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Possibility of lignin application in rubber blends based 

on NR and SBR was studied. Seven types of lignin powder 
were tested as fillers for rubber blends before and after modi-
fication. Influence of lignin on vulcanisation process, me-
chanical properties, morphological structure as well as dy-
namical-mechanical properties was investigated. The signifi-
cant positive effect of  modified lignin on properties of model 
rubber blends was found. 

 
 

Introduction   
 
Lignin biopolymer is dominant component of waste in 

wood � processing technologies. Most frequently way for its 
utilization is combustion. In the last years, technical lignins 
are investigated for their utilization in material recycling tech-
nology. Application of some types of lignins for preparation 
of crosslinked resins is described in ref.1,2. Also application of 
lignin for modification of some properties of thermoplastics 
as well as rubber blends was investigated in many works3−8. 
Addition of lignin to both types of polymer matrixes 
(thermoplastic as well as rubber) has positive effect on ther-
mal stability of resulting materials. In rubber blends, lignin is 
able to improve abrasion resistance, but it exhibit partially 
negative effect on tensile properties. Some types of lignins 
can interact with vulcanization agents. Application of lignin 
can modify dynamical-mechanical properties which can be 
used for modification of driving properties of tires for exam-
ple. Improving of thermoxidation stability of NR blends was 
described in work8.  Lignin create synergic effect with IPPD 
in this case. In our work seven types of commercial lignins 
were tested in NR and SBR model blends. Influence on vul-
canization parameters, mechanical and dynamical properties 
was studied together with phase arrangement and morphology 
of vulcanisates.   

 

Experimental   
  
Chemicals  

 
Seven types of lignin powder were tested. Borrement CA 

120 (Calcium lignosulfonate, Ca content 5 %, pH of 10 % 
sol. = 4.5) as well as Calcium lignosulfonate with pH 4.2, 7.3, 
9.1, 6.7, Borresperse NA 220 (Natrium lignosufonate, Na 
content 8 %, pH of 10 % sol. = 8.0) and Vianultra 
(Magnesium lignosulfonate, pH of 10 % sol. = 5.5) were 
kindly supplied by company Borregaard, Germany. Narural 
Rubber SMR 20 and SBR rubber Kralex 1500 were used. 
Sulphenamide and diphenylguanidine accelerators with sul-
phur, ZnO and mixture of stearic and palmitic acid were used 
as vulcanization system. Glycerol (99.8 % purity) was used as 
plasticizer for lignin.   

  
Processes  

 
All rubber blends were prepared in 75 cm3 Plasticorder 

Brabender chamber in two mixing steps, both at 80 °C and 
70 rpm. Vulcanization curves were recorded using Rheometer 
Monsanto 100 at 150 °C. Samples were cured at 150 °C at 
time corresponding with optimum of vulcanization. Pressure 
was 20 MPa. Tensile test of prepared samples was done ac-
cording to ISO 37 at cross head speed 500 mm min−1 using 
TIRATEST 27025 machine. Crosslinking density was deter-
mined based on kinetic of swelling and calculated according 
to Flory-Rehner equation. For morphological study, SEM 
pictures of fracture surface were done using microscope 
TESLA BS 300 with TESCAN digitalized unit and software 
WINTIP 3.1. 

 
 

Results and discussion   
 
Studied lignins were tested in SBR as well as NR matrix 

in concentration range up to 40 phr. Lignins have significant 
influence on vulcanization process of both types of blends. In 
general, scorch time as well as optimum of vulcanization 
decreases with increasing of lignin concentration. Calcium 
and Magnesium types of lignin exhibit only moderate de-
creasing of both parameters in contrast to Natrium type which 
causes more significant shortening of vulcanization process. 
Small changes were observed also in crosslinking density of 
prepared vulcanisates. Participation of lignins on vulcaniza-
tion process can be assumed based on obtained results. Much 
more strong effect of lignin on mechanical properties was 
observed, mainly in case of NR matrix. Dependency of tensile 
strength and elongation at break for NR vulcanisates on lignin 
concentration is shown in Fig. 1. 

Addition of lignins causes moderate modification of 
dynamical-mechanical properties. Peak value of dependency 
of tg δ on temperature is slightly decreases to lower values 
with increasing of lignins concentration for both rubber ma-
trixes. Simultaneously can be observed increasing of tg δ at 
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0 °C, particularly in case of Calcium type of lignin. In case of 
Calcium type of lignin addition of plasticizer was tested. De-
pendencies of observed properties on glycerol content were 
studied in the blend containing 30 phr of lignin. Scorch time 
as well as optimum of vulcanization decrease with increasing 
of glycerol concentration. Maximum was observed on curve 
of dependency of tensile strength on glycerol concentration 
around 20 % of glycerol content. Elongation at break slightly 
continuously increases in whole concentration range of glyc-
erol. Positive effect of glycerol on mechanical properties of 
both types of vulcanisates containing various amount of lignin 
is evident from Fig. 2 and 3. 

Morphology of rubber blends containing lignin is also 
positively influenced by glycerol addition. As an example the 

fracture surfaces of blends containing 30 phr of Calcium lig-
nin are shown in Fig. 4. All samples were extracted in 60 °C 
distilled water before SEM measurements for removing of 
lignin from the fracture surface for better resolution of phase 
arrangement. 

Finelly the influence of  molecular weigth of lignin on 
properties of NR model blends was studied. Strong influence 
of Mw (together with pH value of 10 % lignosulfonate solu-
tion) on vulcanisation process as well as on mechanical prop-
erties was found. Tensile strength and elongation at break 
decrease with Mw in studied range of Mw from 20 000 to 
90 000. Vulcanisation parameters (scorch time and optimum 
of vulcanisation) were influenced as well. 

 
 

Conclusions   
 
Obtained results shown positive influence og lignin pre-

parates on properties of rubber/lignin blends. Especially in 
case of NR strong improving of mechanical properties by 
lignin addition can be achieved particularly in case of simulta-
neous application of plasticizer. Positive effect of plasticiser 
was confirmed. The required properties of rubber blend can 
be also adjusted by selection of suitable type of lignin � type 
of ion as well as Mw of lignin derivate is important.    

 
This work was supported by Slovak grant agencies, grants 
No. VEGA 1/4455/07 and APVV -99-038805.   
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Fig. 2. Dependency of tensile strength and elongation at break on 
lignin content in NR matrix for Calcium lignosulfonate at various 
concentration of glycerol (GL) 

Fig. 3. Dependency of tensile strength and elongation at break on 
lignin content in SBR matrix for Calcium lignosulfonate at vari-
ous concentration of glycerol (GL)  
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Fig. 4. Extracted fracture surfaces of NR and SBR vulcanizates 
containing 30 phr of Ca lignin at 0 and 30 % of glycerol 

Fig. 1. Dependency of tensile strength and elongation at break on 
lignin content in NR matrix for Calcium (Li-Ca), Magnesium (Li-
Mg) and Natrium (Li-Na) lignosulfonate 
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Synthesis and characterization  
of EPDM-g-PDMAEMA  

 
The graft copolymerization of poly 2-dimethylamino 

ethylmethacrylate (PDMAEMA) onto ethylene propylene 
diene mononer rubber (EPDM) was carried out in toluene via 
solution polymerization technique at 70 °C, using dibenzoyl 
peroxide (BPO) as initiator. EPDM-g-PDMAEMA was char-
acterized with 1HNMR spectroscopy, gel permeation chroma-
tography (GPC), differential scanning calorimetry (DSC), and 
thermal gravimetric analysis (TGA). 

