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ABSTRACT 

The influence of mesoporous SBA-15 on the thermal stability of nanocomposites with 

isotactic polypropylene has been evaluated in detail, both under inert and air conditions, by 

performing dynamic weight loss measurements and by tracking the evolution of degradation 

species in materials prepared by melt extrusion. A superior thermal stability has been found in 

the composites, both under nitrogen and air, compared with that observed in the pristine PP. 

An almost identical effect has been found under those two atmospheres, in spite that the 

mechanisms involved in both of them are completely different. The rheological characteristics 

of these materials turn out the driving aspect in the observed thermal behaviour, prevailing on 

other specific detrimental parameters.  
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INTRODUCTION 

The favourable prospect of polymer nanocomposites’ emerging market stems from the 

fact that these materials offer novel or improved properties, merely because a rather small 

quantity of nanoparticles are dispersed into a polymer matrix (ca. up to 5 wt%). This is 

especially important in the case of commodities since it is an efficient, quick, and cheap 

methodology to maintain, even increase, its impact on both daily and high performance 

applications. The enormous industrial interest on these materials has then promoted a huge 

basic research, with the purpose of gaining fundamental knowledge about the 

physicochemical factors involved in the modification of polymer properties. 

Silicate and silica based inorganics are undoubtedly the most employed as nanofillers 

because they are very abundant in nature and because they do not need complicated 

treatments to be available as particles in the nanoscale. Moreover, they can be supplied in a 

wide variety of geometries that covers from foils, fibers and spheres. Accordingly, they have 

been profusely studied from the basic research point of view1. 

New silica materials that are structured as mesoporous networks2,3,4, such as MCM-41, 

SBA-15, MCM-48 among others, are good alternatives to be used as nanofillers, since they 

offer an internal volume able to be taken up by polymer chains in the course of preparation 

from solution, melt compounding or synthesis processes. This phenomenon is expected to 

favour the disaggregation of rather polar particles within much less polar, even non-polar 

polymeric matrices and, in that way, to have a deeper impact on material properties. 

Beside this, there is another reason that makes mesoporous silica a good choice for the 

preparation of polymer nanocomposites. These compounds have been already used in 

cracking of polymers5,6,7,8,9,10,11 especially of polyolefins, since they supply a considerable 

content of acid catalytic centres, spread over a high specific surface, that reduce the activation 

energy of the process. Due to this characteristic, mesoporous silica compounds have a high 

potential in all kind of heterogeneous processes. For instance, as supports for catalysts in 

olefin polymerisation, where much research is currently underway12,13,14,15 and where the 

nanosize could be exploited to modify conveniently the final properties of the material as 

well. As a matter of fact, these thereby obtained polyolefin grades may be more performant 

under application conditions and might be also more easily convertible into chemicals by 

cracking, at the end of the service life. This eventuality would make it possible low-energy 
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recycling of thermoplastics from the material itself, without adding cracking catalysts. 

Therefore, the use of mesoporous silica as nanofiller has the added value of contributing to 

both material and energy savings and, hence, to the sustainability of use and production of 

thermoplastics. 

Despite the growing interest in the application of mesoporous silica for the preparation of 

polyolefin nanocomposites, either as supports of metallocene catalysts12-15,16,17,18,19 or by melt 

compounding20,21, not much attention has been paid on the impact of these particles on the 

stability of the polymer matrix. This study aims to contribute to this critical issue by 

presenting a basic evaluation about the influence of pristine SBA-15 on the stability at high 

temperature, under both pyrolytic and oxidative conditions, of isotactic polypropylene (PP) 

and its based nanocomposites (PP/SBA) obtained by melt compounding. In fact, if one of the 

expected effects of presence of SBA-15 particles is to catalyse polymer chain scissions, it 

seems mandatory to evaluate the impact of this inorganics on the stability at high 

temperatures. This study will allow, on one hand, drawing conclusions about the suitability of 

replacing pristine PP by its SBA-15 based nanocomposites and, on the other, it will provide 

essential knowledge about the factors driving the modification of the material’s thermal 

performance.  

