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Abstract
In this work we present a simple way to improve the dispersion of titanium dioxide (TiO2) particles inside chitosan/potato-starch
films by chemical modification of the surface of these nanoparticles via silanization. The films increased in luminosity due to
the modified particles, in addition to the fact that the water activity remained within the acceptable values for microbial non-
proliferation. The thermal analyzes indicated that the addition of TiO2 increases the glass transition temperature in the film, and
the addition of functional groups such as those of the silane, give mobility to the polymer chains during the rise in temperature.
The mobility of the polymer is related to a decrease in the value of the temperature necessary to reach a vitreous state in the
films that contains silanized particles. The most important result was that the existence of these functional groups reduced the
enthalpy of decomposition of the films making them more stable for thermal degradation. The photo-oxidation results suggested
the passivate of TiO2 thanks to the presence of silane, which implies that it is a more stable film against UV radiation, avoiding
the negative effect of unmodified TiO2 particles.
Keywords: chitosan, potato-starch, titanium dioxide, 3-aminopropyltriethoxysilane.

Resumen
En este trabajo se presenta una manera sencilla de mejorar la dispersión de partículas de dióxido de titanio (TiO2) en películas
de almidón-quitosán mediante la modificación química de la superficie de estas nanopartículas vía silanización. Las películas
aumentaron de luminosidad debido a las partículas modificadas, además la actividad de agua permaneció dentro de valores
aceptables para la no proliferación microbiana. Los análisis térmicos indicaron que la adición de TiO2 incrementa la temperatura
de transición vítrea en la película, y la adición de grupos funcionales como el silano, otorgan movilidad a las cadenas poliméricas
durante el ascenso de temperatura. La movilidad del polímero está relacionada al decremento en el valor de temperatura necesaria
para alcanzas el estado vítreo en las películas que contienen partículas silanizadas. La contribución más importante fue que la
existencia de estos grupos funcionales reduce la entalpía de descomposición de las películas haciéndolas más estables para la
degradación térmica. Los resultados de la foto-oxidación sugieren la pasivación del TiO2 gracias a la presencia del silano, lo cual
implica que es una película más estable frente a las radiaciones UV, evitando el efecto negativo de las partículas de TiO2 sin
modificar.
Palabras clave: quitosán, almidón de papa, dióxido de titanio, 3-aminopropiltrietoxisilano.
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1 Introduction

The excessive number of products that are discarded
every day, has caused great concern at present. The
focus main being related to the conventional synthetic
plastic materials derived from petroleum. This reality
is the main reason for the research in order to
develop new materials of biodegradable packaging,
such as those derived from renewable resources, such
as polysaccharides, proteins and lipids, since they
combine environmental criteria and sustainability,
with chitosan and starch being the polysaccharides of
greatest interest (Dias et al., 2010, Xu et al., 2005,
Vásconez et al., 2009, Dang and Yoksan 2016, Jiang et
al., 2016, Zhou et al., 2016, Bergel et al., 2017, Volpe
et al., 2017).

Chitin is the second most abundant biopolymer
in nature after cellulose. Chitosan is the deacetylated
form of chitin, it is a copolymer formed by 2-
deoxy-2-amino-anhydroglucose, with less than 40%
deacetylation and which, in most cases, will be soluble
in acids (Volpe et al., 2017, Zhai et al., 2004,
Chakrabarty et al., 2010, Arockianathan et al., 2012,
Praxedes et al., 2012, Perez and Francois, 2016). In
an acidic environment, the amino group (-NH2) of
chitosan can be protonated in NH+

3 and easily form
electrostatic interactions with anionic groups in an
acidic environment, the property of which has been
applied in edible films (Xu et al., 2005, Volpe et al.,
2017).

Chitosan offers a wide potential that can be
applied to the food industry due to its particular
physicochemical properties, such as biodegradability,
biocompatibility with human tissues, non-toxic and
especially its antimicrobial and antifungal properties.
These aspects make it of vital interest for the
preservation of food and emerging technologies
(Volpe et al., 2017, Zhai et al., 2004, Tripathi et
al., 2009, Bajer and Kaczmarek, 2010, Hari and
Nair, 2016, Li et al., 2016). Although chitosan
films are highly impermeable to oxygen, they have
relatively little water vapor. The functional properties
of chitosan films are improved when chitosan is
combined with other film-forming materials (Xu et al.,
2005, Santacruz et al., 2015).

