
Macedonian Journal of Chemistry and Chemical Engineering, Vol. 32, No. 2, pp. 319–330 (2013) 
ISSN 1857-5552

UDC: 678.664

Original scientific paper

MJCCA9 – 629
Received: September 5, 2012
Accepted: April 10, 2013

THE INFLUENCE OF BENTONITE AND MONTMORILLONITE ADDITION 
ON THE THERMAL DECOMPOSITION OF NOVEL  

POLYURETHANE/ORGANOCLAY NANOCOMPOSITES

Jelena Pavličević1, Milena Špírková2, Oskar Bera1, Mirjana Jovičić1,  

Katalin Mészáros Szécsényi3, Jaroslava Budinski-Simendić1

1University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1,  
21000 Novi Sad, Republic of Serbia

2Institute of Macromolecular Chemistry AS CR, v.v.i., Heyrovského nám. 2, 
162 06 Prague, Czech Republic

3University of Novi Sad, Faculty of Sciences, Trg Dositeja Obradovića 2,  
21000 Novi Sad, Republic of Serbia

Polycarbonate-based polyurethane (PC-PUs) hybrid materials were obtained by the addition of 
organically modified bentonite and montmorillonite (1 w/w %). PC-PUs and their nanocomposites were 
prepared using prepolymerization with two polycarbonate diols (both of Mr ca 1000) differing in chain 
constitution, hexamethylene-diisocyanate and 1,4-butane diol (chain extender) as starting components. 
All samples contained the same hard-segment content (30 w/w %). Thermogravimetry coupled with 
differential scanning calorimetry (TG-DSC) was performed to obtain information about the organoclays 
addition on the thermal stability of the prepared polyurethane elastomers. The effect of bentonite and 
montmorillonite nanofillers on the decomposition pattern has been evaluated. By deconvolution of derivative 
thermogravimetric (DTG) curves, it has been found that the thermal decomposition of polyurethane samples 
takes place in three overlapping processes. Degradation kinetic parameters (activation energy and reaction 
order) were calculated on the basis of thermal data obtained at only one heating rate. 
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ВЛИЈАНИЕ НА ДОДАВАЊЕТО БЕНТОНИТ И МОНТМОРИЛОНИТ ВРЗ  
ТЕРМИЧКОТО РАЗЛОЖУВАЊЕ НА НОВИ ПОЛИУРЕТАНСКИ/ОРГАНОГЛИНЕНИ 

НАНОКОМПОЗИТИ

Полиуретански (PC-PUs) хибридни материјали базирани на поликарбонати се добиени 
со додавање органски модифицирани бентонит и монтморилонит (1 w/w%). PC-PUs и нивните 
нанокомпозити беа подготвени со помош на преполимеризација со два поликарбонатни диоли (и 
двата со Mr околу 1000) кои се разликуваат според составот на низите, хексаметилен-диизоцијанат 
и 1,4-бутан диол (за продолжување на низата) како почетни компоненти. Сите примероци имаат 
иста содржина на цврста фаза (30 w/w%). Термогравиметрија заедно со диференцијална скенирачка 
калориметрија (TG-DSC) беа изведени за да се добијат информации за додадените органски глини и 
за термичка стабилност на подготвениот полиуретански еластомер. Следен е ефектот на бентонитот 
и нанополнилото монтморилонит врз процесот на деградација. Со деконволуција на изводот на 
термогравиметриските (DTG) криви беше утврдено дека термичката деградација на полиуретанските 
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примероци се одвива во три процеси кои се преклопуваат. Деградационите кинетички параметри 
(енергијата на активација и редот на реакцијата) се пресметани врз основа на термичките податоци 
добиени од само еден степен на загревање.