EXPERIMENTAL 

Materials and preparation of samples 

A commercially available metallocene-catalyzed isotactic polypropylene, iPP (Metocene 

HM562P: melt flow index of 15 g/10 min, ISO 1133, kindly supplied by Lyondell-Basell) 

was used in the present research as polymeric matrix. The mesoporous SBA-15 particles were 

purchased to Sigma Aldrich.  

The PP/SBA nanocomposites were prepared by extrusion of the iPP and the inorganic 

SBA-15 particles at different ratios in a co-rotating twin-screw microextruder (Rondol). A 

screw temperature profile of 115, 170, 180, 185 and 190ºC was used from the hopper to the 

die, being the length to diameter ratio 20:1.  

The resulting materials were processed into films by compression moulding in a Collin P-

200-P press between hot plates at 190ºC for 3 min without pressure and, then, 3 min at 30 bar, 

and subsequent rapid cooling between refrigerated plates for 3 min under the same pressure.  
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Nanocomposite samples are referred in this study as PP followed by the weight 

percentage value in SBA-15 particles. Thus, for instance, PP2 and PP13 stand for PP/SBA 

nanocomposites with a weight content in SBA-15 of 2 and 13 wt.%, respectively. 

Two additional samples, PP43 and PP80, were synthesised using a metallocene catalyst 

immobilised on the SBA-15 particles, acting as support, under different reaction conditions, 

in order to get nanocomposites in which either most or a significant fraction of the polymer 

could reach the internal mesoporous network of the SBA-15 particles. For this synthesis, the 

SBA-15 was impregnated with the Me2Si(In)2ZrCl2 catalyst (Strem) using glove-box and 

Schlenck techniques, according to the following procedure: The metallocene catalyst was 

dissolved in freshly distilled toluene at room temperature and the solution was subsequently 

mixed with the SBA-15, previously dried under vacuum at 350ºC overnight. After 3 hours of 

contact time, the suspension was filtered under N2, washed with 10 mL of toluene and finally 

dried under vacuum. The so-prepared SBA-15 supported metallocene was directly introduced 

in the reactor, as a suspension in toluene, where it undergoes the in-situ activation with the 

modified MAO (MMAO-12, Aldrich 7 wt.% Al in toluene) present in the medium. The 

polymerisation conditions for both samples are specified in table I. 

Table I. Reaction conditions for the synthesis of samples PP43 and PP80 and final 

PP/SBA ratio in the samples 

Sample 
Temp.

(ºC) 

Time 

(h) 

Propylene 

(bar) 

[Al]/[Zr] 

(molar ratio) 

Catalyst/SBA-15 

(weight ratio) 

PP/SBA-15 

(weight ratio) 

PP43 20 24 0.99 544 0.049 1.32 

PP80 25 24 0.41 969 0.036 0.25 

 

DSC characterisation 

The DSC analysis of the films was carried out in a TA instruments DSC Q100 apparatus 

connected to a cooling system and calibrated with Indium and Zinc. The samples were heated 

under N2, from 0ºC to 220ºC at a heating rate of 20ºC/min. The melting temperatures are 

collected in table II. 
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TGA measurements 

TGA measurements were carried out in a Thermal Analysis TGA-Q 500 device. The 

samples used were 4 mm discs of approximately 5mg cut from the film with a calibrated die. 

Heating ramps from 40ºC up to 750ºC at 2, 5, 10 and 20ºC/min were used, under a 90 mL/min 

flow of either nitrogen or air.  

The TGA curves obtained were used to calculate the apparent activation energy 

(henceforward referred as Ea) of the weight loss process, by using the isoconversional method 

proposed by Friedman22. The analysis of changes in Ea was mainly focused on the initial 

stages of the degradation. 

