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Abstract: The kinetics of thermal degradation process on thermoplastic polyurethanes (TPUs) adhesives with hydrophilic 
nanosilicas was studied using isothermal thermogravimetric analysis within the temperature range from 360 °C to 460 °C 
in nitrogen. The effect of nanosilicas with different hydrophilic degree in the thermoplastic polyurethanes was 
investigated. It was found that the thermoxidative degradation of polyurethane-silica nanocomposites takes place in one 
step. An analysis of the isothermal methods to evaluate kinetic parameters of decomposition of solids from isothermal 
thermogravimetric data is presented. Patents WO07146353A2 and US20070292623A1 have some relevant information 
about the topic develop in this study, because the principle in both cases relies on the interactions between reactive groups 
in the polymer (TPUs) and the silanol in the silica nano-particles.  

Keywords: Kinetic analysis, isothermal degradation, adhesives, hydrophilic nanosilica, polyurethane-silica, nanocomposites, 
thermogravimetric analysis.  

INTRODUCTION 

 Thermoplastic polyurethanes (TPUs) constitute a 
multipurpose group of phase-segmented polymers that have 
good mechanical and elastic properties and hardness [1]. 
TPUs usually exhibit a two-phase microstructure, which 
arises from the chemical incompatibility between the soft 
and the hard segments. The hard (rigid) segment segregates 
into a glassy or semicrystalline domain and the polyol soft 
segments form amorphous or rubbery matrices, in which the 
hard segments are dispersed. Many factors influence in the 
separation of the phases such as molecular weight, segmental 
length, crystallizability of the segment, overall composition 
and intra- and inter-segments interactions [1]. Fumed 
nanosilicas are added to increase the thermal, rheological and 
mechanical properties of TPUs [2-6]. Other studies have 
been developed by different researchers with PU (poly-
urethane), improving the chemical and physical properties of 
this polymers and changing the polyurethane to thermoset 
plastics [7]. Only thermoplastic polyurethanes are used in 
this study. 

 When hydrophilic fumed nanosilica is added, the degree 
of the phase separation increases due to the hydrogen-bond 
interaction between silanol groups on the nanosilica surface 
and the soft segments of TPUs. Therefore, the segmental 
incompatibility on TPUs is increased in the presence of the 
hydrophilic nanosilicas. Recent studies have shown that the 
use of this kind of materials is able to form hydrogen bonds 
resulting in less direct interactions between phases and  
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causing a higher phase separation. Furthermore, the inter-
actions between silanol and carbonyl groups are weaker than 
those between NH and ester-carbonyl groups; silica addition 
increases the polyester chain mobility and it allows better 
molecular ordering with respect to TPUs without silica [8-
11]. This kind of interaction has been used in the formulation 
of coating where the interaction between reactive groups and 
silica nano-particles provide enhanced scratch and resistance 
to deformation [12, 13-15]. 

 In this study, nanosilica treated with silanes (Wacker-
Chemie) was used to decrease its silanol group content. 
Thus, different TPU adhesives containing 10 wt% fumed 
silica, with different degree of silanization (100, 57.5 and 15 
%) were prepared and later characterized by thermogra-
vimetric analysis (TGA and DTGA). Finally, in order to 
study the effect of this kind of silicas in TPUs, isothermal 
methods were used for evaluating thermal degradation kine-
tic parameters from isothermal thermogravimetric data. 

 Recent papers show the results of evaluating these 
samples using thermal, rheological and mechanical analysis, 
and adhesion tests [14, 15]. 

EXPERIMENTS 

Materials 

 Different fumed silicas (nanosilicas) manufactured by 
Wacker-Chemie (Burghausen, Germany) were used. A fully 
silanized nanosilica (HDK N20, Wacker Chemie) was 
progressively modified by chemical reaction with dimethyl-
dichlorosilane (DMCS) (Scheme 1). 
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Scheme 1. 