Fig. 1 shows the 1H NMR spectroscopy of EPDM-g-
PDMAEMA together with proposed structure and peaks as-
signment. Fig. 2 illustrates the GPC trace of the modified 
EPDM. It has a higher PI due to branching caused by 
PDMAEMA moieties. Fig. 3 represents the DSC scan of 
EPDM-g-PDMAEMA; the two Tg�s of EPDM and 
PDMAEMA segments appear at �49.91 °C and 114.6 °C 
respectively. The Tg of PDMAEMA segment is lower than its 
respective homopolymer due the reduction in molecular 
weight of PDMAEMA in the copolymer which is 18 K and 
that of homopolymer is 52 K. Fig. 4 represents the TGA scan 
of EPDM-g-PDMAEMA. It is obvious that the material is 
stable up to 150 °C as it loses only 4.9 % of its original 
weight.  

 
Homogeneity of EPDM/NBR Blend 

 
The EPDM-g-PDMAEMA was incorporated into 

EPDM/butadiene acrylonitrile rubber (EPDM/NBR) blends 
where the homogeneity of such blends was examined with 
scanning electron microscopy (SEM) and DSC. The DSC 
traces of EPDM/NBR (50/50) blends with and without 
EPDM-g-PDMAEMA (10 phr) are illustrated in Fig. 5 and 6. 
Glass transition temperatures (Tg�s) of EPDM and NBR in 
the blend without EPDM-g-PDMAEMA appear at −30 °C 
and −60 °C respectively with Tg difference of 30 °C. How-
ever, Tg of EPDM/NBR rubber blend with EPDM-g-
PDMAEMA appears at −50 °C. These data illustrate that 
EPDM/NBR rubber blend possessed one Tg upon incorpora-

tion of EPDM-g-PDMAEMA. This can be attributed to the 
reduction of interfacial energy and to the increase of adhesion 
between phases31; as a result of the dipole-dipole interaction 
between the acrylonitrile group of nitrile rubber and the 
amino group of EPDM-g-PDMAEMA. EPDM/NBR blends 
of (50/50) blend ratio with and without EPDM-g-PDMAEMA 
(10 phr) were prepared for microscopy examination. The 
micrograph (Fig. 7a) of the blend without EPDM-g-
PDMAEMA illustrates two different phases for the individual 
rubbers indicating phase separation and incompatibility of 
EPDM/NBR blend. However the micrograph (Fig. 7b) of the 
blend containing EPDM-g-PDMAEMA shows one phase and 

 

Fig. 1. 1HNMR spectrum of EPDM-g-PDMAEMA 

Fig. 2. GPC trace of EPDM-g-PDMAEMA  
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no phase separation takes place indicating change in the mor-
phology and enhancement of the homogeneity of EPDM/NBR 
rubber blend. 

 
Effect of EPDM-g-PDMAEMA  
on the physico-mechanical properties  
of EPDM/NBR blends 

 
EPDM/NBR rubber blends with different blend ratios, 

namely 100/0, 75/25, 50/50, 25/75, and 0/100, were prepared 
in presence and absence of EPDM-g-PDMAEMA. The for-

mulations and the rheological properties of EPDM, NBR and 
their blends are listed in Table I. Cure times (tc90) of the 
EPDM/NBR (25/75) blends with and without EPDM-g-
PDMAEMA were shorter and cure rate indices were greater 
than those of the individual rubbers. The rubber mixes were 
then vulcanized at their cure times. Physico-mechanical prop-
erties of EPDM, NBR and their blends with different blend 
ratios in presence and absence of EPDM-g-PDMAEMA were 
measured after and before thermal aging and plotted vs. NBR 
content in the blend (Fig. 8 and 9). It is clearly seen from 
Fig. 8 that the tensile strength and elongation at break (%) of 
EPDM/NBR blends decrease with increasing of NBR content 
in the blends till EPDM/NBR ratio of 50/50, beyond which 
(25/75 blend) the physico-mechanical properties remain un-
changed. However, both tensile strength and elongation at 
break (%) increase with further increase of NBR content up to 
100 parts (NBR vulcanizate). From the same Fig. 8, it is obvi-
ous that both tensile strength and elongation at break (%) of 
EPDM/NBR blend vulcanizates with different blend ratios 
were improved as a result of incorporation of EPDM-g-
PDMAEMA (10 phr). The improvement in the mechanical 
properties can be attributed to the improved interfacial adhe-
sion of EPDM/NBR blends by reducing the interfacial energy 
between phases; as a result of incorporation of EPDM-g-
PDMAEMA. Also, the tensile strength and elongation at 

Table 1. Formulations and rheological properties of EPDM/NBR rubber blends of different blend ratios with and 
without EPDM-g-PDMAEMA, at 162oC. 

EPDM 100 75 50 25 75 50 25 0 

NBR 0 25 50 75 25 50 75 100 

EPDM-g-PDMAEMA 0 0 0 0 10 10 10 0 

Rheological properties         

Minimum torque, Nm 16 13 11 10.5 9.5 9.5 8 8 

Maximum torque, Nm 86 91 79 77 78 72 60 71 

Cure time (tc90), min 16.5 11.5 11.5 5.5 13 12 7 10 

Scorch time ( ts2 ), min  3 2 2 1.5 2 2 1.5 1.75 

Cure rate index (CRI),min-1 7.4 10.5 10.5 25 9 10 18 12 

*High abarasion furnace black. 
**N-cyclohexyl 2-benzothiazole sulfenamide. 
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break (%) of EPDM/NBR homogeneous blends after 7 days 
of thermal aging, showed superior performance to that of the 
inhomogeneous blends. EPDM/NBR (50/50) blend as well as 
25/75 blend showed more pronounced effect of EPDM-g-
PDMAEMA. On the other hand, the elongation at break and 
tensile strength data agree with one another and confirm ho-
mogeneity of EPDM/NBR as a result of incorporation of 
EPDM-g-PDMAEMA. 

 
 

Swelling behavior 
 
Weight swell (%) in toluene, motor oil and brake fluid of 

the EPDM/NBR rubber blend vulcanizates vs NBR content in 
those blends, in presence and absence of EPDM-g-
PDMAEMA, are illustrated in Fig. 10.  Weight swell (%) in 
toluene, in absence of EPDM-g-PDMAEMA, shows S shape 
behavior. However, it shows linear behavior with incorpora-
tion of EPDM-g-PDMAEMA, this linearity in turn confirms 
the homogeneity of EPDM/NBR rubber blends as a result of 
incorporation of EPDM-g-PDMAEMA. Also, Fig. 10 illus-
trates that weight swell % of the EPDM/NBR rubber blend 
vulcanizates decreased in motor oil while increased in brake 
fluid with increasing NBR content in the blend. This can be 
attributed to the increase of the number of the polar acryloni-
trile groups due to the increase of NBR content. Generally, 
weight swell % of the homogeneous EPDM/NBR blends in 
motor oil and in brake fluid is less than that of the inhomoge-
neous blends (desired phenomena). Of all blend ratios ex-
plored EPDM/NBR (25/75) exhibited the best swelling be-

Fig. 7b. SEM micrograph of EPDM/NBR (25/75) rubber blend, 
with EPDM-g-DMAEMA, M= 500X 
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g-PDMAEMA vs NBR content in the blend Fig. 7a. SEM micrograph of EPDM/NBR (25/75) rubber blend, 

without EPDM-g-DMAEMA, M= 500X 

havior in motor oil while EPDM/NBR (75/25) possessed the 
best swelling behavior in brake fluid. Therefore, EPDM/NBR 
blends (25/75) and (75/25) can be recommended to be used in 
industry of oil seal and hoses subjected to motor oil and brake 
fluid respectively.  