Degradation of samples 

The controlled degradation, up to the selected final temperature, of the virgin PP and their 

PP/SBA nanocomposites was performed under N2, in a tubular furnace. Initial quantities 

between 10 and 20 mg of the films were heated into a glass test-tube, properly modified to be 

fed by a laminar flow of the inert gas. The pyrolysis heating ramp within the cell was checked 

to be between 8 and 9ºC/min, by means of a K type thermocouple/data logger (Lascar 

Electronics), which tracked the actual temperature value every 10 s. After a 15 min purging 

stage with Nitrogen (250 mL/min), the pyrolysis cell was let equilibrate at room temperature 

and, then, the heating ramp was started in the Nitrogen stream. Finally, the sample was cooled 

down under N2 at room temperature. 

In the case of degradations in air, all samples were isothermally oxidised in a fan-oven at 

160ºC, at increasingly residence times. 

FTIR analysis of degradation kinetics 

The FTIR spectra of both the reference and the degraded samples were recorded from the 

films, by performing 4 scans in a Perkin Elmer Spectrum Two, in the 4000-450 cm-1 range, at 

a resolution of 2 cm-1. The absorbance of the spectra were normalised to the intensity of the 

2722 cm-1 peak. 
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Measurement of the zero shear viscosity (0) 

Rheological characterization of dynamic viscosity η´ was carried out in a dynamic 

rotational rheometer, TA Instruments ARG2 (New Castle, USA). The experiment was 

performed under a nitrogen atmosphere using 25 mm diameter parallel plates. This 

viscoelastic parameter was measured in small-amplitude oscillatory shear flow as a function 

of frequency and temperature. The frequencies covered were in the 0.01 s−1 to 100 s−1 range. 

The temperature interval evaluated was ranging between 160 and 200 °C. To ensure the linear 

relation between stress and deformation, small stresses were used in all the dynamic tests. 

Zero shear viscosity (η0) values were assessed by extrapolation of the dynamic viscosity η´ 

values to a frequency of 0 Hz, with the exception of PP13. In this material, the reported data 

are those experimental results at a frequency of 0.63 rad/s, because of an extrapolation cannot 

be applied since percolation seems to be reached in this PP13. The viscosity values at lower 

frequencies would turn out without physical sense because presence of SBA-15 at that content 

does not allow achieving the Newtonian plateau. 

Table II. Weight content in SBA-15 particles determined by TGA; melting temperatures 

(Tm) obtained from DSC experiments; and, values of zero shear viscosity (0) at different 

temperatures above Tm 

Sample 
SBA-15 

wt.% 

Tm
DSC 

(ºC) 

0
160ºC 

(Ps·s) 

0
180ºC 

(Ps·s) 

0
200ºC 

(Ps·s) 

PP 0 142.0 1750 1180 880 

PP2 2 143.0 1830 1150 885 

PP4 4 143.0 1780 1180 890 

PP8 8 142.5 1980 1380 1040 

PP13 13 142.5 5880a 5400a 5220a 

aReported data are the experimental results at a frequency of 0.63 rad/s. 
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RESULTS AND DISCUSSION 

Thermal stability under N2 

The presence of SBA-15 has been found to improve the thermal stability of the PP under 

inert atmosphere. Figure 1a shows that this effect is remarkable for sample PP13, as noticed 

by comparing their TGA curves at different heating rates with those ones from the reference 

PP. The stabilizing effect is also noticed from Figure 1b, where the corresponding DTGA 

curves have been represented. Figure 1a also displays some qualitative changes in the weight 

loss trend, which can be ascribed to the SBA-15 presence. As a matter of fact, the initial 

curved weight loss shape observed in the virgin PP changes to a faster initial evolution of 

volatiles in the PP13 specimen. Additionally, the temperature gap, caused by the increase of 

the heating rate in the 2-20ºC/min range, is reduced at low weight losses in the case of the 

PP13 nanocomposite. These two facts by themselves allow predicting an increase of the 

apparent Ea of the pyrolysis at low degradation stages. 

