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Abstract 

The stability of PCL/TiO2 nanocomposites under different environments was 

investigated. Samples were exposed to UV radiation in an accelerated 
weathering chamber equipment and characterized by viscosimetry and 
differential scanning calorimetry. The results showed that the presence of 
nanoparticles containing titanium enhanced polymer chain scission during UV 
exposure. For all samples, the melting temperature and crystallinity increased 
along photodegradation time. The biodegradability, assessed by biochemical 
oxygen demand, increased as the amount of inorganic particles increased. 
However, the thermal stability and activation energy evaluated by 
thermogravimetric analysis decreased as the amount of inorganic nanoparticles 
increased, indicating that nanocomposites exhibited lower thermal stability. 
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Introduction 

Polymers have been replacing conventional materials, as ceramics, metal and paper in 
packaging applications due to their functionality, processability, lightweight and low cost 
[1-3]. However, the development and research on polymeric materials resulted in very 
durable products with 

tailor-made properties [1]. Thus, its use arise environmental problems related with waste 
management, leading to the implementation of some strategies, such as, landfills, plastic 
incineration and recycling [1, 4-6]. An alternative to these processes would be the 
development of biodegradable polymers with similar performance to conventional 
polymers, which requires modification to enhance its properties [4,6 − 10]. It has been 
shown that the addition of inorganic fillers, which can be dispersed at nanometric size, is 
a viable alternative to improve these materials properties [11, 12]. Biodegradable 
polymers, such as, polylactide (PLA), starch and poly( 𝜀-caprolactone) (PCL) have been 
used as matrix [6, 7, 9, 13-19]. Therefore, in applications with short life-cycle, like 
packaging, the use of biodegradable nanocomposites seems to be an ecological alternative 
to reduce packaging waste [3,8,9]. Until now, the most used fillers for packaging 
applications are clays, rods and carbon nanotubes [15-19]. However, titanium particles 
have also being developed as fillers for packaging applications [11]. Moreover, titanium 



dioxide ( TiO2 ), in the anatase crystal form, is very reactive and widely known for its 
photocatalytic action, since the presence of these particles enhances the photodegradation 
of the polymer matrix [11]. 

Several authors have already studied the degradation of biodegradable polymers and 
respective nanocomposites. Tsuji [20] and co-workers investigated the photodegradation 
of melt crystallized poly(l-lactide) (PLLA-C) and amorphous (PLLA-A) during 200 h . 
They found out that elongation to break ( 𝜀 ) decreased drastically. Sadi [21] noticed that 
during photodegradation poly(3-hydroxybutyrate) (PHB) both chain scission and 
crosslinking occurred, but the former prevailed. Recently Gardette [22] proposed a PLA 
degradation mechanism based on the formation of an anhydride. This mechanism 
involves a classical hydrogen 
abstraction on the polymeric backbone at the tertiary carbon in the 𝛼-position of the ester 
function leading to the formation of macroradicals. It is postulated that initiation of the 
photochemical reaction results from the presence of chromophoric defects in the polymer 
at very low concentrations. 

Since there is a lack of studies on nanocomposites stability under different environments, 
the present study aims to investigate the durability of PCL/TiO2 nanocomposites under the 
presence of UV radiation, microorganisms and temperature. Samples were placed in an 
accelerated weathering chamber, removed along exposure time and characterized by 
viscosimetry measurements and differential scanning calorimetry. Biodegradability was 
assessed by biochemical oxygen demand (BOD). The thermal stability, as well as, the 
activation energy was evaluated by thermogravimetric analysis. 

Experimental Part 

Materials 

Poly( 𝜀-caprolactone), CAPA FB100 ( Mn > 100,000 g/ mol) supplied from Perstrop was 
used as a biodegradable polymer and titanium butoxide (Ti(OBu)4), (Mn = 340.027 g/mol 
), from Aldrich was used as precursor. 

Sample Preparation 

Nanocomposites with 1 and 4% of titanium butoxide (TBT1 and TBT4) were prepared by 
melt mixing, using a batch mixer (Rheomix 6000S, volume 69 mL ) at 90∘C, rotor speed 
of 100 rpm during 8 min . 

Films were made, from the samples previously prepared, in a hot press at 90∘C and 
samples of 30 × 120 × 0.4 mm (width × length × thickness) were cut by hand. 

Photodegradation 

The photodegradation tests of PCL, TBT1 and TBT4 samples were carried out in a Xenotest 
150 S chamber equipped with a filtered xenon lamp with 60Wm−2 of intensity, during a 
period of 700 h , according to standard procedures [23]. The Xenotest creates an 



accelerated environment of the natural weathering process, in which the material will be 
exposed during its lifetime. It simulates daylight exposure with heat and humidity. 