Клучни зборови: полиуретански нанокомпозити базирани на поликарбонати; слоевити силикати; 
DTG; термичка стабилност

1. INTRODUCTION

The aliphatic polycarbonate-based poly-
urethanes (PC-PUs) are thermoplastics with a 
wide range of engineered application due to 
their microphase-separated structure, caused 
by the incompatibility of soft and hard phases. 
Since these elastomers are characterized by 
good biocompatibility and biostability, they 
have found an important medical application, 
for producing equipment and artificial tissues 
[1–5]. Due to their enhanced mechanical and 
thermal performances, PC-PUs can be also 
used as industrial parts and building materials 
[6–9]. In our previous work, the structure and 
thermal properties of polyurethane/organoclay 
nanocomposites obtained by prepolymeriza-
tion were studied in detail [10]. The investiga-
tion of hydrogen-bonding formation and col-
lecting the information on the nanometer-scale 
physical structures of the PC-PUs and their hy-
brids obtained by the two-step technique was 
done using Fourier transform infrared (FT-IR) 
spectroscopy and wide-angle X-ray diffrac-
tion (WAXD). The morphology of unfilled and 
filled materials influenced by microphase-sepa-
rated state has been studied by small-angle X-
ray scattering (SAXS) and differential scanning 
calorimetry (DSC) measurements. In following 
research, the intercalation of montmorillonite 
and bentonite was determined. All methods 
have confirmed the existence of a heterogene-
ous microstructure with phase separation. Ther-
mal properties (the glass transition temperature, 
the temperature of hard segments melting, and 
the recrystallization temperature) were influ-
enced by the dispersion of nanofillers with lay-
ered structure [10].

It is well known that the addition of or-
ganoclays with a layered structure of nanopar-

ticles to the polymer matrix can enhance ther-
mal degradation of nanocomposites [11–15]. 
Many researchers have investigated the influ-
ence of hydrogen bonding and nanofiller con-
tent on thermal stability and degradation kinet-
ics of PU mineral-reinforced materials using 
thermogravimetry [16–17]. Polyurethanes are 
relatively thermally unstable materials, and 
the decomposition temperature of the urethane 
bond depends on their composition and struc-
ture [18]. The degradation of polyurethane ma-
terials is caused by the breakage of urethane 
linkages, which can be achieved through three 
mechanisms that may occur simultaneously: 
dissociation into isocyanate and alcohol as its 
starting components, breaking of the urethane 
bonds with formation of primary amine and 
olefin, and splitting the urethane linkage to 
form secondary amine and carbon dioxide [19]. 
The incorporation of nanoparticles in a polymer 
matrix can lead to a change in the decomposi-
tion temperatures and degradation mechanism, 
causing the formation of products that differ 
both in quantity and identity compared to neat 
matrices [20].

The degradation of PUs is a complex pro-
cess, which generally consists of at least two 
stages [21, 22]. The first one presents the decom-
position of the hard segment, which involves the 
dissociation of polyurethane to chain extender 
and isocyanate. It is known that in this stage, the 
amount of residue is correlated with the amount 
of unreacted isocyanate in polymers [23]. The 
second step is assigned to depolycondensation 
and polyol degradation mechanisms and is af-
fected by the soft-segment content [24, 25]. The 
objective of the present research is focused on 
the investigation of the influence of the poly-
carbonate chain constitution and the addition 
of organically modified montmorillonite and 
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bentonite (1 w/w %) on the thermal stability of 
elastomers obtained by prepolymerization. The 
mechanism of the decomposition was assessed 
using the extracted curves obtained by deconvo-
lution of derivative thermogravimetric (DTG) 
data. The non-isothermal kinetic parameters (the 
reaction order and the activation energy) were 
determined using TG data at one heating rate.

2. EXPERIMENTAL

2.1. Materials and polyurethane film 
preparation

Aliphatic polycarbonate macrodiols with 
molecular mass around 1000 (PCDL T5651 
and T4671) were kindly provided by Asahi Ka-
sei Chemical Corporation. All characteristics 
of macrodiols were given by the supplier. For 
PCDL T5651: OH value: 111.4 mg KOH/g; wa-
ter content: 0.0052 w/w %; viscosity at 50 ºC: 
1619 mPas. For PCDL T4671: OH value: 109.9 
mg KOH/g; water content 0.0072 w/w %; vis-
cosity at 50 ºC: 2388 mPas. The hexamethylene-
diisocyanate (HDI), 1,4-butane diol (1,4-BD), 
and the catalyst, dibutyltin dilaurate (DBTDL), 
used were all from Fluka. The catalyst solution 
was prepared in Marcol oil (20 w/w %). As a 
solvent, tetrahydrofuran (Sigma Aldrich) was 
applied. Organically modified montmorillonite 
(Cloisite®15A, produced by Southern Clay Prod-
ucts, Inc.) and organically modified bentonite 

(Bentonite for organic systems, BO, Fluka) were 
used as nanofillers. 