 The degree of silanization was decreased between 15.0 
and 57.5 %. Primary nominal particle size in all nanosilicas 
was 7nm. Table 1 shows the nomenclature of nanosilicas and 
some of their characteristics provided by Wacker-Chemie. 
According to Wacker-Chemie, the nominal specific surface 
area of all nanosilicas was 200m2/g. 

Table 1. Some Characteristics of Fumed Nanosilicas According 

to Wacker-Chemie 

Sample SiOH (%) mmol SiOH/gnanosilica 

HDK N20 100 0.60 

HDK H20 57.5 0.34 

HDK H20RD 15.0 0.09 

 

 TPUs were prepared using the prepolymer method [14, 
15]. The prepolymer was obtained by reacting the 
polyadipate of 1,4-butanediol (Mw = 2440 Daltons) with 4,4-
diphenyl methane di-isocyanate - MDI. An isocyanate/ 
macroglycol equivalent ratio of 1.05 was used. 1,4-
butanediol was used as chain extender. High purity solid 
MDI was supplied by Aldrich (Cat. 25.643-9) as well as a 
mixture of 98 wt% of the 4,4 -isomer and 2 wt% of the 2,4 -
isomer. The NCO content of the prepolymer was determined 
by titration with dibutylamine (UNE-EN 1242 standard). 
Polyadipate of 1,4-butanediol (Hoopol F-530) was supplied 
by Hooker S.A. (Barcelona, Spain) and was heated for 4 
hours at 70ºC under reduced pressure (5 Torr) in order to 
remove residual water. The 1,4-butanediol supplied by 
Aldrich (Cat. B8, 480-7) was dried using 4 Å molecular 
sieves. 

 The reaction temperature was kept below 65ºC under a 
stirring speed of 80 rpm, hence avoiding cross-linking 
reactions during polyurethane synthesis. Polyurethane syn-
thesis was carried out in a dry nitrogen atmosphere in order 
to avoid water in the reactor. The prepolymers containing 
unreacted isocyanate ends were completely reacted with the 
necessary stoichiometric amount of 1,4-butanediol. The 
reaction time was 2 hours. TPUs were annealed in an oven at 
80ºC for 12 hours (curation time). 

 TPU adhesive solutions were prepared by mixing 20 wt% 
solid polyurethane and 2 wt% nanosilica with 2-butanone in 
a Dispermix DL-A laboratory mixer equipped with a Cowles 
mechanical stirrer (diameter = 50 mm) and a water jacket to 
maintain the temperature at 25°C during process. Adhesive 
preparation was carried out in two consecutive stages: i) the 
nanosilica was mixed for 15 min at 2500 rpm with a 1/3 
volume of butanone required by the adhesive. ii) the TPUs 
and 2/3 volumes of butanone were added to the previous 
solution, stirring the mixture for 2 hours at 2000 rpm. TPU 
adhesive solutions were kept in a hermetic container until 
use. A TPU adhesive solution without silica was also 

prepared as a control solution. Most of the properties of the 
polyurethanes were measured using solid films, which were 
prepared by placing approximately 100 cm3 of adhesive 
solution in a mould and allowing slow evaporation of the 
solvent at room temperature for 2 days. The thickness of the 
obtained polyurethane films ranged in between 0.7mm and 
0.9mm. 

 The nomenclature of the polyurethane-nanosilica mix-
tures was PU0 (TPUs without silica), PU15, PU57.5 and 
PU100 for the TPU’s containing nanosilicas with 15%, 
57.5% and 100% of weight silanol groups, respectively. 

Experimental Techniques 

 Isothermal thermogravimetric studies were carried out on 
a Mettler TGSDTA thermobalance (model 851e/1600/LF) in 
nitrogen flow at a rate of 100 mL/min. Isothermal conditions 
were maintained stable during 30 minutes and then samples 
(4-5mg) were heated until 800°C. The heating rate was  
10°C/min in nitrogen.  

 Kinetic parameters were studied using the degradation 
standard equation, the Arrhenius method, the Klaric method 
and the MacCallum method [16-27].  

RESULTS AND DISCUSSION 

Thermal Analysis 

 The thermogravimetric analysis (TGA) results of samples 
in nitrogen are shown in Fig. (1).  