Biodegradation 

Biodegradation was assessed in aqueous environment under aerobic conditions according 
to the standard ISO 14851:1999, which specify a method for the determination 
of biochemical oxygen demand (BOD) in a closed respirometer. The complete procedure 
is described in Moura [24]. 

Thermal Degradation 

The thermal degradation kinetics was investigated taking into account the 
thermogravimetric data. A typical model for the thermal decomposition of a homogeneous 
system was used according to Eq. 1 [25]: 

𝜕𝛼

𝜕𝑘
= 𝑘(𝑇)𝑓[𝛼(𝑡)] (1) 

where, 𝛼 is the degree of conversion of the sample under degradation, calculated by Eq. 2: 

𝛼 =
𝑤0 − 𝑤(𝑡)

𝑤0 − 𝑤∞
(2) 

where, 𝑤0, 𝑤(𝑡) and 𝑤∞ are the sample weight before degradation, at time 𝑡 and after 

complete degradation, respectively. The rate constant, 𝑘(𝑡), depends on the absolute 
temperature according to the Arrhenius equation. Since polymer degradation are often 
chain reaction 𝑠, 𝑓(𝛼) represents the results of elementary steps. For solid state reactions, 
𝑓(𝛼) = (1 − 𝛼)𝑛, where 𝑛 is the reaction order, and it was assumed that it is constant 
during the degradation process. Therefore, the activation energy of the samples was 
determined by the Ozawa-Flynn-Wall (OFW) using several heating rates, 5,10,15 and 
20∘C/min, between 30 and 530 ∘C, under nitrogen atmosphere ( 60 mL/min ) using a TA 
Q500 thermobalance. The samples were analyzed in duplicate. The TGA curve at each 
heating rate allows to estimate a temperature for a specific conversion level. The plot of 
the heating rates logarithm against the absolute temperature gives a straight line, which 
allows to assess the activation energy [26, 27]. The isoconversional method of OFW 
[28,29] is a method that uses Eq. 3, which assumes that the conversion function, 𝑓(𝛼), 
does not change with the variation of the heating rate for all degree of conversion, 𝛼, 
values. It involves a temperature measurement corresponding to fixed values of 𝛼 from 
the experiments at different heating rates ( ℎ𝑟 ). 

ln (ℎ𝑟) = ln 
𝐴𝐸𝑎𝑐𝑡

𝑅
− ln 𝑓(𝛼) −

𝐸𝑎𝑐𝑡

𝑅𝑇
(3) 

where, 𝐴 is a pré-exponential factor (min−1) and Eact  is the activation energy ( kJmol−1 ). 

This method is a powerful tool to study the degradation kinetics using thermogravimetric 
data obtained from complex processes, like thermal degradation of polymers and allows 
to evaluate the activation energy without a previous knowledge of the reaction order, 
which in many cases is a great advantage [30]. 



Characterization 

Samples of 70 nm thickness were cut using a diamond knife, in a Leica ultramicrotome at 
−60∘C. The cut sections were transferred onto copper grids and then analysed without 
stain in a Philips CM120 transmission electron microscope (TEM). 
 

 

Fig. 1 TEM micrograph of TBT1 nanocomposite 
 



 

Fig. 2 Evolution of the molecular weight ratio of PCL, TBT1 and TBT4 samples along 
exposure time 

The viscosity measurements were performed in a water bath at 25.0 ± 0.1∘C using an 
Ubbelohde type viscometer. Toluene was used as solvent and the concentration of each 
solution was around 0.002 g/mL. Four measurements were performed for each filtered 
solution. The viscosimetric molecular weight was determined through the Mark-Houwink 
equation [31]. 

Samples were analysed by differential scanning calorimetry under an argon atmosphere 
between 0 and 120∘C, at a heating rate of 10 ∘Cmin−1 using a Mettler DSC 821e. Two 
analyses were performed for each sample. The onset melting temperature ( Tm ) and 
crystallinity degree ( 𝜒 ) were determined from the first run. While the onset temperature 
was calculated by the equipment software, the crystallinity degree was determined using 
Eq. 4: 

𝜒(%) =
Δ𝐻𝑓(𝑃𝐶𝐿 samples )

Δ𝐻𝑓
0(𝑃𝐶𝐿)

× 100 (4) 

ΔHf was determined for each sample and the value of ΔHf
0 of PCL was 139.5 J/g [13]. 

Results and Discussion 

Figure 1 depicts, as an example, the morphology of TBT1 nanocomposite investigated by 
TEM, which shows a fine dispersion of inorganic particles with a few nanometers in the 
polymeric matrix. 