Segmented polycarbonate-based polyu-
rethane films were prepared by prepolymeriza-
tion. During the two-step procedure, the ratio of 
OH groups from the diol and chain extender was 
kept constant (R = 1), while isocyanate compo-
nent was added in slight excess (NCO/OHtotal = 
1.05). In the first step, tetrahydrofuran was added 
to the polycarbonate diol, then DBTDL (cata-
lyst concentration was 0.05 w/w %). Then the 
pertinent excess of HMDI was added, and the 
mixture was stirred for 24 h at room tempera-
ture. The viscosity of the system increased due 
to the NCO encapped prepolymer formation. As 
a final step, the chain extender was added to the 
reaction system, mixed, and degassed in order to 
remove residual bubbles. Finally, the prepared 
reactive system was spread on a polypropylene 
sheet using a ruler (slot width 500 μm) and left 
for 24 h at room temperature in an inert atmos-
phere for the reaction of BD with the prepolymer 
and for gradual solvent evaporation. The sample 
preparation was finalized by post curing at 90 
ºC for 1 h. For the synthesis of hybrid materials, 
the procedure was the same, except of the first 
step, where the organolayer silicate (bentonite 
and montmorillonite) nanoparticles were left to 
be dispersed in the mixture of polycarbonate diol 
and solvent for 48 h. The code and description of 
prepared polyurethane elastomers and their na-
nocomposites are given in Table 1.

     T a b l e  1

The sample code and composition  
of obtained PC-PUs and their nanocomposites

Sample code PC diol Nanofiller (1 w/w %)

5651 / 0 5651 ‒

5651 / BO 5651 bentonite

5651 / 15A 5651 montmorillonite

4671 / 0 4671 ‒

4671 / BO 4671 bentonite

4671 /15A 4671 montmorillonite
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2.2. Thermogravimetry coupled with 
differential scanning calorimetry  

(TG-DSC analysis)

The thermal decomposition of the 
samples was studied by simultaneous TG/DSC 
measurements using the TA Instruments SDT 
Q600 thermal analyzer. The measurements 
were performed from room temperature to 
450 ºC in flowing-nitrogen atmosphere (100 
cm3/min), with a heating rate of 20 ºC/min 
and sample masses of about 3 mg, employing 
an open alumina crucible and a corresponding 
empty referent crucible.

3. RESULTS AND DISCUSSION

The structure of PC-PUs, prepared by a 
two-step procedure under DBTDL-catalyzed 
conditions, with separated (soft and hard) do-
mains is shown in Figure 1. Segmented aliphatic 
polyurethanes consist of alternating crystalliz-
able hard segments (formed from the chain ex-
tender and diisocyanate component) and flexible 
soft segments (made from polycarbonate diol). 

The presence of hard domains in the structure is 
directly related to the physical properties of seg-
mented polyurethane materials and connected to 
their thermal stability [26]. By introducing or-
ganoclays in polymer matrix, reactions between 
hard domains and nanofillers modify the thermal 
behavior of the materials.

3.1. Thermal stability and decomposition of 
the unfilled and filled PU materials 

Thermogravimetric analysis coupled with 
DSC (TG-DSC) of the polycarbonate-based 
polyurethanes and their reinforced elastomers 
has been performed to obtain information on the 
influence of macrodiol type and the presence 
of nanofillers on the thermal decomposition 
of the materials. In order to gain a better 
insight into the thermal behavior of novel 
polyurethanes, the thermal stability of each 
starting component was studied also. TG and 
DTG curves of polycarbonate diols 5651 and 
4671 and the diisocyanate and chain extender 
(hard segments) are shown in Figure 2.