 
 

Conclusions 
 

1.  The results obtained from the SEM micrographs and 
DSC traces confirmed that EPDM-g-PDMAEMA 
(10phr) can be used successfully to improve the homoge-
neity of EPDM/NBR rubber blends.  

2.  75/25 EPDM/NBR rubber blend possesses good me-
chanical properties together with the best swelling be-

Fig. 9. Tensile strength, MPa and elongation at break, % of 
EPDM/NBR rubber blend vulcanizates, with and without EPDM-
g-PDMAEMA vs NBR content in the blend, after thermal aging 
at 90    ° C for 7 days 
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havior in brake fluid.  
3.  NBR and NBR rich blend showed the best weight swell 

% in toluene and motor oil. This can be attributed to the 
great number of polar acrylonitrile groups. 
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Introduction 

 
Since decades, most polymers have been characterised 

by simple although robust instruments. For elastomeric mate-
rials, the Mooney viscometer has been the reference instru-
ment and will probably remain as such for some time. Mean-
while, experienced rubber technologists admit that identical 
Mooney viscosity for two polymers of identical nature but, for 
instance, from different producers, do not guarantee identical 
processability. For thermoplastic, a similar situation exists 
with the Melt Flow Indexer (MFI). 

Both instruments have an identical limitation. They pro-
vide only a single point measurement while polymer special-
ists know that, due to their pseudo-plasticity nature, polymers 
demand testing at variable speed to capture this important 
characteristic. Nevertheless, due to their intrinsic simplicity, 
both instruments are still largely used in polymer plant quality 
control. 

Capillary rheometry is another technique for polymer 
analysis providing pseudo-plasticity index. Unfortunately, if it 
is highly valuable for thermoplastic materials and rubber com-
pounds, it is hardly used in testing pure elastomers. This limi-
tation is essentially due to the high elastic character of these 
polymers providing very early appearance of melt fracture 
phenomenon, thus preventing valuable characterisation at 
high shear. Finally, capillary rheometer requires extensive 
cleaning after each test. This drawback prevents high produc-
tivity testing hence general use of capillary rheometers in 
plant QC operation.  

Since the original work by Weisenberg on the first Dy-
namic Mechanical Analyser, the Rheogoniometer, linear 
visco-elasticity has developed itself as the preferred polymer 
characterisation tool in the world research laboratories. 

The reasons behind this success reside in the ability of 
this technique to quickly and precisely assess two of the most 
important polymer characteristics, Average Molecular Weight 
(AMW) and Molecular Weight Distribution (MWD). Unfor-
tunately, linear visco-elasticity failed to provide unambiguous 
information and measurements on the third most important 
polymer characteristic, Long Chain Branching (LCB). It is 
essential to mention that polymer LCB content is largely re-
sponsible of often observed processability problems such as 
die swell. It is worth mentioning the fact that very small varia-
tions of LCB have very large effect on processability. 

This paper will review the latest approach to fast, reli-
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able and precise measurement of these three polymer charac-
teristics by the combination of linear visco-elasticity and non-
linear visco-elasticity measurements. 

 
 

Theory and practice 
 
Contrary to simple liquids such as water, oils etc�

having a constant viscosity versus shear rate, polymer melt 
exhibits a different behaviour. At low to very low shear rate, 
they behave as simple liquids. This viscosity value is called η
0, or Newtonian viscosity. Over a given shear rate, they ex-
hibit a sharp decrease of viscosity called pseudo-plasticity 
region. This behaviour is highly interesting for processing 
polymer melts and especially rubber compounds as it makes 
processing possible with reasonably powered machinery. 
Without it, high speed extrusion or injection would not be 
possible. The machinery power required for processing mate-
rials having viscosity level equal to their Newtonian viscosity 
would simply not be economical or even feasible. Therefore, 
a precise measurement of this complex behaviour over a wide 
range of shear rate is highly recommended. Several non-linear 
mathematical flow models have been successfully used to fit 
polymer response to shear rate (Cross, Carreau, Carreau-
Yasuda etc�). All these models have in common to simplify 
the response to a very limited number of parameters. The 
following graph represents the �Cross model� (Fig. 1). 

 

 
Fig. 1. 
 

These parameters not only enable powerful flow simula-
tion software to predict complex flow patterns in injection 
moulding but also permit to calculate polymer simple charac-
teristic such as Mw or average molecular weight by weight 
using the following mathematical relationship                                                                 

Newtonian viscosity is rarely measured by capillary 
rheometry. Typically, this technique accuracy is very limited 
in the shear rate range corresponding to polymer Newtonian 
behaviour. 

Only linear visco-elasticity is sensitive and accurate 
enough to measure in this domain. In order to overcome the 
limitations of dynamic measurements in the high shear rate 
range, the �Time-Temperature Superposition� principle (TTS) 
enables to convert temperature in frequency. Lower test tem-

perature is equal to higher shear rate. 
When visco-elasticity measurements are performed 

within the linear domain, no melt facture can occur thus test-
ing at high shear is feasible. 

Depending upon the temperature sensitivity of the poly-
mer, even very high shear rate are achievable. 

Fig. 2. illustrates this possibility on polystyrene. 
 

 
Fig. 2. 

 
The second most important polymer characteristic is 

molecular weight distribution (MWD). Usually, it is measured 
by Gel Permeation Chromatography (GPC) or Size Exclusion 
Chromatography (SEC). This technique is well established 
but is rather expensive, time consuming and not very accurate 
and repeatable. In addition, it involves the use of large quan-
tity of organic solvents which may soon be banned for toxic-
ity (�REACH� norms in EU). 

Linear visco-elasticity can sometimes be a very useful 
replacement for GPC/SEC. For linear polymers such as PIB, 
Poly dimethyl siloxane (PDMS), polypropylene (PP), 
LLDPE, IIR etc�, the crossover point coordinates (G�=G�) 
in frequency and modulus can be used for the direct determi-
nation of AMW and MWD in a single test. The principle is 
illustrated in Fig. 3. 

 

 
Fig. 3. 

 
The fact that linear visco-elasticity test can easily be 

automated, re-emphasizes the interest for this technique as the 
most productive test for plant quality control. Unfortunately, 
this technique is useless for branched polymers. Branching, 
even at low level, is moving the crossover point coordinates 
towards lower frequencies thus preventing meaningful AMW 
and MWD measurements. 
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Linear visco-elasticity testing is performed at strain 
where dynamic modulus depends on frequency only. In the 
non linear visco-elasticity domain, modulus depends on both 
frequency and strain. This implies that the stress signal in this 
condition is no longer a pure sine wave although the strain 
remains perfectly sinusoidal. Strictly speaking, one shall not 
test in this domain as the traditional mathematics will not 
apply unless the signal analysis is performed by Fourier 
Transform (FT). 

It has been found that some polymers exhibit large dis-
tortion of the stress signal when submitted to strain superior to 
1000 % strain (γ0=10). In addition, it was found that the dis-
tortion can vary between samples. Fig. 4 illustrates this beha-
viour. 

 

 
 Fig. 4. 

 
FT analysis enabled precise quantification of the stress 

signal distortion. We were than able to relate the distortion to 
the level of LCB in the polymer. 

