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General introduction 

 
 
Synopsis: In this chapter, a general introduction is given on supercritical fluids. The history 
of supercritical fluids, the properties, the interactions with polymers, and the possible 
applications are discussed. After the introduction, the aim of this work is discussed and the 
outline of this thesis is presented. 
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1.1 Supercritical fluids 

 
In 1822, Baron Charles Cagniard de la Tour showed experimentally that there is a critical 
temperature above which a single substance can only exist as a fluid instead of either being a 
gas or a liquid1. When a liquid is placed in a sealed container, it is in equilibrium with its 
vapour. When the liquid is heated and compressed, the density of the vapour increases. Above 
certain values of both temperature and pressure, a condition, which is called the critical point, 
the density of the vapour becomes equal to the density of the liquid and the interface between 
liquid and vapour disappears. Since this system is neither a liquid nor a gas, it is called a 
supercritical fluid. No matter how much pressure is applied the fluid will not become a liquid, 
and no matter how much the temperature is increased, the fluid will not become a gas. In 
Figure 1.1, a phase diagram of a pure substance is given.  
 
 

Tc 

P c 

Gas 

Solid 
Liquid 

Temperature 

Critical point 

Supercritical
region

Pressure 

 
Figure 1.1: Phase diagram of a pure substance 
 
Supercritical fluids (SCFs) have interesting properties2,3. The properties are said to lie in 
between the properties of gases and liquids (Table 1.1). These fluids have gas-like viscosities 
and diffusion rates, and liquid-like densities, which means good solvent power and extracting 
capabilities. At conditions near the critical point (the near critical region), the solvent power 
of a SCF can be easily tuned by changing the pressure3. The properties of gas-like diffusivity 
and viscosity and the liquid-like density, combined with the pressure-dependent solvent 
power of the SCF, make it a potentially attractive solvent for extractions and chemical 
reactions.  
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Table 1.1 Comparison of typical physical properties of gases, SCFs, and liquids 
Properties Gas SCF Liquid 

Density (kg/m3) 1 100-800 1000 
Viscosity (cP) 0.01 0.05-0.1 0.5-1 

Diffusivity (m2/s) 1·10-5 1·10-7 1·10-9 
 
In 1875, Andrews discovered the critical conditions of CO2

4. The values that he reported were 
a critical temperature (Tc) of 30.9ºC and a critical pressure (Pc) of 7.40 MPa, which are in 
close agreement with today’s excepted values, being 31.1ºC and 7.38 MPa (= 73.8 bars). 
Supercritical CO2 (scCO2) is the most frequently used SCF, since in addition to its interesting 
supercritical properties, it is an environmentally benign solvent, non-toxic, non-flammable 
and inexpensive5. In Table 1.2 the critical conditions of a few substances are given. 
 
Table 1.2 Critical conditions of a few substances 

Fluid Tc (ºC) Pc (MPa) 
Carbon dioxide 31.1 7.38 

Water 374.2 22.1 
Methanol 239.9 8.08 

Ethane 31.9 4.87 
Propane 96.7 4.25  
Toluene 318.6 41.1 

Ammonia 132.5 11.3 
 
In literature it is known that subcritical (liquid or gaseous) and supercritical CO2 are able to 
dissolve a number of low molecular weight compounds6. However, a disadvantage of scCO2 

is its high apolarity, which makes it a poor solvent for polar solutes and most polymers7. Only 
a few polymers are known to have good solubilities in scCO2

8. Examples are fluoropolymers 
and silicon polymers 3,9,10,11,12,13.  
To increase the polarity of scCO2, the addition of a polar additive is frequently applied. In 
literature14,15,16,17 it was described that the addition of a polar additive to a supercritical 
solvent can for example greatly improve its extraction ability. To ensure good extraction, the 
polarity of the fluid should be similar to that of the extractant. Often only 5 to 10 mole % of a 
polar additive is already sufficient. Venema et al.14 showed that the extraction of caprolactam 
and oligomers from polyamide 6 by scCO2 (SFE) could be enhanced by the addition of 
methanol as the polar additive. Porter et al.15 proved that the addition of methanol to a 
supercritical fluid promoted the supercritical fluid extraction (SFE) of oligomers from 
polyamide 6,6. 
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1.2 Polymers in supercritical fluids 
 
The use of supercritical fluids has recently received much attention in polymer science. The 
approach to use SCFs has several advantages compared with more conventional approaches. 
ScCO2 (Pc = 7.38 MPa, Tc = 31.1°C) is most frequently used as the supercritical fluid because 
of its advantages, which were mentioned earlier. Other fluids, such as supercritical propane 
and supercritical water, are also used.  
In Figure 1.2 the potential interactions between polymers and supercritical fluids as well as 
possible applications, are outlined. 
 

 

Figure 1.2: Diagram of the interaction of SCFs with polymers29 

 
Although CO2 is a bad solvent for most polymers, it does have the capability to swell 
polymers up to several mass percentages, especially polymers with an apolar character, since 
they have a better affinity with the apolar CO2. Besides bringing about swelling, scCO2 can 
act as a plasticiser for a variety of polymers and thereby decrease the glass transition 
temperature (Tg) of the polymers18,19. Thanks to the plasticising effect of scCO2 the mobility 
of the amorphous polymer segments will be increased. The swelling and plasticising effects 
enable small molecules, which are dissolved in the CO2, to diffuse into the polymer. In this 
way, polymers can be modified not only on the surface of, for example, polymer sheets or 
polymer granules, but also closer to the core.  

Polymers

No interaction
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Precision cleaning 
Surface 
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Swelling

Solution of SCF 
in polymer 
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Removal of low Mw 
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The extent of swelling and sorption depends on the type of polymer. Several scientists 
investigated the swelling and sorption of a variety of polymers20. FTIR spectroscopy is a 
frequently used technique to study the impregnation of SCFs and species dissolved 
therein23,21. 
The small molecules, which are dissolved in the CO2 and impregnated into the polymer, can 
for example be monomers of a different class, which can be polymerised in an additional step. 
In this way polymer blends can be obtained. The small molecules could also be a dye or a 
chemical reagent, which can chemically modify polymers without melting the polymer first. 
Besides impregnation of small molecules, also extraction of low molecular weight material 
such as monomers, oligomers, plasticisers and stabilisers has been studied14,15,22.  
Comparing crystalline and amorphous polymers, the swelling of amorphous polymers, and 
therewith the diffusion of small molecules into the polymer, is much more pronounced than 
for crystalline polymers. Furthermore it is known that scCO2 can induce, improve and 
enhance the crystallisation of several polymers, resulting in an increased melting temperature 
(Tm) and an increased melting enthalpy (∆Hm), subsequently leading to a change in 
mechanical properties (provided that the treatment is performed on end 
products)23,24,25,26,27,28,29. 
 
1.3 Applications of supercritical fluids 
 
SCFs are considered to be of great interest in a variety of areas (see also Figure 1.2). 
Examples of areas in which SCFs are used are: 
- Extraction15,16,30,31,32,33 
- Chromatography17,34,35,36 
- Polymerisation37,38,39,40,41,42,43,44,45,46,47,48,49 
- Polymer modification50,51,52,53,54,55 
- Impregnation56,57,58,59,60 
- Reactions61,62,63 
- Catalysis61,64,65,66,67,68  
 
In the earlier days, SCFs were mainly used in extraction and chromatography applications. A 
well-known example of supercritical fluid extraction (SFE) is the extraction of caffeine from 
coffee3. Supercritical chromatography was frequently used to separate polar compounds34,36. 
Nowadays, an increasing interest in SCFs for possible applications for polymerisation, 
polymer modification, reactions and catalysis is shown69. Lora et al.70 gave an overview on 
the use of SCFs in polymer processing. Desimone et al., and Beckman et al. are among the 
pioneers using supercritical fluids as a polymerisation medium37,40,41,42,43,44,45,46,47,48. 

Desimone, for example, described the synthesis of polyamides and poly (bisphenol A 
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carbonate) in scCO2
37,38. Super and Beckman generated copolymers of CO2 and cyclohexene 

oxide where CO2 is both reactant and solvent45. O’Neill et al. studied the dispersion 
polymerisation of methyl methacrylate in scCO2

40 and de Vries et al. performed 
polymerisation of α-olefins in scCO2

49. 
Modification of polymers in supercritical fluids is an attractive alternative for more 
conventional approaches such as solution modification and melt modification. Both 
techniques are neither economically nor ecologically attractive, because of the hazardous 
waste in the form of organic solvents, together with leftover monomer(s) and initiator(s). 
Furthermore, much energy is required to remove the solvents at the end of the solution 
process, or undesired side reactions may occur at elevated temperatures necessary for melt 
modification. Modification of polymers in supercritical fluids is therefore an attractive 
alternative, since very mild reaction conditions can be applied. After modification is 
completed, the solvent can be easily released by reducing the pressure, and unreacted 
chemicals can be supercritically extracted with pure supercritical fluid. 
Supercritical modification of polymers was studied by several scientists to improve or change 
the properties of polymers. Polymers can either be chemically or physically modified. 
Examples of chemical modifications are the functionalisation of polymers (grafting) or a 
chemical reaction of the functional groups of polymers to obtain new materials51,52. Examples 
of physical modifications are the preparation of polymer blends, impregnation of polymers 
with additives59, or foaming of polymers71,72,73. Another studied topic of polymer 
modification and impregnation is the supercritical dying of polymer fibres53,54. 
 
1.4 Aim and outline of this thesis 
 
The aim of this thesis is to investigate the scope and limitations of the chemical modification 
of swollen polymer particles, such as polyolefines and polycondensates, in supercritical and 
subcritical fluids. The supercritical modification technique was studied to check whether it 
might be a promising alternative for the more conventional melt and solution modification. In 
this respect, both effectiveness as well as economical and environmental issues play a role.  
 
Chapter 2 describes the chemical modification of high-density polyethylene (HDPE), 
containing different percentages of maleic anhydride, with a variety of diamines by 
impregnation from near critical propane. The aim of the near critical chemical modification of 
the different PEMAs in near critical propane was to swell the polymer to such an extent that 
the diamines penetrate into the polymer particles and react with the functional maleic 
anhydride groups, hereby avoiding crosslinking, which would occur during conventional 
modification in the melt. 
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In Chapters 3, 4 and 5 the modification of the end groups of polyamide 6 (PA-6) granules 
with a variety of blocking agents in supercritical or subcritical fluids is described. The aim of 
the modification of the end groups of PA-6 was to obtain a polyamide with enhanced melt 
stability without changing other properties of the polymer, thanks to the relatively mild 
reaction conditions which can be applied for chemistry in supercritical fluids. Several 
blocking agents were used to get a better insight into the interaction of blocking agents with 
the SCF and the polymer, and the reactivity towards the end groups. 
 
In Chapter 6, the modification of the carboxylic acid end groups of poly(butylene 
terephthalate) (PBT) granules with 1,2-epoxybutane in supercritical or subcritical fluids is 
described. The aim of the modification of the end groups was to obtain a polyester with 
enhanced hydrolytic stability without changing other properties of the polymer. 
 
Finally, the results described in this thesis are placed into perspective in the epilogue. Parts of 
this work have been published74,75, or have been submitted for publication76,77,7879. 
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Modification of maleic anhydride 
grafted polyethylene with diamines 
in near critical propane 

 
 
Synopsis: In this chapter the modification of high-density polyethylene (HDPE), grafted with 
0.13, 0.40 and 1.04 wt.% maleic anhydride (abbr.: PEMA), with a variety of diamines by 
impregnation from near critical propane is described. The modified samples were 
characterised by FTIR spectroscopy, and evaluated by determining the gel percentage, which 
is a measure for the extent of crosslinking, and by determining the melt viscosities and 
corresponding phase angles after modification. 
The aim of the chemical modification of the different PEMAs in near critical propane was to 
swell the polymer to such an extent that the diamines penetrate into the polymer particles and 
react with the functional maleic anhydride groups, hereby avoiding crosslinking, which will 
occur during conventional modification in the melt. 
Possible applications for PEMI, such as the use as compatibilisers for polyolefin containing 
polymer blends and the use as adhesion promoting agents in multilayered HDPE/PET films, 
are discussed. 
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2.1 Introduction 
 
2.1.1 Chemical modification in near and supercritical fluids 
In this chapter the chemical modification of HDPE in near critical propane is described. The 
modification was performed in near critical propane, since this approach has several 
advantages compared with more conventional approaches, like modification in the melt or in 
organic solvents. Conventional approaches for chemical modification of polymers by solution 
processing techniques are neither economically nor ecologically feasible, because of the 
hazardous waste in the form of organic solvents, together with leftover monomer(s) and 
initiator(s). Furthermore, much energy is required to remove the solvents at the end of the 
process. An alternative and frequently applied method is modification of polymers in the melt, 
but undesired side reactions may occur at these elevated temperatures. The use of near critical 
or supercritical fluids as a medium for polymerisation1 or polymer modification2 has recently 
intrigued both academic and industrial polymer research groups. The main reason for this is, 
that these media usually are environmentally more benign than the classical organic solvents, 
can easily be released by reducing the pressure, and mostly, less strenuous conditions are 
required than for modification in the melt, thereby avoiding undesired side reactions3,4,5. 
Supercritical CO2 (Pc = 72.9 atm., Tc = 31.1°C), which is most frequently used, has the 
advantage that it is non-toxic, non-flammable and inexpensive. Supercritical propane (Pc  = 
41.9 atm., Tc = 96.7°C), although flammable, has proven to be useful for the solvation6 or 
swelling7 of high molecular weight polymers. Polymer granules may be swollen by 
supercritical fluids, thus allowing impregnation of chemicals, dissolved in supercritical fluids, 
into the polymer. This technique was applied by Howdle et al.8 for the impregnation of 
polyethylene films using an organometallic complex as a spectroscopic probe. If a reactive 
additive is used instead, it is possible to modify functional groups attached to the polymer 
chain under very mild conditions, thus avoiding undesired side reactions. After modification 
is completed the solvent can be easily released by reducing the pressure and unreacted 
chemicals can be supercritically extracted with pure solvent. 
In this work, the modification of maleic anhydride (MA) grafted high-density polyethylene 
(HDPE) with a variety of diamines was performed in near critical propane. The designation 
‘near critical’ is chosen, because at 70ºC and 300 bars one is operating beneath the critical 
temperature but still in the critical region5. In this critical region, the solvent power of a 
supercritical fluid can be related to the solvent density. At 70ºC and 300 bars the reduced 
densities of the pure compound become liquid-like and the supercritical fluids begin to act 
like liquid solvents. At these chosen conditions, the highest solubilities are reached and the 
polymer particles swell to a large extent. Supercritical CO2 is less suitable in this case, since 
the highly reactive primary amine groups of the diamines may react therewith, thereby 
reducing the reactivity towards the PE-grafted MA groups. 
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2.1.2 Applications for amine-functionalised polyethylenes 
The chemical modification of the different PEMA’s was performed to obtain amine-
functionalised polyethylenes, which might have intersesting properties for several 
applications. In this chapter, the manufactured amine-functionalised polyethylenes are 
evaluated as compatibiliser in polymer blends9 and as adhesion promoting agents in laminates 
of multilayered HDPE/PET films10. 
 
Polymers are widely used in the packaging industry because of their good barrier properties 
(for example moisture or oxygen barrier properties), good mechanical properties, good 
processability, chemical stability, low costs and low toxicity11,12. Polyethylene (PE) and 
polyethylene terephthalate (PET) or polyamides (PA) are important classes of polymers with 
different properties. When combining these polymers in a multilayered structure, materials in 
which the favourable properties of both polymers are present can be obtained. E. g., a 
multilayered film of PE and PET would combine the good moisture barrier properties of PE 
and the good oxygen barrier properties of PET. However, these polymers are not compatible 
and do not adhere to one another, which of course diminishes the performance of multilayered 
films. Therefore several techniques were developed to overcome this problem. Techniques 
like chemical modification (grafting13,14), physical modification (blending12), plasma 
treatment15,16 or corona treatment of polymer surfaces16,17, or using an adhesion promoting 
agent18 are extensively used on an industrial scale. 
Functionalised polyolefins have frequently been used as adhesion promoting agents in 
multilayered films, as compatibiliser in blends of polyolefins with more polar polymers like 
polyesters and polyamides, and as coating agents for metals. Whereas we focus on the 
interfacial adhesion between amine modified polyethylene and polyethylene terephthalate, 
Weinkauf et al.19 studied the interfacial adhesion between layers of amine modified 
polypropylene, obtained by modifying MA grafted PP, and a polyketone polymer. 
Compatibilisation was achieved by the formation of polyketone/polypropylene graft 
copolymers at the interface between the polymers. The adhesion between the layers was 
measured using the T-peel test. The authors found that the adhesion between the amine 
functionalised polypropylene and the polyketone increased with increasing bonding 
temperature (all temperatures were above the melting temperature of the polypropylene), with 
increasing bonding pressure and with increasing bonding time. Lin and Lee20 observed a 
maximum adhesive strength in a laminate of steel/modified polypropylene/steel with varying 
the maleic anhydride percentage grafted onto the polypropylene. Bidaux et al.21 have 
investigated the bond formation between maleic anhydride grafted polypropylene/polyamide 
6 blends and polyamide 6, and found that the adhesion strength is temperature dependent and 
reaches a maximum at 225°C, which is approximately the melting temperature of PA-6. 
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2.2 Experimental 
 
2.2.1 Materials 
Maleic anhydride grafted HDPEs, 1,4-diaminobutane (DAB), and styrene maleic anhydride 
copolymer (SMA) were obtained from DSM Research, The Netherlands. The melt flow index 
of the HDPE was 10 dg/min at 190°C. HDPE. Before the maleic anhydride grafted HDPEs 
were used, they were dissolved in boiling xylene and precipitated in methanol to remove 
possibly unreacted maleic anhydride (MA). The obtained solid materials were washed once 
with methanol and twice with acetone. The PE-g-MAs were dried for 1 hour at 180°C in 
vacuum and under a nitrogen flow to bring about complete ring closure of the MA. Films of 
the PE-g-MAs (with a thickness of approximately 100 µm) were prepared in a press (5 min, 
200 °C, no pressure, followed by 10 min. at a pressure of 25 bars, while cooling down to 
room temperature). After this procedure the MA contents of the different PEMAs were 
quantitatively determined by using a calibration curve (obtained from FTIR-spectra) 
developed at DSM Research, The Netherlands. PEMAs with 0.13, 0.40 and 1.04 wt.% MA 
were obtained. N-methyl-1,3-propane diamine and 2-(4-aminophenyl)ethylamine were 
purchased from Acros Organics, N,N-dimethyl ethylenediamine was purchased from Sigma-
Aldrich and 2,2,6,6-tetramethyl-4-piperidylamine was purchased from Hüls 
Aktiengesellschaft. All diamines were used without purification. High-purity propane (3.5 
grade) was purchased from Hoekloos. Polyethylene terephthalate film (PET film with a 
thickness of approximately 12 µm) was purchased from Sinco Ricerche S.p.A., Italy. n-
Butylamine, N-methyl octadecylamine, N,N-dimethyl ethylamine, 2,2,6,6-tetramethyl 
piperidine, and aniline were purchased from Aldrich or Acros Organics and were used 
without purification. 
 
2.2.2 Modification of HDPE-g-MA 
Approximately 15 g of HDPE grafted with 0.13, 0.40 and 1.04 wt.% maleic anhydride 
(HDPE-g-MA) was placed in an 850 bars autoclave (50 ml). Subsequently, an excess of the 
desired diamine was added (a nine-fold excess based on the weight percentage of MA). The 
impregnation of the diamine was performed at 70°C and 300 bars (liquid propane pressure) 
for 24h. After the modification the unreacted diamine was extracted several times by static 
extraction with a near critical mixture of 5 wt.% ethanol and 95 wt.% propane at 70°C and 
300 bars for 4h. After extraction, the reaction mixture was degassed for 3h at 50°C under 
vacuum. HDPE grafted with 0.13, 0.40 and 1.04 wt.% maleic anhydride (MA) were all 
modified with 1,4-diaminobutane (DAB). In addition, HDPE grafted with 0.40 wt.% MA was 
modified with N-methyl-1,3-diaminopropane, a diamine containing one primary aliphatic 
amine group and one secondary aliphatic amine group, with N,N-dimethylethylenediamine, a 
diamine containing one primary aliphatic amine group and one tertiary aliphatic amine group, 
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with 2-(4-aminophenyl)ethylamine, a diamine containing one primary aliphatic amine group 
and one primary aromatic amine group, and with 2,2,6,6-tetramethyl-4-piperidylamine, a 
diamine containing one primary aliphatic amine group and one sterically hindered amine 
group. The structures of the used diamines are given in Table 2.1. The resulting amic acid 
groups were quantitatively imidised to the corresponding imide (PEMI). Imidisation of the 
PEMIs was achieved by hot pressing (5 min., 200°C, no pressure, followed by 10 min. at a 
pressure of 25 bars, while cooling down to room temperature). In this way, PEMI films with 
an almost uniform thickness of approximately 100 µm were obtained. 
 
Table 2.1 Diamines used for the modification of PEMA with different percentages of MA.  

Entry wt.% MA in PEMA Diamine 
 

1 

 

0.13 

 

(CH2)4 NH2H2N
 

 

2 

 

0.40 

 

(CH2)4 NH2H2N
 

 

3 

 

0.40 

 

(CH2)3 NH CH3H2N
 

 

4 

 

0.40 

 

(CH2)2 N
CH3

CH3
H2N

 
 

5 

 

0.40 

 

(CH2)2H2N NH2
 

 

 

6 

 

 

0.40 

 

NH

CH3

CH3
CH3

CH3

H2N

 
 

7 

 

1.04 

 

(CH2)4 NH2H2N
 

 
2.2.3 Model reactions of succinic anhydride with amines 
Model reaction with n-butylamine: In a 3-necked round bottom flask, equipped with a reflux 
condenser and a magnetic stirrer 3.50 g (0.035 mole) of succinic anhydride (SA) was stirred 
in 10 ml of toluene on a water bath of 70ºC. 2.70 g (0.037 mole) of n-butylamine (the primary 
amine) in 10 ml of toluene was added drop by drop. Stirring at 70ºC was continued for 2h. 