Fig. 1. Scheme of the prepolymerization used for the preparation  
of polycarbonate-based polyurethanes
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Figure 2 shows that the thermal stability 
of polycarbonate diols is significantly higher 
than the reactive components used for hard-
segment formation. The thermal stability of 
polycarbonate diol 5651 is higher by 10 °C 
compared to the stability of diol type 4671 
(onset for diol 5651 is 307 °C; onset for diol 
4671 is 295 °C; see Figure 2a). The difference 
in the thermal stabilities of HDI and 1,4-BD is 
somewhat higher (for HDI onset is 106 °C, and 
for BD onset is 128 °C; see Figure 2b).

As derivative thermogravimetric (DTG) 
curves are more sensitive than TG curves, 
the decomposition of polyurethanes and their 
nanocomposites based on PC diol type 5651 

or PC diol type 4671 is presented by the 
corresponding DTG curves in Figures 3a and 
3b.  

The onset temperature is about the same 
for all samples: To = 298 ± 3 °C. At the lower 
temperature, a small weight loss of ~4 % is 
observed. The shape of DTG curves refers to 
a complex decomposition pattern involving 
several overlapped processes. The presence of 
nanofillers does not affect the onset temperature. 
However, it shifts the peak temperature to higher 
values. This means that it has an effect on the 
decomposition rate. Namely, nanofillers slow 
down the decomposition of the elastomers. The 
decomposition is not complete, and above 400 

Fig. 2. TG and DTG curves of the starting compounds: a) pure polycarbonate diols;  
b) pure chain extender (1,4-BD) and pure diisocyanate component (HDI)
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°C, some carbonaceous char residue is left. The 
amount of the residue in materials with nanofillers 
is evidently higher because neither montmorillonite 
nor bentonite is volatile. The increase of char 
amount of nanocomposites compared to unfilled 
elastomers is somewhat higher than expected on 
the basis of the amount of the additive (1 w/w %), 
indicating that clay particles affect the degradation 
pathway [20]. The nanoparticles generate a “barrier 
effect,” which causes a delay in the release of 
volatile products in comparison to the pure polymer 
[27]. The change in the decomposition rate could be 
the consequence of an extended H-bond network 
in the elastomers or/and because the small filler 
molecules slow down the heat transfer between 

the layers (see DTG peaks in Figure 3). Thermal 
enhancement by montmorillonite dispersion in 
polymer matrix was already observed [28–30]. The 
addition of bentonite to PUs also slightly improved 
thermal stability.

In DSC curves (Figure 4) the effect of na-
nofillers is even more emphasized. The influence 
of the nanofillers on the decomposition mechanism 
is clearly seen. The endothermic decomposition 
in filled polymers consists of better separated pro-
cesses, which are less endothermic compared to the 
corresponding unfilled elastomers. The nanofill-
ers affect the decomposition pattern of elastomers 
more with diol type 5651 than those containing 
type 4671.

Fig. 3. DTG curves of unfilled PU elastomers and filled with 1 w/w % of organoclays,  
based on a) PC diol 5651 and b) PC diol 4671
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Fig. 4. DSC curves of polyurethane elastomers and their nanocomposites based on  
a) PC diol type 5651 and b) PC diol type 4671

DSC curves of unfilled and filled samples 
before decomposition temperature show one very 
small (more visible in PUs based on PC diol type 
4671) endothermic change near 90 °C, which may 
be related to the melting of hard segments. 