Starch, on the other hand, is a polymer
composed of amylose and amylopectin, is abundant,
biodegradable, edible, renewable and inexpensive
(Perez and Francois, 2016; Bourtoom and Chinnan,
2008; Mei et al., 2013; Silva-Weiss et al., 2013;

Ostafińska et al., 2017). However, the wide application
of starch film and its use as a native form has been
restricted by some limitations in specific applications
due to its water solubility and fragility (Xu et al., 2005,
Dang and Yoksan, 2016, Bourtoom and Chinnan,
2008), therefore, like chitosan, the starch films are
mixed with different proteins to decrease the water
vapor permeability and increase their tensile strength
(TS). The interest in combining polysaccharides,
proteins and lipids is due to the advantages and
disadvantages of these components, significantly
changing the physical and rheological properties (Dias
et al., 2010; Xu et al., 2005; Vásconez et al., 2009;
Zhou et al., 2016; Silva-Weiss et al., 2013; López et
al., 2017).

The introduction of nanometric particles in a
polymeric matrix is a strategy that is widely used
to produce hybrid materials with specific properties,
especially to solve the low mechanical resistance of
polymers obtained from natural sources (Hamdi et al.,
2015; Hamden et al., 2016). One of the alternatives is
to look for compounds that have affinity for the amino
and hydroxyl groups in chitosan, which have been
shown to have affinity for cations through electrostatic
attraction or ion exchange (Handem et al., 2016;
Hadi-Najafabadi et al., 2015; Razzaz et al., 2016).
This is how, by means of different nanostructures, the
polymers can present different values of permeability
to gases and water vapor, to meet the preservation
requirements of drugs, fruits, vegetables, beverages,
etc. Polymeric materials with greater resistance to
light, better mechanical, rheological and thermal
properties can also be obtained. These modifications
in the materials can mean increases in the storage
time of the product, less loss of chemical, physical
and organoleptic characteristics, as well as facilitating
transport (Lian et al., 2016).

Among the materials that are included in the
category of nanometric particles is titanium oxide
(TiO2), which has called the interest in many industrial
fields, but recently in the environmental and medical
fields as an antibacterial and antifungal agent. TiO2
is a semiconductor sensitive to light that absorbs
electromagnetic radiation, mainly in the UV region; It
is also an amphoteric oxide, which is very chemically
stable. Due to the aforementioned characteristics, it
is the most commonly used photocatalyst to degrade
organic molecules during water purification, as well as
for filling in polymer matrices. In addition, it is used in
paints, pigments, anticorrosive and glass coatings, gas
sensors, production of electrodes for electrochemistry,
solar cells, UV absorbers, in cosmetic products and
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generally in the ceramics industry (Lian et al., 2016,
Furuzono et al., 2003, Bozzi et al., 2005, Daoud et
al., 2005, Ochoa et al., 2010, Sreekumar et al., 2012,
Xiao et al., 2015, Shirakawa et al., 2016). as well as a
wide variety of materials, especially for those with low
heat resistance such as textiles, wood, plastics, papers
and biomaterials (Daoud et al., 2005, Mihailović et
al., 2010). However, it has a polar surface, while the
polymer matrix is not polar, which makes the surface
adhesion between the matrix and the TiO2 deficient
(Soto et al., 2014, Zarazua et al., 2017, Estrada et
al., 2016). To improve its stability, a surface agent
is required, such as 3-aminopropyltriethoxysilane
(APTES), which is coupled to TiO2 by a silanization
process (Perez and Francois 2016, Ostafińska et al.,
2017, Hamdi et al., 2015, Handem et al., 2016, Hadi-
Najafabadi et al., 2015, Razzaz et al., 2016, Solís-
Gómez et al., 2014, Meroni et al., 2017, Ahmad et al.,
2017, Liu et al., 2015, Weerachawanasak et al., 2015,
Ostwal et al., 2011). By incorporating functionalized
TiO2 nanoparticles into polymer matrices, there is
an improvement in the mechanical properties, such
as tensile strength, elongation at break, this is due
to the formation of chemical bonds between the
functional groups of coupling agent and the polymers
(Lian et al., 2016, Sreekumar et al., 2012, Huang
et al., 2017). In previous investigations such as
the one conducted by Shiraishi et al., 2014, the
hydrophobic character of the siloxane formed on
the surface of the TiO2 nanoparticles helps the 2,4-
DNP (hydrophobic) molecules to integrate under the
amino groups and thus carry out the photodegradation
process. In this work, TiO2 nanoparticles previously
functionalized were incorporated to chitosan/potato-
starch films which have a polar character as a whole.
Due to this hydrophilic nature of the mixture, the
polymer chains bind to the particles on the outside
(amino groups) thus causing the electron movement
to take place in the hydrophobic part (siloxane).
Improving the photocatalytic stability of the particles
and avoiding photodegradation and also, improving
their mechanical properties, demonstrating that the
chemical modification allows the titanium dioxide
particles to be properly dispersed within the polymeric
matrix.