The results are expressed as a series of moduli at all odd 
harmonics (G�n & G�n). The series is limited to the 9th har-
monics as the values for the higher harmonics can be consid-
ered as not significant. The response can also be expressed 
under the form of Lissajou figures with shear stress (τ(t)) ver-
sus shear rate ( ) over one cycle. 

The separation of the stress signal is illustrated in Fig. 5 
and Fig. 6. 

From the Lissajou figures, it has been found that linear 
polymers exhibit a pronounced secondary loop at each end of 
the distorted ellipse. These loops have been found on ALL 
polymers known to be linear. These loops disappear as soon 

-15

-10

-5

0

5

10

15

-200000

-150000

-100000

-50000

0

50000

100000

150000

200000

0 1 2 3 4 5 6 7 γ 0
(-

)

Sh
ea

r s
tr

es
s (

Pa
)

ωt (Rad)

Polymer 1

Polymer 2

Strain (-)

as LCB are present even at very low level. We were able to 
detect on polypropylene level as low as 1 LCB per 500,000 
carbons. No other technique currently available is capable of 
this sensitivity. A comprehensive mathematical analysis of the 
shear stress curve in relation to G�n and G�n. 

It has found that the LCB content can be expressed as 

a simple ratio of  . It is remarkable that the mathematical 
analysis shows the significance of elastic moduli only. All 
viscous moduli of the all harmonics simply disappear. 

A graphical representation of this ratio is given in Fig. 7. 
This approach for LCB detection and quantification was 

successful on the following polymers, BR,EPDM, NR, FKM, 
IIR, PIB, PP, LDPE, LLDPE, PP, PC and PS. We can reason-
able believe that this approach is general and could be applied 
to all polymer types. 

 
 

Summary and conclusion 
 
From all modern polymer characterisation techniques, 

visco-elasticity is the most efficient. AMW and MWD can be 
easily measured and polymer discrimination is possible which 
very high confidence. 

Traditionally, only linear visco-elasticity was considered 
as traditional signal analysis did not allow meaningful analy-
sis in the non linear regime. The use of modern signal analysis 
based on Fourier transforms enables not only testing in the 
non linear regime but as well the quantification of the stress 
signal higher harmonics. 

From these higher harmonics, a simple moduli ratio { } 
Fig. 5. 
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has been found to quantify the presence and level of LCB. 
This has been found valid on a very large selection of poly-
mers. 

Due to the second normal stress difference, this tech-
nique is only valid in a closed chamber Dynamic Mechanical 
Analyser (DMA) such as the RPA2000 from Alpha Technolo-
gies. Traditional open boundary DMA�s are unable to perform 
this test. The polymer sample tends to escape from the test 
chamber with the appearance a melt fracture at the edge. 

The combination of linear and non linear visco-elasticity 
is the only technique providing unambiguous separation be-
tween MWD effects from LCB effects thus guaranteeing the 
most efficient polymer discrimination.  

The efficiency of the technique is further enhanced by 
automation of linear visco-elasticity tests and very short test 
time of non linear visco-elasticity (< 4 minutes). 
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AN INNOVATIVE METHOD TO INVESTIGATE 
POLYMER LONG CHAIN BRANCHING WITH  
FT-RHEOLOGY AND LARGE AMPLITUDE  
OSCILLATORY SHEAR (LAOS) 
 
HENRI G. BURHINa , NICOLAS ROSSIONc,  
CHRISTIAN BAILLYb, ADRIEN LEYGUEc, 
and ROLAND KEUNINGSc 
 
a Alpha Technologies UK, 98 rue longue B-1320 Beauvechain, 
Belgium, b Université Catholique de Louvain (UCL), 
Département POLY, Bâtiment Boltzmann 1 Place Croix du 
Sud, B-1348 Louvain La Neuve, Belgium, c Centre for Systems 
Engineering and  Applied Mechanics (CESAME), Université 
catholique de Louvain, B-1348 Louvain-la-Neuve, Belgium 
henri.burhin@dynisco.com 
 
 
Introduction 

 
The most commonly used shear data used for characteri-

sation of viscoelastic melt is generated at low amplitude to 
give linear properties to agree with accepted visco-elasticity 
theory. 

Steady shear viscosity or transient elongational viscosity 
data, are used in the case of non-linear characterisation.  Such 
measurements can also be used to give indications of the mac-
romolecular structure of polymer melts. 

Large Amplitude Oscillatory Shear (LAOS) can provide 
useful non-linear characterisation of polymers even in ab-
sence of a widely agreed theoretical base. LAOS, or the non-
linear visco-elasticity domain can be described as the oscilla-
tory strain domain where the shear complex modulus (G*) is 
not a function of angular frequency (ω) only but a function of 
both ω and strain, (γ0) 

 The use of LAOS in experimental studies has been 
reported initially by Philippoff W [9] (1966), Tee & Dealy1 
(1975) and Mac Sporran & Spiers2 (1982, 1984). Later, Gia-
comin and Dealy reported results using a special measuring 
device called �sliding plate rheometer�. At present, the group 
of M. Wilhelm appears to be one of the most active in this 
field. Wilhelm et al.3,4 (1998, 1999) developed a methodology 

for high sensitivity Fourier transform rheology applied to 
linear polymer melt and polymer solutions. Additional work 
on comparing simulation and experimental results in LAOS 
on HDPE melt was also published11. 

The aim of the present work is to investigate the influ-
ence of Long Chain Branching (LCB) on LAOS experiments 
and evaluate the potential of this technique in detecting LCB 
content in polymers. In addition, to evaluate this technique as 
potential replacement of other well documented LCB probing 
techniques such as NMR, dynamic viscosity activation energy 
and SEC with light scattering. 

This study was performed using a non-conventional 
rheological instrument and Fourier Transform analysis for 
precise quantification of the stress signal distortion. The stress 
signal analysis in this work was performed using the method 
proposed by Giacomin & Dealy5. 

 
 

Experimental 
 
All experimental work was performed using the VTM 

theometer commercialised by Dynisco. The VTM rheometer 
is based on the RPA2000 from Alpha Technologies. It is 
a dynamic testing instrument initially developed for visco-
elastic property measurements of elastomers and uncured 
rubber compounds, Dick and Pawlowski6 (1992). 

The instrument is working under controlled strain ampli-
tude. A periodic shear deformation with amplitude γ0 and 
frequency ω is applied, given by 

According to Giacomin and Dealy, the shear stress signal was 
considered as a Fourier series.  

Note: Only odd harmonics ≠ 0 
 
Virgin polypropylene (PP) and chemically modified PP 

were used to study the effect of LCB on τ(t) function. PP sam-
ples with different LCB level were obtained by reactive extru-
sion with Per-Oxy-Dicarbonate (PODIC) as per Lagendijck et 
al.7 (2001). As reported, this treatment enables the formation 
of increasing level of LCB as a function of amount of PODIC. 
An additional sample of high viscosity (HV) linear PP has 
been used to study the effect of Average Molecular weight 
(AMW). Molecular Weight Distribution (MWD) was investi-
gated as well by mixing fraction of high viscosity linear PP in 
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low viscosity linear PP at 5 % and 50 % by weight through 
solution mixing. 

Polymer molecular characteristics are listed in Table I. 
For comparison purposes, a commercially available β irradi-
ated PP (ref.8) was tested in the same conditions. This poly-
mer is used for improvement of PP melt strength. LCB were 
produced through radical reaction induced by β irradiation. 

Both parameters Bn and λ describe LCB level. Bn is the 
number of branched polymer chain per polymer chain (0.03 = 
3 % branched molecules). λ is the number of long branches 
per 1000 monomers. These values can be considered as very 
low level of LCB. 