Chapter 2 
___________________________________________________________________________ 

 22

The mixture crystallised upon cooling on an ice bath. The crude product was dissolved in 
ethyl acetate, precipitated by the addition of hexane, filtered and dried under vacuum.  The 
white product was analysed using FTIR spectroscopy and 1H-NMR spectroscopy. FTIR 
spectra were recorded on a Perkin Elmer Sys. 1760x. 1H-NMR spectra were recorded on a 
Bruker instrument, 200 MHz. FTIR: ν  = 3307 cm-1 (NH, amide), 3090 cm-1 (OH, carboxylic 
acid), 2955 cm-1 (CH, alkyl chain), 1694 cm-1 (carbonyl of COOH), 1649 and 1552 cm-1 

(carbonyl of CO-NH) and 1426 cm-1 (CH, alkyl chain, deformation).  1H-NMR (DMSO : 
CDCl3 (1:1)): δ = 0.91 ppm (3H, CH3, t), 1.24-1.56 ppm (4H, CH2, m), 2.48-2.71 ppm (4H, 
CH2, double t), 2.24 ppm (2H, CH2, q), 6.45 ppm (1H, NH, t) 11.61 ppm (1H, OH, b). (s = 
singlet; d = doublet, t = triplet; q = quartet; m = multiplet; b = broad signal). 
The same procedure was followed for the model reactions of succinic anhydride with a 
secondary, tertiary, sterically hindered and primary aromatic amine. 
Model reaction with N-methyl octadecylamine: FTIR: ν  = 3307 cm-1 (NH, amide), 3050 cm-1 

(OH, carboxylic acid), 2850-2920 cm-1 (CH, alkyl chain), 1694 cm-1 (carbonyl of COOH), 
1649 cm-1 (carbonyl of CO-NH) and 1466 cm-1 (CH, alkyl chain, deformation).  1H-NMR 
(DMSO : CDCl3 (1:1)): δ = 0.88 ppm (3H, CH3, t), 1.24-1.60 ppm (32H, CH2, m), 2.69 ppm 
(4H, CH2, t), 2.97 ppm (3H, CH3, d), 3.32 ppm (2H, CH2, m). 
Model reaction with N,N-dimethyl ethylamine: FTIR: ν  = 2950 cm-1 (CH2), 1870 and 1785 
cm-1 (carbonyl of SA), 1420 cm-1 (CH, alkyl chain, deformation) and 1060 cm-1 (C-O).  1H-
NMR (DMSO : CDCl3 (1:1)): δ = 2.96 ppm (4H, CH2, s, SA). 
Model reaction with 2,2,6,6-tetramethyl piperidine: FTIR: ν  = 2952 cm-1 (CH2), 1865 and 
1784 cm-1 (carbonyl of SA), 1420 cm-1 (CH, alkyl chain, deformation) and 1060 cm-1 (C-O).  
1H-NMR (DMSO: CDCl3 (1:1)): δ = 1.36 ppm (12H, CH3, s, residu of unreacted amine), 
1.55-1.75 ppm (6H, CH2, m, residu of unreacted amine), 2.96 ppm (4H, CH2, s, SA). 
Model reaction with aniline: FTIR: ν  = 3324 cm-1 (NH, amide), 2500-3000 cm-1 (CH, alkyl 
chain), 3000-3200 cm-1 (CH, aromatic), 1697 cm-1 (carbonyl of COOH), 1666 and 1543 cm-1 

(carbonyl of CO-NH) and 1466 cm-1 (CH, alkyl chain, deformation), 652 and 694 cm-1 (mono 
substituted aromatic).  1H-NMR (DMSO : CDCl3 (1:1)): δ = 2.57 ppm (4H, CH2, t), 6.99 ppm 
(1H, aromatic CH, t), 7.24 ppm (2H, aromatic CH, t), 7.58 ppm (2H, aromatic CH, d), 9.85 
ppm (1H, NH, s), 12.01 ppm (1H, OH, b). 
 
2.2.4 Model reactions of dimethyl terephthalate (DMT) with amines 
Model reaction with n-octylamine: 0.50 g DMT (2.6 mmole) and 0.34 g n-octylamine (2.6 
mmole) were placed in a glass tube, which was placed in a high-pressure cell. After closing 
the cell, it was placed in a sand bath of 250ºC for 15 min. The crude product was analysed 
using FTIR spectroscopy. ν  = 3326 cm-1 (NH, amide), 3050 cm-1 (CH, aromatic), 2850-2950 
cm-1 (CH, alkyl chain), 1725 cm-1 (carbonyl of COOR), 1628 and 1540 cm-1 (carbonyl of CO-
NH) and 731 cm-1 (1,4-disubstituted aromatic).   
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The same procedure was followed for the model reactions of DMT with a secondary, tertiary, 
sterically hindered and primary aromatic amine. 
Model reaction with N-methyl octadecylamine: FTIR: ν  = 3320 cm-1 (NH, amide), 2850-3000 
cm-1 (CH, alkyl chain and aromatic), 1724 cm-1 (carbonyl of COOR), 1631 and 1540 cm-1 

(carbonyl of CO-NH), and 728 cm-1 (1,4-disubstituted aromatic). 
Model reaction with N,N-dimethyl dodecylamine: FTIR: ν  = 2850-3000 cm-1 (CH, alkyl chain 
and aromatic), 1728 cm-1 (carbonyl of COOR), and 728 cm-1 (1,4-disubstituted aromatic; pure 
DMT). 
Model reaction with 2,2,6,6-tetramethyl piperidine: FTIR: ν  = 2850-3000 cm-1 (CH, alkyl 
chain and aromatic), 1721 cm-1 (carbonyl of COOR), and 734 cm-1 (1,4-disubstituted 
aromatic; pure DMT). 
Model reaction with aniline: FTIR: ν  = 2850-3000 cm-1 (CH, alkyl chain and aromatic), 1727 
cm-1 (carbonyl of COOR), and 727 cm-1 (1,4-disubstituted aromatic; pure DMT). 
 
2.2.5 Materials characterisation 
FTIR spectra were recorded on a Perkin Elmer Sys. 1760x. Gel percentages of PEMA, PE 
amic acid and PEMI samples were determined as follows. Approximately 2 g of the samples 
were put in a basket with a pore size of 40 mesh and were treated with boiling xylene for 20h. 
The non-soluble part of the polymer was dried under vacuum to constant weight. The weight 
percentage non-soluble HDPE was calculated, which corresponds to the gel percentage. The 
melt viscosities and phase angles were measured with a Rheometric Scientific 800 (RMS 800) 
at 230°C. 
 
2.2.6 Polymer blends 
Extruded threads of SMA/PEMA 80/20 blends and SMA/PEMI 80/20 blends were obtained 
after mixing 0.9 g PEMA, grafted with 0.13 wt.% MA, respectively 0.9 g PEMI, obtained 
after modifying this PEMA with 1,4-diaminobutane (see Section 2.2.2), with 3.6 g SMA in a 
mini twin screw-extruder at 230°C and 250 rpm for 5 minutes. The morphology of the 
SMA/PEMA blends and SMA/PEMI blends was investigated by scanning electron 
microscopy using a Philips SEM 515 at 15 kV. The samples were broken at -196°C and the 
surfaces were etched with O2-plasma at 10 Watt for 10 minutes. Subsequently, the samples 
were coated with a conducting Au/Pd-layer. The polymer blends were intermittently extracted 
with methylethylketone (a selective solvent for SMA) for 6h, followed by drying for 72h at 
80°C in vacuum and 1h at 180°C in vacuum and under a nitrogen flow. The presence of 
chemically bonded primary amines was indirectly proven by these selective extraction 
experiments. 
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2.2.7 Multilayered films 
The three-layered films were prepared using HDPE film with a thickness of approximately 60 
µm, and PET film with a thickness of approximately 12 µm. These films were used as the 
outer layers and the modified PE-g-MAs (with a thickness of approximately 100 µm) as the 
inner layer, serving as an adhesion promoting agent. As a reference, unmodified PE-g-MAs 
were also laminated between HDPE and PET films. The three layers were laminated between 
two metal bars of a Brügger HSG/ETK sealing apparatus. A strip of Teflon tape was placed 
between the HDPE and PET layers to serve as a delaminating initiator for the tensile tests. 
Sealing temperatures of 120, 180, 250 and 270°C, and a pressure of 2 bars were applied for 10 
seconds. Such a short bonding time was applied, because this corresponds reasonably well to 
the bonding time of a common industrial process for the manufacturing of multilayered films. 
After laminating the films, the three-layered system was allowed to cool to room temperature 
under atmospheric conditions. Film samples were then cut into 1 cm × 10 cm strips. 
 
2.2.8 Delamination of multilayered films 
Peel strengths were measured at room temperature applying a T-peel test (Figure 2.1), using a 
tensile tester with a crosshead speed of 25 mm/min. The average force after the initial peak 
load divided by the strip width was taken as the peel strength (N m-1). All peel tests have been 
performed in duplicate. 
 
 

 

 

 

 
 

PET 

PEMA or PEMI 

HDPE 

Figure 2.1: System used for T-peel test.  

 
2.2.9 Surface characterisation of delaminated films 
The polarity of the surface of the peeled films was investigated by performing contact angle 
measurements using the advancing contact angle technique. With a syringe, a small drop of 
doubly distilled water was placed on the PE and the PET surfaces of the delaminated films. 
Contact angles, θa, OH2 , were measured on samples of 1 cm2. Measurements were carried out 
with a contact angle Erma G1 goniometer at room temperature. 
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2.3 Results and discussion 
 
2.3.1 Modification of PEMA with diamines 
In our investigation into the development of new technologies for the chemical modification 
of swollen polymer particles in supercritical fluids, high-density polyethylene (HDPE) grafted 
with maleic anhydride was modified with a variety of diamines in near critical propane. The 
obtained amic acid was thermally converted into the desired product (PEMI), as shown in 
Figure 2.2.  
 

excess diamine
nc propane

70ºC, 300 bars, 24h
PEMA

O OO

PE

O O
NH OH
R1

NR2

PE

PE amic acid

5', 200ºC

-H2O

O O
N
R1

NR2

PE

PEMI
 

Figure 2.2:  Reaction scheme of the modification of HDPE, grafted with maleic anhydride, 
with excess diamine in near critical propane (For R1 and R2 see Table 2.1). 

 
The diamines, of which predominantly the most reactive primary aliphatic amine functionality 
was expected to react with the MA groups grafted on the polyolefin, should leave the second 
amine group (pendent to the HDPE) unmodified and available for interactions with other 
polymers or fillers. But, when the reactivity of the second amine group is high as well, this 
group may react with a second MA unit, resulting in long chain branches or even crosslinks. 
Dekoninck22 claimed that the melt modification of a functionalised thermoplastic polymer (for 
example functionalised PE or EPDM) with a diamine with one primary and one secondary 
amine group, occurred without significant crosslinking. The obtained aminated polymers 
(where the secondary amine group is the pendent group) may be used as compatibilisers, 
modifiers or as tie layer in multilayered films. 
 
2.3.2 Molecular characterisation 
Molecular characterisation of the PEMAs, the amic acids and the PEMIs (the imidised form 
of the diamine modified PEMA) was performed by means of FTIR spectroscopy. In Figure 
2.3, the FTIR spectra for the modification of PEMA (with 0.40 wt.% MA) with the diamine 
with one sterically hindered pendent amine group (Entry 6 in Table 2.1) are given as an 
example. For the PEMAs the FTIR spectra are consistent with our expectations. The maleic 
anhydride absorptions were observed at 1867 and 1792 cm-1. For all amic acids broad bands 
were observed at 1640 and 1560 cm-1, typical for amide bonds. Furthermore, weak bands 
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were found between 3500 and 3200 cm-1, probably for primary and secondary amine groups 
of the amic acid. There are no indications for the presence of MA units. The PEMIs, obtained 
after hot pressing at 200ºC, showed absorptions at 1775 and 1710 cm-1, indicating the 
presence of imide groups. In the PEMIs there were no bands present typical for MA units or 
amic acid groups, indicating complete conversion to the imide. The modifications with the 
other diamines show comparable results and are therefore not shown here. 
 

 
Figure 2.3: FTIR spectra of PEMA (0.40 wt.% MA), the amic acid (hindered amine) and 

PEMI (hindered amine, Entry 6 in Table 2.1). 
 
2.3.3 Material characterisation 
By determining the gel content of the modified polyethylenes, the extent of crosslinking can 
be estimated. The gel percentages of the PEMIs were compared with the gel percentages of 
the corresponding PEMAs (Table 2.2).  
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Table 2.2 Gel percentages of PEMA and PEMI samples and effect on rheology of PEMI 
samples. 

Entry wt.% 
MA in 
PEMA 

Diamine Gel 
percentage 
(wt.%) in 

PEMA 

Gel 
percentage 
(wt.%) in 

PEMI 

Effect on 
Rheologya 

 

1 

 

0.13 

 

(CH2)4 NH2H2N
 

 

1.1 

 

1.1 

increased 
viscosity and 

elasticity 

 

2 

 

0.40 

 

(CH2)4 NH2H2N
 

 

1.5 

 

38.0 

 
crosslinking 

 

3 

 

0.40 

 

(CH2)3 NH CH3H2N
 

 

1.5 

 

2.9 

increased 
viscosity and 

elasticity 
 

4 
 

0.40 (CH2)2 N
CH3

CH3
H2N

 

 

1.5 
 

3.9 
increased 

viscosity and 
elasticity 

 

5 

 

0.40 

 

(CH2)2H2N NH2
 

 

1.5 

 

22.0 

 
crosslinking 

 

 

6 

 

 

0.40 NH

CH3

CH3
CH3

CH3

H2N

 

 

 

1.5 

 

 

2.0 

no increase 
in viscosity 
or elasticity 

 

7 
 

1.04 (CH2)4 NH2H2N
 

 

1.2 
 

59.0 
 

crosslinking 

a See also Figures 2.4-2.6. 

 
For the PEMIs based on PEMAs with 0.13, 0.40 and 1.04 wt.% MA, all modified with 1,4-
diaminobutane (containing two highly reactive primary amine groups), an increased gel 
content with increased MA content was obtained. This is not surprising, since with an 
increased concentration of MA units, the ability for one diamine molecule to react with two 
MA units increases. However, comparing this new technique with the more conventional melt 
modification, the modification in near critical propane has proven to be more favourable. The 
DAB modification of HDPE, grafted with only 0.06 wt.% MA, in the melt with a twentyfold 
DAB excess resulted in a gel percentage of 4.3% instead of 1.1%, which can be reached even 
for PEMA with a higher MA content (0.13 wt.%). This increased gel content indicates that 
crosslinking had occurred even for a lower MA content than for the PEMA modified in near 
critical propane. An explanation for the increased gel content for the melt modification could 



Chapter 2 
___________________________________________________________________________ 

 28

be a tendency of the polar maleic anhydride groups to aggregate in the apolar PE matrix, 
thereby creating domains of high concentrations of maleic anhydride. In principle this is 
possible, because of the high mobility of the polymer chains in the melt. In PEMA, swollen in 
near critical propane (70°C and 300 bars), the chain mobility is probably much lower. 
Furthermore, due to the swelling of the PEMA, the maleic anhydride groups move away from 
each other, which reduces the possibility of the formation of crosslinks. Weinkauf et al.19 

reported the formation of primary amine functionalised polypropylene by melt reaction of 
1,12-diaminododecane with maleated polypropylene. An excess of amine groups (4 moles of 
amine groups for each mole of MA) was added to limit the amount of crosslinking. The extent 
of crosslinking is not mentioned, but in correspondence with our findings, where we used an 
even larger excess of diamine with a shorter alkyl chain, the extent of crosslinking must have 
been significant. 
To investigate if indeed the most reactive (primary) amine group of the diamine reacts with 
the HDPE-bound MA unit, leaving the second pendent amine group of the diamine available 
for interaction with the polyester films, the difference in reactivity between a) the primary 
aliphatic amine groups and b) the secondary, tertiary, primary aromatic and the sterically 
hindered amine groups was investigated. Hereto, model reactions of succinic anhydride with 
these (mono) amines were performed. From FTIR spectra and 1H-NMR spectra it was clear 
that the reactions of succinic anhydride with the primary aliphatic amine, with the secondary 
amine, and with the primary aromatic amine were complete. In a competitive reaction 
between the primary aliphatic amine (50 mole%) and the secondary amine (50 mole%) with 
succinic anhydride, it could be observed that the primary amine was the most reactive. This 
was also observed in a competitive reaction between equimolar amounts of the primary 
aliphatic amine and the primary aromatic amine. Both the tertiary and the sterically hindered 
amine did not react at all with the succinic anhydride, which means that only the primary 
amine groups of the corresponding diamines react with the MA unit of PEMA. With this 
information, the modification of PEMA with the different diamines has become clearer, and 
the resulting interactions with the PET films can be understood (see further). 
 
Decreasing the reactivity of the second amine group of the used diamines, while keeping the 
MA content of the initial PEMAs constant (0.40 wt.% MA, see entries 2-6 in Table 2.2), 
resulted in a decreased gel content. A gel content for the HDPE-pendent primary aliphatic 
amine group of 38 wt.% and 22 wt.% for the somewhat less reactive HDPE-pendent aromatic 
amine group are direct indications for the formation of crosslinks. The gel percentages for the 
HDPE-pendent secondary, tertiary, and sterically hindered amine groups (respectively 2.9, 3.9 
and 2.0 wt.%) are of the same order of magnitude as for the corresponding PEMA. The small 
increase can probably be explained in terms of long chain branching or minor gelation, which 
leads to an increase in molecular weight of HDPE and accordingly in a decreased solubility, 
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but not in terms of significant crosslinking. The effect of the modification with DAB on 
rheology for PEMA (0.13 wt.% MA) and the corresponding PEMI (Entry 1 in Table 2.2) is 
shown in Figure 2.4.  
 

 
Figure 2.4: Melt viscosities η∗  (- -) and phase angles (-∆-) of PEMA (0.13 wt.% MA) and 

the corresponding PEMI sample, modified with DAB, after 3, 6 and 10 min. at 
230°C. 

 
The observed increased elasticity of PEMI with respect to PEMA (i.e. lower value of the 
phase angle) is in agreement with some branching, which may be caused by reaction of some 
DAB molecules with two MA units during the reaction in near critical propane, but may also 
be due to transimidation reactions and/or reaction of HDPE grafted NH2 groups with imide 
carbonyl groups attached to another HDPE chain. It is possible that these latter types of 
branching reactions only take place during heating of the sample before starting the 
measurement of the melt viscosity, and accordingly cannot be avoided. In literature, long 
chain branching was observed as a decreasing phase angle with increasing residence time in 
the melt23. It is obvious that no rheological changes occur upon extending the residence time 
in the melt from 3 to 10 minutes. 
 
The effect of the diamine modifications on rheology for PEMA, grafted with 0.40 wt.% MA, 
and the corresponding PEMIs (entries 2-6 in Table 2.2) is shown in Figures 2.5 and 2.6.  
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Figure 2.5: Melt viscosities η∗  (-ο-) of PEMA (0.40 wt.% MA) and corresponding PEMI 

samples after 10 min. at 230°C. 
 
 
 

 
Figure 2.6: Phase angles (-∆-) of PEMA (0.40 wt.% MA) and corresponding PEMI samples 

after 10 min. at 230°C. 
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A large increase in viscosity and a large decrease in phase angle were found for PEMA 
modified with HDPE-pendent primary and HDPE-pendent aromatic amine groups (No.’s 2 
and 5 in Figures 2.5 and 2.6). This increase in viscosity and decrease in phase angle was less 
pronounced for PEMA modified with HDPE-pendent secondary and HDPE-pendent tertiary 
amine groups (No.’s 3 and 4 in Figures 2.5 and 2.6). For PEMA modified with pendent 
sterically hindered amine groups neither an increase in viscosity nor a decrease in phase angle 
was observed (No. 6 in Figures 2.5 and 2.6). Thus, the observed trend in the rheology 
measurements is in agreement with the observed trend in the obtained gel percentages. 
 
2.3.4 PEMI as compatibiliser  
One of the possible applications of PEMI could be the application as compatibiliser for 
polyolefin containing polymer blends. This was investigated for blends containing 80 wt.% of 
SMA (styrene maleic anhydride copolymer) and 20 wt.% of PEMI, based on PEMA with 0.13 
wt.% MA, which had been imidised with 1,4-diaminobutane (Entry 1 in Table 2.2). An 80 to 
20 ratio (in wt.%) of SMA/PEMA (0.13 wt.% MA) blend was studied as a reference. Using 
scanning electron microscopy the morphologies of these blends were visualised. In Figures 
2.7 and 2.8, photographs are shown for these two blends.  
 

 

Figure 2.7: SEM photograph of a SMA/ 
PEMA blend (ratio 80/20). 
White bar represents 10 µm. 

Figure 2.8: SEM photograph of a SMA/ 
PEMI blend (ratio 80/20).  
White bar represents 10 µm. 

 
From Figure 2.7, it can be derived that the SMA/PEMA blend possesses a course and 
strongly oriented morphology. The PE threads are aligned in the extrusion direction. Figure 
2.8 shows a blend with a very fine dispersion of PEMI in the SMA matrix, with an average 
particle size of below 0.5 µm. 
It is known that the viscosity ratio of the continuous and dispersed phases influences the blend 
morphology24. To see whether or not the observed finer morphology of the PEMI based blend 
is indeed caused by a compatibilising effect of the reactive PEMI, or by the viscosity effect, 
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the blends were extracted with methylethylketone (selective solvent for SMA) to remove the 
SMA component. 
 
Table 2.3 Weight percentages of methylethylketone insoluble material in SMA/PEMA and 

SMA/PEMI blends. 
Entry Blend / ratios Wt.% of non-extracted material 

1 SMA/PEMA = 80/20  19.3 
2 SMA/PEMI  = 80/20 27.8 
3 SMA/PEMI  = 80/20 (duplicate of entry 2) 27.2 

 
It was found that 19.3 wt.% of the total mass of the SMA/PEMA blend did not dissolve in 
methylethylketone (Table 2.3, Entry 1). This corresponds well to the weight percentage 
PEMA in the blend, being 20%. The SMA/PEMI yielded after extraction with 
methylethylketone respectively 27.8 and 27.2 wt.% as the insoluble residue (Table 2.3, 
Entries 2 and 3), indicating that a chemical reaction had occurred between reactive groups of 
the HDPE phase and anhydride groups of the SMA phase. It is obvious that the PEMI 
samples do contain functional amine groups, which are reactive with SMA anhydride groups. 
So, the finer morphology of the SMA/PEMI blends is presumably caused by the 
compatibilising reactions at the interface, and indirect evidence for the presence of reactive 
amine groups in the PEMI sample is obtained. 
 
