiOy-G.

3.3 Analysis: Non-isothermal crystallization
of iPP

The behavior of iPP and the modified composites,
iPP/TiO,, iPP/TiO,-Cl, iPP/ TiO,-NH,, and
iPP/TiO,-G under a non-isothermal crystallization
process was investigated under different cooling rates
(2.5, 5, 10, and 20 °C/min). As is well-known, the
crystallization of polymers consists of two stages:
first in the nucleation step, the centers of the new
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phase are formed, and secondly, they will begin to
grown, and new layers of crystals will be deposited on
the primary nuclei, thus expanding the dimensions of
the crystalline phase. In this work the crystallization
process are reported in Figure 4 by means of
thermograms as function of cooling rates (¢). As can
be seen, the crystallization curves shifted to lower
temperatures and became narrower as the cooling
rate increased. This behavior is due to the fact that in
slow cooling, the crystallization temperature is higher,

441



Gonzdlez-Calderon et al./ Revista Mexicana de Ingenieria Quimica Vol. 20, No. 1 (2021) 435-452

therefore, the growth rate is upper and more dominant

than the nucleation rate; which means that few nuclei
will form and grow very fast. (Ding et al., 2012;
Supaphol, Thanomkiat, Junkasem, & Dangtungee,
2007). While, when the cooling temperature is low,
the nucleation rate is more dominant, and many nuclei
are forming and growing at a slower rate (Gonzalez-
Rodriguez, Escobar-Barrios, Pefia-Juarez, & Pérez,

2020). Furtheremore, once the fillers were included,

the crystallization curves showed different behaviors

depending on the type of filler into the iPP matrix,
however all of them shifted to higher temperatures.
It is well-noted that the influence of pristine TiO;

and TiO,-NH; (Figure 4b and 4c) on the polymer
crystallization is low in comparison with the other

two fillers; all curves and Tc for all for cooling rates

are similar to pure iPP. Nevertheless, it was possible

to see that during the non-isothermal crystallization,
the temperature for these composite shifted towards
higher temperature; with this behaviour, it is possible
to state that this filler is acting as heterogeneous nuclei,
which could which could reduce the crystallization
time of the iPP (Raka & Bogoeva-Gaceva, 2017; J.
Wang & Dou, 2007).

On the other hand, TiO»-Cl, and TiO;-G systems
presented a shoulder at lower temperature for all
heating rates. This phenomenon is commonly called

secondary crystallization because the intercrystalline
amorphous polymer crystallizes at the end of the
process, creating an added broadening or shoulder on
the DSC exotherm (Borovanska, Dobreva, Benavente,
Djoumaliisky, & Kotzev, 2012). In particular, for
these two types of fillers (Chloride and Glicidoxy,
respectively), the presence of this shoulder may be
due to the specificity of polypropylene crystal melting,
also called as melting recrystallization of the forming
crystals, to the presence of a different phase, or to the
presence of fillers that are resulting in the retardation
of chain mobility.

Figure 5 shows the relative crystallinity of iPP
and its composites, iPP/TiO;, iPP/TiO,-Cl, iPP/TiO;-
NH;, and iPP/TiO>-G at different crystallization
cooling rates as a function of time. It is possible
to observe sigmoid curves in all graphs, which shift
to the left when the rate increased since the time
for crystallization was reduced. The reason of this
is that when the polymer matrix is cooled at low
speed, the crystalline part of the polypropylene can
be ordered forming nucleation centres, increasing
the rate at which the formation of the crystals
occurs; while at high speeds, the process occurs very
fast (J.A. Gonzalez-Calderon, Vallejo-Montesinos,
Almendarez-Camarillo, Montiel, & Pérez, 2016).
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Fig. 4. Non-isothermal crystallization thermograms for iPP composites under different crystallization cooling rates
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Regarding the influence of fillers, it was seen that
the TiO, and TiO,-NH; systems presented a curious
behaviour, while at low cooling rate the crystallization
time remained almost the same as pure iPP, at high
rate it decreased significantly. With this, it is possible
to infer that this type of filler acts as heterogenus
nuclei only at faster cooling, since the nucleation rate
dominates the crystallization process and reduces the
time for crystallization. While, as previously observed,
the addition of fillers based on TiO;-Cl and TiO;-
G greatly affected the non-isothermal crystallization
process. As observed for these systems, the composite
polymers increased the time of the crystallization
process, this due to a secondary crystallization was
carried out.