These results are useful for the development and
improvement of materials based on natural sources
and look for an alternative to synthetics as secondary
packaging material. In addition, it was demonstrated
by means of the chemical modification with APTES
the stability to the degradation induced by the UV
radiation is improved, which is one of the adverse

phenomena that is had in the composites with titanium
dioxide.

2 Methodology

2.1 Silanization of TiO2 nanoparticles

For TiO2 functionalization, different proportions were
used of TiO2:APTES, ethanol was used as the reaction
medium, 30 min of magnetic stirring at 350 rpm were
interspersed, with 30 min of sonication at 40 KHz
in an ultrasonic bath, finally reaching a total of 2.5
h. Subsequently, the APTES was added and in a 10-
min interval 1 mL of water was added to promote
hydrolysis in the reaction and left under agitation at
400 rpm for 6 more hours. Washes were performed
twice with distilled water and five times with methanol
at 3000 rpm, this was done by centrifugation for 10
min for each wash, this was to remove agents that have
not reacted. The drying was carried out in an oven at
80 ° C for 3 h. The dry powders were stored in vials
for further tests.

2.2 Film-forming

The film-forming solution (FFS) was made in a 1: 1
ratio of chitosan: starch. 200 mL of lactic acid solution
(1% v/v) was prepared, 6 g of chitosan (3% w/v) were
added, stirring at 650 rpm for 13 h. For the sol of the
starch, 200 mL of distilled water was used, stirring at
400 rpm, heating at 75ºC until reaching the point of
gelatinization. It was brought to room temperature and
incorporated in the chitosan sol, adding glycerol as a
plasticizer to 25% by weight of total solids. The FFS
was poured into acrylic plates, performing a forced
convection drying at 55 °C for 6 h and then at room
temperature to complete 48 h. The films were stored
for later tests.

The nanoparticles were first incorporated into a
lactic acid solution (1% v/v) by magnetic stirring for 3
h, then the chitosan was added to make the sol, and the
same procedure described above was followed for the
production of films, but with different samples of NPs.

2.3 Characterization of films

The biofilms were characterized by means of the
following tests: color, thickness, water activity (aw)
structural analysis (FTIR, WAXD, SEM), thermal
analysis (DSC) and mechanical tests (Young’s
modulus, tensile strength and elongation to break).
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The color readings of the films were made using
a Chroma Meter colorimeter, model CR-400, Minolta
Konica, using the CIE L* a* b* color space (CIELAB)
and the corresponding scales for the L parameters
(between 100 (white) to 0 (black)), for a* and b*
+ a (red) to -a (green), + b (yellow) to -b (blue)
respectively (Bourtoom and Chinnan, 2008, Silva-
Pereira et al., 2015).

The thickness of the films was measured using a
digital Vernier Calibrator Electronic Digital Caliper,
with a sensitivity of 0.01 mm, for this purpose samples
were cut at random places. The measurement was
made in triplicate.

A Decagon Aqualab digital hygrometer was used
to evaluate the aw of the films. In the cells of the
instrument, circular samples of the films were placed,
taking into account that the bottom of the cell was
covered with the sample.

Mechanical tests were performed on tensile
strength and elongation to break (TS and E
respectively), which were carried out with the help
of a texture analyzer (texturometer) Stable Micro
Systems model TA.XT plus. For the calculation of the
Elongation at Break (% E) Equation 1 was used, with
the data provided of the stress-strain curves, in units of
distance.

%E =

[
L− L0

L0

]
× 100 (1)

where L = final length, L0 = initial length, %E =

Elongation at break.
For the structural analysis, the Perkin-Elmer FTIR-

ATR spectrometer was used to identify the compounds
present in the ten types of films formed. The analysis
was performed in a range of 4000 to 600 cm−1 and
60 scans per spectrum. The original and baseline
spectra were exported at the end of each reading.
The X-ray patterns of the films were obtained using a
PANalytical X-ray diffractometer model X’Pert PRO,
using radiation CuKα= 1.54056 Å. The scans were
performed between 2θ = 20 to 50 ° with a speed of
4°/min and the morphological analysis was performed
using a scanning electron microscope JEOL JSM 6060
operating under high vacuum.

Samples of 4x2 cm of the films were exposed to a
UV radiation for 42 days, and during this time infrared
analysis was carried out at random times to determine
the changes produced by UV light in the spectra of the
films.

Table 1. Functionalized nanoparticles and their ratio
TiO2:APTES.

Route Sample TiO2 (g) APTES (mL)

1 M1 0.5 1
2 M2 1 1
3 M3 5 1
4 M4 10 1

Table 2. Chitosan/potato-starch films with silanized
NPs and their reference simples.

