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APPENDIX B: MATERIAL DATA SHEET 

WAX RESINS DATA SHEET 

Referred to as L-WAX in text 
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Referred to as H-WAX in text
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POLYMER RESIN DATA SHEET  

Referred to as L-LLDPE in text 
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Referred to as H-LLDPE in text 
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APPENDIX C: CHARACTERISATION OF NEAT WAXES AND LLDPES 

 GAS AND SIZE EXCLUSION CHROMATOGRAPHY ANALYSIS 

METHOD 

Two waxes were used in this study and their molar mass distributions were determined 

by Cirrebelle (Randburg, South Africa) using a standard gas chromatography (GC) 

method. The carbon number distributions were determined using Perkin Elmer Clarus 

Gas Chromatography 4000. Xylene AR was used as the mobile phase. It was required 

that the sample vials be heated to above 70 °C to ensure complete solubility of the 

sample which was injected at this temperature. The waxes comprise of mainly n-

paraffins with other different types of hydrocarbon molecules including iso-alkanes, 

alpha-olefins, alcohols and oxygenates present in small amounts. Table C.1 and 

Figure C.1 shows a breakdown of these components in L-Wax and H-Wax according 

to GC analysis.  

Table C.1: Components in L-Wax and H-Wax according to GC analysis 

Component (%) L-Wax H-Wax 

n-paraffins 86.69 98.41 

Iso-paraffins 12.66 - 

olefins 0.59 - 

OH 0.12 - 

Total (%) 100 98.41 

 

Two different polymer materials were used, and their molar mass distributions were 

determined by the Department of Chemistry and Polymer Science, University of 

Stellenbosch, using size exclusion chromatography (SEC). Results of the molecular 

mass distribution are shown in figure C.2 and Table C.2 
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RESULTS  

 

Figure C.1: Molecular mass distribution of L-Wax and H-Wax 

 

Figure C.2: Molecular mass distribution of L-LLDPE and H-LLDPE 
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Table C.2: Composition and molecular mass distribution of the F-T waxes and LLDPE 

are summarized  

Sample M (Da) Mn (Da) PDI 

L-Wax 493 490 1.00 

H-Wax 786 776 1.01 

L-LLDPE 92390 26460 3.49 

H-LLDPE 129100 23530 5.49 

*PDI - dispersity 

FOURIER TRANSFORM INFRARED SPECTROSCOPY  

METHOD  

To study the chemical composition and possibility of oxidation of the waxes attenuated 

total reflectance (ATR) Fourier transform infrared (FT-IR) spectroscopy using a Perkin-

Elmer Spectrum 100 spectrometer in the wavelength region of between 550 and 3200 

cm−1 was used. The instrument resolution was set on 4 cm−1 with a data interval of 1 

cm−1. The instrument is fitted with a MIR source, optical KBr beamsplitter and windows 

and a LiTaO3 source. 
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RESULTS 

 

Figure C.3: FTIR spectrum of L-Wax 

 

Figure C.4: FTIR spectrum of H-Wax 
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Figure C.5: FTIR spectrum of L-LLDPE 

 

Figure C.6: FTIR spectrum of H-LLDPE 
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THERMOGRAVIMETRIC ANALYSIS  

METHOD 

The wax samples were subjected to thermogravimetric analysis in an inert atmosphere 

of nitrogen. The thermograms were obtained at heating rates 10 °C min−1 up to 600 

°C, 50 ml min−1 N2 flow rate, to avoid unwanted oxidation of the sample. An average 

mass range of 10-20 mg was used in this study.  

RESULTS 

 

Figure C.7: TGA analysis in nitrogen atmosphere of L-Wax 
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Figure C.8: TGA analysis in nitrogen atmosphere of H-Wax 

 

Figure C.9: TGA analysis in nitrogen atmosphere of L-LLDPE 
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Figure C.10: TGA analysis in nitrogen atmosphere of H-LLDPE 

Table C.3: Thermal stability of the neat waxes in terms of 5 %, 50 % and maximum 

degradation temperatures 

Wax sample T5 % (°C) T50 %(°C) Tmax (°C) 