The superior thermal performance conferred by the mesoporous SBA-15 particles is also 

dependent on their content, as deduced from the comparison of the TGA curves 

corresponding to the different samples at the same heating rate (10ºC/min) represented in 

Figure 2a. It is worth noticing that the stabilizing influence is somewhat visible at 2 wt.%, 

increasing with the SBA-15 incorporation up to 8 wt.%. At the highest 13 wt.% content, that 

enhancement is hardly raised. The limit of the stabilization effect at high temperatures seems 

to appear, then, at a content of 8 wt.% of SBA-15 particles. This fact can be easily seen in the 

corresponding derivative curves of TGA runs at 10ºC/min for the different SBA-15 contents 

(Figure 2b). This figure depicts that rather similar curves in shape and position are observed 

in the samples with SBA-15 contents of 8 and 13 wt.%, respectively. 
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Figure 1. (a) TGA and (b) DTGA curves in N2 for the PP (black) and PP13 (blue) films at 

different heating rates:2 (solid thick lines), 5 (solid thin lines), 10 (dashed lines) and 20ºC/min 

(dotted lines). 

According to the above-mentioned changes in the features of the TGA curves, caused by 

the presence of SBA-15 particles, it seems mandatory to assess if apparent Ea variations 

occur and, what is more important, if it really implies a change in the pyrolysis mechanism or 

it simply reflects changes in the kinetics of the evolution of volatiles. For this reason, the 

Friedman’s approach22 was used to evaluate the apparent Ea values. 
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Figure 2. (a) TGA and (b) DTGA curves in N2 for the different samples at 10ºC/min. A colour 

code is inserted into the plots. 

Variations of the apparent Ea with the pyrolysis conversion, for the virgin PP and the 

different nanocomposites, are shown in Figure 3. As previously indicated, the analysis is 

mainly focused on the initial and medium pyrolysis stages (ca. up to a 50 weight loss 

percentage). It is clear that the typical initial increase in the Ea for the PP is also observed in 

films with SBA-15 particle compositions of 2, 4 and 8 wt.%. Nevertheless, the slope of this 

rise is getting sharper and its starting value becomes superior with increasing SBA-15 content. 

As far as the PP13 material is concerned, it displays an anomalous decreasing shape that 

allows suspecting a driving role of the SBA-15 particles in the kinetics of the weight loss 

process. At this particular concentration, the process starts with an unexpectedly high value of 
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the Ea that is reduced significantly to lower values, these being similar to those found at the 

other compositions in the 20-50 wt.% range. 
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Figure 3. Dependence of Ea on the weight loss for the different materials under analysis. The 

colour code is inserted into the plot. 

The Ea of the PP pyrolysis is an apparent magnitude since it reflects the energy 

requirements of a great number of radical chain processes, which make up the mechanism. 

Additionally, the Ea has been reported to be apparent not only from the chemical point of 

view but also from the physicochemical standpoint, due to the fact that it is also sensitive to 

physical or physicochemical features that might have a significant influence in chain scission 

processes happening in the molten state, e.g. factors controlling chain flexibility. In this sense, 

several features have been reported to make the difference in the apparent Ea required for the 

pyrolysis of PP. Among them, the influence of specific chain conformations associated with 

distinctive tacticity23,24 together with that ascribed to changes in molecular weight25 and the 

presence of comonomer units, acting as interruptions in the PP sequences26. Anyway, 

variations in the apparent Ea should be related to an alteration in the most energy demanding 

step, this being either a chemical or physicochemical stage. 

In order to elucidate the true nature of the factors underlying the SBA-15 role, onto the 

variations of Ea, a more detailed analysis of the species generated in the remaining solid after 

the pyrolysis, as well as of their build-up kinetics, has been performed by means of the FTIR 

technique. Some species are a fingerprint of the chain scission mechanism, through which 

polylefins generally degrade under an inert atmosphere27,28,29,30. The resulting functionalities 
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formed are end-chain double bonds, whose distinctive IR absorptions and their relative 

intensities allow tracking the advance of the pyrolysis. 

Figure 4a shows the evolution of intensity corresponding to the out-of-plane deformation 

mode of end-chain vinyliden protons generated during the pyrolysis of the virgin PP31,32. The 

FTIR analysis performed in every other case reveals that the same species are produced and, 

then, that the chain scission mechanism does not change because of the presence of SBA-15. 