Film Nanoparticles

Sample Route Sample

C - -
T 0 T

1-M1-CPS 1 M1
1-M2-CPS 2 M2
1-M3-CPS 3 M3
1-M4-CPS 4 M4

3 Results and discussion

From the nanoparticle functionalization process
carried out by López-Zamora et al. (2018), four routes
were obtained, which are presented in Table 1 with
their respective nomenclature. Where the difference
lies in the TiO2/APTES ratio that is used during the
modification process.

Chitosan/potato-starch films were made at 1% by
weight of the NPs of Table 1, named as shown in
Table 2, where CPS refers to the film’s polymers
(Chitosan/Potato-Starch) without no type of titanium
dioxide particle filler. These films were characterized
by different techniques, such as mechanical tests,
differential scanning calorimetry (DSC), colorimetry,
water activity, and scanning electron micrographs.

3.1 Effect of the ratio APTES/TiO2 on
the properties of chitosan/potato-starch
films

The physicochemical characterization was carried
out, within the evaluation of the properties of the
films, considering their mechanical behavior, color
and water activity. The results of these measurements
are summarized in Table 3.
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Table 3. Colorimetric analysis, aw, thickness and mechanical properties of the chitosan/potato-starch films.

Sample aw L a* b* Thickness Young’s Tensile Elongation at
(µm) modulus (MPa) strength (MPa) break (%)

C 0.27 30.51 -0.17 1.43 73 333.7 20.27 29
T 0.27 51.22 -2.17 2.56 93 348.13 20.76 37
1-M1-CPS 0.28 51.58 -2.35 2.83 70 67.1 14.87 71
1-M2-CPS 0.28 49.73 -2.1 1.1 67 253.13 15.25 32
1-M3-CPS 0.29 48.08 -1.9 1.4 70 237.96 18.06 45
1-M4-CPS 0.31 45.93 -1.71 2.32 100 215 13.25 41

Fig. 1. DSC thermograms of the control film C, film T and its comparison with a) film 1-M1-CPS and 1-M2-CPS,
b) film 1-M3-CPS and 1-M4-CPS.

As it is known, a high value of Young’s modulus
(also called modulus of elasticity) indicates greater
rigidity of the material, on the opposite side, a
material will be soft when it has a smaller Young’s
modulus (Sreekumar et al., 2012). Firstly, comparing
the control film C with the film T containing titanium
dioxide without modification with the APTES agent,
this film showed an increase of 10.22% in the Young’s
modulus which indicates that the addition of the
TiO2 nanoparticles in the film polymeric will make
it more rigid with respect to the first. The TS value
of the control film C was 20 ± 2 MPa, similar to the
value obtained by Volpe et al., (2017), who reported
a TS value of 19 ± 2 MPa for a film formed by
sodium caseinate and chitosan in the proportion 1:1
However, the tensile strength (TS) and elongation at
break (% E) also resulted in an increase in the film
with NPs, this verifies what is stated in the literature,
that the addition of TiO2 in polymers improves the
properties mechanical of these. The study conducted
by Sreekumar et al., (2012), provided a TS value of
15.3 ± 0.4 MPa at 1% by weight of TiO2, however,

the film they made was starch with polyvinyl alcohol,
while Jiang et al., (2016) obtained an improvement of
TS from 8.8 to 15 MPa in pea starch films when they
incorporated NPs of potato starch.

Another important parameter, is the thermal
behavior of the material with of a rise in temperature,
differential scanning calorimetry was used to analyze
said characteristic, Fig. 1 represents the DSC
thermograms of the samples analyzed and the
glass transition temperature can be identified (glass
transition temperature, Tg) of the films, different
values of Tg have been reported for chitosan, but in the
presence of water values of 61 ° C have been obtained
(Sarwar et al., 2015, Dhawade and Jagtap, 2012), in
the present work, it was obtained that the films C and
T reached a Tg in approximate values of 67 °C and
69 °C respectively, the control film had a value of
Tg close to that of chitosan, but a little high due to
the presence of starch. The temperature increase of 2
°C of the film with NPs was attributed to the chains
of the polymeric matrix having less mobility caused
by the incompatibility of the inorganic NPs with the

www.rmiq.org 917



Gonzalez-Calderon et al./ Revista Mexicana de Ingeniería Química Vol. 18, No. 3 (2019) 913-927

polymers, since more temperature is necessary to
cause a free movement between the polymer chains
(Zhang et al., 2016).