2.3.5 PEMI as adhesion promoting agent 
The amine modified polyethylenes were evaluated as adhesion promoting agents in a 
multilayered film of HDPE/amine modified HDPE/PET. As a reference, HDPE grafted with 
maleic anhydride (PEMA) was tested as an adhesive.  
In order to be able to systematically vary the adhesive force, the wt.% MA grafted onto the 
HDPE can be varied. Another option is to modify PEMA with a fixed MA content, e.g. 0.40 
wt.%, with a variety of diamines with changing character of the pendent amine groups. 
Depending on the reactivity of the pendent amine groups, these groups can 1) react with the 
ester functionalities of the polyester, resulting in the formation of an amide linkage between 
the PEMA and the PET layers, 2) form hydrogen bonds with the carbonyl functionalities of 
the ester units, or 3) have polar interactions with the ester functionalities. In case of a 
chemical reaction forming an amide linkage (possibility 1), chain scission of the polyester 
chains will occur, creating hydroxyl end groups on the PET chains. Using a T-peel test (see 
Figure 2.1, Section 2.2.8), adhesion strengths of the three-layered systems were measured. In 
Figure 2.9 a few peel test curves are shown, which are typical for all samples. The measured 
peel force is plotted versus the displacement (please note the different vertical axes). The 
average peel force after the initial peak load divided by the strip width was taken as the peel 
strength (N·m-1)12.  The large fluctuation found in all curves is due to the so-called stick-slip 
behaviour, which means that the PET layer at a certain level of peel force suddenly is released 
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from the PE layer. This results in a sudden lowering of the peel force. This process will 
happen over and over again with increasing displacement and peel force.  
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Figure 2.9: Peel test curves obtained for multilayered HDPE/ PEMA or PEMI/ PET systems 

bonded at 250ºC. a) without adhesion layer, b) PEMA (0.40 wt.% MA) as the 
adhesion layer. 

 
 

a 
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Figure 2.9: Peel test curves obtained for multilayered HDPE/ PEMA or PEMI/ PET systems 
bonded at 250ºC. c) PEMI (0.40 wt.%, prim. amine), as the adhesion layer  
d) PEMI (0.40 wt.%, sec. amine), as the adhesion layer (NOTE: vertical axes are 
different!). 

 
The dependence of the average peel force (in N m-1) on bonding temperature is given in Table 
2.4. 
 

c 

d 
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Table 2.4 Average peel force in N m-1 (deviation of ± 3 N m-1) for PEMA and PEMI samples 
at different temperatures. 

  Bonding temperature (°C) 
Entry Adhesive layer 120 180 250 270 

1 -- -- -- 3 4 
2 PEMA (0.13 wt.% MA) -- -- 1 7 
3 PEMI (0.13 wt.%) prim. amine -- 14 32 27 
4 PEMA (0.40 wt.% MA) -- 2 10 16 
5 PEMI (0.40 wt.%) prim. amine -- 10 26 20 
6 PEMI (0.40 wt.%) sec. amine -- 16 55 21 
7 amic acid (0.40 wt.%) tert. amine -- -- 22 23 
8 PEMI (0.40 wt.%) tert. amine -- -- 21 25 
9 PEMI (0.40 wt.%) arom. amine -- -- 7 7 
10 amic acid (0.40 wt.%) hindered amine -- -- 17 15 
11 PEMI (0.40 wt.%) hindered amine -- 6 12 25 

 
For all samples, an increase in peel force was observed when the bonding temperature 
increased from 120°C to 270°C. All samples sealed at 120°C, which is lower than the melting 
points of HDPE, the PEMIs and PET, showed no adhesion at all. At 180°C, which is far 
above the melting temperature of HDPE and the PEMIs, but still below the melting 
temperature of PET, no adhesion or only very poor adhesive strengths were measured. 
Increasing the temperature to 250ºC raised the peel force for all samples, although these 
values remain quite low. The melting peak Tm of PET is 257°C, determined using DSC, 
which implies that at 250°C part of the PET crystals has already been molten. It is obvious 
that an increased mobility of both the HDPE and the PET molecules enhances the adhesive 
force, probably by enabling the systems to undergo specific interactions or even chemical 
reactions. This increase in peel force with increasing bonding temperature is in agreement 
with results obtained by Weinkauf et al.19 for the amine modified polypropylene and 
polyketone polymer system. Increasing the MA content grafted on HDPE (Table 2.4, Entries 
2 and 4) resulted in an improved adhesion from 1 to 10 N m-1 at 250°C and from 7 to  
16 N m-1 at 270°C. 
PEMA (grafted with 0.40 wt.% MA) was chemically modified with a variety of diamines, 
resulting in different reactive or non-reactive HDPE-pendent amine groups. Model reactions 
between dimethyl terephthalate (DMT) and respectively a primary aliphatic amine, a 
secondary aliphatic amine, a tertiary aliphatic amine, a hindered aliphatic amine and a primary 
aromatic amine were performed at 250°C in order to investigate the possible interaction of 
these different amines with the predominant functional groups present in PET. These 
reactions pointed out that covalent bonds were only formed between DMT and respectively 
the primary aliphatic amine and the secondary aliphatic amine, with the primary amine being 
the most reactive towards DMT. As expected, no reactions occurred between DMT and the 
tertiary aliphatic amine and the hindered aliphatic amine, but surprisingly DMT did also not 
react with the primary aromatic amine. 



Chapter 2 
___________________________________________________________________________ 

 36

It was expected that the adhesion strength between the PE layer and the PET layer would 
increase with increasing reactivity of the amine groups of PEMI due to the formation of 
covalent bonds. Therefore, on forehand the primary diamine with the most reactive groups 
towards the functional groups of the PET film, was expected to result in the most pronounced 
increase in adhesion with respect to PEMA. So, comparing the PEMIs based on PEMA (with 
0.40 wt.% MA) modified with primary, secondary and tertiary pendent amine groups (Entries 
5, 6 and 8 in Table 2.4) the one modified with the primary HDPE-pendent amine group (Entry 
5) was expected to result in the highest adhesive force. However, Table 2.4 shows that this is 
not the case. The observed extensive crosslinking of this PEMI (Table 2.2) may prevent flow 
of the film during lamination and, moreover, may consume considerable amounts of amine 
groups. So, apparently these factors limit the adhesion. For the partially secondary and tertiary 
diamines, which have reacted with PEMA (with 0.40 wt.% MA; Entries 3 and 4 in Table 2.2), 
crosslinking had hardly occurred. Therefore, the peel forces at 250°C and 270°C are similar or 
even better than for the double primary diamine, although the reactivity and the strength of 
the specific interaction with the PET film is lower for secondary pendent amine groups. For 
the tertiary pendent amine group it is not possible to undergo chemical reactions and to form 
covalent bonds with the functional groups of PET. The increased adhesion strength compared 
to the corresponding PEMA can therefore only be explained in terms of enhanced polar 
interactions. The low adhesion strength obtained for PEMI (0.40 wt.%) modified with the 
partially aromatic diamine (Entry 9, Table 2.4) is also a result of significant crosslinking 
(Entry 5, Table 2.2). Thus, not only the character of the amines present in the adhesive PE 
layer, but also the ability of the adhesive layer to flow during lamination must be considered 
when interpreting the peel forces. The increased adhesive force found for PEMI (0.40 wt.%) 
modified with the pendent sterically hindered amine group (Entry 11, Table 2.4) cannot be the 
result of the formation of covalent bonds, but must be related to the formation of H-bonds, 
since the model reaction between dimethyl terephthalate and a similar sterically hindered 
amine (2,2,6,6-tetramethylpiperidine) pointed out that the amine is too sterically hindered to 
allow the reaction between the ester groups and the amines to occur. This is in agreement with 
the fact that for the synthesis of polyamides in the melt, the diamine (2,2,6,6-tetramethyl-4-
piperidylamine) is sometimes used as a dyeable chain stopper25. The most optimal balance 
with respect to reactivity and crosslinking seems to be obtained for secondary pendent amine 
groups at 250°C. Comparing Entries 8 and 11 with respectively 7 and 10 (Table 2.4), it is 
obvious that one cannot speak of a pronounced difference in adhesion strength. Obviously, the 
conversion from PE amic acid into PEMI is not absolutely necessary to obtain the desired 
adhesion, and might even cause discolouration or degradation reactions or undesired 
crosslinking reactions during heating in the melt. From a practical point of view the omission 
of this extra imidisation step would also be an advantage. Overall, it can be concluded that the 
observed increased adhesive strengths suggest an improved adhesion between the PE-layer 
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and the PET-layer, but compared to adhesive strengths found for other multilayered films in 
literature12,19, these adhesive strengths are relatively low. However, it is clear that the PEMI 
with the secondary pendent amine function is a much better adhesion promoting agent than 
PEMA. 
 
2.3.6 Surface characterisation of delaminated films 
The measurement of the contact angle of a liquid on a solid substrate is a simple method to 
obtain information on the polarity of the outermost surface layer (1 nm or less). This 
information is, amongst other phenomena, important for understanding adhesion. Small 
contact angles indicate a high polarity of the surface and large contact angles indicate a low 
polarity of the surface, provided that a polar droplet like water is used. The surfaces of the 
PET and PE layers after delamination were investigated by contact angle measurements for 
water droplets. In case of no adhesion, the contact angle for the PET film after delamination is 
expected to be equal to that for pure PET (i.e. 68° ± 2), and the contact angle for the PE layer 
is expected to be equal to that for pure PE (i.e. 105° ± 2) or pure PEMI (i.e. 97° ± 2). 
Furthermore, low adhesion strengths are expected to result in a crack propagating through the 
interface between the PEMI film and the PET film, resulting in contact angles for both layers 
to be close to the values of pure PET and PE or PEMI. Higher adhesion strengths are expected 
to result in a crack propagating through the weaker PEMI or PE layer, resulting in contact 
angles for both layers comparable with pure PE. In Table 2.5, results are shown for peeled 
samples, which were laminated at a bonding temperature of 270°C. Since the multilayered 
systems obtained after laminating at a bonding temperature of 250ºC showed comparable 
values for the average peel force in the T-peel tests, the contact angles were not measured for 
these samples except for one sample (Entry 6 in Table 2.5). This particular sample showed a 
better adhesion when laminated at 250ºC instead of being laminated at 270ºC (Entry 6 in 
Table 2.4). 
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Table 2.5 Average contact angles (θa, OH 2 ) of delaminated films at room temperature, sealed 
at 270°C, and at 250°C (values between parentheses). For pure PE θa, OH 2  = 105° 
± 2°, for pure PET θa, OH 2  = 68° ± 2°. 

Entry Adhesive layer θa, OH 2 , PE side 
(± 2°) 

θa, OH 2 , PET side  
(± 2°) 

1 -- 103° 74° 
2 PEMA (0.13 wt.% MA) 96° 83° 
3 PEMI (0.13 wt.%) prim. diamine 104° 85° 
4 PEMA (0.40 wt.% MA) 97° 79° 
5 PEMI (0.40 wt.%) prim. diamine 96° 85° 
6 PEMI (0.40 wt.%) sec. diamine 100° (102°) 87° (93°) 
7 amic acid (0.40 wt.%) tert. diamine 97° 79° 
8 PEMI (0.40 wt.%) tert. diamine 96° 75° 
9 PEMI (0.40 wt.%) arom. diamine 103° 78° 
10 amic acid (0.40 wt.%) hindered diamine 94° 75° 
11 PEMI (0.40 wt.%) hindered diamine 94° 73° 

 
For all samples containing an adhesive layer, contact angles on both layers were in between 
the values of those of pure PET and PE, indicating that the crack had propagated through the 
interface and that some PET is present on the PE layer and some PE is present on the PET 
layer. For Entry 1, Table 2.5, contact angles of 103° and 74° were found for respectively the 
PE side and the PET side. These values are very close to values found for pure PE and PET, 
being 105º and 68º, respectively. This means that the adhesion should be negligible, which 
corresponds with the low adhesive strength found in the corresponding peel test (Table 2.4, 
Entry 1). For the PEMI, based on PEMA modified with pendent aromatic amine groups 
(Tables 2.4 and 2.5, Entry 9), a similar trend can be observed: an average peel force of  
7 N m-1 and contact angles of 103° and 78° indicate almost no adhesion. Obviously, the 
observed extensive crosslinking of this PEMI (Table 2.2) prevents flow of the adhesive film 
during lamination and consumes amine groups, resulting in low adhesion strengths. For 
PEMA modified with the pendent secondary amine groups and laminated at 250°C (Tables 
2.4 and 2.5, Entry 6), contact angles were also measured. Because of the relatively high peel 
force of 55 N m-1, the contact angles for both layers were expected to be comparable with 
pure PE due to a crack propagating partially through the weak PEMI layer. Indeed, values for 
the contact angles on both the delaminated PET and the PE film were high (102° for the PE 
side and 93° for the PET side). The value of 93° for the PET side implies the presence of 
significant amounts of PE. 
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2.4 Conclusions 
 
In this chapter we have shown that it is possible to modify HDPE grafted with 0.13 wt.%, 
0.40 wt.% and 1.04 wt.% MA, with a variety of diamines in near critical propane. In this way, 
the anhydride functionalities of PEMA were to a large extent converted into the amic acid. 
The obtained amic acid was quantitatively imidised to PEMI in the melt. The melt viscosity of 
the PEMI, based on PEMA, grafted with 0.13 wt.% MA, which was modified with DAB, was 
higher than that of the corresponding PEMA, and the PEMI sample proved to be somewhat 
more elastic. Increasing the wt.% MA grafted onto the HDPE resulted in significant long 
chain branching or even crosslinking after modification, especially for diamines carrying two 
reactive amines. Comparing PEMIs, based on PEMA with 0.40 wt.% MA, modified with 
pendent primary, secondary and tertiary amines, the one modified with the HDPE-pendent 
primary amine showed a large increase in viscosity and elasticity due to long chain branching 
and partial crosslinking. For the pendent secondary amines grafted onto HDPE, this effect is 
less pronounced, but still present.  
PEMI, based on PEMA grafted with 0.13 wt.% MA and modified with DAB, turned out to be 
an efficient compatibiliser for SMA/PE blends. 
Increasing the wt.% amine modified MA onto the HDPE and increasing the bonding 
temperature from 120°C to 270°C for three-layered PET-PEMI-PE system, resulted in an 
improved adhesion. For maximum adhesion, the most optimal system is HDPE grafted with 
0.40 wt.% MA and modified with the pendent secondary amine, because most reactive groups 
are available for interactions with the PET film thanks to the absence of extensive 
crosslinking and thanks to a better flow of the amine modified PE film during lamination. 
Contact angle measurements showed that after delamination of the three-layered system with 
a fairly good adhesion, both the PE and the PET layers have a polarity close to that of PE, 
indicating that the crack had propagated partially through the interface and partially through 
the weak PEMI layer. 
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End group modification of PA-6 
with succinic anhydride in 
supercritical fluids 

 
 
Synopsis: In this chapter the modification of the amine end groups of polyamide 6 (PA-6) 
granules with succinic anhydride in supercritical or subcritical fluids is described. The 
modified polyamide samples were analysed by amine end group titrations, by NMR and FTIR 
spectroscopy, by solution and melt viscosity measurements and by SEC/DV. The aim of the 
modification of the amine end groups of PA-6 was to obtain a polyamide with enhanced melt 
stability without changing other properties of the polymer, thanks to the relatively mild 
reaction conditions which can be applied for chemistry in supercritical fluids. In close relation 
to this chapter, the modification of both amine and carboxylic acid end groups of PA-6 with 1,2-
epoxybutane will be discussed in Chapter 4. 



Chapter 3 
___________________________________________________________________________ 

 42 

3.1 Introduction 
 
Polyamides are compounds, which are widely used in a variety of applications. Polyamide 6 
(PA-6) is used in for example the packaging industry. During film extrusion of PA-6, it is of 
great importance that the film is uniform without the formation of gel particles. These gel 
particles are caused by post condensation of the polyamide, which results in highly viscous 
material. In PA-6 fibre and injection moulding grades, chain stoppers like benzoic acid are 
added during polymerisation to control the viscosity. However, for film grade PA-6 chain 
stoppers cannot be used, since the desired high viscosity will not be reached when these chain 
stoppers are added. After polymerisation an end group modification of the polymer is needed 
to avoid chain extension and gelation during film extrusion. Both amine and carboxylic acid 
end groups can be blocked, but blocking only the amine or only the carboxylic acid end 
groups can be sufficient. Usually, an attempt to modify the end groups of polyamides in de 
melt, results in an incomplete reaction. Furthermore, if added chemicals at the high melt 
temperatures are not only reactive towards the end groups but also to the amide bonds in the 
polymer chains, a change in molecular weight and molecular weight distribution is observed, 
which will result in undesired changes in mechanical properties. Modification of these end 
groups in supercritical fluids is an attractive alternative, since relatively mild reaction 
conditions can be applied and undesired side reactions might be suppressed. 
ScCO2 can act as a plasticiser for a variety of polymers1,2. It can for example be used in the 
production of foams3,4,5. Due to the plasticising effect of scCO2 the mobility of the amorphous 
polymer segments will be increased. In polymer work up, supercritical fluids are therefore 
frequently used. For example, due to the enhanced mobility of the polymer chains, extraction 
of low molecular weight material from the polymer is enhanced in supercritical fluids (SFE). 
From an environmental point of view, scCO2 is a benign alternative for organic solvents. 
However, a disadvantage of scCO2 is its apolarity, which makes it a poor solvent for polar 
solutes, and the swellability of relatively polar polymers by CO2, favourable for extraction, is 
limited. To increase the polarity of scCO2, a polar additive is frequently added. In 
literature6,7,8,9 it was described that the addition of a polar additive to a supercritical solvent 
can greatly improve its extraction ability. To ensure good extraction, the polarity of the fluid 
should be similar to that of the extractant. Often only 5 to 10 mole % of a polar additive is 
already sufficient. Venema et al. showed that the extraction of caprolactam and oligomers 
from polyamide 6 in scCO2 (SFE) could be enhanced by the addition of methanol as the polar 
additive6. Porter et al. proved that the addition of methanol to a supercritical fluid increased 
the supercritical fluid extraction (SFE) of nylon 6,6 oligomers7. When supercritical fluid 
extraction of low molecular weight materials from polymers is possible, it seems logical that 
the impregnation of polymer particles with such low molecular weight materials would also 
be possible. Muth et al.10 succeeded in polymer modification by supercritical impregnation. 
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First, several polymeric substrates were impregnated with a monomer and a free radical 
initiator, followed by polymerisation inside the swollen polymeric substrates. Berens et al.11 
used supercritical CO2 for the impregnation of additives into a number of glassy polymers, 
such as poly (vinyl chloride) (PVC) and polycarbonate (PC). Another interesting form of 
polymer modification by impregnation is supercritical dying of polymer fibres12,13. 
Supercritical fluids are also used for polymerisation. For example, Desimone et al. described 
the synthesis of polyamides and poly (bisphenol A carbonate) in scCO2

14,15. 
In this chapter the selective blocking of the amine end groups of PA-6 granules in 
supercritical and subcritical fluids is discussed. The fluids do not dissolve the polyamide but 
do have the possibility to diffuse into the granules and swell the amorphous phase of the 
polymer. When the PA-6 granules are swollen by a supercritical fluid, the blocking agent, 
which is dissolved in the fluid, can diffuse more easily into the amorphous phase of the 
granules and subsequently react with the amines. In this way significant amounts of amine 
end groups can be blocked in a relatively short time. 
The amount of supercritical or subcritical (liquid or gaseous) fluid absorbed in the PA-6 
granules can be determined gravimetrically. The company Rubotherm (Germany) developed a 
balance, which can measure weight changes under extreme conditions16. This balance is 
called the magnetic suspension balance and was used in this work (Figure 3.1). In contrast 
with the conventional gravimetric equipment11, were the balance is in direct contact with the 
sample, this balance is not. In this way, it is possible to weigh samples contactlessly under 
nearly all conditions (see Experimental Section and Fig. 3.1). Using this magnetic suspension 
balance Von Schnitzler and Eggers17 investigated the diffusion of scCO2 in poly(ethylene 
terephthalate) (PET) and the mass transfer of  different kinds of dyes into the polymer matrix. 
Berens et al.11 and Muth et al.18 used the conventional gravimetric method, to determine data 
on sorption kinetics. Von Schnitzler et al.17 discussed that the sorption of penetrants in glassy 
polymers depends on the temperature. At temperatures well above the Tg, the polymer chains 
adjust so quickly to the presence of the penetrant, that they do not cause diffusion 
anomalies19. Thus, it is appropriate to calculate diffusion coefficients by Fick’s second law of 
diffusion in stagnant media. A mathematical model to describe the diffusion in a cylinder, as 
presented by Crank19, is used in this work to calculate diffusion coefficients. The model is 
based on the assumption that the direction of the diffusion is only radial. In the case of 
Fickian diffusion the following equation can be applied: 
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In this equation Mt is the mass of absorbed gas or fluid, ∞M the equilibrium amount absorbed, 
D the diffusion coefficient, r the radius of the initially non-swollen polymer particle and t the 
sorption time. For short sorption times equation [1] can be replaced by equation [2]18. 
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For Fickian diffusion a plot of tM / ∞M  versus the square root of sorption time t, according to 
eq. [2] should be initially linear. The diffusion coefficient can be readily evaluated from the 
slope of this graph and the initial radius of the sample.  
 
For longer sorption times and more than 50% saturation, equation [1] can be approximated by 
equation [3]. A plot of ln(1- tM / ∞M ) vs. time t, results in a linear graph, from which the 
diffusion coefficient can be calculated. 
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When the equilibrium amount absorbed, ∞M , is not known because no equilibrium had yet 
been reached when the measurement was stopped, ∞M was estimated by fitting the data to a 
polynome.  
 
In this chapter the selective blocking of the amine end groups of PA-6 in supercritical and 
subcritical fluids is discussed. The reactive reagent, succinic anhydride, is impregnated into 
the polyamide where it can react with the amine end groups. The aim of selectively blocking 
the amine end groups of PA-6 is to avoid undesired side reactions during processing, such as 
chain extension and caprolactam formation, thereby improving the melt stability without 
changing the molecular weight distribution.  
 