Nevertheless, the kinetics of this peak’s growth is remarkably different, as deduced by the 

semi-quantitative analysis depicted in Figure 4b. The induction temperature range strongly 

depends on the SBA-15 content. This fact allows asserting that the well-known chain scission 

process really takes place, but it is increasingly delayed as the SBA-15 content is raised. 

According to these results, the differences observed in the apparent Ea with the SBA-15 

content (Figure 3) do not correspond to a change in the chemical mechanism, but to physical 

and/or physicochemical features associated with the SBA-15 particles. One of the most 

important effects could be a shielding in retention of volatiles or in some protection against 

heating derived from the presence of those SBA-15 particles, which eventually would shift 

the TGA curves towards higher furnace temperatures. Another factor could be the specific 

PP/SBA interaction at the interface or some restrictions in the molten PP chain dynamics as a 

result of the presence of SBA-15. 
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Figure 4. (a) Evolution of the FTIR out of plane deformation mode of terminal vinyliden 

protons in the pyrolysis of the virgin PP. (b) Kinetics of growth for the 887 cm-1 peak in the 

PP homopolymer and the different SBA-15 nanocomposites. Degradation times and samples 

are identified in the graphs a) and b) respectively by a colour code. 

Concerning an eventual barrier effect of the particles, such possibility has been indeed 

proven, but for the access of oxygen to the polyolefin at high degradation stages and for 

laminar and fibrous silicate particles33,34,35,36. In those particular cases, a somewhat continuous 

inorganic layer hinders the diffusion of the oxygen and causes a raise of the Ea, since the 

degradation becomes anaerobic. Quite on the contrary, an effective barrier effect of SBA in 

the pyrolysis of our samples would imply a blocking role of particles in the early loss of 

volatiles. This scenario can be discarded, especially if kinetic results are taken into account, 

since FTIR results shows that the progress of the pyrolysis is really delayed by the presence of 

SBA-15 (figure 4b). 

Regarding thermal isolation, SiO2 particles are considered as a poor insulator, with 

thermal conductivities over 0.721 W/mk37 (ca. 1.2 W∕mK and 1.435 W∕mK)38 and they are not 

expected to restrict the heat flux when mixed with a much lower thermal conductive material 

like PP, both in the solid and in the molten state (ca. < 0.24 W/mk)39. In fact, SiO2 has been 

used to increase somewhat the thermal conductivity other polymer materials like epoxy 

resins40 . 

Among the physicochemical factors mentioned, PP/SBA interactions at the interphase 

are expected to lower the Ea, because of the existence of Lewis acid centres on the particle 

surface that promote chain scission7,8,9,10,41. However, the reality is just the opposite and both 
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temperature and Ea of the pyrolysis increase with the SBA content. From the few works 

available in related literature that report a stabilisation effect of mesoporous silica in PP 

nanocomposites42, such an influence would be related with those parameters affecting the 

dispersion efficiency of particles, e.g. processing conditions and polymer/filler interaction at 

the interphase. In our case, on the basis of the little impact of the above commented 

parameters, a rise in viscosity of the molten material is suggested to play a key role in the 

observed stabilisation. In other words, restrictions to chain dynamics may make thermally 

activated scissions more difficult.  It is obvious that a comparative rheological study of the 

materials is not possible at temperatures far higher than the melting point, but the analysis of 

the viscosity at temperatures over the melting point may be helpful to withdraw conclusions 

about dissimilar chain dynamics, depending on the SBA-15 content (see Figure 5). 
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Figure 5. Dependence of zero shear viscosity on the SBA-15 content at different 

temperatures: 160ºC, 180ºC and 200ºC. 

This rheological analysis shows rather interesting characteristics. There is a noticeable 

influence of presence and content of SBA-15 particles in the zero shear viscosity values (see 

Table II and Figure 5). Thus, viscosity of the molten materials (whose Tm values listed in 

Table II) slightly increases up to 8 wt.% and very sharply at the highest content (PP13 

specimen) because percolation is close to be reached at that SBA-15 amount. These variations 

in η0 point out that restriction in chain dynamics can play a significant role onto the energy 

required for chain scission. This dependence correlates rather well with the progressive 
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increment found for Ea up to the PP8 sample and with the surprisingly superior Ea of the 

initial stages in the PP13 pyrolysis. Therefore, the hindrance of polymeric chain mobility 

caused by the SBA-15 presence seems to be the reason for the stabilisation effect observed in 

the pyrolysis of these nanocomposites. 