 

 

 

 

 

 

 

 

 
 

 

Fig. (1). TGA curves of TPU´s samples with and without nanosilica 
at 10°C/min, in nitrogen. 

 

 In all polyurethane samples, thermal degradation starts at 
380°C (onset temperature-Ti) and proceeds in one step. At 
500°C, decomposition can be considered as complete. The 
temperatures of the maximum rates of weight loss 
([dw/dT]max) were obtained using DTGA (Fig. 2). 

 DTGA curves show similar thermal stability for TPUs 
with nanosilica, higher than that in PU0. According with the 
segmental nature of thermoplastic polyurethanes, samples 
show two events for degradation. According to some studies 
of polyurethane, urethane bonds present lower stability than 
structures with soft segments (polyols) [16-18]. Therefore, in 
PU0 a first peak related to the urethane linkages degradation 
is observed at 380°C. The second peak at 416°C is related 
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Fig. (2). DTGA curves of TPU samples with and without nanosilica 
at 10C°/min, in nitrogen. 

 

with the poliol chain scission. In TPU-silica composites, 
both degradations are overshadowed. The analysis shows 
that nanoadditives increased the thermal stability of TPUs. 

 In all samples, no significant peaks over the maximum 
rates of weight-loss temperature were observed. TGA and 
DTGA data are summarized in Table 2. 

Table 2. Thermal Properties of Polyurethane-Silica Compo-

sites in Nitrogen at 10°C/min Measured by TGA. 

Temperature (°C) 

Sample 
Maximum rates of weight loss 

([dw/dT]max) 
Onset (Ti) 

PU0 416 380 

PU15 418 384 

PU57,5 419 386 

PU100 422 390 

 
 The thermal stability of TPU-silica nanocomposites is 
related with the degree of phase separation in the poly-
urethanes. Recent studies [10, 11, 14, 15] have demonstrated 
that the addition of fillers that able to form hydrogen-bonds-
such as silica- results in less direct interactions between 
phases, thus causing a higher degree of phase separation in 
the polyurethane. On the other hand, the interactions 
between the silanol groups and the carbonyl groups in the 
polyurethane are weaker than those between the N-H and 
ester-carbonyl groups, and consequently silica addition 
increases the polyester chain mobility in polyurethane by 
allowing the creation of more ordered phases with respect to 
the polyurethane without silica. 

Kinetic analysis 

 Under isothermal conditions, the fractional reaction-time 
( -t) curves are expressed as is indicated by equation 1. 

 

                                                    (1) 

where k is the rate constant and the function g( ) depends on 
the mechanism controlling the reaction [19]. The decom-
position ratio ( ) was determined using equation 2. 

 

                                                   (2) 
 
where wi is the initial mass, w(t) is the mass in time t and wf 
is the final mass. Figs. (3) to (6) show the plots for the 
isothermal decomposition of TPU-silica nanocomposites. 
The decomposition ratio increased when the temperature of 
the isothermal thermogravimetric analysis increased. At  
440°C and 460°C, the decomposition ratio decreased, indi-
cating that complete thermal decomposition of the poly-
urethanes was reached. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. (3). Plot of isothermal decomposition for PU0. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Plot of isothermal decomposition for PU15. 
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Fig. (5). Plot of isothermal decomposition for PU57.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (6). Plot of isothermal decomposition for PU100. 

 

 Kinetic parameters from TGA data may yield additional 
insight into the mechanism of thermal degradation. It is 
generally accepted that materials obey equation 3 [27]. 

                                                     (3) 
 
where n is the order of the reaction. The temperature depen-
dence in equation 3 is defined via the reaction rate term k 
which is assumed to be in the Arrhenius form (equation 4), 
 

                                                                   (4) 
 
where A is the pre-exponential factor, Ea is the activation 
energy and R is the gas constant. Equation 3 needs to be 

fitted against experimental data from the isothermal thermo-
gravimetric analysis in order to obtain n and k. Repeating the 
process at several temperatures leads to k(T), which can be 
used in equation 4 to obtain A and Ea for degradation. 
Plotting ln[k(T)] against the reciprocal temperature Fig (7) 
yields a straight line with a slope proportional to the 
activation energy. The intersection of them yields the pre-
exponential factor. 