One of the physicochemical characteristics of high
impact for consumer acceptance is color. The results
obtained from the measurements were expressed
according to the CIE L* a* b* color system (Bourtoom
and Chinnan, 2008; Silva-Pereira et al., 2015). Table
3 shows the colorimetry data made to the films. It
was evident that the film with TiO2 (sample T) will
increase its luminosity, since the TiO2 is used as a
pigment, this increased the parameter L* with respect
to the film C, in the same way for the other rectangular
coordinates, T tended to be greener and more yellow,
by the nature of the pigmentation. The study carried
out by Oleyaei et al., (2016) on the properties of its
potato starch films with 1% by weight TiO2, the L *
parameter (51.14) was very similar to the one obtained
in this investigation, however, the parameters a* and
b* changed very drastically with respect to this work,
since the films they made were only composed of
potato starch, probably the absence of chitosan caused
the results of these parameters to differ from those
presented in Table 3.

The films with functionalized NPs were also
analyzed, these samples had incorporated 1% by
weight of TiO2 of the different proportions according
to what is shown in Table 1. The effects that caused
the existence of organic groups on the surface of the
NPs were changes remarkable in the results of the
mechanical tests, as shown in Table 3. In the film 1-
M1-CPS the modulus of elasticity and TS decreased,
indicating that the film was more elastic, and can be
corroborated in the data of elongation at break of up
to 71% against 37% of the sample with NPs without
functionalization, approximately twice the elongation,
since the more rigid it is, the less it will elongate and
vice versa.

The Tg of the films with silanized NPs were 64, 60,
57 and 63 °C respectively, in this case, the temperature
tended to decrease with each one of the samples, they
were 3 to 10 ºC lower than the control film C, the
decrease was attributed to the presence of APTES
functional groups that gave “mobility” of the polymer
chains, a chain that can be easily mobilized, will have
a low Tg, while one that does not move as much,
will have a high Tg. The more easily a polymer can
move, the less heat will have to be supplied for the
chains to begin to contour to leave a rigid vitreous state
and move to another soft and flexible, in addition to
a compatibility by the formation of hydrogen bonds
between the TiO2 and the polymers (Lian et al., 2016)

and consequently the Tg decreased. The sample 1-M4-
CPS unlike the other three films, instead of decreasing
its Tg, exhibited an increase, but still being less than
the control film and probably due to the existence of
less amount of APTES present in the TiO2 surface
due to the proportions used in the silanization path
of these NPs. The endothermic peaks included in
the range of 85 to 100 °C shown by the films are
attributed to the loss of water, and represent the energy
needed to evaporate the water absorbed in the film
(Tripathi et al., 2009). According to this, the film T
had a greater amount of water absorbed during the
analysis procedure, hence the description of a greater
endothermic peak.

In addition to the glass transition temperature, in
the curves of calorimetric analysis an exothermic peak
is observed at 290 °C, which was present in all the
samples, which indicates the thermal degradation of
the films (Tripathi et al., 2009), however, not all of
them had the same heat flow. The film with TiO2
without functionalization described a greater peak
than the control sample C, but the peaks described by
the films with silanized TiO2 were slightly lower in
intensity than the reference films, except for 1-M4-
CPS (Fig. 1b). The existence of the coupling agent
APTES on the surface of TiO2 influences the thermal
analysis of the films, the decomposition temperature is
practically not affected, however, the enthalpy of the
decomposition of the film is reduced, which shows
that the APTES reduces the heat generated in the
decomposition of the blend chitosan/potato-starch,
thus giving a greater thermal stability to the film
(Kimura et al., 2016). The similar behavior of 1-
M4-CPS with C, is probably due to the fact that the
NPs of said film had a smaller amount of coupling
agent, due to this, the enthalpy tended to increase
until describing a curve like the control film, however,
the minimal present quantity of APTES caused that
the thermogram peak of 1-M4-CPS did not have the
intensity that the film T.

The incorporation of organic groups of the APTES
also showed changes in the colorimetry of the films
with NPs functionalized at the concentration of 1%
by weight, firstly, 1-M1-CPS had a slight increase in
the three parameters, indicating that the agent APTES
influenced in color, but imperceptibly, the proportions
of the APTES content in the NPs of the following films
caused the parameters to tend to decrease, although
they were all at 1%, they showed lower green and
yellow tones, as well as luminosity, deducting with this
that the APTES interferes with the colors of the films.
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Fig. 2. SEM micrographs of chitosan/potato-starch films, a) control film C, b) film with non-functionalized NPs (T)
and films with silanized NPs, c) 1-M1-CPS, d) 1-M2-CPS, e) 1-M3-CPS and f) 1-M4-CPS.