3.2 Experimental 
 
3.2.1 Materials 
Polyamide-6 (PA-6) granules of the type Akulon F124 (film grade) were kindly supplied by 
DSM Research, the Netherlands. These granules had an amine end group concentration of 55 
± 2 mmole/kg, a carboxylic acid end group concentration of 53 ± 2 mmole/kg, and a relative 
viscosity in 90 wt.% formic acid (ηrel) of 2.47 ± 0.02. PA-6 prepolymer, an oligomer with a 
molecular weight of approximately 1000 g/mol and an amine end group concentration of 580 
mmole/kg, was kindly supplied by dr. R. Rulkens (DSM Research, the Netherlands). Succinic 
anhydride, hexane, toluene, m-cresol (97%), chloroform, chloroform-d, 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) and 2,2,2-trifluoroethanol (TFE, 99.8 %) were purchased from 
Acros Organics. Ethanol, methanol, acetone, 1,4-dioxane and concentrated HCl were 
purchased from Merck. CO2 (purity 4.5) was purchased from Hoekloos and propane (purity 
3.5) was purchased from Messer-Griesheim. All chemicals were used without purification. 
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3.2.2 Selection of most suitable polar additive 
PA-6 granules and an excess of succinic anhydride (a ten-fold excess with respect to the total 
number of amine end groups of PA-6) were stirred in mixtures of hexane with 10 mole% of a 
polar additive at 50°C for 24h. Methanol, ethanol, acetone and 1,4-dioxane were chosen as 
the polar additives (Table 3.1, Section 3.3.1). The end group concentrations of modified PA-6 
were determined in duplicate using titration analysis (see Section 3.2.6). 
 
3.2.3 Modification of PA-6 prepolymer with succinic anhydride at atmospheric pressure 
Low molecular weight PA-6 prepolymer powder and an excess of succinic anhydride (a ten-
fold excess with respect to the total number of amine end groups of PA-6 prepolymer) were 
stirred in mixtures of hexane with either 5, 10 or 20 mole% 1,4-dioxane at 50°C and 1 bar for 
24h. For the modifications performed at 90°C, toluene was used instead of hexane, because of 
the low boiling point of hexane. In all cases the prepolymer did not dissolve. The PA-6 
prepolymer was analysed using 1H-NMR spectroscopy. 1H-NMR spectra were recorded on a 
Bruker instrument, 200 MHz (s = singlet; t = triplet; q = quartet; m = multiplet). 
1H-NMR (TFE/CDCl3 (1/1)) of unmodified PA-6 prepolymer: δ = 1.33 ppm (2H, m), 1.55 
ppm (4H, m), 2.19 ppm (2H, t), 2.94 ppm (2H, t), 3.19 ppm (2H, q). The multiplet at 2.47 
ppm corresponds to caprolactam, of which a trace is always present in PA-6 prepolymer and 
in PA-6 polymer. 1H-NMR (TFE/CDCl3 (1/1)) of PA-6 prepolymer modified in toluene/10 
mole% 1,4-dioxane at 90°C for 24 hours: δ = 1.33 ppm (2H, m), 1.55 ppm (4H, m), 2.19 ppm 
(2H, t), 2.35 ppm (2H, t), 2.45-2.67 ppm (4H, t), 2.72 ppm (4H, s), 3.19 ppm (2H, q).  
Unmodified and modified PA-6 prepolymer were further analysed using amine end group 
titrations (see Section 3.2.6). 
 
3.2.4 Sorption measurements 
Sorption of 1) pure CO2, 2) CO2 containing 10 mole% 1,4-dioxane, 3) CO2 saturated with 
succinic anhydride (SA) and 4) CO2/10 mole% 1,4-dioxane saturated with succinic anhydride 
at 50 or 140ºC at 80 bars, by PA-6 was investigated. For practical reasons no measurements 
were performed with propane. A magnetic suspension balance was used to determine the 
amount of absorbed fluid by the polymer (Rubotherm, Germany). In Figure 3.1 it is shown 
that the sample to be investigated is linked to a so-called suspension magnet, instead of 
hanging directly on the balance. Using the magnetic suspension coupling, the measuring force 
is transmitted contactlessly from the measuring chamber to the microbalance, which is located 
outside the chamber under ambient atmospheric conditions. With this balance it is possible to 
measure two samples simultaneously, which gives information on both sorption and density. 
By weighing a titanium sinker with known volume (V0 = 4.366334 ml) as the second sample, 
according to Archimedes’ principle the density of the fluid phase can be determined. In this 
way the change in density is taken into account via the buoyancy correction.  
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Figure 3.1: Operating principle of the magnetic suspension balance. 
 
By knowing the exact volume of the polymer (Vpolymer) at a certain time t, the initial weight M0 
of the sample under vacuum and the density of the surrounding fluid (ρ fluid), the mass uptake 
∆M under pressure can be calculated, taking into account the buoyancy effect (Equation 4). 
This effect is the upward pressure as a result of the volume of the polymer together with the 
density of the surrounding fluid. For example a polymer sample in vacuum seems heavier 
than in a dense fluid. 
 

( ) 0MVMM fluidpolymert −⋅+=∆ ρ    [4] 

Hereby Mt is the measured sample weight of the polymer.  
 
In a typical experiment the polymer granules (with an average effective radius r of 1.2 mm) 
are put in the basket, which is linked to the magnetic suspension balance. In case SA and/or 
1,4-dioxane are used in the measurements, a second basket with SA and/or 1,4-dioxane is 
placed on the bottom of the high-pressure cell. The amount of SA is a large excess with 
respect to the amine end groups present in the PA-6. The amount of 1,4-dioxane needed, is 
calculated with the modified Benedict-Webb-Rubin equation of state20, to obtain a 
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concentration of 10 mole% 1,4-dioxane in CO2. After the baskets are placed, the magnetic 
suspension balance is closed and the desired temperatures and pressures are applied. The 
mass increase of the polymer, due to sorption of CO2 (whether or not containing 1,4-dioxane, 
and whether or not saturated with succinic anhydride), and the density of the medium used 
were simultaneously recorded in time. The microbalance has a resolution of about 1 µg. The 
accuracy for the measurements under pressure is about 2 µg. 
 
3.2.5 Modification of PA-6 with succinic anhydride in supercritical or subcritical media 
Approximately 15 g of granules of polyamide-6 (PA-6) and 0.86 g of succinic anhydride (a 
ten-fold excess based on the amine end groups present in the PA-6) were put in a glass tube, 
which was placed in a 50 ml high-pressure cell (pressure maximum is 850 bars). After closing 
the high-pressure cell, the fluid was added. The desired pressure and temperature were 
obtained by increasing the temperature and subsequently increasing the amount of fluid, 
which resulted in either supercritical or subcritical conditions. With subcritical conditions we 
mean conditions below the critical point, i.e. liquid media in this chapter. The modification 
was performed in either sub- or supercritical mixtures of propane/10 mole%1,4-dioxane, or in 
sub- or supercritical mixtures of CO2/10 mole% 1,4-dioxane. Temperatures of 50-140°C and 
pressures of 70 bars (for modifications in propane/1,4-dioxane) and 80 bars (for modifications in 
CO2/1,4-dioxane) were applied. The reaction times, which were applied, were 1, 2, 4, and 24h. 
After the modification, the pressure was slowly released and the temperature was allowed to 
decrease to below 50°C before opening the high-pressure cell in order to avoid discolouration of 
the granules by oxidation. The granules were washed with acetone and dried in a vacuum oven 
at 80°C for 16h under a nitrogen flow.  
 
3.2.6 Titration analysis of unmodified and modified PA-6 
The amine end group concentrations of unmodified and modified PA-6 were determined by 
titration using a Metrohm titration apparatus. Titrations were performed using both PA-6 
granules and PA-6 powder. PA-6 powder was obtained by dissolving and precipitating the 
polymer granules. This was done to remove residual succinic anhydride, which might not have 
been removed completely from the granules upon releasing the pressure after the 
modifications described in Section 3.2.5. Two procedures were used. The first procedure 
consists of dissolving the PA-6 in m-cresol (4 g of material stirred in 50 ml of m-cresol at 125°C 
until everything had dissolved) followed by precipitation of the hot solution in 300 ml of cold 
methanol. In addition, the suspension was stirred for 30 min. The white precipitate was 
filtered off and was subsequently stirred for 30 min. in methanol and for 30 min. in acetone. 
The obtained solid material was dried for 16h at 80°C in vacuum and under a nitrogen flow. 
In the second procedure the PA-6 was dissolved in 2,2,2-trifluoroethanol/chloroform at room 
temperature until everything had dissolved (4 g of material in 50 ml of 1/1 v/v TFE/CHCl321), 
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followed by precipitation and drying as described before. To determine the amine end group 
concentration, the polyamide was dissolved in m-cresol and methanol was added. 
Subsequently, the solution was titrated with an ethanolic HCl solution until the potentiometric 
equilibrium was reached. For the carboxylic acid end groups, the polyamide was dissolved in 
o-cresol and benzyl alcohol was added. The potentiometric titration was performed with 
tetrabutyl ammonium hydroxide. The titrations were performed at least in duplicate.  
 
3.2.7 Determination of the relative viscosity of PA-6 
Dried PA-6 samples were dissolved in 90% w/w formic acid to obtain a polymer solution 
with a concentration of approximately 1 g/dl (with 0.1 mg accuracy). The flow times of the 
polymer solutions and the formic acid were measured using an Ubbelohde suspended level 
viscometer. The flow time taken was the average of at least three measured flow times. The 
relative viscosity (ηrel) was calculated using the following relation: 
 

00 t
t

rel ==
η
ηη    [5] 

 
In this equation t0 is the flow time for pure solvent (90% w/w formic acid) and t that for the 
polymer solution. 
This equation can be found in any basic polymer chemistry book22. 
 
3.2.8 Size exclusion chromatography (SEC) 
The number and weight average molecular weights ( nM  and wM ) as well as the molecular 
weight distributions of PA-6 samples were determined by SEC/DV using a Hewlett Packard 
1090M2 with mixed silica columns (Messrs. PSS). The system was equipped with a refractive 
index detector, UV detector and Viscotek Differential Viscometer detector. The eluent used was 
HFIP containing 0.2 wt.% potassium trifluoro acetate. The flow was 0.4 ml/min. PA-6 
samples with known MWD (provided by DSM Research) were used for the conventional 
calibration. 
 
3.2.9 Differential scanning calorimetry (DSC) 
A Perkin Elmer differential scanning calorimeter (type Thermal Analysis, Pyris) was used for 
the DSC measurements on unmodified and modified PA-6. A thin slice from the middle of a 
granule (cross section) was cut off and used for the DSC measurements. The samples were 
carefully dried before the measurements to limit as much as possible the hydrolytic 
degradation during heating. The samples were measured in the temperature range from 50 to 
260ºC with a heating and cooling rate of 10ºC/min. 
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3.2.10 Melt viscosity measurements of PA-6 
Melt viscosities of modified and unmodified PA-6 samples were measured with a Rheometric 
Scientific Rhios V4.4.4 at 260°C after residence times in the melt of 5, 10, 15, and 30 minutes. 
 
3.3 Results and discussion 
 
3.3.1 Selection of most suitable polar additive 
Supercritical fluids are interesting alternatives for liquid organic solvents for polymerisation, 
polymer modification, and extractions. Often a polar additive (also called modifier) is added 
to the supercritical fluid to improve the solubility of the reactants or extractants. In this 
chapter, several polar additives were tested to investigate the influence of the polar additive 
on the polarity of the mixtures and therewith on the swellability of the PA-6 granules by these 
mixtures. In order to select the polar additive, most suitable to bring about the amine end 
group modification in supercritical fluids, model reactions for the modification of PA-6 
granules with succinic anhydride (SA) were performed for 24h at 50ºC in hexane with a 
variety of polar additives (Table 3.1).  
 
Table 3.1 Influence of a polar additive on the modification of amine end groups of PA-6 

granules in hexane at 50°C and 1 bar for 24h. 
Polar additive (10 mole% in hexane) [amine end groups]a (mmole/kg) 

methanol 38 ± 2 
ethanol 52 ± 2 
acetone 60 ± 2 

1,4-dioxane 22 ± 2 
a The initial amine end group concentration of PA-6 is 55 ± 2 mmole/kg 

 

The polar additive ethanol showed a negligible decrease in amine end group concentration. 
Methanol as the polar additive results in a more pronounced decrease of amine end groups. 
The value of 38 mmole/kg amine end groups is in good agreement with the value found for 
the modification in scCO2/10 mole% methanol after 24h at 50°C (found: 42 mmole/kg amine 
end groups). However, best results were found for 1,4-dioxane as the polar additive. For the 
PA-6 granules a decrease from 55 to 22 mmole/kg amine end groups was obtained without a 
change in relative viscosity (ηrel = 2.47 before and after modification). The fact that, of the 
studied polar additives, 1,4-dioxane is most suitable for the modification with SA is not 
surprising, since in the first place 1,4-dioxane is a better solvent for succinic anhydride than 
methanol and ethanol, and secondly, methanol and ethanol can react with succinic anhydride 
to form the corresponding hemi-ester, which is less reactive towards the amine end groups. 
So, it is obvious that 1,4-dioxane is preferred as the polar additive for the amine end group 
modification in supercritical and subcritical mixtures. 
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3.3.2 Modification of the amine end groups of PA-6 prepolymer with succinic anhydride in 
organic solvents, containing 1,4-dioxane, at atmospheric pressure 

Modification of PA-6 prepolymer (powder) with succinic anhydride was performed in several 
hexane/1,4-dioxane mixtures (T = 50ºC) and toluene/1,4-dioxane mixtures (T = 90ºC), to see 
if the amine end groups can be blocked and to get an idea of what the optimum percentage of 
1,4-dioxane, to be added to propane and CO2, might be for optimal blocking results of the 
amine end groups.  
Hexane was chosen since it somewhat resembles propane and can be used for modifications at 
50ºC. For modifications at 90ºC under atmospheric pressure, hexane could not be used 
because of its low boiling point and therefore toluene was chosen. We are aware that we 
cannot draw hard conclusions when comparing the two different mixtures, but still we can get 
an idea of the modification as a model for supercritical fluid modifications.  
PA-6 prepolymer was used, since this material has a low molecular weight of around 1000 
g/mole and a high amine end group concentration of 580 mmole/kg (determined using amine 
end group titrations (see Section 3.2.6). Therefore the end group modification of this 
prepolymer can be easily characterised with 1H-NMR spectroscopy. The reaction between the 
amine end groups and succinic anhydride (SA), given in Figure 3.2, results in the 
corresponding amic acid end groups. It cannot be excluded that at elevated temperatures the 
obtained amic acid is partially converted into the ring-closed imide with formation of a water 
molecule23. 
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Figure 3.2: Schematic representation of the amine end group modification of PA-6 or PA-6 

prepolymer with succinic anhydride. 
 
In Figures 3.3 and 3.4, 1H-NMR spectra are shown for unmodified PA-6 prepolymer and PA-
6 prepolymer modified with SA in toluene/10 mole% 1,4-dioxane for 24h at 90°C. The 
characters assigned to the peaks correspond to the characters given in the molecular structure 
with the spectra.  
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Figure 3.3: 1H-NMR spectrum of unmodified PA-6 prepolymer, recorded in TFE/CDCl3. 
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Figure 3.4: 1H-NMR spectrum of PA-6 prepolymer modified with succinic anhydride in 

toluene/10 mole % 1,4-dioxane at 90°C for 24h, recorded in TFE/CDCl3. 
 
We focus attention on the protons of the methylene groups directly next to the amine end 
groups (D in Figure 3.3). For the unmodified PA-6 prepolymer these protons result in a triplet 
between 2.9 and 3.0 ppm. This triplet should disappear after modification with the succinic 
anhydride, and new absorption peaks should appear for the methylene protons of the amic 
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acid end groups and the imide end groups (the latter being formed only at elevated 
temperatures). This indeed was found (Figure 3.4): the triplet between 2.9 and 3.0 ppm had 
disappeared after reaction with succinic anhydride and between 2.4 and 2.7 ppm new peaks 
were found for amic acid methylene protons. At 2.72 ppm a singlet was observed, belonging 
to the methylene protons of the closed imide ring, which obviously had been formed at this 
temperature to some extend. The triplet around 2.4 ppm belongs to the methylene proton 
groups adjacent to the carboxylic acid end groups. This triplet has shifted from around 2.25 to 
around 2.35 ppm after modification because of a change in acidity of the entire solution. This 
shift was proven by adding amino capronic acid to the solution in the NMR tube. 
Subsequently a second spectrum was recorded. This resulted in a shift of the triplet around 
2.35 back to around 2.25 ppm, indicating the influence of the acidity of the entire solution. 
The triplet of the methylene protons adjacent to the imide end groups is observed at 3.5 ppm. 
This triplet overlaps with the spinning side bands of the TFE absorptions, and is not shown in 
Figure 3.4. In this way we have shown that the succinic anhydride was transported into the 
solid PA-6 powder by the solvent mixture and subsequently reacted with the amine end 
groups. For the modifications at 50°C (in hexane/1,4-dioxane) the triplet between 2.9 and 3.0 
ppm, typical for the protons of the methylene groups directly next to the amine end groups of 
unmodified PA-6, did not completely disappear. The modification of the amine end groups of 
PA-6 prepolymer proceeded more pronounced at higher temperature. However, a quantitative 
comparison of these results remains difficult, since not only the temperature was changed, but 
at the same time a different solvent was chosen (toluene instead of hexane). Since it is known 
that even at 50ºC anhydrides react with primary amines, the more complete modification at 
higher temperature is probably also caused by a better solubility of the anhydride and 
enhanced diffusion of the anhydride into the prepolymer particles.  
Comparing the modification results at 50ºC in hexane/1,4-dioxane obtained for the addition of 
5, 10 and 20 mole% 1,4-dioxane to hexane, 1H-NMR showed that most complete blocking 
was obtained with the addition of 10 mole% polar additive followed by 5 mole%, and 
subsequently 20 mole%. This same trend was found for the modification in toluene/1,4-
dioxane. The concentration of 10 mole% was therefore used in the amine end group 
modifications in supercritical and subcritical fluids. 
 
3.3.3 Sorption measurements 
Sorption by PA-6 of 1) pure CO2, 2) CO2 containing 10 mole% 1,4-dioxane, 3) CO2 saturated 
with succinic anhydride (SA, around 5 wt.% in CO2) and 4) CO2/10 mole% 1,4-dioxane 
saturated with SA, was investigated in order to achieve a better idea of the amount of 
supercritical fluid absorbed in the amorphous region of the polymer. A magnetic suspension 
balance was used to determine the amount of fluid absorbed by the polymer. The mass 
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increase of the polymer samples, due to sorption of the fluid, and the density of the fluid were 
simultaneously recorded in time.  
The sorption of a fluid into a polymer is dependent on the crystallinity of the polymer. The 
diffusion of a supercritical fluid and therewith the diffusion of small molecules, dissolved in 
this fluid, into an amorphous polymer is much more pronounced than into a crystalline 
polymer, as a result of better swelling of the polymer. As a consequence, the sorption by the 
PA-6 granules is not expected to be large since PA-6 is a semi-crystalline polymer. Also the 
fact that PA-6 has a polar character, due to the amide bonds in the polymer chain, does not 
have a positive effect on the amount of CO2 absorbed by the polymer. 
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Figure 3.5: Sorption by PA-6 granules versus time. – –: sorption of CO2 saturated with 

SA by PA-6 at 140ºC and 80 bars; – –: sorption of CO2 by PA-6 at 140ºC and 
80 bars. 

 
In Figure 3.5 the sorption of CO2 and CO2 saturated with SA in grams per gram PA-6 is 
plotted versus time. The sorption kinetics were determined from these sorption data. Equation 
[2] was used for the first 60 min., resulting in diffusion coefficients D1. Equation [3] was used 
for longer sorption times where the equilibrium sorption ∞M  was almost reached, resulting in 
diffusion coefficients D2. D1 values based on eq. [2] show smaller deviations than the D2 
values based on eq. [3]. The reason is the logarithmic expression in eq. [3]. Since two 
different equations are used, D1 and D2 values are not compared. 
Figure 3.5 demonstrates that the equilibrium sorption of pure CO2 is 0.02 g CO2/g PA-6, 
which is reached after approximately 5h (– –). For the sorption of CO2 saturated with SA the 
diffusion into the PA-6 granules is much slower and there is still a weight gain after 15h (see 
Figure 3.5 – –). The equilibrium sorption of CO2 saturated with SA is estimated to be 0.02 
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g/g as well. Looking at the short sorption times of the two measurements, D1 is 1·10-10 m2/s 
for sorption of CO2 and 2·10-12 m2/s for sorption of CO2 saturated with SA. For longer 
sorption times, D2 values are respectively 3·10-11 and 5·10-12 m2/s for the sorption of pure CO2 
and CO2 saturated with SA.  
The slower penetration of CO2 saturated with SA into the polymer compared to pure CO2 is 
explained in terms of reduction of the free volume: the SA will react with the amine end 
groups of the polymer resulting in a reduced space in the amorphous phase, which will result 
in a slower diffusion. Furthermore the slower diffusion can be caused by a change in acidity 
of the polymer: the unmodified PA-6 granules are neutral or slightly basic (see the amounts of 
amine and acid end groups in Table 3.3). When the SA reacts with the amine end groups, 
amic acid end groups are formed, which are responsible for a shift to a more acidic system. 
Since the solubility of CO2 in an acidic environment is less than in a neutral or basic 
environment, the diffusion into the PA-6 granules is expected to be slower.  
The equilibrium value of 0.02 g/g polymer for CO2 sorption lies in the same range as was 
found by Von Schnitzler et al.17. For the sorption of two disperse dyes in scCO2 by PET, they 
found a slower uptake of a dye-CO2 system compared to pure CO2, which is in agreement 
with the results obtained in this chapter. They concluded that the diffusion into PET is also 
dependent on the solubility of the dye in scCO2. Therefore, we investigated whether or not the 
sorption of CO2/10mole% 1,4-dioxane, saturated with succinic anhydride, by PA-6 would 
increase with respect to the results obtained for pure CO2, since the addition of 1,4-dioxane 
enhances the solubility of succinic anhydride in CO2. 
In Figure 3.6 the sorption of the CO2, saturated with SA, as well as the sorption of CO2/1,4-
dioxane, saturated with SA, by the PA-6 granules at 50 and 140ºC is plotted versus time. 
It can be seen that the sorption of CO2/1,4-dioxane saturated with SA by PA-6 at 140ºC and 
80 bars (– –) not only goes faster than the sorption of CO2 saturated with SA by PA-6 at 
140ºC and 80 bars (– –), but also the equilibrium amount of fluid absorbed by the polymer is 
higher, i.e. the equilibrium sorption of CO2/1,4-dioxane, saturated with SA, is estimated to be 
0.048 g /g PA-6 which is 2.4 times higher than the equilibrium sorption of CO2, saturated 
with SA, which is 0.02 g /g PA-6. The D1 values are respectively 4·10-12 m2/s and 2·10-12 
m2/s. For longer sorption times, D2 values are respectively 6·10-12 and 5·10-12 m2/s, indicating 
that the sorption rate in CO2/1,4-dioxane is still higher than the sorption rate in CO2 at longer 
sorption times. Clearly, the diffusion of CO2, containing 10 mole% 1,4-dioxane, into the PA-6 
granules is much faster than the diffusion of pure CO2 into the PA-6 granules.  
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Figure 3.6: Sorption by PA-6 versus time. – –: sorption of scCO2 saturated with SA by PA-6 

at 140ºC and 80 bars; – –: sorption of scCO2/1,4-dioxane saturated with SA by 
PA-6 at 140ºC and 80 bars; – –: sorption of subcritical CO2/1,4-dioxane 
saturated with SA by PA-6 at 50ºC and 80 bars. 