Thermal stability under air 

The oxidative dynamic TGA analysis reveals also profound changes in the stability of the 

PP because of the presence of SBA-15 particles. Similarly to the case of the anaerobic 

degradation, the higher the content of SBA-15 is the more stable the nanocomposite becomes. 

Figure 6a includes TGA runs obtained at 2, 5, 10 and 20ºC/min for the most stable specimen 

PP13 compared with those found in the reference PP. The corresponding derivatives are also 

represented in Figure 6b. Correlation is not as good as in case of the pyrolysis but the distinct 

PP/SBA nanocomposites display an increasing resistance against oxidation, which is 

proportional to the SBA-15 content, as depicted in Figure 7 for all of them at a specific rate.  

This study is again mainly focussed at low conversion range, as the previous pyrolysis 

evaluation. Thus, the oxidation of either the initial or little modified PP takes place. 

Nevertheless, some comments on the process at high conversions will be included next, for 

the purpose of clarifying the peculiar behaviour in the weight loss trend, which is clearly 

visible in the PP13 specimen. In this nanocomposite, the TGA curves from 5ºC/min onwards 

show a quick loss weight at the high temperature range. This apparent final weight loss step is 

clearly visible in Figure 6b, where the DTGA curves of PP13 and virgin PP are presented. 

Despite the low mass of film used, there can be, certainly, some phenomena inducing these 

discontinuities in the TGA curve, like a heterogeneous diffusion of air into the sample or 

some temporarily retention of volatiles, which could account for this sudden weight loss. This 

could be the case in the nanocomposite with the highest SBA-15 content, where particles may 

form a somewhat continuous shield at very advanced degradation, which would eventually be 

responsible for either the access of oxygen or the retention of volatiles. The plausibility of this 

hypothesis is supported by some results on the TGA analysis of polyolefin/silicate 

nanocomposites33-36. However, there is another factor that might account for this phenomenon 

in this particular case. The mesoporous nature of the SBA-15 particles offers an internal 

volume able to be occupied by certain amount of polymer during processing in the molten 

state. These “internal PP” may be thereby, more protected against the oxygen attack and then, 

it can degrade at higher temperatures. 
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Figure 6. (a) TGA and (b) DTGA curves in air for the PP (black) and PP13 (blue) films at 2 

(solid thick lines), 5 (solid thin lines), 10 (dashed lines) and 20ºC/min (dotted lines). 
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Figure 7. Normalised TGA curves in air for the different samples at 5ºC/min. The colour 

code is inserted into the plot. 

To address this issue, nanocomposites with a higher proportion of SBA-15 could lead to 

get more understanding. For that, two polymerisations of propylene in the presence of a 

metallocene catalyst supported on SBA-15 were performed. The in-situ polymerization may 

also favour the inclusion of PP chains inside the SBA-15 channels. The reaction conditions 

were chosen to ensure low activities of the catalyst and, consequently, to attain materials with 

high contents in SBA-15 particles. The two so-prepared samples are the ones labelled as PP43 

and PP80 (see Table I). They clearly show quite small PP/SBA ratios, but different enough to 

distinguish between the weight loss response of the bulk PP and that one of the PP closely 

associated with the SBA-15 particles, i.e. included in the internal volume of SBA-15. The 

TGA curves of these specimens under air at 10ºC/min are shown in Figure 8a, together with 

the oxidative TGA curve for the PP13 material and those ones corresponding to the PP 

homopolymer under both environments, air and nitrogen. 