The detailed inspection of DTG curves 
suggests that the decomposition consists of 
multiple processes, taking place simultaneously 
and which can be separated by deconvolution 
using the Gaussian equation. Figure 5 shows that 
deconvolution of DTG peaks for the PU series 
based on diol type 5651. The degradation profiles 
in nitrogen atmosphere exhibit three peaks (steps), 
which are described by the peak area (Dm) and 
peak maximum (Td). It has been reported that the 
amount of weight lost at each degradation stage 
may be used as a quantitative measurement of the 
hard (HS) and soft (SS) content in the segmented 

PUs [31]. On the basis of the contribution of 
each degradation step with corresponding peak 
maximum, the influence of the macrodiol type 
and organoclay addition on the decomposition 
pattern might be explained. The first stage, 
detected at low temperature, is connected with the 
HS degradation. The two high-temperature steps 
are probably associated with the degradation of 
the soft segments, due to the building units in the 
macrodiols. The chains of both polycarbonate diols 
consist of hexamethylene (C6) and tetramethylene 
(C4) units between carbonate groups, but in 
various ratios. Similar data were found in literature 
[32]. The results of the numerical analysis of the 
polyurethane materials decomposition are listed 
in Table 2. The appearance of HS degradation at 
low temperatures is most probably due to the low 
thermal stability of the hard-segment building 
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Fig. 5. Determination of multiple decomposition 
stages (position and area) by deconvolution of DTG 

curves for polyurethanes based on PC diol type 
5651: pure (5651 / 0), with 1 w/w % of bentonite 

(5651 / BO), and with 1 w/w % of montmorillonite 
(5651 / 15A)

units (Figure 2b). The presence of the two last 
high superposed DTG maxima in polyurethanes 
and their nanocomposites may be the result of the 
high thermal stability of the pure polycarbonate 
diols (Figure 2a).  

The average value of the first decomposi-
tion peak contribution, A1, is 28.8, and it is re-
lated to the hard-segment content in all samples 
calculated to be 30 w/w %. The sum of the con-
tributions of two other decomposition steps (A2 
and A3) is connected to the soft-segment content 
(70 w/w %). Results obtained using deconvolu-
tion of DTG peaks show that this method might 
be suitable for quantitative determination of 
hard and soft segments in segmented PC-PUs. 
The addition of 1 w/w % of bentonite or mont-
morillonite slightly shifts the temperature of 
each degradation step to a higher value (Figure 
6). The temperature increase of three decompo-
sition stages is more pronounced for polyure-
thanes based on PC diol type 5651. 

3.2. Kinetics of thermal degradation  
of a series of segmented unfilled and filled 

polyurethanes 

The thermal degradation kinetics of 
segmented unfilled and filled polyurethanes was 
also studied. The correct interpretation of the 
kinetic parameters of the decomposition obtained 
from experimental data is not an easy task, and it 
significantly depends on the method used for the 
calculation [23]. Several integral and differential 
methods could be applied for the determination of 
kinetic parameters of the thermal decomposition 
using thermogravimetric data [33, 34]. In this 
work, data obtained at only one heating rate 
(20 °C/min) has been used for the determination 
of the reaction order and activation energy. First, 
TG curves were transformed into conversion vs. 
temperature curves using Equation 1:

 ∞−
−

=
WW
WW

T T

0

0)(α
 
                  (1)

where α is the degree of conversion, W0 is the 
initial weight, W∞ is the final weight, and WT is the 
weight at temperature T (K).

The activation energy and the reaction order 
were determined using the non-isothermal direct 
differential method presented by Equation 2:
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                (2)

where A is the preexponential factor, R is the 
gas constant, β is the heating rate, and Ea is the 
energy of activation. For most of the reactions, 
f(α) is usually [35] defined as:

nf )1()( αα −=                    (3)

where n is the reaction order.
Introducing the form for f(α) and 

applying natural logarithm, Equation 2 can be 
transformed into

   

 .            
  (4)

The left-hand side (including the reaction 
order n) of Equation 4 versus 1/T gives a line. 
Its slope gives the activation energy (Ea), 
while the intercept is equal to the frequency 
factor (A). In the first step, the reaction order 
was determined. The following approach was 

applied: the correlation coefficient between 
the left-hand side of Equation 5 and 1/T was 
expressed as a function of the reaction order, 
which is shown for the unfilled elastomer based 
on PC diol type 5651 (Figure 6). In all cases, 
the achieved correlation coefficient was high 
(above 0.99). The value of the reaction order was 
chosen on the basis of the maximum correlation 
coefficient. With the determined reaction order, 
the slope of the plot of ln((dα/dt)/(1-α)n) vs. 1/T 
gives Ea (Figure 7 and Table 3). 