 
Comparing the sorption of scCO2/1,4-dioxane, saturated with SA, by PA-6 granules at 140ºC 
(– –, supercritical conditions) and 50ºC (– –, subcritical conditions), the initial diffusion is 
faster at 140ºC. The D1 values are respectively 4·10-12 m2/s at 140ºC and 8·10-13 m2/s at 50ºC.  
However, after approximately 8h the amount of fluid absorbed in both measurements is the 
same within the experimental error of ± 2 µg. From that time on also the diffusion rate is 
approximately the same in both measurements (D2 = 6·10-12 m2/s). 
 
3.3.4 Modification of the amine end groups of PA-6 granules with succinic anhydride in 

supercritical or subcritical media 
As discussed in Section 3.3.1, the addition of 1,4-dioxane to liquid organic solvents resulted 
in the most complete blocking of the amine end groups of PA-6 granules, thanks to an 
increase of the polarity of the mixture. For supercritical fluids, this increase of polarity of the 
mixture enhances the sorption and swelling of the PA-6 granules (Section 3.3.3). 
Furthermore, the addition of 1,4-dioxane resulted in an enhanced solubility of the blocking 
agent in the mixture. The critical pressures (Pc) and critical temperatures (Tc) for mixtures of 
propane and 1,4-dioxane and mixtures of CO2 and 1,4-dioxane were estimated using Kay’s 
rule24 (Table 3.2). 
In view of these calculations, modifications in supercritical fluids were performed at 140°C 
and 70 bars in propane/1,4-dioxane mixtures and at 100 or 140°C and 80 bars in CO2/1,4-
dioxane mixtures, to ensure operation in the supercritical region.  For reactions in the 
subcritical region, temperatures of 70°C and 100°C and a pressure of 70 bars were applied for 
propane/10 mole% 1,4-dioxane mixtures. For CO2/10 mole% 1,4-dioxane mixtures, 50°C and 
80 bars were applied. 
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Table 3.2 Critical pressures (Pc) and temperatures (Tc) of propane, CO2, and 1,4-dioxane and 

calculated values using Kay's rule for Pc and Tc for mixtures of propane or CO2 
with 10 mole% 1,4-dioxane. 

Fluid Pc (bars) Tc (°C) 
propane 42.5 96.7 

 CO2 73.8 31.1 
1,4-dioxane 52.1 313.9 

propane/10 mole% 1,4-dioxane 43.4 118.4 
CO2/10 mole% 1,4-dioxane 71.7 59.3 

 
By “subcritical” is meant that the modifications are performed below the critical point, i.e. in 
homogeneous liquid mixtures of either propane or CO2 with 1,4-dioxane. So, the sub- or 
supercritical character of the solvent mixtures was regulated by adjusting the temperature, 
while keeping the pressure at a constant level. 
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Figure 3.7: Amine end group modification of PA-6 with succinic anhydride in supercritical 

or subcritical propane/10 mole% 1,4-dioxane. – –: 70ºC, 70 bars, subcr. fluid; 
– –: ref. exp. without SA, 100ºC, 70 bars, subcr. fluid;  – –: 100°C, 70 bars, 
subcr. fluid; – –: ref. exp. without SA, 140ºC, 70 bars, sc fluid; – –: 140°C, 
70 bars, sc fluid. 

 
In Figures 3.7 and 3.8, the concentration of the amine end groups upon blocking with 
succinic anhydride in respectively propane/10 mole% 1,4-dioxane and CO2/10 mole% 1,4-
dioxane are given vs. time. It has to be noted that the amine end group concentrations of the 
modification at 100ºC and 70 bars, and its unmodified reference were determined on samples, 
which had been dissolved in m-cresol and precipitated in methanol (see Table 3.3). For the 
other modifications amine end group concentrations were determined on granules. This 
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explains the discrepancy of 5 mmole/kg between the amine end group concentration at time t 
= 0. The corresponding relative viscosities and discolouration of the granules after 
modification are given in Table 3.4, Entries 2, 4, 6, 7, 9 and 11.  
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Figure 3.8: Amine end group modification of PA-6 with succinic anhydride in 

supercritical or subcritical CO2/10 mole% 1,4-dioxane; – –: 50ºC, 80 bars, 
subcr. fluid; – –: ref. exp. without SA, 100ºC, 80 bars, sc fluid; – –: 100°C, 
80 bars, sc fluid; – –: ref. exp. without SA, 140ºC, 80 bars, sc fluid; – –: 
140°C, 80 bars, sc fluid. 

 
The influence of both mixtures on the polyamide, in absence of succinic anhydride, was also 
investigated. This was done because degradation or post condensation of PA-6 can occur, 
when the polymer is brought at elevated temperatures, depending on the conditions and 
environment of the polymer. The reference experiment in propane/10 mole% 1,4-dioxane at 
100ºC (Figure 3.7: – –) showed no change in amine end group concentration within the 
experimental error (Figure 3.7: decrease from 50 to 47 mmole/kg) and a constant ηrel in 
formic acid (compare Entry 3 (ηrel = 2.59) with Entry 1 (ηrel = 2.58) of Table 3.4). When PA-
6 was placed in CO2/10 mole% 1,4-dioxane at 100ºC (Figure 3.8: – –), a small increase in 
amine end group concentration from 50 to 54 mmole/kg after 4h reaction time was observed, 
and the ηrel decreased to a value of 2.52 (Entry 8, Table 3.4). These observations imply that 
the PA-6 had neither degraded nor post condensated after 4h in propane/10 mole% 1,4-
dioxane, but did show some thermal degradation when kept in CO2/10 mole% 1,4-dioxane at 
100ºC for 4h. Since succinic anhydride is not present in these cases, we have to stress that the 
decrease in ηrel, found for the latter experiment, cannot be caused by a different interaction of 
the polymer end groups with the solvent used for the determination of the relative viscosity 
(see Section 3.3.5). We are aware that CO2 itself can react with amine end groups with the 
formation of a carbamic acid, but this reaction is reversible and CO2 will split off above 
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100ºC. The precipitated reference samples were dissolved in m-cresol at 125ºC and therefore 
cannot contain carbamic acid end groups, which influence the relative viscosity. 
The reference experiments (SA free) in propane/10 mole% 1,4-dioxane and CO2/10 mole% 
1,4-dioxane at 140ºC (Figures 3.7 and 3.8: – –) showed a decrease in amine end group 
concentration (respectively from 55 to 49 mmole/kg in Figure 3.7 and from 50 to 33 
mmole/kg in Figure 3.8) after 24h reaction time. The ηrel had increased in both cases 
(compare respectively Entry 5 (ηrel = 2.52) with Entry 1 (ηrel = 2.47) for PA-6 granules and 
Entry 10 (ηrel = 2.75) with Entry 1 (ηrel = 2.58) for PA-6 powder of Table 3.4). These 
observations imply that in both cases some amine and carboxylic acid end groups had reacted 
with each other and therefore have resulted in chain extension. From these results we can 
conclude that there exists equilibrium between degradation and post condensation of the PA-6 
and that post condensation is favoured at higher temperatures. Again, the change in ηrel, found 
for these experiments, cannot be caused by a different interaction of the polymer end groups 
with the solvent used for the determination of the relative viscosity, since no SA was added 
(see Section 3.3.5). The amine end group concentrations at t = 0 for these reference reactions 
differ because the sample at 100ºC is precipitated from m-cresol, whereas the sample at 140ºC 
was not (see Table 3.3). 
 
In Table 3.4, the relative viscosity and a qualitative indication for the discolouration of the 
granules after 4h of modification are given. The samples have been precipitated from m-
cresol into methanol after being modified, unless stated otherwise (see subscript, Table 3.4). 
The precipitation is necessary to remove residual succinic anhydride, which might not have 
been removed completely upon releasing the pressure. To obtain a good reference material, 
the unmodified PA-6 was also dissolved in either m-cresol or TFE/CHCl3 and precipitated in 
methanol. The amine and carboxylic acid end group concentrations and the relative viscosity 
of unmodified PA-6 granules and (dissolved and precipitated) powder are given in Table 3.3. 
From this table it is clear that purification of the sample by dissolving in m-cresol, followed 
by precipitation, raises the relative viscosity and decreases the amine end group concentration 
by 5 mmole/kg. This increase in relative viscosity and minor decrease in amine end group 
concentration is probably caused by extraction of low molecular weight oligomers.  
 
Table 3.3 Specifications of unmodified PA-6 granules and powder, precipitated from m-

cresol or TFE/CHCl3 (1:1 v/v) in methanol 
Polyamide 6 Granules Precipitated 

from m-cresol 
Precipitated from 

TFE/CHCl3 

[NH2 end groups]  (mmole/kg) 55 ± 2 50 ± 2 53 ± 2 
[COOH end groups] (mmole/kg) 53 ± 3 55 ± 3 55 ± 3 
Rel. viscosity (ηrel) in formic acid 2.47 ± 0.02 2.58 ± 0.02 2.49 ± 0.02 
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The results for the modification of the amine end groups with succinic anhydride in 
propane/10 mole% 1,4-dioxane show that raising the temperature from 70°C (Figure 3.7, –

–) via 100°C (Figure 3.7, – –) to 140°C (Figure 3.7, – –), results in more complete 
blocking. At 140°C, already after 2h a decrease from 55 to 11 mmole/kg amine end groups is 
observed. At this temperature the propane/1,4-dioxane mixture is a supercritical fluid, 
whereas at 70°C and 100°C, this mixture is a homogeneous (subcritical) liquid. It is known that 
the diffusion rate of a supercritical fluid into a polymer is much higher than that of a liquid25. 
This probably explains the fast and more complete blocking of the amine end groups at 140ºC, 
since the reactivity of SA towards amine end groups is already significant at 70ºC. Despite of 
the fast blocking at 140°C, drawbacks for the reaction at this temperature are the decrease in 
ηrel (from 2.58 to 2.35) and the brown discolouration of the granules (compare Entry 6 with 
Entry 1, Table 3.4). 
 
Table 3.4 Relative viscosity (ηrel) in 90 wt.% formic acid and discolouration of unmodified 

and modified PA-6 after 4h of modification. Samples are precipitated from m-
cresol. a Granules (not precipitated), b Precipitated from TFE/CHCl3, c 24h 
reaction time instead of 4h. 

Entry Conditions ηrel in 
formic acid 

Discolou-
ration 

1 PA-6 (unmodified) 2.58/2.47a/ 
2.49b 

– 

2 subcr. propane/10 mole % 1,4-dioxane, 70°C 2.46b – 
3 reference, subcr. propane/10 mole % 1,4-dioxane, 

100°C 
2.59 + 

4 subcr. propane/10 mole % 1,4-dioxane, 100°C 2.49 – 
5 reference, sc propane/10 mole % 1,4-dioxane, 140°C 2.52a,c – 
6 sc propane/10 mole % 1,4-dioxane, 140°C 2.35 ++ 
7 subcr. CO2/10 mole % 1,4-dioxane, 50°C 2.46a – 
8 reference, sc CO2/10 mole % 1,4-dioxane, 100°C 2.52 +– 
9 sc CO2/10 mole % 1,4-dioxane, 100°C 2.46b – 
10 reference, sc CO2/10 mole % 1,4-dioxane, 140°C 2.57 

2.75c/2.61a,c 
+– 

11 sc CO2/10 mole % 1,4-dioxane, 140°C 2.28 +– 
12 reference, decaline/10 mole % diethylene glycol diethyl 

ether, 100°C 
2.50b +– 

13 decaline/10 mole % diethylene glycol diethyl ether, 
100°C 

2.58 – 

14 decane/10 mole % 1,4-dioxane, 100°C 2.48 +– 
15 reference, decaline/10 mole % diethylene glycol diethyl 

ether, 140°C 
2.54b + 

16 decaline/10 mole % diethylene glycol diethylether, 
140°C 

2.30 +– 

 Symbols for discolouration: ++ = dark brown; + = yellow/brown; +– = light yellow; – = white 
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As is explained in Section 3.3.5, the decrease in ηrel is partially caused by chain scission and 
partially by the different interaction of the modified and unmodified amine end groups with the 
solvent in which the ηrel is determined. The strong discolouration is probably caused by the 
(limited) reaction between imide carbonyl groups and the amine end groups of PA-6, which 
results in C=N bonds.  
 
The modification in CO2/10 mole% 1,4-dioxane was performed under subcritical conditions, 
i.e. at 50°C (in a homogeneous liquid mixture) and under supercritical conditions, i.e. at 100 
and 140ºC, leaving the pressure unchanged (respectively Entries 7, 9 and 11, Table 3.4 and 
Figure 3.8, – –: 50 ºC, – –: 100ºC, – –: 140°C). Even at 50ºC, the blocking of the amine 
end groups with succinic anhydride proceeded fast, but the amine end group concentration 
levelled off at a value of 30 to 35 mmole/kg. The constant but relatively high value, which is 
reached, can possibly be explained in terms of 1) limited mobility of the amorphous phase of 
the PA-6 and 2) worse solubility of the SA in the CO2/10 mole% 1,4-dioxane mixture at this 
low temperature, because when operating at a temperature below the Tg (55°C) of PA-6, the 
mobility of the amorphous phase is limited, resulting in a limited mobility of the polymer 
chain ends. Furthermore, since the sorption of this CO2/10 mole% 1,4-dioxane saturated with 
SA is slower at 50ºC than at 140ºC for the first 4h, but does reach the same value after 8h 
(Figure 3.6), this means that an insufficient amount of SA is impregnated into the PA-6 
granules. The relative viscosity did not decrease, which was expected since hydrolysis of the 
amide bond in the polymer chains at this low temperature is not likely. For the modification in 
scCO2/10 mole% 1,4-dioxane at 100°C the amine end group concentration decreases to a 
value of 34 mmole/kg after 4h, but is expected to decrease further with time, since this 
temperature is approximately 50ºC above the Tg, which means enhanced flexibility and 
swellability of the amorphous phase. It was expected that the modification of the amine end 
groups with succinic anhydride in CO2 at 100ºC would proceed faster than the modification at 
50ºC. However, at 50ºC the modification of the amine end groups seems to go faster. The 
reason for this is that at 100ºC degradation of the polymer occurs, resulting in the generation 
of new amine end groups, which partially compensates the end group modification (see 
reference experiment at 100ºC in Figure 3.8). This results in an overall less complete end 
group modification. At 50ºC, hardly any or no degradation of the polymer occurs. For the 
modification in scCO2/10 mole % 1,4-dioxane at 140°C, again a large decrease in amine end 
group concentration was found (from 50 to 14 mmole/kg, Figure 3.8, – –), however, the ηrel 
in formic acid decreases from 2.58 to 2.28. The granules discoloured only slightly. This 
decrease in the relative viscosity, which will be discussed in section 3.3.5, was partially 
caused by chain scission (degradation) and partially by the different interaction of the blocked 
polymer end groups with the solvent. In this case the formation of new amine end groups 
caused by partially degradation, described for the modification at 100ºC, is overruled by the 
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fast modification of the amine end groups with SA at 140ºC. Therefore a low concentration in 
amine end groups could be obtained. 
 
Now that we have shown that the succinic anhydride does react with the amine end groups 
under the applied conditions, it is of interest to check whether only the amine end groups 
close to the surface of the granules or also the amine end groups in the core of the granules 
are modified. To get a better insight into the diffusion of the SA into the polyamide granules, 
a simple and straightforward approach is applied: cutting a cross section of the granule and 
investigate the granule from the surface to the core visually and with FTIR spectroscopy. 
 

 

 

Figure 3.9: a: FTIR spectra of a cross section of a PA-6 granule modified with SA in 
scCO2/10 mole% 1,4-dioxane at 140ºC for 4h: a = surface, b = 200 µm from the 
surface, c = core, d = surface of unmodified PA-6. b: full spectra of Figure 3.9a. 
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Figure 3.10: FTIR spectra of a cross section of a PA-6 granule modified with SA in 
scCO2/10 mole% 1,4-dioxane at 140ºC for 24h: a = surface, b = 200 µm from 
the surface, c = core. 

 

 

Figure 3.11: FTIR spectra of a cross section of a PA-6 granule modified with SA in 
subcritical CO2/10 mole% 1,4-dioxane at 50ºC for 4h: a = 40 µm from the 
surface, b = 20 µm from the surface, c = surface. 

 
When looking with the naked eye at a cross section of a coloured granule, the outer shell of 
the granule proved to be coloured, whereas the core of the granule was less coloured or even 
remained colourless. This observation suggests that the end group modification took place 
mainly in the outer shell of the PA-6 granules. To enforce these observations, FTIR 
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spectroscopy was used. A few modified PA-6 samples were investigated. The results obtained 
for PA-6 modified with SA in scCO2/1,4-dioxane at 140ºC and 80 bars for 4h, are given in 
Figure 3.9. At 1725 cm-1 an absorption peak is observed for the surface of the modified 
granule. This absorption is related to the formed acid end group and decreases for spectra 
obtained for positions in the granule closer to the core (a-c). In the core of the granule, this 
absorption has completely disappeared and the spectrum is similar to that of unmodified 
polyamide 6 (d).  
In Figure 3.10 spectra are shown for PA-6 modified with SA in scCO2/1,4-dioxane at 140ºC 
and 80 bars, but this time modified for 24h. Again at 1725 cm-1 an absorption peak is 
observed for the surface of the modified granule. This absorption decreased for the position in 
the granule closer to the core (200 µm, b), but to a much lesser extent than given in the case of 
granules modified for 4h (Figure 3.9). Even in the core, reaction of SA with the amine end 
groups had occured (c).  
In Figure 3.11 spectra are given for PA-6 modified with SA in subcritical CO2/1,4-dioxane at 
50ºC and 80 bars for 4h. Again at 1725 cm-1 an absorption peak is observed for the surface of 
the modified granule. However, when approaching the core, the absorption peak drastically 
diminished. Already at 40 µm from the surface (a), this absorption peak had almost 
disappeared. At 200 µm from the surface, the absorption peak had completely disappeared 
and the spectrum is similar to that of the unmodified PA-6. For this reason, the spectrum of a 
PA-6 cross section after modification in CO2/1,4-dioxane at 50ºC is not shown.  
Comparing the results from Figure 3.11 with the results from Figure 3.9, succinic anhydride 
penetrates much deeper into the polymer particles during the modification in CO2/1,4-dioxane 
at 140ºC than during the modification at 50ºC. In Figure 3.12 the intensity ratio of the 
absorption peak at 1725 cm-1 (from the formed COOH) and 1650 cm-1 (from the amide groups 
in the polymer chains) are given for PA-6 modified in CO2/1,4-dioxane at 50 and 140ºC. 
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Figure 3.12: Intensity ratio of the absorption peak at 1725 cm-1 and 1650 cm-1 versus 

impregnation of SA in the polymer particles, modified in CO2/1,4-dioxane at 50 
and 140ºC. 

 

From these data it is obvious that the blocking of the amine end groups had predominately 
occurred at the surface of the granules and hardly in the core of the granules, except when the 
temperature is relatively high and the reaction time is long enough. Apparently, the diffusion of 
CO2, and therewith the transportation of the blocking agent into the polymer, is insufficient to 
result in blocking of the end groups in the core of the granules. These findings are in agreement 
with the sorption of CO2 in the granules and with the end group titration results, i.e. the fact that 
the end group concentration does not go to zero. 
 
To investigate the possible advantage of the supercritical technique compared with the 
modification of granules in liquids at atmospheric pressures, modifications were performed 
with succinic anhydride in decane/10 mole % 1,4-dioxane at 100°C (Figure 3.9, – –) and in 
decaline/10 mole % diethylene glycol diethyl ether at 100°C and 140°C (Figure 3.9, 
respectively – – and – –). Still, it is difficult to compare the modifications in supercritical 
fluids with modification in common liquids and draw hard conclusions, since not only the 
phase of the reaction medium changes, but also the reaction medium itself (i.e. molecular size, 
polarity etc.). This was unavoidable since CO2 and propane are gases at ambient temperatures 
and pressures. Therefore attempts were made to get a feeling of the modifications in organic 
solvents with an apolar character, which approach the apolar character of CO2 and propane.   
For the modification at 140°C, 1,4-dioxane could not be used as the polar additive, because it 
has a boiling point of 101°C and therefore it would be laborious to keep the desired 
concentration of polar additive in n-decane of 10 mole% constant. Diethylene glycol diethyl 
ether however has 1) a boiling point of 189°C and 2) an ET

N-value reasonably close to that of 
1,4-dioxane. The ET

N-value, an empirical parameter indicating solvent polarity, is 0.164 for 
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1,4-dioxane and 0.210 for diethylene glycol diethyl ether26 (water for example has an ET
N-

value of 1.000). 
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Figure 3.13: Amine end group modification of PA-6 with succinic anhydride in liquid 

organic solvent mixtures at atmospheric pressure; – –: ref. exp., without SA, in 
decaline/10 mole% diethylene glycol diethyl ether, 100ºC, 1 bar; – –: 
decaline/10 mole% diethylene glycol diethyl ether 100°C, 1 bar; – –: decane/10 
mole% 1,4-dioxane, 100ºC, 1 bar; – –: ref. exp., without SA, in decaline/10 
mole% diethylene glycol diethyl ether, 140ºC, 1 bar; – –: decaline/10 mole% 
diethylene glycol diethyl ether, 140ºC, 1 bar. 