Water activity (aw) is a critical parameter for
microbial growth (Martuscelli et al., 2017). The
increase of the aw is not feasible, since it promotes the
deterioration of food (Sánchez-Aldana et al., 2015).
The data of aw of film C and films with TiO2 are
shown in Table 3. The values of this parameter in
the films are very similar, but there is a minimum
increase of aw in 1-M4-CPS, which was attributed
to the increase in thickness and heterogeneity in
the components of the sample, the decrease in
concentration of TiO2 caused that the aw were similar
to the behavior of the polymer sample without NPs. A
value of aw ≤ 0.4 is considered ideal to avoid microbial
proliferation, all samples were maintained between
0.265 and 0.307, with this, the films are considered
acceptable for this parameter.

The data of thickness measurements of the films
are presented in Table 3. In the absence of functional
groups in the TiO2, or also, at a very low presence of
these, NPs and polymers fail to form hydrogen bonds
(Sreekumar et al., 2012), causing that the materials do
not have an adequate acceptance and is reflected in an
increase in the thickness, this behavior was observed
in the film T with 93 µm (20 microns more than
the control film). Film samples with TiO2 modified
as 1-M1-CPS, 1-M2-CPS and 1-M3-CPS showed a
thickness of 70, 67 and 70 µm respectively, and were
similar to film C (73 µm). This behavior of slight
decrease in thickness was also observed by Lian et
al., (2016) in the incorporation of nano-TiO2 to films

of polyvinyl alcohol (PVA) and chitosan by high-
pressure hydrostatic treatment, the functional groups
on the surface of the NPs cause a “compatibility” with
the polymer matrix, making the TiO2 accepted by the
film and not increasing the thickness, however, 1-M4-
CPS also exhibited an increase in thickness as the film
T up to 100 µm due to the non-effective incorporation
of the NPs in the film.

In Fig. 2a the micrograph obtained by SEM of the
control film C is shown, a smooth surface is observed,
the irregularities observed as “lines” are due to the
scratches existing in the acrylic plates where the films
were poured, while in Fig. 2b shows the film sample
with non-functionalized TiO2 powders (film T), and
the NPs are distinguished as light points, and the
existence of clusters caused by the agglomeration of
these is visualized, as is known from the colloidal tests
in aqueous systems (López-Zamora et al., 2018).

The micrographs obtained from the films with
silanized NPs are shown in Fig. 2c, the TiO2 of the film
1-M1-CPS is observed with a better dispersion in the
film, however, there are still areas in the sample where
there are agglomerations, but in smaller quantity
compared with the unmodified powders, while in Fig.
2d, the NPs in 1-M2-CPS also show an effective
dispersion, but like the particles of 1-M1-CPS, small
clusters of TiO2 are observed.

The attraction of the TiO2 particles is due to
the attractive forces of Van der Waals, as they
do not present repulsion charges on the surfaces
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of the particles, they tend to collide and form
agglomerates. The micrograph of Fig. 2d shows the
surface of the film 1-M3-CPS, good dispersion, but
there is still a presence of conglomerates, however,
in Fig. 2f, the film 1-M4-CPS is very noticeable
since the particles form larger accumulations than
the previous micrographs, because the representative
sample contains the TiO2 powders with minor
proportions of APTES, these samples were the most
similar to the NPs without modification, since they
presented less amount of coating by the agent coupling
(López-Zamora et al., 2018).

Lian et al., (2016) observed in the micrographs
TiO2 particles and clusters of these on the surfaces of
their polyvinyl alcohol-chitosan films that appeared as
light points, and some of their samples had transitions
between the components of the mixture and the lower
layer It was not smooth. In the micrographs of the
samples with NPs, obtained in this research it is
possible to appreciate some species of spots and they
were attributed to the ineffective dispersion that the
chitosan had at the time of the formation of the sol.

Because one of the most important parameters
in the application of polymeric films is the tensile
strength, since they are used as packaging material, it
had been decided to perform an analysis of the effect
of the number of particles inside the plastic films.
Considering that the M3 particle is the one that showed
a higher tensile strength within all the functionalized
particles evaluated at 1% w/w with respect to the film-
forming materials. In addition, these particles showed
a marked improvement in colloidal stability in acid
medium during the mixing stage, as we presented in
a previous investigation (López-Zamora et al., 2018).