 
 

Results and Discussion 
 
When testing polymer melt under large amplitude, far in 

the non linear viscoelasticity domain (γ0 >>1), although the 
strain signal is perfectly sinusoidal, the stress signal as a func-
tion of time appears largely distorted. Depending upon poly-
mer characteristics, this distortion can vary as illustrated in 
Fig. 1. 

This behaviour can also be illustrated using Lissajou 
figure plotting shear stress versus shear strain or better shear 
rate as used by Giacomin and Dealy. The plot of shear stress 
(τ) versus shear rate ( ) for the polymers in Fig. 1 is illus-
trated in Fig. 2. 

γ&

PP and PODIC modified PP 
 
Lissajou figures (τ = f( )) on these polymers highlight 

a very interesting effect of the distortion. This plot is illus-
trated in Fig. 3. The presence of secondary loops at the high-
est shear rate values are observed only for linear polymer 
molecules (Virgin PP and High viscosity PP). 

We can also observe that increasing level of LCB sepa-
rates the loading part of the stress signal from the unloading 
part, increasing the loop surface. 

To confirm this observation, τ was plotted against shear 
rate for virgin PP, HV PP, mixture of 5 % and 50 % HVPP in 
virgin PP, all being linear molecules. The results are illus-
trated in Fig. 4. In all cases, secondary loops appear demon-
strating that this rather peculiar effect can be attributed to 
polymer linearity only, irrespective of AMW and MWD ef-
fects. 

Changing from the time domain to the frequency domain 
by Fourier transform enables the calculation of G�n and G�n 
for all polymers. These modulus results are listed in Table II.  

The most pronounced effect of LCB is observed on G�1 

or on the ratio G�1/G�1 (Tangent δ1), which takes into account 
viscosity effects. Unfortunately, Tangent δ1 is not totally inde-

γ&

Table I 
Polypropylene molecular characteristics as per7 

Mmol/100 g 
PP 

Mn 
Kg mol−1 

Mw 
Kg mol−1 

Mn/Mw λ Bn 

0 (virgin PP) 74 410 5.54 − − 
0.5 69 400 5.74 0.00 0.03 
1 62 410 6.56 0.01 0.15 
2 68 460 6.81 0.01 0.23 
3 71 485 6.81 0.02 0.36 
High visc. PP 150 1150 7.66 − − 

Fig. 1. Shear stress and shear rate signal for two generic polymers 
at 190 °C, 0.1 Hz, γ0 = 10 
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Fig. 3. Lissajou figures of variable LCB level PP, 190 °C, 1 Rad/s, 
γ0=10 
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pendent of the MWD. An unambiguous mathematical pa-
rameter was therefore necessary to provide a clear ranking of 
LCB content of the tested polymers. 

This parameter was found by deep mathematical analysis 
of the Lissajou figures10. 

Lissajou figures are forming loops in the two dimen-
sional space (τ and ). Within one complete cycle, we can 
easily observe two identical shear rate values not automati-
cally having the same value of shear stress. We can therefore 
calculate the difference of shear stress at a given value of 
shear rate in each half loop. This difference is given by equa-
tion (5) 

This analysis is illustrated in Fig. 5. 

γ&

The appearance of secondary loops in the Lissajou figure 
is represented by a crossing of the loading and unloading part 
of the ∆τ function. 

Substituting t2, using simple trigonometric relations and 
even harmonic nullity, we obtain the following equation. 

This equation means that only the in-phase part of the 
response will have an impact on the Lissajou figure surface 
hence the appearance of secondary loops. 

First, it must be noticed that the An parameters are re-
spectively G�n. 

As equation (6) is a trigonometric function, it can be 
transformed into an algebraic function using Tchebychev 
polynomial (eq. (7)). 

Considering the Fourier series limited to 3rd harmonic, 
the condition of existence of secondary loop will be  

 
 
 

Repeating the analysis up to the 5th harmonics provides a 
more sensitive parameter in the form of another harmonic 
ratio A1/A5 to be between values depending upon another 
harmonic ratio (A3/A5). 

The extreme limits of the values for appearance of sec-
ondary loops are as follow: 

This rather complex analysis is better illustrated in Fig. 6. 
Applying this new harmonic ratio A1/A5 or G�1/G�5 to 

the polypropylene and PODIC modified PP, we can detect 
and quantify extremely low level of LCB by the mathematical 
value of this last ratio. In addition, it was proven that this 
harmonic ration is NOT affected by MWD. 

 

Table II 
G'n and G"n for all PP samples. ω=1Rad/s, γ0=10, 190 °C 

γ0 = 1000% G' 1 G' 3 G' 5 G' 7 G' 9

Virgin PP 333.2 -258.0 67.4 -9.2 -0.8
1 mmol/100g 512.0 -254.2 69.1 -10.0 -1.7
3 mmol/100g 937.2 -274.0 88.7 -15.9 -2.7
Beta PP 648.0 -112.1 35.9 -6.6 -0.3
PP HV 1176.3 -890.2 258.0 -21.3 -14.9
LV+HV (5%) 338.0 -272.4 74.1 -11.0 -0.5
LV+HV (50%) 688.1 -518.1 143.3 -16.5 -3.7

G" 1 G" 3 G" 5 G" 7 G" 9

Virgin PP 2695.5 -185.0 -24.6 20.1 -9.1
1 mmol/100g 2627.7 -175.5 -24.9 21.4 -10.5
3 mmol/100g 2724.4 -220.0 -15.5 23.7 -13.1
Beta PP 1353.2 -112.2 -6.6 7.8 -6.1
PP HV 6995.2 -596.1 -111.9 85.9 -32.0
LV+HV (5%) 2833.7 -202.7 -24.1 22.5 -11.1
LV+HV (50%) 4620.3 -354.8 -54.5 43.9 -19.0
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Summary and conclusions 
 
The level of LCB in polymer can be investigated using 

LAOS measurements with Fourier transform of the stress 
signal.  The appearance  of  multiple  loops in  the function 
τ = f ( ) can be considered as the signature of linear polymer 
molecules. The use of modern signal analysis based on Fou-
rier transform enables the quantification of the stress signal 
higher harmonics. 

From these higher harmonics, a simple modulus ratio 
(G�1/G�5) has been found to quantify the presence and level of 
LCB. This has been found valid on a very large selection of 
polymers. 

Due to the second normal stress difference, this tech-
nique is only valid in a closed chamber Dynamic Mechanical 
Analyser (DMA) such as the VTM from Dynisco. Traditional 
open boundary DMA�s are unable to perform this test. The 
polymer sample tends to escape from the test chamber with 
the appearance a melt fracture at the edge. 

The combination of linear and non linear visco-elasticity 
is the only technique providing unambiguous separation be-
tween MWD effects from LCB effects thus guaranteeing the 
most efficient polymer discrimination.  

A complete polymer analysis for LCB using LAOS can 
be performed in test time smaller than 5 minutes. 

 
The author wishes to thank A.D. Gotsis and AKZO Nobel for 
providing the virgin and modified polypropylene samples. 
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Industrial utilisation of the photocatalytic effect of nano-

scale TiO2 has already found its way into various applications, 
especially for self-cleaning and anti-fogging purposes like, 
self-cleaning windows or self-cleaning textiles, anti-fogging 
mirrors, etc. The anti-microbial and deodorizing effect has 
been demonstrated as well1. The commercial potential for 
such coatings are also in automotive industry (cleaner tech-
nologies, air filters, carpets, seats, non-fogging glass and mir-
rors). 