 

 

 

 

 

 

 

 

 

 

Fig. (7). Linear dependence in the Arrhenius method used for TPU-
silica nanocomposites. 

 
 In order to compare the kinetic parameters, the results of 
the Arrhenius method are summarized in Table 3. TPU-
nanosilica nanocomposites show a smaller activation energy 
and pre-exponential factor in comparison with PU0. In TPU-
nanosilica samples, both parameters raise with the increase 
of the silanol group contents on the silica surface used in the 
nanocomposites. This correlated increment implies that any 
increase in the activation energy is accompanied by an 
increase in the pre-exponential factor to keep the rate 
constant nearly unchanged. This tendency is known as the 
kinetic compensation effect (KCE) [20, 21]. 

Table 3. Kinetic Parameters for TPU-Silica Nanocomposites 

(Arrhenius Method) 

Sample Ea (kJ/mol) lnA 

PU0 89.8 26.5 

PU15 66.4 18.9 

 

 In order to obtain k and n, the kinetic standard equation 
(equation 5) was used. Assuming a kinetic model function f 
( ) = (1 - a)n, equation 5 can be transformed into equation 6 
[22, 23]. 

  

                        (5) 

                       (6) 
 
 Plotting ln (d /dt) against ln(1 - ) yields a straight line 
with slope proportional to the reaction order and the 
intersection of the yield rate constant. Fig (8) and Fig (9) 
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show the comparison of the rate constant and reaction order 
obtained from the kinetic standard equation respectively.  

 

 

 

 

 

 

 

 

 

 

 

Fig. (8). Comparison of the rate constant obtained from the kinetic 
standard equation. 

 

 When the temperature of the isothermal analysis was 
incremented during the experiment, an increase in the rate 
constant was observed Fig. (8). At 420°C, important changes 
appear in the rate constant. As mentioned above, 
incorporation of nanosilica in TPUs increases the tempe-
rature of the maximum rate for weight loss ([dw/dT]max) and 
for the onset temperature (Ti). Furthermore, nanosilica in 
TPUs decreases the kinetics of decomposition due to more 
interactions among the polyurethane soft segments. The 
silanol groups on the silica surface enhance phase separation 
and improve its thermal properties. In fact, PU0 has the 
lowest temperature of the maximum rate for weight loss and 
onset temperature, and the highest degradation rate constant. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (9). Comparison of the reaction order obtained from the kinetic 
standard equation. 

 
 In the comparison of TPU-nanosilica samples, PU15 
shows the smallest rate constant. PU100 and PU57.5 exhibit 
a similar rate constant. Therefore, an increase of silanol 
groups in the nanosilica surface enhances the polymer ther-
mal degradation rate. 

 Finally, at low temperatures the reaction order was 
unaffected in samples with nanosilica. When the temperature 
approaches that of degradation (420°C), the reaction order 
increases up to 1.5. In addition, PU0 sample shows a 
reaction order of 2. Therefore, fumed nanosilica in TPU-
nanocomposites changes the thermal degradation mecha-
nism.  

 Another isothermal technique is the so-called stationary 
point method or Klaric method [24, 25]. The decomposition 
ratio ( ) was redefined as shown in equation 7. 

 

                                                             (7) 
 
 The stationary point is defined on the curve of d /dt 
versus t as the point where the rate V reaches a maximum 
value (Vmax). The activation energy can be obtained from 
equation 8 with respect to Vmax. Fig. (10) shows the linear 
dependence in the Klaric method used for TPU-silica 
nanocomposites. 

 

                                     (8) 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. (10). Linear dependence in the Klaric method used for TPU-
silica nanocomposites. 