The total crystallinity of the composites at each
cooling rate was calculated with the help of a
Universal Analysis software. The crystallinity degree
X, was estimated using the following the equation:

AH,,

X = -
m

©))
AH,, is melting enthalpy of each composite evaluated
by DSC, AH,, is the melting enthalpy for 100%
crystalline iPP, equals to 209 J g-1; and w is the weigh
fraction of iPP in the sample.
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The calculated crystallinity (X.) for the thirteen
samples are reported Table 1. According to the
results, X. for pure iPP is around 51.1 - 58.0%,
and interestingly, it could be seen that this increased
with higher cooling rate. This behavior was observed
also for the composites: iPP/TiO;, iPP/TiO,-Cl and
iPP/TiO,-NHo. In addition, it was possible to observe
a clear effect of the fillers; when TiO,-Cl and
TiO,-NH, were used, the crystalliny increased to
59.7 - 60.7% and 52.7 - 59.9%, respectively. This
phenomenon can be explaineas as these fillers act
better as effective nucleation centers and so, the
crystals can growth around them. On the other hand,
the composites with TiO, and TiO,-G practically
decreased the amount of crystals, when compared to
pure iPP. With this, it is possible to state that the
functional group of each alkoxysilane has a great
effect in the crystallization of iPP; first because
pristine TiO; is not an effective nucleation filler by
itself; while TiO-G hinders the arrangement of the
chains, decreasing the crystal content. Nevertheless,
the TiO;-Cl and TiO;-NH; systems do promote
the incorporation of the chains, improving the
efficiency of the crystallization process, thanks to their
distinctive chemical properties.
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Table 1. Total crystallinity of studied samples by DSC 3.3.1 Non-isothermal crystallization kinetics
for iPP and its composites.
Cooling rate  Total crystallinity The Kkinetics parameters of the non-isothermal
°C min-1 X: % crystallization process were obtained according to
Pure iPP 25 571.1 Jeziorny’s (Eq. 4) and Mo’s (Eq. 5) methods. The
5 530 results were plotted and included for neat iPP and its
10 56.7 composites in Figure 6, and the corresponding data
20 58 of these crystallization parameters are summarized
in Table 2. It is well noted that straight lines
iPP/TiO, 25 5023 were obtained for most cooling rates, which means
5 547 that this method is suitable to describe this non-
10 54.1 isothermal crystallization process. Also, it is observed
20 54.4 that high cooling rates (¢) accelerate the process,
reducing the crystallization time, this because many
iPP/TiO5-Cl 25 504 nucleation centers are forming very fast. First, for
5 61.8 pure iPP, iPP/TiO; and iPP/TiO,-NH; systems, only
10 60.6 one straight line was obtained, which means that the
20 60.4 crystallization for these systems can be effectively
described by Jeziorny’s method and corresponds to
iPP/TiO5-NH2 25 524 a single stage of crystallization. According to the
5 592 Avrami coefficient, n, just with the inclusion of
10 63 pristine TiO», the iPP crystallization became a easier
20 506 process, since the value decreased and was closed to 3,
indicating a three-dimensional crystal growth.
iPP/TiO>-G 2.5 554 On the other hand, the effect of the TiO,-Cl and
5 51.5 TiO,-G fillers is observed by an inflection point found
10 52.8 in each line. This inflection point corresponds to a two-
20 53.7 stage crystallization process.
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Fig. 6. Plots of log(—1In(1 — X;)) versus log(¢) for iPP composites under different crystallization cooling rates for a)
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Table 2. Non-isothermal kinetic parameters from the
Jeziorny model for iPP and its composites.

Cooling rate/

°C min™! n Z; Z.
Pure iPP 2.5 596 0.0005 0.05
5 8.34 0.0002 0.18
10 9.65 0.004 0.57
20 891 2679 1.05
iPP/TiO; 2.5 533 0.002 0.08
5 366 0326 038

10 438 1.054 1.01
20 3.78 1.153 1.15
iPP/TiO,-Cl 2.5 532 0.001 0.06
2.5 235 0.045 029

5 7.59 0 0.21
5 328 0.038 0.2
10 631 0.241 0.87
10 321 0519 094
20 8.68 209 1.04
20 361 1571 1.02
iPP/TiO,-NH2 2.5 5.8 0.001 0.06
5 47  0.136 0.67
10 417 3.078 1.12
20 4.5 32.21 1.19
iPP/TiO,-G 2.5 5.59 0 0.04
2.5 1.82 0.086 0.37

5 5.07 0.025 048

5 1.82 0301 0.79

10 9.56 0.001 0.51

10 3.04 0.129 0.81

20 879 0.386 0.95

20 324  0.699 0.98

As can be seen in Table 2, in the first stage of
crystallization, the n varies from 5.32 to 8.68 for
iPP/ TiO,-Cl and from 5.59 to 8.79 for iPP/ TiO,-
G, indicating a complex crystallization process for the
first stage of crystallization. In contrast, the second
crystallization stage is a more straightforward process
since the n exponent had lower values from 2.35 to
3.61 for chlorine and from 1.82 to 3.24 for Glicidoxy
(Kaya, McNally, Douglas, Coburn, & Gupta, 2018).
Finally, it is observed that the Z values for all systems
increase as the cooling rates rise; this confirms that
the crystallization process was carrying out faster for
15 and 20 °C/min. The more outstanding Avrami
exponent was found for the iPP/ TiO,-NHy, indicating
that this was the fastest process of all composites and
that this filler acted as nucleation centers (Gonzalez-
Rodriguez et al., 2020).