Studies have shown that, when exposed to ultraviolet 
rays in the sub 400 nm range, nano TiO2 will actively begin 
creating hydroxyl radicals and superoxide ions which will 
decompose all micro-sized air pollutants that land on it, in-
cluding petro fumes, smog, diesel smoke, exhaust gases, in-
dustrial smoke, VOCs from car fabric, air toxins, cigarette 
odor and many other hydrocarbon molecules in the atmos-
phere into nontoxic materials, such as CO2 and water. Air 
purified with TiO2 can prevent smoke and soil, pollen, bacte-
ria, virus and harmful gas as well as seize the free bacteria in 
the air by filtering percentage of 99,9 %. The titanium dioxide 
photocatalyst has been found to be more effective than any 
other antibacterial agent, because the photocatalytic reactions 
work even when there are cells covering the surface and while 
the bacteria are actively propagating. Generally speaking, 
disinfections by titanium oxide is three times stronger than 
chlorine, and 1,5 times stronger than ozone. Titanium dioxide 
does not deteriorate and shows a long-term anti-bacterial and 
air-purifying effect2.  

Well-known is use of nano-enhanced TiO2 as automotive 
protectant which delivers sun protector factor of up to SPF 50 
to prevent fading and cracking on rubber, vinyl, and leather 
automotive surfaces. 

In our work we studied possibilities to immobilize 
nanoparticles of TiO2 at the surface of polypropylene textile 
after plasma activation. Diffuse Coplanar Surface Barrier 
Discharge (DCSBD) which was developed for treatment of 
textile materials at atmospheric pressure was used for activa-
tion3. In our previous experiments we found that this plasma 
source can be very effectively used for hydrophylisation of 
polypropylene nonwoven and consequently immobilization of 
iron oxide nanoparticles4.  
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Experimental 
 
Polypropylene nonwoven (PPNW) with surface area 

50 g m−2 were used in our research. Nanoscaled titanium di-
oxide (Hombitec S-100, content of TiO2 = 88 wt.%, particle 
size = 15 nm, surface area = 50 m2 g−1) were used for coating 
the activated samples.  

PPNW were modified by plasma treatment in nitrogen 
atmosphere at atmospheric pressure.   

After plasma activation PPNW were coated with nano-
TiO2 from water dispersion in concentration of 5 g l−1 at dif-
ferent time (30, 45, 60 and 90 minutes) under sonication. 

 The surface modifications were investigated by sur-
face analysis technique. The polypropylene surfaces before 
and after plasma activation and TiO2 coating were examined 
by scanning electron microdcopy (SEM) and atomic force 
microscopy (AFM) to characterize the substrate topography. 
For investigation of chemical changes on plasma treated 
PPNW surfaces X-ray photoelectron spectroscopy (XPS) was 
used. According to the standard STN EN 13758-1 were meas-
ured the solar UV protective properties of unmodified PPNW 
and PPNW with TiO2 coating. Using this method the perme-
ability of UV radiation was determined. 

 
Results 

 
The plasma treatment alters both the topographical and 

chemical states of the substrate surface. Fig. 1 shows notice-
able differences between standard PPNW and plasma modi-
fied PPNW. While the surface of standard PPNW is smooth, 
the plasma treated PP NW surface has become rough. 

For identification chemical changes on plasma treated 
surfaces the XPS is well suited tool as it is presented on 
Fig. 2.  

It was found that plasma activation of PPNW in nitrogen 
atmosphere leds to built in oxygen and nitrogen. 

This is evident from spectral features of the C1s region 
between 286 and 290 eV and O1s bond (~ 533 eV) which indi-
cates the presence of oxygen-containig functional groups. N1s 
peak was detected at about 400 eV pertaining to the reduced 
type nitrogen. An electron state of titanium ion in the titanium 
oxide is observed in the XPS spectrum by peak at a binding 
energy within the range from 458 eV to 460 eV.  

Both these effects, the surface roughness and functionali-

zation, or combination of these effects positively influenced 
the adhesion of TiO2 nanoparticles to the fiber surface as it 
can be seen in Fig. 3. 

It is well known that without plasma treatment it is not 
possible to coat the polypropylene fiber surfaces by TiO2. 

The TiO2 coated PP samples were washed 30 minutes in 
ultrasound in water to remove unlinked particles. It was found 

Fig. 1. AFM images of a), standard PPNW and b), PPNW after 
plasma activation in nitrogen atmosphere 
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Fig. 4. UV protective properties of standard PPNW and PPNW 
with TiO2 coating subject to time of sonication during prepara-
tion of samples 
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that about 40 % of TiO2 were washed off. 
Fig. 4 presents the comparison of ultraviolet protection 

factor (UPF) of the standard PPNW, PPNW with TiO2 coating 
and PPNW with TiO2 coating after washing in distilled water. 
In comparison with standard PPNW reached the UPF factor 
of modified textiles more than two times higher levels. Even 
after washing have some samples very good UV-protective 
properties and UPF was 50. 

 
 

Conclusion 
 
The plasma technique is an effective tool for surface 

modification of textile materials. The improvements in adhe-
sion of polypropylene surfaces to nanoparticles of titanium 
oxides are correlated to the plasma induced chemical and 
physical changes on the surface. XPS surface analysis shows 
incorporation oxygen containing and nitrogen containing 
functional groups. The AFM measurements demonstrate the 
increasing in surface roughness after plasma activation in 
nitrogen. 

The most part of TiO2 are attached to the surface rather 
as micrometer-size aggregates. At the samples after washing 
out of unlinked particles, the nano TiO2 particles were de-
tected. 

PPNW with TiO2 coating demonstrated the very good 
UV protective properties.      

 
This work was supported by Grant Agency of Slovak republic 
VEGA 1/4095/07, VEGA 1/ 0815/ 08 and Grant Agencyof 
Czech Republic KAN 101630651. 
 Author wishes to thank Martin-Luther University Halle-
Wittenberg, Institute of Material Science, Merseburg, Ger-
many for providing XPS measurements. 
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Introduction 
 
In order to keep the vehicle interior free of emissions and 

odors and to comply with the increasing environmental de-
mands, the automotive industry and its suppliers are obliged 
to reduce volatile component emissions from parts used in the 
vehicle passenger compartment. This has resulted in high 
demands for high quality polymer based materials, including 
elastomers and thermoplastics elastomers (TPE). Alongside 
a high level of physicalmechanical properties and resistance 
to aging, a reduction in emission potential is also to be 
achieved1. This situation has been tightened by some regula-
tions and directives2−4. Another problem is the so-called fog-
ging effect, i.e. the formation of a greasy film on the inside of 
the windshield. Because of its light-diffusing effect it can 
hinder transparency and thus pose a safety risk. The fogging 
effect is due to the condensation of volatiles released from the 
polymer materials used, and is investigated for some thermo-
plastics and polyurethanes5. The emission potential of elas-
tomers has been studied, especially under the aspect of 
�vulcanization fumes� in conjunction with manufacturing and 
processing6,7. A number of tests have been described for char-
acterizing the cumulative emissions of volatile organic com-
pounds (VOC`s). In these tests measurements are carried out 
on parts using elaborate test rig methods and test chambers8−10. 
These approaches, which are highly elaborate in technical 
terms, have the advantage of making it possible to simulate 
real-life situations in the passenger compartment2,11,12. An-
other approach is to use laboratory methods. The advantage of 
this over the test rig method is that the sample throughput is 
considerably higher and the cost per specimen much lower. 
Disadvantage is that the small specimen mass per analysis is 
not 100 % representative and the comparison to real article 
testing is less precise, on top �simulation testing� is hardly 
possible. The objective of the study described here is to obtain 
a detailed record and identification of the main constituents of 
the critical components of various peroxide crosslinked 
EPDM elastomers contributing to the fogging, odor and VOC 
values in comparison to a sulfur crosslinked analogue, with 
a trace-back to the formula constituents. The efficiency of 
applying a tempering processes is also investigated. 