In addition to these characterizations, the
photocatalytic degradation or also called photo-
oxidation of the films was analyzed. The samples were
exposed to UV light for 1,008 hours. Photocatalysis
causes the chemical decomposition of compounds,
formation of free radicals (Forsthuber et al., 2014) and
consequently the degradation of the material. Infrared
analyzes were performed on the samples during the
exposure to UV light. In Fig. 3, the IR spectra of
the films are presented at three different times, it
was observed that at 384 h, the intensity of the band
caused by the hydroxyl group (-OH) between 3680
and 2999 cm−1 decreased due to the loss of moisture
in the samples due to exposure to UV light, as well
as the intensities of the other peaks, and this was
attributed to the partial breakage of intermolecular and
intramolecular hydrogen bonds, as reported by Bajer
and Kaczmarek et al. (2010). At the wavenumber

approximating 3740 cm−1 small peaks emerged, also
attributed to the -OH group (Almazán-Sánchez et al.,
2015). Photo-oxidation processes of polymeric species
such as chitosan leads to the formation of hydroxyl and
carbonyl groups (Vallejo-Montesinos et al., 2017) (at
3740 cm−1 and 1730 cm−1 respectively) on the surface
of the film. It should be noted that the spectra of films
with silanized TiO2 are still “soft” curves unlike the
control film C and the film T, the latter being the most
affected by UV light.

The samples received the radiation for 1008 h and
described a pattern in the peaks and bands with less
intensity than in the previous time, which indicated the
degradation of the material (Forsthuber et al., 2014)
in addition to the amino groups in 1580 cm−1 and the
group C=O at 1730 cm−1 (carbonyl) changed to higher
wave numbers (1650 cm−1 and 1750 cm−1) because
the hydrogen bonds formed between the polymers
suffered ruptures, which may reduce the crystallinity
of polymers (Bajer and Kaczmarek, 2010), as well
as the formation of such polar groups (carbonyl and
hydroxyl) induced by UV light, is identified by the
increase and/or decrease in the ratio between the
characteristic peaks of glycosidic bonds and amines
(Praxedes et al., 2012).

Despite the exposed time, the curves denote
the characteristic peaks of the polymers, however,
the most affected film is the sample T, since the
photocatalytic effect of the non-functionalized TiO2
affected the bands and peaks of the region between
3700 to 1900 cm−1, in addition to that the intensity
of the major peaks was drastically reduced as reported
in the literature (Praxedes et al., 2012, Bajer and
Kaczmarek, 2010). All these results indicate that
the APTES organic groups influence the reduction
of photo-oxidation processes of TiO2, which gives
us a film that, when exposed to UV light, will
resist oxidative changes more than one that is only
composed of the formation polymers or with TiO2
without silanizar, since APTES induces a passivation
effect to TiO2.

Regardless of the colorimetry study of the films
presented in Table 3, a comparison was made of the
changes of the parameters L, a* and b* at the end of
the radiation with UV light, these data are shown in
Table 4.

All the films decreased in luminosity at the end
of the photo-oxidation processes, that is, the samples
were darker compared to the initial time, 1-M3-CPS
had the highest value, followed by film T, while for the
coordinate a* only the film C and 1-M2-CPS remained
in values of the green region, although they decreased,
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Fig. 3. Infrared spectra of exposure to UV light of 0, 384 and 1008 h of the films: a) Control film C, b) 1-M1-CPS,
c) 1-M2-CPS, d) 1-M3-CPS, e) 1-M4-CPS and f) film T.
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Table 4. Colorimetric analysis of the photo-oxidation process of the films, t0 = before UV exposure, t = after 1008
h of UV light.

Sample L (t0) L (t) a* (t0) a* (t) b* (t0) b* (t)

C 30.51 12.05 -0.17 -0.73 1.43 3.3
T 51.22 27.75 -2.17 1.91 2.56 12.07
1-M1-CPS 51.58 26.37 -2.35 0.25 2.83 9.14
1-M2-CPS 49.73 24.65 -2.1 -0.26 1.1 8.66
1-M3-CPS 48.08 28.46 -1.9 0.81 1.4 10.79
1-M4-CPS 45.93 23.61 -1.71 0.17 2.32 8.94

Table 5. Colorimetry, aw, thickness and mechanical properties of the chitosan/potato-starch films with change of
load of TiO2 (0.5% and 0. 1% w/w.

Sample aw L a* b* Thickness Young’s Tensile Elongation at
(µm) modulus (MPa) strength (MPa) break (%)

T 0.27 51.22 -2.17 2.56 93 348.13 20.76 37
1-M3-CPS 0.29 48.08 -1.9 1.4 70 237.96 18.06 45
0.5-T-CPS 0.27 42.36 -1.48 1.99 67 180.4 18.37 43
0.5-M3-CPS 0.27 45.05 -1.85 2.91 87 236.6 22.35 54
0.1-T-CPS 0.27 33.55 -0.38 1.7 70 428.33 24.06 36
0.1-M3-CPS 0.28 33.12 -0.46 1.8 70 373.2 16.55 18

while the other samples had a redshift, finally, in the
b* parameter, the samples indicated an increase in
the yellow color. Summarizing these data, the loss of
whiteness, the displacement to a reddish color and the
yellowing of the film, indicate a color similar to sepia
at the end of the UV exposure period.