The molecular weight ratio as a function of degradation time ( 0,200,500 and 700 h ) for 
PCL, TBT1 and TBT4 nanocomposites is plotted in Fig. 2. Even though a decrease of 
molecular weight of the samples is clearly observed along the exposure time, it is more 



significant for nanocomposites. These results clearly indicate that degradation of the 
polymer matrix along exposure time occurred by chain scission and was more pronounced 
when inorganic particles were presented [32]. This is in agreement 

Fig. 3 DSC curve of the PCL samples before (line) and after photodegradation (square) 
 

 

 
with the published PCL photodegradation mechanism that occurs by free radical process 
and leads to a breakdown of the polymer backbone via the Norrish II mechanism at the 
ester group and the sequential two methylene groups adjacent to the ester oxygen [20]. 

As expected, the slope rises as the amount of TBT increases, which indicates that the 
inorganic nanoparticles 
enhanced the polymer degradation due to its photocatalytic activity [33, 34]. In this case 
degradation was initiated both by UV radiation and nanoparticles containing titanium. 

DSC curves of PCL and TBT4 samples before and after photodegradation are shown in 
Figs. 3 and 4. Non-degraded samples of PCL and TBT4 exhibit two melting peaks, which 
were attributed to the melting of the original crystals 

Fig. 4 DSC curve of the TBT4 samples before (line) and after photodegradation (square) 

Fig. 5 Onset melting temperature 𝐚 and crystallinity degree 𝐛 of PCL, TBT1 and TBT4 
before and after photodegradation 
 



 



Fig. 6 Biodegradability of PCL and nanocomposites according to ISO 14851 
 

 

Fig. 7 TGA curves of PCL, TBT1 and TBT4 obtained at 10∘Cmin−1 

As it can be observed in Fig. 7, PCL completely degrades till about 430∘C. The onset 
temperature of the samples (390, 384 and 375 for PCL, TBT1 and TBT4, respectively) 
indicates that samples containing inorganic nanoparticles exhibit lower thermal stability 
than PCL, which decreased as the amount of nanoparticles increased. The lower thermal 
stability of the nanocomposites can be due to the presence of the organic part of the 
precursor (TBT), which has a low boiling temperature and volatilizes at lower 
temperature. 

Figure 8 presents, as an example, the TGA curves of PCL obtained at 5,10,15 and 
20∘Cmin −1, respectively. As the heating rate decreases the onset temperature decreases. 



This result is due to the fact that lower heating rates allow a better homogenization of the 
phenomena that happens in the material during heating, once the material has higher 
response time. 

The isoconversional OFW method, Eq. 3, was applied to calculate the activation energy of 
PCL, TBT1 and TBT4 samples at different conversions values, from the linear fitting of log 
hr versus 1/T (Fig. 9). In the present study, the conversion rates values used were 0.6, 0.7, 
0.8 and 0.9. The 
 

 

Fig. 8 TGA curves of PCL obtained at 5,10,15 and 20∘Cmin −1 

OFW plots of the samples with a correlation coefficient of R > 0.90 are presented in Fig. 
9. The fitting straight lines are nearly parallel, which indicate that this method can be 
applied to PCL and nanocomposites in the conversion range studied. The activation energy 
obtained for each 
conversion level is shown in Fig. 10. A change in the activation energy was observed as the 
conversion rate increased, which suggests the existence of a complex decomposition 
mechanism [36]. If the calculated values were the same for various values of 𝛼, it could be 
concluded that the degradation occurs through a single stage mechanism. On contrary, a 
change of 𝐸act  as the conversion degree increases indicates a complex reaction mechanism 
that invalidates the separation of the variables involved in the OFW analysis [37, 38]. 
Therefore, the increase in the activation energy along conversion level (Fig. 10) indicates 
that the kinetics can only be interpreted in terms of multistage degradation mechanism 
[39, 40]. 

The average activation energy is higher for PCL and decreases as the TBT amount 
increases (Fig. 11). This result can be explained by the titanium photocatalytic activity, 
which is responsible for the faster degradation of the polymer matrix by chain scission. 
Therefore, the 



Fig. 9 Plots of the logarithm of the heating rate versus reciprocal temperature of the 𝐚 PCL 
and 𝐛 TBT4, for various conversion levels 
 

 

 
 

 



Fig. 10 Activation energy versus conversion level 
 

 

 
 

 

Fig. 11 Samples activation energy 
samples with higher titanium amount need less energy to degrade, i.e., the activation 
energy of these samples is always lower than for the polymer matrix. 



Conclusions 

The stability of PCL/TiO2 nanocomposites under different environments was 
investigated. 

During the photodegradation study the chain scission phenomena was responsible for the 
molecular weight decrease. The thickening of the crystallites caused by UV irradiation and 
the higher flexibility of the smaller macromolecular chains promoted by chain scission, 
result in an increase of the samples crystallinity and melting temperature. 

As it was expected due to the photocatalytic activity of the titanium, PCL showed higher 
activation energy than nanocomposites. The change in the activation energy with the 
conversion level, suggest the existence of a multi-stage degradation mechanism. 

The nanocomposites prepared exhibited higher biodegradability but lower photo and 
thermal stability than PCL, which would be suitable for packaging applications. 
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