 
 

Crosslinking using Peroxides 
 
Organic peroxides can be used for the crosslinking of 

rubber articles. These peroxides have, on one hand, sufficient 
thermal stability for the mixing process, while, on the other 
hand, decompose sufficiently fast within the usual vulcaniza-
tion temperature range, thereby generating C-C crosslink's 
into the polymer matrix. As the crosslinking process com-
mences more or less when the peroxide starts to decompose, 
a suitable decomposition temperature combined with the ap-
propriate decomposition half lifetime is a key prerequisite if 
the rubber compound is to exhibit adequate processing reli-
ability13. The general mechanism of peroxide crosslinking is 

 

* Parts of this paper are published in. Kautsch. Gummi Kunstst. 180, 61 (2008). 
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a radical mechanism14. The degree of crosslinking attainable 
with peroxides is geared primarily to the type and dosage of 
the peroxides and of the radical yield. The relevant radical 
yield for polymer crosslinking is reduced by all certain sub-
stances interfering with these formed radicals, such as, anti-
aging agents or aromatic plasticizers15,16. On the other hand 
crosslinking degree can be considerably boosted by the use of 
so-called coagents. With a single peroxide excitation these 
polyvalent compounds make possible several crosslinking-
effective follow-up reactions, and thus intervene in the occur-
rence of crosslinking13,15,17. On the whole the unsaturated 
groups of the coagent molecule make possible a star-shaped 
implantation into the network, by means of which the 
crosslinking yield is increased without releasing additional 
reaction products. Under the aspect of formation of low-
molecular volatile reaction products, which contribute to 
emission, the neutralization of the peroxide radical occurring 
via a hydrogen abstraction from the polymer is of particular 
relevance. It gives rise to ketones or alcohols that can be sub-
ject to further secondary reactions. The use of multifunctional 
peroxides instead of coagent assisted monofunctional perox-
ides like dicumyl peroxide (DCP) provides good physical 
properties with reasonable crosslinking efficiency and compa-
rable low emissions. The reason of this is, that multifunctional 
peroxides combine peroxide and coagent functionality in one 
molecule23. 

 
 

Experimental part 
 

Compounds 
 
For the assessment of the emission and fogging behavior 

of peroxide initiated crosslinking of EPDM materials, a sul-
fur-crosslinked EPDM compound was included in the study 
for the sake of comparison. The used compounds are listed in 
the following table. The peroxides are used alternatively in 
each case. 

The products TBPC and DABT are to be classified as 
multifunctional peroxides18. 

The compounds are mixed in a two stage method and the 
vulcanization behavior was investigated by means of a tor-
sional shear rheometer according to DIN 53529/2 at a vul-
canization temperature of 180 °C. 

 
Preparation of specimen 

 
The 2 mm test plates were prepared by means of vulcani-

zation in the press at 180 °C isotherm for a vulcanization time 
of t90. The well-tempered specimens were left for two hours in 
a air circulating cabinet at 120 °C. 
 
Methods for characterizing emissions behavior 

 
The cumulative fogging value is established analogous 

to DIN 75201-B. The individual used temperatures are 
80/100/120 ± 1 °C. 

For detailed identification of individual substances ther-
modesorption analysis (TDS) to VDA 278 was used alongside 
GC-MS and FT-IR spectroscopic analysis of the condensates 
of the DIN-fogging test. 

As VOC value (VOC = volatile organic compounds) to 
VDA 278, the sum of the highly to moderately volatile sub-
stances in the boiling and elution range up to eicosane is 
given as toluene equivalent. The FOG value determined from 
the same sample is the sum of the not easily volatized sub-
stances eluting from the retention time of n-hexadecane on-
wards. This is calculated as a hexadecane equivalent. 

 
 
Results 

 
Fig. 1 plots the maximum torque values of the rheometer 

measurements in relation to molar concentrations of the added 
peroxides. As would be expected, all peroxides investigated 

Table I 
Composition of the EPDM compounds 

Abbreviations: 
 
DHBP 2,5-dimethylhexane-2,5-di-tert. butyl peroxide 
DIPP  1,4-bis (tert. butylperoxiisopropyl)-benzene 
TBPC  tert. butyl-3-isopropenylcumylperoxide 1), 
TBPTC  1,1-bis (tert.butylperoxy)-3,3,5- 
                trimethylcyclohexane 
DCP  dicumylperoxide 
DABT  2,4-diallyloxy-6-tert. butylperoxide-1,3,5-triazine2), 
TBzTD  tetrabenzyl thiuram disulfide 
TBBS  tert. butylamine benzthiazol sulphenamide 
 
1)contains 80 % TBPC and 20 % DIPP as byproduct from 
processing, not available commercially, experimental product, 
multifunctional 
2)contains 10 % triallylcyanurate (TAC) as byproduct, not 
available commercially, experimental product, multifunc-
tional 
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show a linear rise in crosslinking density as peroxide concen-
tration increases. The slopes of the lines represent the differ-
ent crosslinking efficiencies of the peroxide systems used. 
The bifunctional peroxide DHBP shows the highest crosslink-
ing efficiency, while DCP as monofunctional peroxide exhib-
its the lowest. The low efficiency of 1,1-Bis (tert. butylper-
oxy)-3,3,5-trimethylcyclohexane is possibly professed by the 
untypical high crosslink temperature for this peroxide. Rec-
ommended processing temperature is 145 °C only. The rela-
tively high concentration needed in the case of the crosslinker 
DABT � 210 mmol kg−1 compound − is striking insofar as it 
contains a co-activator as byproduct. 

The fogging values were determined according to DIN 
75201/B at 80 °C, 100 °C and 120 °C. Specifications of 
approx. 1 mg condensate per 1 g vulcanizate at a test tempera-
ture of 100 °C serve generally as reference value for the 
evaluation of emissions as per the fogging test. In terms of 
low emission and simultaneously acceptable mechanical val-
ues for tensile strength and elongation at break, studies of the 
emission behavior of EPDM vulcanizates crosslinked with 
mono-, bi- and multifunctional peroxide systems in compari-
son to a typical sulfur system for EPDM profiles show that 
especially the systems TBPC (multifunctional) and DHBP 
(bifunctional) produce good results, even if they do not quite 
equal the VOC and FOG or mechanical values attained by the 
sulfur reference vulcanizate. In the case of TBPC most emis-
sions originate from the byproduct DIPP and not from the 
main component TBPC. So this new developed product looks 
promising, but there is a necessity of optimization in purity! 
For the system crosslinked with DHBP in particular, some of 
the emission values measured were lower than for the sulfur 
reference vulcanizate, although DHBP has the highest per-
mol emissions when compared to the other peroxides. How-
ever when the vulcanizates are standardized so as to have an 
approximately uniform crosslinking density, DHBP benefits 
from its high crosslinking efficiency, i. e. the molar concen-
tration needed in the rubber compound is relatively low. De-
spite low crosslinking efficiency, the multifunctional system 
DABT containing small quantities of TAC as byproduct, 
which can react as co-activator displays good emissions be-
havior. This is due to its complex reaction mechanism with 
few cleavage products only. 