3.2 Effect of the amount of filler on
the properties of chitosan/potato-starch
films

The films made with the M3 particles show a better
performance in the resistance to the loss of luminosity,
in addition to using a small amount of APTES to
carry out the chemical modification of TiO2, for
what is considered that these particles are a good
option to be used as a filler. It has also been shown
that the M3 particles have a good stability at acidic
pH values, which are used in the formation of the
FFS, so that this particle inside the film was studied
considering a change in the load of nanoparticles to
observe the effects produced when incorporating them
in the films and compare them with the NPs without
functionalizing. Table 5 presents the results obtained.

For the samples with different concentrations of
NPs there was an increase in the thickness (0.5-
M3-CPS) probably due to the little formation of
bonds between the polymers and the TiO2, while
the others maintain a thickness similar to the film

of chitosan/potato-starch. For the water activity, the
values were similar to the control film, this probably
due to the lower amount of functionalized TiO2, since
the hydroxyl groups of the surface, or the organic
groups of the APTES, could form smaller hydrogen
bonds and lower moisture uptake, but it is practically
very small unlike its counterparts at 1% w / w.

For the mechanical tests, the decrease to 0.5% by
weight of the concentration of the NPs in the films
caused a different effect, and this is observed in the
data in Table 5. In these concentrations, the sample
0.5-M3-CPS with functionalized TiO2 showed values
greater than 0.5-T-CPS, the opposite of its counterparts
at 1%, where the Young’s modulus and the tensile
strength of the films decreased with the presence of
APTES. If you compare the data of 0.5-M3-CPS with
those of 1-M3-CPS, they are very close, even the data
are better balanced, since it has a greater elongation
than the one of the load of 1%, however this behavior
it does not prevail when the concentration decreases
to 0.1% by weight in films. For the sample 0.1-T-
CPS, the modulus of elasticity increases drastically,
surpassing any value analyzed in this work, the above
is attributed to the fact that the particles of TiO2 are in
a sufficiently small proportion to avoid the formation
of agglomerates. Finally, 0.1-M3-CPS also showed an
increase only of module and TS, since the elongation
was very poor, making the film very brittle and having
an immediate break in the tensile tests.
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According to our study, it was observed in the
infrared spectroscopy and X-ray scattering tests that
the different functionalization routes of the NPs do not
affect the patterns of these techniques, this information
is shown in the supplementary material.

Conclusions

The introduction of nanometric particles of TiO2 to
chitosan/potato-starch films caused changes in optical,
mechanical and thermal properties. The presence of
functional groups of the APTES coupling agent on
the surface of the TiO2 NPs also influenced the
results of all the data collected. The films increased
in luminosity due to the pigmentation of the NPs,
the aw remained practically close to the control,
remaining within the acceptable values for microbial
nonproliferation, concluding that the APTES does not
significantly influence this parameter. The thermal
analysis indicated that the addition of TiO2 increases
the glass transition temperature in the film, but that the
addition of functional groups such as those of APTES,
gives mobility to the polymer chains at the time of
temperature rise, causing the necessary temperature
is lower to leave a vitreous state, the most important
thing was that the existence of these functional groups
reduced the enthalpy of decomposition of the films
making them more stable at the time of thermal
degradation compared to the film with NPs without
APTES. The coupling agent and the bonds that formed
between the polymer chains also modified the results
of the mechanical tests, the behaviors shown by
the films with silanized NPs had better balanced
properties than the control film C and film T, since
they increased their elongation without sacrificing in
an excessive way its tensile strength, the peculiar
thing was that by decreasing the load of NPs, the
behavior of the samples was different, since 0.5-
M3-CPS showed better values than its counterpart
at 1%, in this behavior it is attributed the influence
of its thickness a little greater than its counterpart,
as well as the compatibility and formation of bonds
between the polymers and TiO2, and the effective
dispersion of TiO2 was visualized in the micrographs,
also being appreciated in the thickness. The effect of
the photo-oxidation was reflected in the final color,
since from white they became a color similar to
sepia or brown, according to our analysis. The photo-
oxidation results suggested the passivation of TiO2
thanks to APTES, which implies that it is a more

stable film against UV radiation, avoiding the negative
effect of TiO2 particles without modifying; this could
be due to the hydrophilic nature of the films, they
bind to the particles on the outside (amino groups),
thus causing the electron movement to take place
in the hydrophobic part (siloxane). Improving the
photocatalytic stability of the particles and avoiding
photodegradation.
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