It is quite noticeable that both PP43 and PP80 nanomaterials show a net oxidative 

weight loss within a temperature range that, although far from the anaerobic pyrolysis 

temperature range, is clearly beyond the one for the neat PP and PP13 composite. In fact, this 

specific temperature range corresponds to the almost entire weight loss in the PP80 sample, 

where the PP/SBA weight ratio is 0.25, while it is responsible of a minor portion of PP in the 

PP43 specimen. This latest material shows a PP/SBA weight ratio of 1.32 and most PP is not 

associated with the mesoporous network of the SBA-15. These remarks are also illustrated in 

Figure 8b, which displays the corresponding DTGA curves. This plot makes evident the 
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bimodal distribution of the sample PP43, with a weight loss fraction still in the expected 

temperature range for the PP and PP13, and another weight loss at a higher temperature 

interval where the PP homopolymer degrades completely under the action of the oxygen. 
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Figure 8. (a) TGA and (b) DTGA curves, performed under air at 10ºC/min, for the PP 

homopolymer and PP13, PP43 and PP80 nanocomposites and for the pristine PP under N2. 

Each curve is identified in the plots. 

It is evident that degradation of the highly stable PP fraction does not take place in 

absence of oxygen, since it occurs well under the temperature at which PP losses weight in 

nitrogen. Nevertheless, it is far from being a normal oxidation and must be associated most 

probably with the polymer contained in the internal SBA-15 volume, whose accessibility to 

oxygen is greatly reduced. 
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Consistent with this conclusion, the quick weight loss observed in the PP13 sample at 

high temperature, but still into the PP homopolymer range, is not primarily due to the PP 

inside the SBA-15 particles. It is likely ascribed to the fast volatilization of final polymer 

residues, which are either temporarily protected from oxidation because of the high content of 

SBA-15, which plays as a barrier against air, or because such inorganic barrier delays the 

emission of volatiles, or for both reasons33-36. Anyway, the partial overlapping of the high 

temperature weight loss of PP13 with the low temperature weight loss of PP80 allows 

suspecting some PP degradation within SBA-15 particles. Some DSC results for 

nanocomposites based on ultra-high molecular weight polyethylene and SBA-15 particles and 

on polyethylene and decorated MCM-41 have pointed out the existence of confined polymer 

within the mesoporous channels43,44.  

Coming back to differences in stability in the initial stages of the PP oxidation and 

their SBA-15 nanocomposites, it is well-known that the oxidative weight loss of polyolefins 

takes place after an induction period, which finishes by a characteristic oxygen uptake 

process, as shown in Figure 9. The stability of the samples can be assessed by means of the 

induction length that, in dynamic TGA experiments, is also defined by the temperature at 

which the PP starts the oxygen uptake (Tind). This is indicated in Figure 9a for the TGA 

curves obtained at 5ºC/min. Moreover, the temperature at which the oxygen uptake reaches a 

maximum (Tmax) can be also chosen as another alternative criterion of stability. These two 

temperatures have been found to increase with the content of SBA-15, according to the trends 

shown in Figure 9b at every heating rate. 

Even though the mechanism of PP oxidation has nothing to do with that one of the 

pyrolysis, this result discloses an effect of the SBA-15 pretty much similar under both 

conditions.  Such a similarity suggests in fact, that particles influence positively on the PP 

stability by means of a specific parameter in both cases, in particular the aforementioned 

change in viscosity of the molten material. It seems also certain that potential restrictions of 

SBA-15 particles to air diffusion may have some role in the observed increase of the 

induction period and, hence, in the enhancement of the stabilisation45. This so-called labyrinth 

effect should be significant, especially at high SBA-15 contents or at high degradation stages. 
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Figure 9. (a) Induction period window for the PP homopolymer and their SBA-15 

nanocomposites by TGA under air at 5ºC/min. (b) Dependence of Tind (black points) and Tmax 

(blue points) for the oxygen uptake in the PP and SBA-15 materials at the different contents 

and heating rates. 

It is important to check, and following the same methodology than that applied for the 

TGA measurements under nitrogen, that the PP oxidation mechanism remains unaltered 

because of the presence of SBA-15. The variation of the apparent Ea with conversion has 

been also studied by applying the Friedman’s method. As seen in Figure 10, both the values 

and the trends of the oxidation Ea are similar for all the specimens up to weight losses of 

around 30%, and it seems to range into the typical value for the oxidation of the virgin PP. 