 
Comparing the modifications at 100°C and at atmospheric pressure in liquid decane/10 
mole% 1,4-dioxane (Figure 3.13, – –) and in liquid decaline/10 mole% diethylene glycol 
diethyl ether (Figure 3.13, – –), the modification in decane/10 mole% 1,4-dioxane is slightly 
better. Since this latter solvent mixture resembles the chemical composition of the 
supercritical mixtures the most, we speculate that for the modification at 140°C with 1,4-
dioxane, instead of diethylene glycol diethyl ether as the polar additive, would result in an 
even lower amine end group concentration at all reaction times than what was found for the 
modification with diethylene glycol diethyl ether as the polar additive. Comparing the 
blocking at 100°C and 140°C in decaline/10 mole % diethylene glycol diethyl ether (Figure 
3.13, respectively – – and – –), amine end group concentrations respectively decrease 
from 50 to 39 mmole/kg and from 50 to 21 mmole/kg after 4h reaction time. Clearly, the end 
group modification at 140°C is much more complete and a lower concentration of amine end 
groups is reached. Comparing these values with those of the modification in sub- and 
supercritical fluids (Figure 3.7: 11 mmole/kg after 4h and Figure 3.8: 14 mmole/kg after 4h), 
better results were obtained for the modification in sub- and supercritical fluids at 100ºC and 
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140ºC, although the difference is less pronounced than expected. Especially when taking into 
account the fact that the modification at 140°C and atmospheric pressure with 1,4-dioxane 
instead of diethylene glycol diethyl ether would result in an amine end group concentration 
even below 21 mmole/kg. 
 
3.3.5 Molecular weight distribution of modified and unmodified PA-6 
In Table 3.4, the relative viscosity and a qualitative indication for the discolouration of the 
granules after 4h of modification are given. As shown in Table 3.4, decreases in relative 
viscosity were found, particularly for PA-6 samples, which were modified at 140°C. However, 
a decrease in relative viscosity does not necessarily imply a decrease in molecular weight as a 
result of chain scission of the polymer. The interaction of the polymer with the solvent, which 
directly determines the relative solution viscosity, can change when the end groups are changed. 
In other words the relative viscosity can change when the end groups are blocked, keeping the 
molar mass constant. Therefore, it is necessary to determine molecular weight distributions 
(MWD) and molecular weights ( wM ) of unmodified and modified PA-6 samples by SEC/DV 
measurements (Table 3.5).  
 
Table 3.5 Results of SEC/DV measurements in HFIP of unmodified and modified PA-6  
Entry Materials wM  

(kg/mole) 
wM / nM  

1 Unmodified PA-6, granules 23 2.3 
2 Unmodified PA-6, precipitated from m-cresol 25 2.2 
3 Unmodified PA-6, precipitated from TFE/CHCl3 26 2.2 
4 Sample 3 after 30 min. at 260°C 64 3.2 
5 PA-6 modified in propane/10 mole % 1,4-dioxane, 100°C, 

4h and precipitated from m-cresol 
25 2.2 

6 Sample 5 after 30 min. at 260°C 32 2.6 
7 PA-6 modified in sc CO2/10 mole % 1,4-dioxane, 140°C, 

4h and precipitated from m-cresol 
20 2.3 

8 Sample 7 after 30 min. at 260°C 21 2.5 
 

The unmodified PA-6 samples, which were dissolved and precipitated from m-cresol or 
TFE/CHCl3 (Entries 2 and 3, Table 3.5 and Figure 3.14), showed an increased molecular weight 
( wM ) compared to the unmodified PA-6 granules (Entry 1). This is not surprising, since low 
molecular weight oligomers are washed away during the precipitation step. 
Comparing the molecular weight distributions of modified PA-6 with unmodified PA-6 
(Compare Entries 5 and 7 with Entry 2, Table 3.5 and Figure 3.15) it shows that the molecular 
weight of PA-6 modified in propane/1,4-dioxane at 100°C remained constant. Before and 
after the modification the wM  is 25 kg/mole. 
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Figure 3.14: SEC/DV Chromatogram of unmodified PA-6 granules (- - -); unmodified 

PA-6 precipitated from m-cresol ( ); unmodified PA-6 precipitated from 
TFE/CHCl3 (− −); unmodified PA-6 precipitated from TFE/CHCl3 and 
subsequent treatment of 30 min. at 260ºC (----). 

 

 
Figure 3.15: SEC/DV Chromatogram of PA-6 modified in propane/10 mole % 1,4-dioxane, 

100°C, 4h and precipitated from m-cresol ( ); PA-6 modified in propane/10 
mole % 1,4-dioxane, 100°C, 4h and precipitated from m-cresol after 30 min. at 
260°C (- - -); PA-6 modified in sc CO2/10 mole % 1,4-dioxane, 140°C, 4h and 
precipitated from m-cresol (----); PA-6 modified in sc CO2/10 mole % 1,4-
dioxane, 140°C, 4h and precipitated from m-cresol after 30 min. at 260°C (− −). 

 
Therefore the decrease in relative viscosity, from 2.58 to 2.49 (see Table 3.4), does not imply 
a change in molecular weight, but a different interaction of the polymer end groups with the 
solvent used for the determination of the relative viscosity. A decrease in wM  and a slight 
broadening of the MWD were observed for the modification in CO2/1,4-dioxane at 140°C for 
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which the wM  is 20 kg/mole (Entry 7). Clearly, more low molecular weight material is 
present, indicating that chain scission had occurred. 
 
As was said in Section 3.3.2, at elevated temperatures (i.e. at temperatures above 140°C at 
ambient pressure), the obtained amic acid is partially converted into the ring-closed imide with 
formation of a water molecule. Hydrolysis of the amide groups in the polymer chain can then 
occur by the formed water molecule. The observed chain scission will accordingly result in a 
decrease of the relative viscosity, as was found here. So we can conclude that the decrease in 
relative viscosity, from 2.58 to 2.28, was partially caused by chain scission and partially by 
the different interaction of the polymer end groups with the solvent, which directly determines 
the solution viscosity. The increased wM  obtained for unmodified PA-6, precipitated from 
TFE/CHCl3, and after melt viscosity measurements (i.e. wM  is 64 instead of 26 kg/mole, 
Entry 4, Table 3.5 and Figure 3.14), is ascribed to the post condensation reaction, which occurs 
between the amine and carboxylic acid end groups in the melt at 260°C. This post condensation 
reaction and therewith a higher molecular weight, which can be expected for unmodified PA-6 
in the melt, should be absent or at least limited for polyamides of which the amine end groups 
have partially been blocked. Indeed PA-6 samples, either modified in propane/1,4-dioxane at 
100°C (Entry 5) or in CO2/1,4-dioxane at 140°C (Entry 7), show relatively small increases in 

wM  upon melting. These are respectively an increase from 25 to 32 kg/mole (Entry 6 and 
Figure 3.15; 32 mmole/kg amine end groups are left) and an increase from 20 to 21 kg/mole 
(Entry 8 and Figure 3.15; 34 mmole/kg amine end groups are left). These results clearly point to 
an increased melt stability of the partially end capped PA-6 (see also section 3.3.7) 
 
3.3.6 Differential scanning calorimetry (DSC) 
To check whether the end group modification might have a nucleating effect on the 
crystallisation behaviour of the polymer, one modified sample was molten and recrystallised 
(Table 3.6).  
 
Table 3.6 Results of DSC measurements of unmodified PA-6 and PA-6 modified with SA in 

scCO2/10 mole % 1,4-dioxane at 140°C and 80 bars for 4h 
Entry Conditions of modification Tm,1 

(ºC) 
∆Hfus,1 
(J/g) 

Tm,2  
(ºC) 

∆Hfus,2 
(J/g) 

Tc  
(ºC) 

1 Unmodified PA-6 224 89 223 66 177 
2 Modified PA-6  221 76 221 77 185 

 
Looking at the DSC results in Table 3.6, the degrees of crystallinity of the modified sample 
has increased after melting and subsequent crystallisation compared to the unmodified PA-6 
(∆Hfus,2 = 77 J/g for modified PA-6 and ∆Hfus,2 = 66 J/g unmodified PA-6). The differences in 
melting points (both Tm,1 and Tm,2) are only marginal. The crystallisation temperature (Tc) of 
modified PA-6 (Tc= 185ºC, Entry 2) is significantly higher than the crystallisation 
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temperature of unmodified PA-6 (Tc= 177ºC, Entry 1). The higher value for the Tc can be a 
result of 1) a nucleating effect (caused by the new end groups) or 2) a decrease in molecular 
weight.  
A nucleating effect might be possible, although the modified end groups look quite similar to 
the unmodified end groups. More likely is that the decrease in molecular weight of 5 kg/mole 
(Table 3.5, Entries 2 and 7) is the cause of the increased Tc. A commercially available PA-6  
(DSM Research) with a molecular weight of 5 kg/mole less than the unmodified PA-6, used 
in this work, has a Tc of 180ºC, which is only 3ºC higher than the Tc of unmodified PA-6, 
compared to 8ºC as is found here. Therefore we believe that the large increase in Tc is 
partially caused by a nucleating effect and partially by a decrease in molecular weight. 
However, more DSC measurements need to be performed, to see whether this result is also 
observed for the other modified PA-6 samples. 
 
3.3.7 Melt stability of modified and unmodified PA-6 
One of the reasons to modify the end groups of PA-6, was to obtain a polymer with improved 
melt stability. In Figure 3.16, the influence of the end group modification on the melt stability 
of PA-6 is shown. For ω = 1 rad/s the relative complex viscosity η* (t) / η* (5 min.) is plotted 
versus the residence time in the melt. The relative complex viscosity  (η*) after 5 min. was 
taken as the reference zero-point. Figure 3.16 clearly shows the improved melt stability for 
PA-6 samples modified with succinic anhydride, compared with the unmodified PA-6. Where 
unmodified PA-6 showed a relative complex viscosity η* (30 min.) / η* (5 min.) of 3.0, the 
relative complex viscosity η* (30 min.) / η* (5 min.) remained 1.0 for PA-6 modified at 
140°C in both supercritical propane/10 mole% 1,4-dioxane and scCO2/10 mole% 1,4-dioxane. 
But also PA-6 modified at 100°C in subcritical propane/10 mole% 1,4-dioxane, showed an 
improved melt stability (relative complex viscosity η* (30 min.) / η* (5 min.) is 1.4), during 
which process the granules did not show discolouration. From these results we can conclude 
that our method of blocking the amine end groups of PA-6 greatly improves the melt stability of 
PA-6, even if the temperature at which the end capping is performed is only 100ºC.  
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Figure 3.16: Melt stability versus time of unmodified PA-6 and PA-6 modified with 

succinic anhydride; – –: unmodified PA-6; – –: propane/10 mole% 1,4-
dioxane, 100ºC, 70 bars; – –: propane/10 mole% 1,4-dioxane, 140ºC, 70 bars; 
– –: CO2/10 mole% 1,4-dioxane, 140ºC, 80 bars. 

 
3.4 Conclusions 
 
In this chapter it was shown that it is possible to block the amine end groups, present in PA-6 
granules, with succinic anhydride in supercritical and subcritical fluids. From model reactions 
with PA-6 prepolymer in liquid organic solvents, it was found that the addition of 1,4-dioxane 
as a polar additive to the supercritical fluid results in improved blocking of the amine end 
groups. Sorption measurements showed that the addition of 1,4-dioxane to CO2 resulted in an 
improved swelling and sorption of the granules, which is favourable for the amine end group 
modifications. For the blocking of the amine end groups, best results were obtained at 140°C, 
although at this high temperature the PA-6 strongly discoloured, which is undesired for most 
applications. Discolouration is absent for modification at T ≤ 100ºC. A decrease in relative 
viscosity, which was found for PA-6 modified in propane/10 mole% 1,4-dioxane mixtures or 
CO2/10 mole% 1,4-dioxane mixtures at 100°C or 140°C, seemed to indicate that chain 
scission had occurred. However, GPC measurements pointed out that no change in molecular 
weight was observed for PA-6 modified in propane/10 mole% 1,4-dioxane at 100°C. The 
decrease in relative viscosity, observed for PA-6 modified at 140°C, proved to be only 
partially caused by a decrease in molecular weight, caused by the reaction of water formed 
during modification with the amide bond in the polymer chain, which resulted in chain 
scission.  
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For the melt stabilities of the modified PA-6, best results were obtained after the modification 
of PA-6 with succinic anhydride in sc propane/1,4-dioxane and in scCO2/1,4-dioxane at 
140°C, but also the modification at 100°C in subcritical propane/1,4-dioxane clearly showed 
improved melt stability compared with the unmodified PA-6.  
Overall, it can be concluded that the amine end group modification of solid PA-6 particles 
with succinic anhydride is optimum in subcritical propane/1,4-dioxane at 100°C, if all 
relevant aspects like the decrease in amine end groups after modification, the molecular 
weight stability, the colour stability, and the improved melt stability are taken into account. 
The advantage of supercritical fluid modification in comparison with modification in organic 
solvents at atmospheric pressures was not as pronounced as expected, although quantitative 
comparison remains difficult. 
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End group modification of PA-6 
with 1,2-epoxybutane in 
supercritical fluids 

 
 
Synopsis: This chapter deals with the modification of the amine and carboxylic acid end 
groups of polyamide 6 (PA-6) granules with 1,2-epoxybutane in supercritical or subcritical 
fluids. This chapter is closely related to Chapter 3. The modified polyamide samples were 
analysed by end group titrations, by solution and melt viscosity measurements, and by SEC/DV 
measurements. The aim of the modification of the end groups of PA-6 in supercritical fluids 
was to obtain a polyamide with enhanced melt stability without changing other properties of 
the polymer, thanks to relatively mild reaction conditions which can be applied. 
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4.1 Introduction 
 
Since this chapter is strongly related to Chapter 3, the introduction on polyamides, their 
applications and the modification of polymers in supercritical fluids is omitted here, but can 
be found in the previous chapter.  
Contrary to the results described in Chapter 3, this chapter describes the blocking of both the 
amine and the carboxylic acid end groups of PA-6 in supercritical and subcritical fluids. This 
time 1,2-epoxybutane was used as the blocking agent, which was impregnated into the 
swollen polyamide granules where it was able to react with the end groups. The aim of 
blocking the end groups of PA-6 is to avoid undesired side reactions, such as chain extension, 
thereby improving the melt stability during processing without changing the molecular weight 
distribution.  
 
4.2 Experimental 
 
4.2.1 Materials 
Polyamide-6 (PA-6) granules of the type Akulon F124 (film grade) were kindly supplied by 
DSM Research, the Netherlands. These granules had an amine end group concentration of 55 
± 2 mmole/kg, a carboxylic acid end group concentration of 53 ± 2 mmole/kg, and a relative 
viscosity in 90 wt.% formic acid (ηrel) of 2.47 ± 0.02. 1,2-Epoxybutane was purchased from 
Aldrich. Chloroform, m-cresol (97%), chloroform-d, 1,1,1,3,3,3-hexafluoro-2-propanol 
(HFIP) and 2,2,2-trifluoroethanol (TFE, 99.8 %) were purchased from Acros Organics. 1,4-
Dioxane and concentrated HCl were purchased from Merck. CO2 (purity 4.5) was purchased 
from Hoekloos and propane (purity 3.5) from Messer-Griesheim. All chemicals were used as 
received. 
 
4.2.2 Modification of PA-6 with 1,2-epoxybutane in supercritical or subcritical media 
Approximately 15 g of granules of polyamide-6 (PA-6) and 1.12 g of 1,2-epoxybutane (a ten-
fold excess based on the sum of the amine and carboxylic acid end groups of PA-6) were put 
in a glass tube, which was placed in a 50 ml high-pressure cell (pressure maximum is 850 
bars). After closing the high-pressure cell, the fluid (being either propane or CO2, with 10 
mole%1,4-dioxane) was added. The desired pressure and temperature were obtained by first 
raising the temperature and subsequently increasing the amount of fluid. The modification 
was performed in either sub- or supercritical mixtures of propane and 10 mole% 1,4-dioxane, 
or in sub- or supercritical mixtures of CO2 and 10 mole % 1,4-dioxane. Temperatures of 50-
140°C and pressures of 70-80 bars were applied. The reactions were followed in time. The 
applied reaction times were 1, 2, 4, and 24h. After the modification, the pressure was slowly 
released and the temperature was allowed to decrease to below 50°C before opening the high-
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pressure cell in order to avoid discolouration of the granules by oxidation. The granules were 
washed with acetone and dried in a vacuum oven at 80°C for 16h under a nitrogen flow. 
 
4.2.3 Titration analysis of unmodified and modified PA-6 
The end group concentrations of unmodified and modified PA-6 were determined by titration 
using a Metrohm titration apparatus. Titrations were performed using both PA-6 granules and 
PA-6 powder. PA-6 powder was obtained by dissolving the granules and subsequently 
precipitating the polymer. The precipitation procedure and the titration procedure are described 
in detail in Section 3.2.6 of Chapter 3. 
 
4.2.4 Determination of the relative viscosity of PA-6 
The determination of the relative viscosity of unmodified and modified PA-6 samples is 
described in detail in Section 3.2.7 of Chapter 3. 
 
4.2.5 FTIR spectroscopy 
FTIR spectra of thin slices cut from the middle of PA-6 granules (Figure 4.1; thickness of 
cross section is 20 µm) were recorded on a BioRad FTS 6000 spectrometer equipped with a 
microscope.  
 
 

Figure 4.1: Schematic representation of a PA-6 granule. The cross section is depicted in 
grey.  

 
4.2.6 Size exclusion chromatography (SEC) 
The number and weight average molecular weights ( nM  and wM ) as well as the molecular 
weight distributions of PA-6 samples were determined by SEC/DV using a Hewlett Packard 
1090M2 with mixed silica columns (Messrs. PSS). The system was equipped with a refractive 
index detector, UV detector and Viscotek Differential Viscometer detector. The eluent used was 
HFIP containing 0.2 wt.% potassium trifluoro acetate. The flow was 0.4 ml/min. PA-6 
samples with known MWD (provided by DSM Research) were used for the conventional 
calibration.  
 
4.2.7 Differential scanning calorimetry (DSC) 
A Perkin Elmer differential scanning calorimeter (type Thermal Analysis, Pyris) was used for 
the DSC measurements on unmodified and modified PA-6. A thin slice from the middle of a 
granule (cross section) was cut off and used for the DSC measurements (see Figure 4.1). The 
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samples were carefully dried before the measurements to limit as much as possible the 
hydrolytic degradation during heating. The samples were measured in the temperature range 
from 50 to 260ºC with a heating and cooling rate of 10ºC/min. 
 
4.2.8 Melt viscosity measurements of PA-6 
Melt viscosities of modified and unmodified PA-6 were measured with a Rheometric Scientific 
Rhios V4.4.4 at 260°C after residence times in the melt of 5, 10, 15, and 30 minutes. 
 
4.3 Results and discussion 
 
4.3.1 Modification of the amine and carboxylic acid end groups of PA-6 granules with  

1,2-epoxybutane in supercritical or subcritical media 
1,2-Epoxybutane was used as blocking agent for the end groups of PA-6, since this compound is 
reactive towards both carboxylic acid and the amine groups1,2. Moreover, it is a relatively small 
compound, which is favourable for its impregnation into the swollen PA-6 granules. In Figure 
4.2 the reaction scheme is given for the modification of the amine and carboxylic acid end 
groups with 1,2-epoxybutane. One must keep in mind that both amine and carboxylic acid end 
groups of one polymer chain can be blocked, and that one amine end group is able to react with 
two molecules of 1,2-epoxybutane. 
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Figure 4.2: Schematic representation of the amine and carboxylic acid end group modification 
of PA-6 with 1,2-epoxybutane. 

 
As discussed in Sections 3.3.1 and 3.3.3 of Chapter 3, the addition of 10 mole% 1,4-dioxane 
to CO2 resulted in better blocking of the amine end groups of the PA-6, as a result of an 
increased polarity of the mixture and a better sorption of the mixture into the polymer 
granules. Most likely the addition of the polar 1,4-dioxane enhances the solubility of the 
blocking agent in the mixture as well. The modifications in supercritical fluids were 
performed at 140°C and 70 bars in propane/1,4-dioxane mixtures and at 100 or 140°C and 80 
bars in CO2/1,4-dioxane mixtures. For reactions in the subcritical region, temperatures of 
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70°C and 100°C and a pressure of 70 bars were applied for propane/10 mole% 1,4-dioxane 
mixture, whereas for CO2/10 mole% 1,4-dioxane mixtures, 50°C and 80 bars were applied. 
By “subcritical” is meant that the modifications are performed below the critical point, i.e. in 
homogeneous liquid mixtures of either propane or CO2 with 1,4-dioxane. 
When blocking the amine end groups with 1,2-epoxybutane, the primary amine groups are 
converted into secondary amine groups. These secondary amine groups cannot be 
distinguished from the original primary amine groups by standard titration experiments. Thus, 
no conclusions on blocking efficiency could be drawn from amine group concentrations 
determined by titration. We therefore focus attention on the blocking of the carboxylic acid 
end groups with titration measurements. Since, under similar conditions, epoxides are more 
reactive towards primary amines than towards carboxylic acids, it can be expected that the 
blocking of the amine groups is at least as efficient as the simultaneous blocking of the 
carboxylic acid groups. 
 