 

 Table 4 shows the activation energy obtained from Klaric 
method. The values of the activation energies shown in 
Table 3 are roughly twice those found using the Arrhenius 
method. This discrepancy between the Eact values can be 
attributed to the assumptions used during treatment of data. 
It is difficult to determine maxima points at the lowest 
temperatures using the Klaric method. 

 MacCallum develop another method for analysis of 
isothermal degradation. The decomposition fraction ( ) was 
redefined as show in equation 7. MacCallum proposed a 
function F and a first-order reaction modelled by equation 9 
[27, 28].  
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Table 4. Activation Energy for TPU-Silica Nanocomposites 

(Klaric Method) 

Sample Ea (kJ/mol) 

PU0 173.4 

PU15 133.9 

PU57.5 168.1 

PU100 172.5 

 

                                                  (9) 
 
 Then, integrating equation 9 and using equation 4 
equation 10 is obtained. 

 

                                                 (10) 
 

 Over some temperature range, F(1 - ) should be 
constant for a given value of . Rewritting equation 10 leads 
to equation 11. 

 

                                  (11) 
 
 Plotting ln t against 1/T (for fixed values of ) yields a 
straight line with slope proportional to Ea. Moreover, 
plotting intersections at several temperatures against  and 
extrapolating to zero yields the value of A (equation 12). 

 

                              (12) 
 
 Fig. (11) shows the linear dependence in the MacCallum 
method used for characterizing TPU-silica nanocomposites. 
In order to compare the kinetic parameters, the results of the 
MacCallum method have been summarized in Table 5. 
Comparing with the results of the Klaric method (Table 4), 
the tendency and values obtained are similar. In both cases, 
activation energy and A change depending on the silanol 
groups content on the nanosilica surface. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (11). The linear dependence in the MacCallum method used 
for TPU-silica nanocomposites. 

Table 5. Activation Energy for TPU-Silica Nanocomposites 

(MacCallum Method) 

Sample Ea (kJ/mol) lnA 

PU0 177.4 31.4 

PU15 140.6 25.2 

PU57.5 163.3 31.8 

PU100 176.9 33.6 

 

CURRENT & FUTURE DEVELOPMENTS 

 Isothermal decomposition kinetics of the thermal degra-
dation process in thermoplastic polyurethanes (TPUs) with 
hydrophilic nanosilicas was studied by thermogravi-metric 
analysis. Addition of nanosilicas improved the thermal 
properties of thermoplastic polyurethanes due to the creation 
of hydrogen bonds among the soft segments of polyurethane. 
Nanosilica disrupted the compatibility between the hard and 
soft segments, favouring the degree of phase separation in 
the polyurethanes. The highest silanol content in the 
nanosilica produced a maximum degree of phase separation. 

 Kinetic parameters from TGA data yield additional 
insight about the mechanism of thermal degradation. In order 
to analyze isothermal thermogravimetric data, some models 
of thermal degradation were used. An increase of the 
temperature in isothermal analysis produced an increment in 
the rate constant. Furthermore, nanosilica in TPUs decreases 
the kinetics of decomposition due to the increase of the 
interaction between the polyurethane soft segments. 
Nevertheless, an increase of the silanol groups in nanosilica 
surface enhanced the polymer thermal degradation rate. 
Also, these studies showed an increment in Ea and A values 
produced by the increase of the content of silanol groups in 
the silica surface. However, TPUs without nanosilica 
showed higher Ea and A values. This suggests that although 
it degrades at a higher rate with lower initial degradation and 
at a maximum rate within decomposition temperatures, it 
needs higher activation energy for degradation. The latter has 
been explained as a smaller segregation of the phases in 
TPUs without silica, enhancing the interaction among the 
hard and soft segments of TPUs through hydrogen bonds. It 
was necessary to apply more energy for their thermal 
degradation. 

 The study of the interaction between different polymers 
and nano-particles is a common task in the process of 
improving materials for different target applications, in this 
particular case for producing an enhanced adhesive. Another 
area that might benefit from this technology is car painting 
and painting in general due to the principle behind the inter-
actions between polymers and the silanol groups, leading to 
significant improvements in the properties of paints. 
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