The apparent decrease of Ea for SBA-15 contents lower than 13 wt.% could be, however, real 

and might obey the above-mentioned influence of the Lewis character of the SBA-15. The 

magnitude of such effect would not drive the final response of the nanocomposites in the 
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molten state, where oxidation is really delayed. On the contrary, the thermal performance of 

the nanocomposites under air might be deteriorated in the solid state, if there are indeed low 

Ea processes controlling the response against oxygen attack over the effect of air diffusion 

into the bulk. This issue is of great practical importance and deserves a further study.  
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Figure 10. Dependence of apparent Ea of oxidation with the weight loss for the distinct 

materials. The samples are identified by the colour code inserted into the plot. 

Together with the distinctive Ea value, the series of oxygenated species generated during 

the process provides the fingerprint of an unaltered oxidation pathway. The oxidation of the 

PP and the PP13 nanocomposite has been analysed by tracking the carbonyl index, through 

FTIR spectroscopy at 160ºC. Figure 11a shows the evolution with time of the carbonyl 

species in the window of stretching mode, for both samples. It can be seen that the 

distribution of carbonyl-containing species does not change from a qualitatively point of 

view. Therefore, the oxidation mechanism of PP works similarly in the presence of SBA-15. 

A quantitative difference is, however, remarkable if the carbonyl index at 1712 cm-1 is 

determined. Thus, figure 11b shows that it takes longer to start the oxidation for PP13 than for 

PP. This comparison of isothermal kinetics at 160ºC is consistent with the order in stability 

found for the PP and their nanocomposites under dynamic conditions and points, likely, to the 

factor to be considered as the driving one in the oxidation rate of the molten nanocomposites. 

The improvement of the thermal stability, under both dynamic and isothermal conditions, as 

increasing SBA-15 content seems to indicate that, the rising values in molten viscosity of 

these materials slow down the oxygen diffusion into the bulk. As a matter of fact, the 
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oxidation of the molten PP has been reported to be diffusion controlled46 and viscosity is the 

most important parameter on the accessibility of oxygen into the bulk. 
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Figure 11. (a) Dependence on time of the FTIR stretching−mode carbonyl species at 160ºC 

for PP and PP13 samples. Degradation times are identified in the graph by the colour code 

inserted in. (b) Isothermal kinetics of the carbonyl index at 160ºC for PP (black line) and 

PP13 (blue line) samples. 

 

CONCLUSIONS 

A superior thermal stability is found in the PP/SBA-15 nanocomposites, both under 

nitrogen and air atmospheres, compared with that observed in pristine PP. In spite of 

degradation mechanisms underlying each environment are completely different, they do not 
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change because of the presence of SBA-15 particles. Nevertheless, an effective delay in the 

build-up of the distinctive species is observed under both conditions.  

Notwithstanding the different degradation mechanism, the main reason for such a positive 

impact seems to be similar. An increasing content of SBA-15 makes the viscosity of the 

molten material to increase. As a result, PP chain dynamics is gradually constrained and the 

temperature at which anaerobic chain scission occurs rises up and, by doing so, the activation 

energy associated with the process is also raised. 

Under oxidative conditions, the increasing viscosity promoted by the presence of SBA is 

thought to hinder the diffusion of air into the bulk and, thus, to delay the oxidation of PP 

chains. Concurrently with this parameter, a positive impact of the SBA presence itself should 

be also taken into account, especially at high SBA contents, because of the forced diffusion of 

air through distorted pathways within the molten PP matrix. 

The stabilisation effect seems to prevail in these materials over the reported action of 

other specific detrimental parameters, like the Lewis acid character of the SBA-15 surface, 

which would exert a destabilising effect. 

Finally, the PP chains located within the internal SBA-15 channels are oxidised at higher 

temperatures than those outside the mesoporous particles. Nevertheless, their effect on the 

thermal stability against oxidation of the ultimate material is not very important since they 

constitute a minor fraction of the whole polymeric material. Only in the case of the two 

nanocomposites prepared by in-situ polymerisation their relative significance becomes more 

noticeable. 
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