Fig. 6. Correlation coefficient dependence on the reaction 
order for unfilled polyurethane elastomer based on PC 

T a b l e 2

Data describing the degradation stages obtained by deconvolution of polyurethanes DTG curves

Sample code

First degradation step Second degradation step Third degradation step

Peak 
area

A1 (%)

Peak 
maximum  
Td,1 (°C)

Peak 
area 

A2, (%)

Peak 
maximum 
Td,2 (°C)

Peak 
area  

A3 (%)

Peak 
maximum  
`Td,3 (°C)

5651 / 0 27.6 317 59.8 345 12.6 377
5651 / BO 29.4 328 62.6 356 8.0 386
5651 / 15A 32.0 329 53.6 359 14.4 386

4671 / 0 22.0 319 71.0 345 7.0 375
4671 / BO 36.5 324 49.3 349 14.0 379
4671 /15A 25.7 325 67.5 358 6.8 387

average value 28.8 324 60.7 352 10.5 382
st. deviation 5.1 5.0 8.2 7.0 3.7 5.0
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diol type 5651

Fig. 7. Dependence of the left side of Eq. 4 on reciprocal 
temperature for unfilled polyurethane elastomer based on 

PC diol type 5651

T a b l e  3

Kinetic parameters  
(reaction order and activation energy) of the 
degradation process of polycarbonate-based 

polyurethanes and their hybrid materials

Sample code Reaction order,
n

Activation energy 
Ea (kJ/mol)

5651 / 0 1.76 195.5
5651 / BO 1.54 182.2
5651 / 15A 1.50 167.9
4671 / 0 1.53 186.3
4671 / BO 1.70 185.1
4671 / 15A 1.35 164.2

The variation in reaction order and acti-
vation energy values confirmed the complexity 
of the PC-PUs thermal degradation mechanism 
caused by the addition of organoclay nanoparti-
cles. As no regularity was found in the values of 
either the reaction order or activation energy, the 
effect of nanoparticles on the thermal decomposi-
tion of polymers was mainly evaluated from the 
decomposition temperatures recorded during the 
thermogravimetric analysis.

4. CONCLUSIONS

A series of all aliphatic polycarbonate-
based polyurethanes and their hybrid materials, 
with 30 w/w % of hard segments, were synthe-
sized using prepolymerization. Mineral-rein-
forced nanocomposites were obtained by 1 w/w 
% addition of organically modified bentonite and 
montmorillonite. It was determined that soft seg-
ments (polycarbonate diols) possess significantly 
better thermal stability than hard-segment build-
ing units consisting HDI and 1,4-BD blocks, with 
higher values for the decomposition onset and 
DTG peak temperatures by about 200 °C. The 
onset temperatures of prepared polyurethanes 
and their hybrid materials were found to be 298 
± 3 °C. The influence of macrodiol choice and or-
ganoclay addition was determined by deconvolu-
tion of DTG curves using the Gaussian equation. 
A detailed inspection of obtained Gaussian curves 
suggested that thermal degradation processes con-
sist of three steps, taking place simultaneously in 
temperatures ranging from 300 to 410 °C. The 
first stage, detected at low temperature, is con-
nected with hard-segment degradation, and the 
two high-temperature steps are probably associ-
ated with the degradation of soft segments, due 
to the different chain constitutions of the macro-
diols used. The addition of nanofillers shifted the 
temperatures of all decomposition stages higher, 
causing a thermal stability enhancement of pre-
pared materials due to the interaction between 
layered silicates and PU matrix. Degradation ki-
netics (activation energy and reaction order) was 
determined, applying the proposed method based 
on only one heating rate. Obtained variation of ki-
netic parameters has confirmed the complexity of 
the thermal degradation mechanism of prepared 
nanostructured polyurethanes.
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