In Figure 4.3, the results of the carboxylic acid end group modification of PA-6 with 1,2-
epoxybutane in supercritical or subcritical propane/10 mole% 1,4-dioxane are given. The 
carboxylic acid end group concentrations were determined of PA-6 powder, which was 
obtained by dissolving the granules in m-cresol and precipitating it in methanol (see Section 
4.2.3). As discussed in Sections 3.3.4 of Chapter 3, the precipitation step is necessary to 
remove residual blocking agent, which might not have been removed completely upon 
releasing the pressure. To obtain a good reference material, the unmodified PA-6 was also 
dissolved in either m-cresol or TFE/CHCl3 and precipitated in methanol. The amine and 
carboxylic acid end group concentrations and the relative viscosity of unmodified PA-6 
granules and (dissolved and precipitated) powder are given in Table 4.1. From this table it is 
clear that purification of the sample by dissolving in m-cresol, followed by precipitation, 
raises the relative viscosity and decreases the amine end group concentration by 5 mmole/kg. 
This increase in relative viscosity and minor decrease in amine end group concentration is 
probably caused by extraction of low molecular weight oligomers.  
 
Table 4.1 Specifications of unmodified PA-6 granules and powder, precipitated from m-

cresol or TFE/CHCl3 (1:1 v/v) in methanol. 
Polyamide 6 Granules Precipitated 

from m-cresol 
Precipitated from 

TFE/CHCl3 

[NH2 end groups]  (mmole/kg) 55 ± 2 50 ± 2 53 ± 2 
[COOH end groups] (mmole/kg) 53 ± 3 55 ± 3 55 ± 3 
Relative viscosity (ηrel) in 90 wt.% 
formic acid 

2.47 ± 0.02 2.58 ± 0.02 2.49 ± 0.02 

 
The results for the modification of the carboxylic end groups in propane/10 mole% 1,4-
dioxane, demonstrated in Figure 4.3, show that under subcritical conditions, i.e. at 70 and 
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100ºC no reaction between the epoxide and the carboxylic acid end groups had occurred. 
Obviously, the fact that the concentration of 1,2-epoxybutane in propane/10 mole% 1,4-
dioxane of 100ºC is higher than in propane/10 mole% 1,4-dioxane of 70ºC is of minor 
importance. (The concentration 1,2-epoxybutane in propane/10 mole% 1,4-dioxane increases 
with increasing temperature, since with increasing temperature, keeping the pressure at a 
constant value of 70 bars, the density of the mixture decreases, resulting in a lower amount of 
propane/1,4-dioxane mixture present in the high pressure cell, were the amount of 1,2-
epoxybutane remains constant. This is the so-called concentration effect). 
With increasing temperature from 100°C (subcritical fluid) to 140°C (supercritical fluid), the 
blocking of the carboxylic end groups improves. After 4h, a decrease from 55 mmole/kg to 23 
mmole/kg carboxylic acid end groups is found for the modification in supercritical propane/1,4-
dioxane. The better modification is a result of increased reactivity of the 1,2-epoxybutane at 
140ºC compared to 100ºC, which dominates the effect of going from subcritical to supercritical 
conditions. This is confirmed in Chapter 6, where it is found that the modification of the 
carboxylic acid end groups of poly(butylene terephthalate) (PBT)  with 1,2-epoxybutane in 
supercritical CO2 at 120ºC hardly occurs.  
We have to keep in mind that, although the carboxylic acid end groups had not been modified 
at 70 and 100ºC, the amine end groups might have been end capped by the 1,2-epoxybutane at 
these temperatures (see earlier). 
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Figure 4.3: Carboxylic acid end group modification of PA-6 with 1,2-epoxybutane in 

supercritical or subcritical propane/10 mole% 1,4-dioxane 
– –: 70ºC, 70 bars, subcr. fluid; – –: ref. exp., 100ºC, 70 bars, subcr. fluid;  
– –: 100°C, 70 bars, subcr. fluid; – –: 140°C, 70 bars, sc fluid. 
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In Table 4.2, the influence of the modifications on the relative viscosity (ηrel in formic acid) 
and the discolouration of the granules is given. “Reference” samples (Entries 3, 5, 8 and 10) 
are samples, which were kept in the high-pressure cell, under the conditions given in Table 4.2, 
to which no 1,2-epoxybutane had been added. This was done to study the effect of the sole 
supercritical or subcritical fluid on the end group concentration, the relative viscosity and the 
discolouration. 
 
Table 4.2 Relative viscosity (ηrel) in 90% formic acid and discolouration of unmodified PA-6 

and PA-6 modified with 1,2-epoxybutane for 4h in subcritical and supercritical 
fluids. Samples are precipitated from m-cresol unless indicated otherwise. 

Entry Conditions ηrel in 90% 
formic acid 

Discolouration 

1 PA-6 (unmodified) 2.58 / 2.47a 

/ 2.49b 
-- 

2 Subcr. propane/10 mole% 1,4-dioxane, 70°C 2.56 -- 
3 Reference, subcr. propane/10 mole% 1,4-

dioxane, 100°C 
2.59 + 

4 Subcr. propane/10 mole% 1,4-dioxane, 100°C 2.53 -- 
5 Reference, sc propane/10 mole% 1,4-dioxane, 

140°C 
2.52a,c  -- 

6 Sc propane/10 mole% 1,4-dioxane, 140°C 2.40/2.23c -- 
7 Subcr. CO2/10 mole% 1,4-dioxane, 50°C 2.60 -- 
8 Reference, scCO2/10 mole% 1,4-dioxane, 100°C 2.52 +- 
9 ScCO2/10 mole % 1,4-dioxane, 100°C 2.48b -- 

10 Reference, scCO2/10 mole% 1,4-dioxane, 140°C 2.57 
2.75c/2.61a,c 

+- 

11 ScCO2/10 mole% 1,4-dioxane, 140°C 2.30 -- 
 a Granules (not precipitated), b Precipitated from TFE/CHCl3, c 24h reaction time instead of 4h. Symbols for 
discoloration: + = yellow/brown; +- = light yellow; -- = white 
 

As can be seen in Table 4.2 several relative viscosities decreased after modification. Entry 6 
shows that the relative viscosity of polymer powder has decreased from 2.58 to 2.40 already 
after 4h of modification in propane/1,4-dioxane at 140ºC. This large decrease was not observed 
for the modifications at 70 and 100°C (Entries 2 and 4 in Table 4.2). One explanation for this 
decrease could be that the polymer had degraded at 140ºC (i.e. chain scission), resulting in the 
formation of more end groups, which subsequently can be blocked by the 1,2-epoxybutane. 
On the other hand it is possible that, due to the formation of new end groups, the interaction 
of these end groups with the solvent, used for the solution viscosity measurements, had 
changed, i.e. that the relative viscosity had changed upon blocking the end groups. For some 
modified samples, this was checked by determining the molecular weights of the polymer (see 
Section 4.3.2). In that section the explanation for the viscosity drop will be given. 
Looking at the discolouration of the granules, only the reference samples (i.e., granules 
without the addition of 1,2-epoxybutane) were discoloured, whereas the modified samples 
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were not, which is an advantage of the modification with 1,2-epoxybutane in comparison with 
the modification with succinic anhydride, described in Chapter 3. 
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Figure 4.4: Carboxylic acid end group modification of PA-6 with 1,2-epoxybutane in 

supercritical or subcritical CO2/10 mole %1,4-dioxane 
– –: 50ºC, 80 bars, subcr. fluid; – –: ref. exp., 100ºC, 80 bars, sc fluid;  
– –: 100°C, 80 bars, sc fluid; – –: 140°C, 80 bars, sc fluid. 

 
In Figure 4.4 and Table 4.2 (Entries 7, 9 and 11), the results for the modification of the 
carboxylic acid end groups in CO2/10 mole% 1,4-dioxane at 50, 100 and 140°C are shown. 
The carboxylic acid end group concentrations and the relative viscosities were determined on 
dissolved and precipitated PA-6 powders.  
The results show that under subcritical conditions, i.e. at 50ºC, hardly any reaction between 
the epoxide and the carboxylic acid end groups had occurred. Increasing the temperature to 
100ºC, thereby bringing the CO2/10 mole% 1,4-dioxane mixture into the supercritical state, 
does not result in a decrease in carboxylic acid end group concentration, despite the 
concentration effect of 1,2-epoxybutane in CO2/10 mole% 1,4-dioxane, as described earlier.  
With increasing temperature from 100°C to 140°C, the blocking of the carboxylic end groups 
improves. In scCO2/10 mole% 1,4-dioxane of 140ºC, already after 30 minutes a decrease from 
55 mmole/kg to 24 mmole/kg carboxylic acid end groups is observed, implying effective 
blocking. The better modification is a result of increased reactivity of the 1,2-epoxybutane at 
140ºC compared to 100ºC. The relative viscosity in formic acid for this modified PA-6 had 
decreased significantly (from 2.58 to 2.30). This decrease can be explained in terms of a 
different interaction of the polymer with the solvent (see Section 4.3.2). This large viscosity 
drop is not observed for the modification at 50ºC, and only a small viscosity drop is observed 
for the PA-6 modified at 100°C (Entries 7 and 9 in Table 4.2).  
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A preliminary conclusion from the CO2/1,4-dioxane results might be that going from 
subcritical (a homogeneous liquid) to supercritical conditions (from 50 to 100ºC) is not 
enough to block the carboxylic acid end groups of PA-6. Not only a quick sorption of 
CO2/1,4-dioxane containing 1,2-epoxybutane is needed (see results described in Chapter 3, 
Figure 3.6), but also a temperature exceeding 100ºC is required to get the chemistry going.  
For all modifications in CO2/1,4-dioxane the granules did not discolour (See Table 4.2), 
contrary to the modification with succinic anhydride described in Chapter 3. 
 
Now that we have shown that the 1,2-epoxybutane does react with the carboxylic acid end 
groups, it is of interest to check whether only the surface of the granules or also the core of 
the granules is modified, just like was done for the modifications of PA-6 granules with 
succinic anhydride in Chapter 3. Therefore, from both a granule, which was modified in 
CO2/1,4-dioxane at 140ºC for 4h, and an unmodified granule, a cross section was cut and 
investigated with FTIR spectroscopy. 
 

 

Figure 4.5: FTIR spectra of a cross section of a PA-6 granule modified with 1,2-
epoxybutane in scCO2/10 mole% 1,4-dioxane at 140ºC for 4h: a = surface, b = 
core,  
c = surface of an unmodified PA-6 granule. 

 
In Figure 4.5 it is shown that extra absorptions for the modified PA-6 were found at 1725, 
1121 and 874 cm-1 compared to unmodified PA-6. The absorption peak at 1725 cm-1 is 
ascribed to the carbonyl of the ester group, which is formed when the acid end group reacts 
with the epoxide. The absorption peaks at 1121 and 874 cm-1 are ascribed to the C-O stress 
vibration of the formed ester or the formed secondary alcohols. 
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Since there was no difference between the spectra for the surface and the core of the modified 
granule (a and b, Figure 4.5) and since both spectra a and b differ from the spectrum of the 
unmodified PA-6 (c in Figure 4.5), it is concluded that the modification had occurred in a 
quite homogeneous way.  
 
In section 3.3.3 of Chapter 3 it is discussed that CO2 saturated with succinic anhydride 
diffused slower into the PA-6 granules than pure CO2 because of a reduction of the free 
volume after partial blocking of the chain ends. Furthermore, the slower diffusion may be 
explained by the fact that a change to a more acidic polymer had occurred, when the reactive 
succinic anhydride (SA) had reacted with the amine end groups, forming amic acid end 
groups. Because the solubility of CO2 in an acidic environment is worse than in a neutral or 
basic environment, the diffusion into the PA-6 granules is slower. The epoxide used in this 
chapter is less reactive than the SA, resulting in a slower reduction of the free volume. 
Furthermore, upon reaction of the epoxide with both amine and carboxylic acid end groups, 
secondary alcohols are formed, which are more attractive towards CO2 than the formed amic 
acid groups in the case of succinic anhydride modification.  
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Figure 4.6: Carboxylic acid end group modification of PA-6 with 1,2-epoxybutane in 

liquid organic solvent mixtures at atmospheric pressure; – –: decaline/10 
mole% diethylene glycol diethyl ether, 100°C; – –: decane/10 mole% 1,4-
dioxane, 100ºC; – –: decaline/10 mole% diethylene glycol diethyl ether, 
140ºC. 

 
To investigate the possible advantage of the supercritical technique compared with the 
modification in organic liquids, modifications were also performed in decane/10 mole% 1,4-
dioxane at 100°C and in decaline/10 mole% diethylene glycol diethyl ether at 100°C and 
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140°C. We realise that it is difficult to compare the modifications in supercritical fluids with 
modification in common liquids and draw hard conclusions, since not only the phase of the 
reaction medium changes, but also the reaction medium itself (i.e. molecular size, polarity 
etc.). Diethylene glycol diethyl ether was chosen, instead of 1,4-dioxane, since 1) its boiling 
point is 189°C and therefore it remains a liquid during the modification at 140ºC and 2) it has 
a solvent polarity reasonably close to that of 1,4-dioxane (see also Section 3.3.4 of Chapter 
3). 
In Figure 4.6 the carboxylic acid end group concentration vs. time is given for these 
experiments. The carboxylic acid end group concentration of the precipitated PA-6 powders 
decreased from 55 to 49 and 40 mmole/kg after 4h reaction time at respectively 100°C and 
140°C in decaline/10 mole % diethylene glycol diethyl ether. Although the end group 
modification at 140°C is somewhat more effective than at 100°C (because the reaction at 
100ºC is too slow; see Chapter 6), the modification is not as effective as in supercritical fluids 
at 140ºC. The carboxylic acid concentrations after 4h at 140ºC are 23 mmole/kg in 
propane/10 mole %1,4-dioxane, 12 mmole/kg in CO2/10 mole %1,4-dioxane and 40 
mmole/kg in decaline/10 mole % diethylene glycol diethyl ether. Comparing the 
modifications at 100°C but in different solvent mixtures, the carboxylic acid end group 
concentrations are the same within the experimental error. Taking into account both the 
modifications with succinic anhydride  (Chapter 3, Fig. 3.13) and the liquid organic solvent 
modifications with 1,2-epoxybutane, the modifications in decane/10 mole % 1,4-dioxane are 
slightly more efficient than those in the corresponding decaline/ diethylene glycol diethyl 
ether based mixtures. Since this solvent mixture resembles the supercritical mixtures the 
most, we speculate that the modification in decane/10 mole % 1,4-dioxane at 140°C would 
result in a slightly lower carboxylic acid end group concentration than observed for the same 
modification in decaline/10 mole% diethylene glycol diethyl ether at 140ºC (resulting in a 
COOH concentration of 40 mmole/kg). So, the difference in blocking efficiency in liquids 
and sc fluids seems to exist in favour of the sc fluids. However, the advantage of using 
supercritical fluids for polymer modification is less pronounced than expected. 
 
In Table 4.3, the influence of the modifications in organic solvents on the relative viscosity 
(ηrel in formic acid) and the discolouration of the granules are given. “Reference” samples 
(Entries 2 and 5) are samples, which were kept in the high-pressure cell under the conditions 
given in Table 4.3, to which no 1,2-epoxybutane had been added. 
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Table 4.3 Relative viscosity (ηrel) in 90 wt.% formic acid and discolouration of unmodified 
PA-6 and PA-6 modified with 1,2-epoxybutane for 4h in organic solvents. 

Entry Conditions ηrel in formic 
acid 

Discolouration 

1 PA-6 (unmodified) 2.58 / 2.47a / 
2.49b 

-- 

2 Reference, decaline/10 mole% diethylene 
glycol diethyl ether, 100°C 

2.50b +- 

3 Decaline/10 mole% diethylene glycol diethyl 
ether, 100°C 

2.58 -- 

4 Decane/10 mole% 1,4-dioxane, 100°C 2.61 -- 
5 Reference, decaline/10 mole % diethylene 

glycol diethyl ether, 140°C 
2.54b + 

6 Decaline/10 mole% diethylene glycol diethyl 
ether, 140°C 

2.57 +- 

Samples are precipitated from m-cresol. a Granules (not precipitated), b Precipitated from TFE/CHCl3. Symbols 
for discoloration: + = yellow/brown; +- = light yellow; -- = white 
 

As can be seen for Entry 3 and 4, the relative viscosity after 4h of modification in the organic 
solvent at 100ºC did not decrease within the experimental error of ± 0.02. This is not surprising 
since Figure 4.6 showed that only a small amount of carboxylic acid end groups had been 
blocked. Surprising is that in organic solvents at 140ºC (Entry 6) no decrease in relative 
viscosity is observed whereas this was the case for the modifications in supercritical fluid 
mixtures. In Section 4.3.2 is explained that a decrease in relative viscosity is expected, 
because polymers with different end groups have different interaction with the solvent. We 
therefore expected at least a slight decrease in relative viscosity after the modification at 
140ºC in organic solvents since the carboxylic acid end group concentration decreased from 
55 to 40 mmole/kg. Maybe the change in carboxylic acid end group concentration is too 
limited to result in a significantly different interaction with the solvent. 
 
In summary, when comparing the results of the modifications in organic solvent mixtures at 
140ºC with those of the modification in sc propane/10 mole % 1,4-dioxane (Figure 4.3) and 
scCO2/10 mole %1,4-dioxane (Figure 4.4), better results were obtained for the modification in 
supercritical fluids, provided that the temperature was high enough to let the carboxylic acid 
end groups react with the epoxy groups. Furthermore, the modifications in propane/1,4-
dioxane and CO2/1,4-dioxane with 1,2-epoxybutane did not result in discoloured granules 
(See Table 4.2) contrary to the modification with succinic anhydride described in Chapter 3.  
 
4.3.2 Molecular weight distribution of modified and unmodified PA-6 
In Table 4.2, the relative viscosity and a qualitative indication for the discolouration of the 
granules after 4h of modification in subcritical and supercritical fluids are given. As was 
mentioned in the previous section, a change in end group concentration can influence the 
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value found for the relative viscosity. As shown in Table 4.2, decreases in relative viscosity 
were found, particularly for PA-6 samples, which were modified at 140°C. However, a 
decrease in relative viscosity does not necessarily imply a decrease in molecular weight, which 
could for example have been caused by chain scission of the polymer. The interaction of the 
polymer with the solvent, which directly determines the relative solution viscosity, can change 
when the end groups are changed, i.e. the relative viscosity can change when the end groups are 
blocked. Therefore, some of these modified PA-6 samples were subjected to SEC 
measurements to determine molecular weight distributions (MWD) and molecular weights 
( wM ) before and after modification (Table 4.4 and Figure 4.7).  
 
 
Table 4.4 Results of SEC measurements in HFIP on unmodified and modified PA-6. 
Entry Materials wM   

(kg/mole) 
wM / nM  

1 Unmodified PA-6, granules 23 2.3 
2 Unmodified PA-6, precipitated from m-cresol 25 2.2 
3 Unmodified PA-6, precipitated from TFE/CHCl3 26 2.2 
4 Sample 3 and subsequent treatment of 30 min. at 260ºC  64 3.2 
5 PA-6 modified in propane/10 mole % 1,4-dioxane, 100°C, 

4h and precipitated from m-cresol 
25 2.0 

6 Sample 5 and subsequent treatment of 30 min. at 260ºC 29 2.7 
7 PA-6 modified in CO2/10 mole % 1,4-dioxane, 140°C, 4h 

and precipitated from m-cresol 
25 2.0 

8 Sample 7 and subsequent treatment of 30 min. at 260ºC 35 2.3 
 
The unmodified PA-6 samples, which were dissolved and precipitated from m-cresol or 
TFE/CHCl3 (Entries 2 and 3), show an increased molecular weight ( wM ) compared to the 
unmodified PA-6 granules (Entry 1). This is not surprising, since low molecular weight 
oligomers are washed away during the precipitation step. Comparing the molecular weight 
distributions of modified PA-6 with unmodified PA-6 (Compare Entries 5 and 7 with Entry 2 of 
Table 4.4) it is shown that the molecular weight of PA-6 modified in either propane/1,4-
dioxane at 100°C or in CO2/1,4-dioxane at 140°C, remains constant. Before and after the 
modifications the molecular weights are 25 kg/mole. Therefore the decrease in relative 
viscosity, from 2.58 to 2.53 (Entry 4, Table 4.2) respectively to 2.30 (Entry 11, Table 4.2), 
does not imply a change in molecular weight, but a different interaction of the polymer with 
the solvent used for the determination of the relative viscosity. The increased wM  obtained for 
unmodified PA-6, precipitated from TFE/CHCl3, which was used in melt viscosity 
measurements (i.e. wM  is 64 instead of 26 kg/mole, Entries 3 and 4, Table 4.4 and Figure 
3.14, Chapter 3), is ascribed to the post condensation reaction, which occurs between the amine 
and carboxylic acid end groups at 260°C. This post condensation reaction, and therewith an 
enhanced molecular weight, which can be expected for unmodified PA-6 in the melt, should 
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be absent or at least limited for polyamides of which the end groups have partially been 
blocked. Indeed the PA-6 samples, either modified in propane/1,4-dioxane at 100°C or in 
CO2/1,4-dioxane at 140°C, shows relatively small increases in wM  upon melting. Increases 
from 25 to 29 kg/mole, Entry 6, Table 4.4, and from 25 to 35 kg/mole, Entry 8, Table 4.4 and 
Figure 4.7 were found, respectively. These results clearly point to an increased melt stability of 
the PA-6 (see also Section 4.3.4). 
 
 

 

Figure 4.7: SEC/DV Chromatogram of PA-6 modified in propane/10 mole % 1,4-
dioxane, 100°C, 4h ( ); PA-6 modified in propane/10 mole % 1,4-dioxane, 
100°C, 4h and subsequent treatment of 30 min. at 260ºC (---); PA-6 modified 
in CO2/
10 mole % 1,4-dioxane, 140°C, 4h (·····); PA-6 modified in CO2/10 mole % 
1,4-dioxane, 140°C, 4h and subsequent treatment of 30 min. at 260ºC (−  −). 

 
4.3.3 Differential scanning calorimetry (DSC) 
To check whether the end group modification might have a nucleating effect on the 
crystallisation behaviour of the polymer, one modified sample was molten and recrystallised 
(Table 4.5).  
 