L-Wax 235.4 294.0 299.2 

H-Wax 337.4 430.3 459.1 

L-LLDPE 355.2 445.0 470.1 

H-LLDPE 320.9 424.3 453.0 
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APPENDIX D: FORMULA DERIVATIONS 

Effect of molar mass on zero-shear viscosity of wax/LLDPE melts 

Consider blends of compounds of similar chemical structure. The only difference is in 

the length of the molecules involved. Combinations of hydrocarbon waxes, e.g., 

Fischer-Tropsch waxes and polyethylene are a good example. At low molar mass, the 

melt viscosity increases linearly with molar mass. This applies to the wax. Therefore 

,o w w wK M =           (1) 

Above a critical molar mass, the polymer chains become entangled and the zero-shear 

melt viscosity increases with the 3.4th power of weight-average molar mass (Bernard 

and Noolandi, 1982). This applies to the LLDPE. Therefore: 

,o p pK M  =           (2) 

where the exponent takes on a universal value of  = 3.4. 

The weight average molar mass of a blend is given by: 

w w p pM w M w M= +           (3) 

where ww and wp represent the weight fractions wax and polymer respectively in the 

binary blend. 

The following constraint applies: 

1w pw w+ =           (4) 
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If a blend of two low molar mass compounds is considered, combination of equation 

(1) with equation (3) leads to the following mixing rule, which should apply if one 

mixes two waxes: 

1 1 2 2w w  = +          (5) 

If, instead a blend of two polymers are considered, combining equation (2) and (3) 

leads to the Friedman and Porter (1975) mixing rule: 

( )1 1

1 1 2 2w w


   = +          (6) 

Note that this is equivalent to a weighted power-mean of order p = 1/. For the 

wax/polymer blends, the temperature dependence of Equation (6) was “removed” or 

at least “diminished” by scaling with the viscosity of the neat polymer: 

Different, more general approach: 

1 1 2 2M w M w M= +          (7) 

with 
1 1 1 2 2 2andK M K M  = =       (8) 

1 1

1 2
1 2

1 2

M w w
K K

     
= +   

   
        (9) 

At concentrations approaching pure component 1 the viscosity of the blend should 

follow a dependence that approaches the dependence defined by component 1: 

1 1 1

1 2
1 2

2 1 2

w w
K K K

        
= +     

     
       (10) 
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1 1

1 2
2 1 2

1 2

K w w
K K



  


 
    = +       

  

       (11) 

At concentrations approaching pure component 2 the viscosity of the blend should 

follow a concentration dependence that approaches that of component 2. By analogy 

to equation (11): 

1 1

1 2
1 1 2

1 2

K w w
K K



  


 
    = +       

  

       (12) 

The two limiting forms can be combined as a weighted power mean in order to 

define the viscosity trend. A power-mean of order p = 1 corresponds to the arithmetic 

mean: 

1 1 1 1

1 2 1 2
1 1 1 2 2 2 1 2

1 2 1 2

w K w w w K w w
K K K K

 

      


   
          = + + +                 

      

  (13) 

Note that the terms in the square brackets are equal to the weight average molar 

mass of the blends. Simplifying: 

 
1 1 2 2w K M w K M  = +         (14) 

Note that, if the exponents and the constants Ki are the same, equation (14) reduces 

to either equation (5) or equation (6) depending on the value of the exponents. 

Proof: 

( )1 1 2 2 1 2 1 2w K M w K M w KM w KM w w KM KM      = + = + = + =  
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From equation (9): 

1 1

1 2
1 2M w w

K K

     
= +   

   
 

1 1
1 1

1 2
1 2 1 1 2 2KM K w w w w

K K




 
  

 
  

 
     = = + = +            

 

Substituting the Ki values using equation (8) yields the general mixing rule: 

1 1 2 2

1 2

M M
w w

M M

 

  
   

= +   
   

       (15) 

Applied to the present situation, let the wax be represented by component 1 and the 

polymer by component 2. Then it follows that  = 1 and  = 3.4 

3.4

w w p p

w p

M M
w w

M M
  

  
= +     

   

       (16) 

Data was generated at three different temperatures, i.e., 160 C, 170 C and 180 C. 