F(T) was obtained according to Eq. 6 (Mo model),
and the values ranging from 10% to 90% in 20%
intervals are summarized in Table 3. In this table,
it is possible to observe that when the crystallinity
increased (X;), the value of F(T) was higher because a
higher degree of crystallinity requires an upper heating
rate to achieve a defined crystallinity in a unit of
crystallization time due to it is more difficult to form
the subsequent crystal when the amount of already
started crystals is higher.

With this information, it is possible to state that
pristine TiO, did not act as an effective nucleation
center, since very similar values were obtained when
compared to pure iPP. On the other hand, there is a
different effect depending on the type of filler; for
example, smaller values for F(T) is needed for the
iPP/ TiO,-G composites than for pure iPP, probably
due to the melting recrystallization of the forming
crystals (Borovanska et al., 2012). While for the iPP/
TiO,-Cl and the iPP/ TiO,-NH, composites, only a
little increase was observed. Therefore, the differences
observed for F(T) indicate that the mechanism of
growth of crystals and the crystallization process
depends on the type of filler (J. A. Gonzalez-Calderon
etal., 2016).

3.3.2  Effective activation energy from the non-
isothermal analysis

The effective activation energy (AEY) calculated
through the iso-conversional Friedman treatment from
Eq. 8 for iPP and its composites was plotted and
presented in Figure 7, in which it is possible to
observe that the crystallization rate increased when
the temperature decreased, according to the obtained
negative values.
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Fig. 7. Activation energy behavior as a function of

crystallinity degree for iPP and its composites.
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Table 3. Non-isothermal kinetic parameters from the Mo model for iPP and its composites.

Xi/%
10 30 50 70 90
Pure iPP
F(1) 4998 619 6952 7.721 8.671
a 0.61 064 066 068  0.69
iPP/TiO,
F(t) 4973 6.686 7.862 9.025 11.382
a 1 1.05 1.07 1.09 1.16
iPP/TiO,-Cl
F(t) 5.038 6303 7.228 8.406 11.235
a 0.67 0.7 072  0.75 0.79
iPP/TiO-NH2
F(t) 5.114 6424 7.128 7.737 8.619
a 1.01 099 097 095 094
iPP/TiO»-G
F(1) 3717 4889 5.697 6.699 10.095
a 046 052 054 057  0.64
Besides, the influence of the fillers within the iPP Conclusions

matrix is appreciated in the crystallization process
since for the iPP/TiO,-Cl and iPP/TiO,-NH, systems
less energy was needed than for pure iPP; because
they disperse better and can act as effective nucleation
centers, and therefore, they order and arrange the
chains correctly. Different behavior was observed
for the iPP/TiO, and iPP/TiO-G systems, these
two composites needed more energy during the
crystallization. According to the above, pristine TiO;,
does not work as an effective nucleation center by
itself, and on the contrary, it hinder the arrangement of
the chains. Finally regarding iPP/TiO»-G, in addition
to its poor nucleation ability, its behavior can be
attributed to the secondary crystallization found in
Figure 4d). In the melting recrystallization of the
forming crystals, migration of molten chains over the
crystallized mass became more difficult due to the
glycidoxy group. Instead of favoring crystallization,
it slows down the process (Ding et al., 2012; J.
A. Gonzalez-Calderon et al., 2016; Supaphol et al.,
2007).

From the results here presented, it is possible to
conclude the following: the polarity and chemical
nature of the side group of the alkoxysilane modifiers
influence the crystallization process of the iPP. In
addition, it was found that the amino group was the
closest in similarity to the pure iPP.

In contrast, the other two groups, which
had influential electronegative groups, presented
recrystallization. This polarity affected their relative
crystallinity, which was slower than the one of
aminopropyl groups. The behavior here shown implied
a greater Avrami exponent meaning a more gradual
crystallization process. Finally, the activation energy
was the lowest for the chloride group and the highest
for glycidoxy, mainly due to the complex second
crystallization process. All of what here is studied
revealed that even if the siloxane coating was the
same, the sole presence of high polarity groups
attached to the layer is enough to stimulate a complex

WWW.rmiq.org



Gonzdlez-Calderon et al.| Revista Mexicana de Ingenieria Quimica Vol. 20, No. 1 (2021) 435-452

crystallization of the aliphatic chains. Further studies
are required to comprehend these interactions in non-
aliphatic chains.
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