Quantitative evaluations of the TDS-GC-MS analyses 
analogous to VDA 278 result in the cumulative values in the 
following figure. The VOC values are given as toluene 
equivalent corresponding to the retention times and calibra-
tion, the FOG values are given as hexadecane equivalent. 
With regard to the evaluation of results it is to be noted that 
the accepted industrial specifications are usually 100 µg/g for 
the VOC value and 250 µg/g for the FOG value. 

 
 
 
 
 
 
 
 
 
 

 
Fig. 2. TDS analysis to VDA 278 for the vulcanizates optimized                   
after rheometry with different peroxide 

 
In all emissions values, the mono-functional peroxide 

DCP shows comparatively high values, both in the fogging 
test to DIN 75201-B and in TDS-GC-MS analyses for deter-
mination of the FOG value and the VOC value analogous to 
VDA 278. Due to the high volatility of peroxide decomposi-
tion products in general, tempering is very effective in reduc-
ing the value to approx. 20 % of the level at outset. 
 
The authors would like to thank the Deutsche Kautschuk Ge-
sellschaft (DKG e.V.) for the project organization and the 
companies Akzo Nobel Polymer Chemicals, WOCO AVS 
GmbH, Daimler Chrys-ler AG, Paguag GmbH & Co., Dr. 
Ing. h.c. F. Porsche AG, Meteor Gummiwerke K. H. Bädje 
GmbH & Co., Opel GmbH for the financial support and for 
providing materials. 
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Pyrolysis offers an environmentally and economically 

attractive method to transform waste tires into useful products 
and energy. In a pyrolysis reactor, shredded tyres are decom-
posed into pyrolysis products received in all three phases: 
solid char (30−40 wt.%), liquid oil (50−60 wt.%), and gases 
(3−20 wt.%) 1,2. Distribution of material into the pyrolysis 
yields and composition of individual fractions depends not 
only on the composition of the rubber material, but also on the 
pyrolysis technique and process conditions applied. Tempera-
ture, heating rate, hydrodynamic conditions; catalyst and par-
ticle size are the main factors affecting the amount and com-
position of the pyrolysis yields.  

A laboratory unit for pyrolysing shredded scrap tire was 

established; a scew type flow reactor being the main element 
of this unit. The system enables studying of the influence of 
various parameters on the amount and quality of pyrolysis 
products and provides a wide range of experimental arrange-
ments. 

The experimental set up shown in Fig. 1 aims at the 
maximization of the possibility of studying the influence of 
different factors on the pyrolysis process. The particles of 
scrap tires are fed into the system using a feeder. Then, the 
particles are passed through the reactor using a screw. The 
residence time of the particles in the reactor is controlled by 
the frequency cycle of the screw. The screw is moved by an 
electric stepping motor controlled by a regulator and a PC.  

The reactor is heated electrically by a tube furnace. The 
reactor temperature is controlled by a PID controller and 
a software. Inert atmosphere in the reactor is achieved by 
nitrogen flowing trough the reactor in the same direction as 
the solid material. The flow of nitrogen is measured by 
a flowmeter. Passing through the reactor, rubber particles are 
decomposed. The volatiles are removed from the reactor at 
high temperature and they are led to a condenser. The solid 
residue is removed from the end of the reactor and collected 
in a jar.  

Fields of application: The laboratory pyrolysis unit 
developed in the frame of our research project enables the 
realization of a number of different applications directly or 
indirectly after the treatment of pyrolysis products. The most 
important areas of its use are: 
− Amount and composition of all pyrolysis products  
− Influence of process conditions on the amount and qual-

ity of pyrolysis products 
− Characterization of pyrolysis solid product; use of pro-

duced pyrolytic carbon black (CBp) for measurements of 
its specific surface area, pore structure and other charac-
teristics; use of CBp in rubber compounds and measure-
ment of mechanical properties of prepared rubber com-
pounds; further treatment of produced carbon black by 
their activation to active carbon and measurement of 
adsorption parameters.     

− Characterization of pyrolytic gases; amount, composi-
tion, energy value  

− Characterization of pyrolytic liquid product; amount, 
composition, physical characteristics, characterization as 
liquid fuel, distribution range of molecular weight.  

−  Measurement of kinetic parameters of the release of 
individual components  

− Experimental verification of the process mathematical 
model.   
Optimization of the Ranges of operational parame-

ters: One of the most important process parameter is pyroly-
sis temperature. As it is shown on Fig. 2, thermogravimetric 
(TG) analysis of scrap tire provided by us and also by various 
other authors3−5  indicate that the thermal decomposition of 
rubber vulcanizates starts at a temperature of around 250 °C 
and finishes at temperatures around 550 °C.  Based on these 
studies the non-catalytic pyrolysis of  scrap tires at tempera-
tures under 550 °C is not recommended. 

At higher temperatures the residence time of the tire in 
the reactor can be reduced. At the same time the higher tem-
peratures cause more development of the pore structure of 
pyrolytic carbon black which is an advantage for their using 

Fig. 1. Laboratory pyrolysis unit 
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as reinforcement or adsorbents. However, pyrolysis at higher 
temperatures results into increasing of gas to liquid ratio, 
energy consumption and requirement for higher quality of 
equipment materials. The time needed for total conversion of 
the tire in the reactor depends on reactor temperature, resi-
dence time, particle sizes and heat and mass transfer condi-
tions in the reactor.  

The advantage of screw type flow reactor is in very good 
heat and mass transfer conditions. The tire particles with aver-
age sizes of 3 mm were pyrolyzed at isothermal conditions in 
the system described above. A residence time of only 3 min. 
was set. Different pyrolysis temperatures from 500oC to 
800oC were used. The reaction conversion was tested by ther-
mogravimetric analysis of the solid product. Figure 3 shows 
the TG curves of the pyrolytic chars that were received by tire 
pyrolysis at different temperatures.  

At 500 °C and a residence time of 3 minutes (curve 1) 
the reaction was not finished. Around 12 % of the solid char 
that has created 35 % of the fed scrap tire was lost during the 
thermogravimetric analysis. The reaction conversion in pyro-
lytic reactor at this conditions was 93.5 %. However, at 600 °C 

the reaction conversion was 98 % and at 800 °C  99.5 %.   
At a temperature of 550 °C a conversion of 100 % was 

achieved using a residence time of only 5 min. Fig. 4 shows 
the TG curve of the solid product produce at the mentioned 
conditions.  

The developed pyrolytic unit enables working at pres-
sures up to 100 kPa above the atmospheric. Usually the sys-
tem works at a pressure slightly above the atmospheric, be-
cause of insuring the inert atmosphere in the reactor.  

Particle size is another important parameter that can 
influence the amount and quality of pyrolytic products. The 
system enables the use of particles with sizes from 0.1 to 
10 mm. Influence of particle size on reaction conversion was 
investigated. Naturally by increasing the size of particle the 
time needed for reaction increases.   

The unit provides also the possibilities such as: 
− partial oxidation or gasification of scrap tire, 
− connection of a secondary gas pyrolysis reactor (catalytic 

or non catalytic),  
− connection of other post pyrolytic treatment equipment. 
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Fig. 2. TG curve of scrap tire thermal degradation 

Fig. 3. TG curves of solid products received by pyrolysis of scrap 
tire at  different  temperatures,  residence time: 3 min, 1 − 500 °C, 
2 − 600 °C, 3 − 700 °C, 4 − 800 °C   
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Fig. 4. TG curve of the solid product produced at 550 °C and 
residence time 5 min  