Viscosity is a strong function of temperature. Therefore, in order to suppress the 

temperature dependence, the experimental data was plotted as /o: 

3.4

w
w p

p p w p

M M
w w

M M



 

   
= +      

   

       (17) 

The figure shows that the fully predictive equation (17) provided a good fit of the 

experimental data trends. 
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Figure: Test of the novel zero-shear viscosity mixing rule for F-T wax/LLDPE blends. 

The data were generated at temperatures of 160 C, 170 C and 180 C. 

Notes: 

Critical molar mass 

At the critical molar mass (Mc), equation (1) and equation (2) predict the same zero-

shear viscosity. This condition links the values of the two viscosity constants: 

 
1

w p cK K M −=           (18) 

It is sometimes stated that the critical molar mass is a fixed quantity. If that is indeed 

the case, it implies that the ratio Kw/Kp is temperature independent.  
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Athermal mixtures of chemically dissimilar polymers 

It is expected that Equation (15) should also hold for blends of two polymers of 

different chemistry provided the unlike interactions and like interactions are the 

same: 

1 1 2 2

1 2

w w
M

M M



 

 


 
= + 

 
        (19) 

or 

 ( )1 1 2 2 2 1

1 2

M
w M w M

M M



   
 

= +  
 

       (20) 

Power mean 

( ) ( )
1

1 1 2 2

p
p p

w K M w K M   = +
  

 

1

1 1 2 2

1 2

p
p p

M M
w w

M M

 

  

           = +              

 

Simple mixing rules proposed for liquid viscosity 

 

Grunberg and Nissan (1949) model: 2 2

1 1 1 2 12 2 22n w n w w n w n   = + +  

 Hind et al. (1960) model:  2 2

1 1 12 1 2 2 22w w w w   = + +  

 

Combining rules provides a way to express binary parameters in terms of pure 

component properties. Consider the following possibilities for these models: 

 Linear combining rule:  12 1 2( ) / 2  = +  
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 Geometric combining rule:  12 1 2 =  

 Harmonic combining rule:  ( )12 1 21 1 1  = +  

Sotomayor et al. (2014) studied blends of high-density polyethylene with a soft 

paraffin wax. They assumed the Grunberg and Nissan model with combining rule  

( )12 1 2ln ln ln 2  = +  

Substituting in the Grunberg-Nissan model: 

( )

( ) ( )

2 2

1 1 1 2 12 2 2

2 2

1 1 1 2 1 2 2 2

2 2

1 1 1 2 1 1 2 2 2 2

1 1 2 1 2 1 2 2

1 1 2 2

2

ln ln

ln ln

ln

ln

n w n w w n w n

w n w w w n

w n w w w w w n

w w w w w w n

w w n

   

   

   

 

 

= + +

= + + +

= + + +

= + + +

= +

 

“Ideal” viscosity 

1 1 2 2lnn w w n  = +  

1 2

1 2

w w  =  

1 2

1 2

w w    = −   

where  is the measured viscosity and 1 and 2 are the viscosities of the pure 

components 1 and 2, respectively. 

To get rid of the temperature dependence, a normalized expression can be used: 

1 2 1 2

1 2 1 2

1
w w w w

 

   


= −  
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Theoretically, if the Friedman and Porter (1975) model applies, the experimental 

data should track the following expression 

( ) 1 21 1

1 1 2 2 1 2

w w
w w


      = + −  

( )
1 2 1 2

1 1

1 1 2 2

1 2 1 2

1
w w w w

w w


  

   

+
= −  

1 2
1 2

w w
   

 
 

  

Problem: We were unable to measure the pure wax viscosity! So, it had to be 

estimated assuming the same activation energy holds 

Derivation of the Lederer model 

(Lederer, 1931) model:  

1 2
1 2

1 2 1 2

x ax
n n n

x ax x ax
  = +

+ +
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From 

1 1 2 2
1 2 1 1 2 2

1 1 2 2 1 1 2 2

M x M x
w w M M x M x

M x M x M x M x
= = = +

+ +
   

  

( )

( )

( )

1 1
1

1 1 2 2

1 1 1 1 2 1 1 1

1 1 1 1 2 1 1 2 1 1

1 1 1 1 2 1 1 1 1 2

1 1 2 1 1 1 1 2
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Define aM1/M2 = b, then the Lederer equation can be recast to look the same in 

mass fractions: 
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