Table 4.5 Results of DSC measurements of unmodified PA-6 and PA-6 modified with  

1,2-epoxybutane in scCO2/10 mole % 1,4-dioxane at 140°C and 80 bars for 24h. 
Entry Conditions of modification Tm,1 

(ºC) 
∆Hfus,1 
(J/g) 

Tm,2  
(ºC) 

∆Hfus,2 
(J/g) 

Tc  
(ºC) 

1 Unmodified PA-6 224 89 223 66 177 
2 Modified PA-6  224 82 224 65 179 
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Looking at the DSC results in Table 4.5, it is clear that the melt and crystallisation behaviour 
of the modified PA-6 is similar to that of unmodified PA-6. The differences in melting points 
(both Tm,1 and Tm,2), the degrees of crystallinity (∆Hfus,1 and ∆Hfus,2) and the  crystallisation 
temperatures (Tc) are only marginal.  
A nucleating effect (caused by the formation of new end groups) would result in a higher Tc, 
which is not the cause here, although the modified end groups look different than the 
unmodified end groups. For the modification of the end groups with succinic anhydride 
(Chapter 3) an increased Tc was observed, partially caused by a nucleating effect and partially 
by a decrease in molecular weight. Here, no decrease in molecular weight was found (Table 
4.4, Entries 2 and 7), which can result in an increased Tc. To check whether all 1,2-
epoxybutane modified PA-6 samples do not show a nucleating effect, more DSC 
measurements need to be performed. 
 
4.3.4 Melt stability of modified and unmodified PA-6 
In the previous section it was shown that modified samples after treatment at 260ºC for 30 
min. shows a relatively small increase in molecular weight compared to the unmodified PA-6 
after the same treatment. To confirm that the modification of PA-6 with 1,2-epoxybutane has a 
positive effect on the melt stability, rheology measurements were performed on the most 
promising modified PA-6 sample with respect to molecular weight, relative viscosity, 
discolouration, and end group concentration.  
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Figure 4.8: Melt stability versus time of unmodified PA-6 (– –) and PA-6 modified with  
1,2-epoxybutane in propane/10 mole% 1,4-dioxane at 100ºC and 70 bars (– –). 
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In Figure 4.8 the influence of the modification of PA-6 in subcritical propane/10 mole% 1,4-
dioxane at 100°C with 1,2-epoxybutane on the melt stability is shown. For ω = 1 rad/s the 
relative complex viscosity η* (t) / η* (5 min) is plotted against the residence time in the melt. 
This figure shows an improved melt stability for the modified PA-6 sample compared to the 
unmodified PA-6. At first sight this seems a surprising result, since the carboxylic end groups 
were hardly blocked (see Figure 4.3). Obviously, at this temperature the more reactive amine 
end groups are capable of reacting with the epoxide contrary to the carboxylic end groups. 
This indicates that the blocking of the amine end groups must be responsible (and is 
obviously sufficient) for the improved melt stability. 
 
4.4 Conclusions 
 
In this chapter it was shown that it is possible to block the carboxylic acid end groups, present 
in PA-6 granules, with 1,2-epoxybutane in supercritical and subcritical fluids. For the 
blocking of the carboxylic acid end groups, it was found that better blocking of the end 
groups occurred at higher temperatures. However after modification, at higher temperatures, a 
decrease in relative viscosity was found. SEC measurements showed that this decrease in 
relative viscosity not necessarily implies that chain scission had occurred, but that it must be 
the result of a different interaction of the modified polymer end groups with the solvent.  
For the melt stabilities of the modified PA-6, satisfying results were obtained after the 
modification of PA-6 in subcritical propane/10 mole% 1,4-dioxane at 100°C. An improved 
melt stability was obtained without discolouration of the PA-6 granules, due to the blocking 
of the amine end groups but leaving the majority of the carboxylic acid end groups 
unblocked. 
Overall, it can be concluded that the end group modification of solid PA-6 particles with 1,2-
epoxybutane in subcritical propane/1,4-dioxane at 100°C is optimum, if all relevant aspects 
like the decrease in end groups after modification, the molecular weight stability, the colour 
stability, and the improved melt stability are taken into account. With respect to the end group 
modification with succinic anhydride (SA) in Chapter 3, the modification with 1,2-
epoxybutane is preferred, since no discolouration occurred, and the 1,2-epoxybutane is less 
reactive than SA, which is favourable for the diffusion of the blocking agent to the core of the 
granules. 
  
4.5 References 
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End group modification of PA-6 
with diketene and diketene acetone 
adduct in supercritical CO2 

 
 
Synopsis: In this chapter the modification of the amine end groups of polyamide 6 (PA-6) 
granules with diketene and diketene acetone adduct in supercritical and subcritical CO2 is 
described. The modified polyamide samples were characterised by end group titrations, 
viscosity measurements, and FTIR spectroscopy. The aim of the modification of the amine end 
groups of PA-6 in supercritical fluids with diketene and diketene acetone adduct was to obtain 
a polyamide with enhanced melt stability without changing other properties of the polymer, 
which can be realised by the relatively mild reaction conditions that can be applied.  



Chapter 5 
___________________________________________________________________________ 

 90

5.1 Introduction 
 
In literature it is known that subcritical (liquid) and supercritical CO2 are able to dissolve a 
number of low- molecular weight compounds1. However, CO2 is a poor solvent for most 
polymers. Only a few polymers are known to have a good solubility in scCO2

2. Examples are 
fluoropolymers. Although CO2 is a bad solvent for most polymers, it does have the capability 
to swell polymers up to several mass percentages, especially polymers with an apolar 
character, since these have a better affinity with the apolar CO2. Besides swelling, scCO2 can 
act as a plasticiser for a variety of polymers3,4. These effects enable small molecules, which 
are dissolved in the CO2, to diffuse into the polymer. In this way, polymers can be modified 
not only in the outer layer but also closer to the core of the polymer particles. The small 
molecules can for example be monomers of a different class than the polymer matrix, which 
can be polymerised in an additional step. In this way polymer blends can be obtained. This 
was done by Muth et al.5.  The small molecule could also be a chemical reagent, which can 
chemically modify the amorphous part of polymers without melting the polymer first. 
The swelling of amorphous polymers, and therewith the diffusion of small molecules into the 
polymer, is much more pronounced than for crystalline polymers. Since polyamide 6 is a 
semi-crystalline polymer, the swelling is not expected to be large and polymer modification 
should preferably be performed above the Tg of 50-60ºC. Also the fact that polyamide 6 has a 
polar character, due to the amide bonds in the polymer chain, does not have a positive effect 
on the degree of swelling. 
To chemically modify the amine end groups of polyamide 6, a variety of compounds, such as 
anhydrides and acids, can be used6,7,8,9. The chemical reagents used in this chapter are 
diketene, which is the dimer of ketene, and diketene acetone adduct (2,2,6-trimethyl-4 H-1,3-
dioxin-4-one) (Figure 5.1). These compounds, including ketene (Figure 5.1), have been 
frequently used in industry since they are reactive towards a large variety of functional groups 
such as amines, alcohols, and carboxylic acids10,11,12, but to our knowledge, not to CO2. This 
makes them useful for the modification of polymer particles in supercritical CO2 under very 
mild reaction conditions, thereby avoiding undesired side reactions such as chain scission of 
the polymer chain, which may occur during for example melt modification. 
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Figure 5.1: Structure of ketene, its dimer and the diketene acetone adduct 
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Ketene is an extremely reactive, unstable and very toxic gas. It dimerises and polymerises 
very quickly, and therefore, if used at all, it should be prepared in situ. Much easier to handle 
are the liquid diketene and the diketene acetone adduct. Furthermore, these compounds are 
not reactive towards the amide groups in the PA-6 chain without a catalyst, whereas ketene is. 
Thus, blocking of the end groups of PA-6 can be performed without reaction with the amide 
bond, which would imply chain branching or scission of the polymer main chain.  
 
In this chapter the blocking of the amine end groups of PA-6 in supercritical and subcritical 
CO2 is discussed. Hereto, the highly reactive reagent diketene and the somewhat less reactive 
diketene acetone adduct are impregnated into the polyamide granules, where they can react 
with the amine end groups. In this way, the end groups of PA-6, which are present in the 
amorphous phase, can be modified without major side reactions because of the relatively mild 
reaction conditions that can be applied. 
 
5.2 Experimental 
 
5.2.1 Materials 
Polyamide 6 (PA-6) granules of the type Akulon F124 (film grade) were kindly supplied by 
DSM Research, The Netherlands. This type of polyamide granules has an amine end group 
concentration of 55 ± 2 mmole/kg, a carboxylic acid end group concentration of 53 ± 2 
mmole/kg, and a relative viscosity in 90 wt.% formic acid (ηrel) of 2.47 ± 0.02.  PA-6 
granules, which were dissolved in TFE/CHCl3 and precipitated in methanol (see Table 4.1 of 
Chapter 4), had an a amine end group concentration of 53 ± 2 mmole/kg, a carboxylic acid 
end group concentration of 55 ± 2 mmole/kg and a relative viscosity in 90 wt.% formic acid 
(ηrel) of 2.49 ± 0.02. Diketene was purchased from Fluka Chemica and distilled before use13. 
2,2,6-Trimethyl-1,3-dioxin-4-on (diketene acetone adduct) was purchased from Aldrich and 
was used as received. High-purity CO2 (4.7) was purchased from MTI, Germany, and was 
used as received. All chemicals used for titrations were of analytical grade.  
 
5.2.2 Solubility of blocking agents in CO2 

The solubility tests of diketene and diketene acetone adduct in CO2 were performed in a 10 ml 
high-pressure view cell equipped with sapphire windows and a heating jacket. Approximately 
75 mg of the blocking agent was placed in the cell to obtain the same concentration of blocking 
agent in CO2 as was used in the reactions. After evacuation of the air, a small amount of CO2 
was pressed into the high-pressure cell. Subsequently, the temperature was raised to 75ºC, 
which resulted in an increased pressure of about 60 bars. The pressure was further increased 
to around 300 bars by adding more CO2 (approximately 7.5 g CO2, which results in 
approximately 1 wt.% blocking agent in CO2). The pressure was then slowly reduced by 
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increasing the volume. At a certain point the fluid becomes turbid, the so-called cloud point. 
This means that two phases are forming. At this point the liquid blocking agent starts to 
separate from the CO2 and is no longer soluble in CO2. 
 
5.2.3 Sorption of CO2 in PA-6 
The procedure for the sorption measurement of pure CO2 in PA-6 is described in Chapter 3, 
Section 3.2.4.  
 
5.2.4 Modification of PA-6 with blocking agent 

After the reaction, the high-pressure cell was cooled down to room temperature, and the cell 
was depressurised. The polymer granules were washed several times with acetone and 
ethanol, to remove the excess of blocking agent, and dried in a vacuum oven at 80ºC during 
16h. 
 
5.2.5 Model reaction of n-heptylamine with 2,4-pentanedione 
In a 2-necked round bottom flask, equipped with a reflux condenser, a magnetic stirrer and an 
argon inlet, 2 ml of 2,4-pentanedione (19.5 mmole) was placed. An excess of n-heptylamine 
(7.5 ml, 50.4 mmole) was added drop by drop. The mixture was stirred for 24h at 100ºC.  
Afterwards, unreacted n-heptylamine and 2,4-pentanedione were evaporated. The crude 
yellow-brown liquid was analysed with 1H-NMR and 13C-NMR (APT) in CDCl3 (400 MHz). 
1H-NMR: δ = 0.89 ppm (3H, t), 1.21-1.44 ppm (8H, m), 1.59 ppm (2H, m), 1.92 ppm (3H, s), 

Approximately 20 g of PA-6 granules were placed in a 200 ml 
high-pressure cell (Figure 5.2). After purging the cell with CO2 
it was sealed. After evacuation of the air, a small amount of 
CO2 was pressed into the high-pressure cell (up to 20 bars). 
Then the temperature was increased. When the desired 
temperature was reached, the blocking agent was added 
together with CO2. Finally, more CO2 was pressed into the cell 
till the desired pressure was reached. (1-9 wt.% blocking agent 
in the CO2 depending on conditions and blocking agent used). 
A ten-fold excess of blocking agent was used based on both 
amine and carboxylic acid end group concentrations of PA-6 
when the more reactive diketene was used. When the less 
reactive diketene acetone adduct was used as blocking agent 
also a ten-fold excess was used, but in this case based on only 
the amine end group concentration of PA-6. During a given 
time the reaction took place while stirring the mixture of 
granules and blocking agent in CO2. 

 

 
Figure 5.2: High pressure 
cell (Büchi). 
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1.99 ppm (3H, s) 3.22 ppm (2H, q), 4.95 ppm (1H, s), 10.86 ppm (1H, b), (s = singlet; t = 
triplet; q = quartet; m = multiplet; b = bulk). 
13C-NMR: δ = 14.1 ppm (p), 18.8 ppm (p), 28.8 ppm (p), 22.7-32.1 ppm (s), 43.1 ppm (s) 
46.7 ppm (s), 95.1 ppm (t), 163.3 ppm (q), 194.5 ppm (q), (p = primary; s = secondary; t = 
tertiary; q = quarternary).  
 
5.2.6 Titration analysis of unmodified and modified PA-6 
The end group concentrations of unmodified and modified PA-6 (after washing and drying) 
were determined by titration using a Metrohm titration apparatus. Titrations were performed 
using both PA-6 granules and PA-6 powder. PA-6 powder was obtained by dissolving the 
granules in TFE/chloroform (1/1 v/v) and subsequently precipitating the polymer into 
methanol. The precipitation procedure and the titration procedure are described in detail in 
Section 3.2.6 of Chapter 3. 
 
5.2.7 Determination of the relative viscosity of PA-6 
The determination of the relative viscosity of unmodified and modified PA-6 samples is 
described in detail in Section 3.2.7 of Chapter 3. 
 
5.2.8 FTIR spectroscopy 
FTIR spectra of thin slices from the middle of PA-6 granules (thickness of cross section is 20 
µm) were recorded on a BioRad FTS 6000 spectrometer equipped with a microscope. Spectra 
were collected from the shell to the core of a cross section of a PA-6 granule (see also Section 
4.2.5 of Chapter 4). 
 
5.3 Results and discussion 
 
5.3.1 Solubility of blocking agents in CO2 

When modifying PA-6 in scCO2 with diketene or diketene acetone adduct, the goal is to swell 
the polymer by CO2 sorption and to dissolve the diketene or diketene acetone adduct in the 
absorbed CO2. Therefore solubility experiments of the diketene and diketene acetone adduct in 
CO2, at the reaction conditions used for the PA-6 modification, were performed. For the 
diketene acetone adduct at 75ºC and 60 bars, which is within the subcritical region, two phases 
exist: the liquid blocking agent and the gaseous CO2. When increasing the pressure to 300 
bars by adding more CO2 (at 75ºC), the two phases become one homogeneous fluid at 
approximately 100 bars. In addition, the pressure was slowly reduced from 300 bars by 
increasing the volume to determine the cloud point. At 110 bars the fluid becomes turbid, 
which means that phase separation occurred. This is the so-called cloud point. The same 
procedure was followed at 100ºC. Again, at 60 bars two phases co-exist, which become one 
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homogeneous phase with increasing pressure. When the pressure was slowly reduced from 
300 bars, the fluid becomes turbid at approximately 80 bars, indicating phase separation. 
Thus, the cloud point was observed at 100ºC and 80 bars. For the diketene, the cloud points 
were determined in the same way as for the diketene acetone adduct. At 75ºC the cloud point 
was observed at 130 bars. At 100ºC the cloud point was observed at 90 bars. In summary, for 
both diketene and diketene acetone adduct in CO2 at 75ºC and 100ºC at 60 bars, two phases are 
present. The modifications performed under these conditions are therefore performed under 
subcritical conditions as we call it, i.e. a liquid blocking agent co-exists with a gaseous CO2 
phase. At 75ºC and 100 bars, the modifications are performed in the near critical region, i.e. 
the liquid blocking agent is probably partly dissolved in the scCO2 phase. At 75ºC/300 bars, 
100ºC/100 bars, and 100ºC/300 bars, the modifications are performed under supercritical 
conditions, i.e. the liquid blocking agent is completely dissolved in the scCO2 phase and we 
are dealing with a homogeneous fluid. 
 
5.3.2 Sorption measurements of CO2 in PA-6 
The sorption of pure CO2 by PA-6 granules was investigated in order to achieve a better idea 
of the amount of supercritical fluid absorbed by the amorphous region of the polymer. A 
detailed description of the results is given in Section 3.3.3 of Chapter 3.  
 
The main conclusion was that an equilibrium sorption of pure CO2 of 2 wt.% is reached after 
approximately 5h exposure time. This is not a significant sorption, but sufficient for the 
modification of the amine end groups, as was shown in Chapter 3 and will be shown in the 
following sections. 
  
5.3.3 Modification of PA-6 granules with diketene and diketene acetone adduct in 

supercritical or subcritical CO2 
In our investigation into the development of chemical modification of swollen polymer 
particles in supercritical fluids, PA-6 with equal amounts of amine and carboxylic acid end 
groups was modified with diketene and diketene acetone adduct in supercritical and 
subcritical (gaseous) CO2 at 75 and 100°C and pressures of 60, 100 and 300 bars. 
Modifications at 75ºC and 60 bars (subcritical conditions; one gaseous CO2 phase) were 
chosen in order to investigate the difference between supercritical and subcritical end group 
modification. We like to emphasise that one important advantage of supercritical 
modifications compared to melt or solution modification is, that the PA-6 granules only swell 
and, after depressurisation, regain their original form and their free flowing character, and are 
free of residual swelling medium. So after performing the desired chemistry, removal of the 
modified granules from the reactor is easy, and the granules can be processed without any 
further treatment. 
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The amine end groups of PA-6, which are more reactive towards the blocking agents than the 
carboxylic acid end groups14,15, are converted into acetoacetamide end groups. If at all the 
carboxylic acid end groups react with the blocking agent, this would result in aliphatic 
anhydrides, which are hydrolytically unstable and therefore would be readily reconverted into 
the carboxylic acid end groups (Figure 5.3). Therefore we concentrate in this chapter on the 
modification of the amine end groups. To prevent the post condensation between amine and 
carboxylic acid end groups during melt processing, and accordingly avoiding an undesired 
raise in melt viscosity, blocking of only one of the end groups seems to be sufficient (see 
conclusions of Chapter 4). Depending on the conditions and reaction times used for the 
blocking of the end groups, the PA-6 granules may discolour during the end group 
modifications due to undesired side reactions (see further). 
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Figure 5.3: Acetoacetylation of end groups of PA-6 in scCO2. 
 
5.3.4 Molecular characterisation 
The amine end group modification of PA-6 granules was investigated under supercritical, 
subcritical and near critical conditions. At 75ºC/300 bars, 100ºC/300 bars and 100ºC/100 bars 
the modifications are performed under supercritical conditions. At 75ºC/100 bars 
modifications are performed under near critical conditions and at 75ºC/ 60 bars modifications 
are performed under subcritical conditions, which means that 2 phases co-exist (see Figures 5.4 
and 5.5). To investigate the amine end group modification under subcritical conditions, either a 
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temperature below the critical temperature of CO2 (Tc= 31.1ºC), or a pressure below the 
critical pressure of CO2 (Pc= 73.8 bars), or both had to be chosen. Reducing the temperature is 
not preferable, since the temperature is then below the Tg of PA-6 and the reactivity of the 
blocking agents with the end groups might be insufficient. Reducing the pressure is the only 
option and therefore, the end group modifications were performed at 75ºC and 60 bars.  
The decrease in amine end groups was analysed with titration experiments. The obtained 
amine end group concentration found for modified PA-6 granules was compared with the 
value for unmodified PA-6 granules (i.e. 55 ± 2 mmole/kg). For all samples, the amine end 
group concentration was determined on PA-6 granules, which were washed and dried in a 
vacuum oven at 80ºC for 16h. For some modified polyamide 6 samples the amine end group 
concentration was determined on granules, which were only washed after modification, but 
not dried at 80ºC in the vacuum oven, but dried at room temperature. This was done to check 
whether or not the drying step of the polymers in the vacuum oven at 80ºC might further 
reduce the amine end group concentration, due to residual blocking agent, which might 
further react with the amine end groups of PA-6 at 80ºC. No further decrease in amine end 
group concentration was observed, indicating that no reaction had occurred, if at all residual 
blocking agent was present. 
Furthermore, if unreacted blocking agent is not completely removed from the granules before 
the end group titration, it can influence the determined amine end group concentration. 
Therefore, for several modified PA-6 samples (after washing and drying, see Section 5.2.4) 
and for unmodified PA-6, the amine end group concentration was not only determined on the 
granules, but also on dissolved and precipitated powder. If indeed the blocking agent had been 
removed after washing and drying (16h at 80ºC in vacuum), the amine end group 
concentration should be the same for granules and powder within the experimental error. If 
the blocking agent is not completely removed, the amine end group concentration should be 
lower for granules than for powder, since then the weight of the granules is not based on 
100% polymer. For all modified samples the same amine end group concentration was 
observed for both granules and powder. This indicates that the blocking agent had been 
removed upon washing and subsequent drying.  
 
In Figures 5.4 and 5.5, the amine end group concentrations of PA-6 granules upon blocking 
with diketene, respectively with diketene acetone adduct in supercritical, subcritical and near 
critical CO2 are given vs. time. 
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Figure 5.4: PA-6 modification with diketene in CO2; – –: 75ºC and 300 bars 

(supercritical); – –: 100ºC and 300 bars (supercritical); – –: 100ºC and 100 
bars (supercritical); – –: 75ºC and 100 bars (near critical); – –: 75ºC and 60 
bars (subcritical). 
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Figure 5.5: PA-6 modification with diketene acetone adduct in CO2; – –: 75ºC and 300 

bars (supercritical); – –: 100ºC and 300 bars (supercritical); – –: 100ºC and 
100 bars (supercritical); – –: 75ºC and 100 bars (near critical); – –: 75ºC and 
60 bars (subcritical). 
 

From these figures, it can be derived that when 1) raising the temperature from 75°C to 100°C 
at constant pressure (i.e. either 300 or 100 bars), for modifications with either diketene or 
diketene acetone adduct, more amine end groups are blocked. Better blocking of the amine end 
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groups at higher temperature is expected: the reactivity of the diketene and the diketene acetone 
adduct increases with increasing temperature and the sorption of CO2 by PA-6 granules is 
supposed to be better at higher temperature, resulting in an increased penetration into the 
polymer of diketene and the diketene acetone adduct, which are dissolved in the CO2. The 
decrease in amine end group concentration for the diketene acetone adduct is less pronounced 
than for the end group modification with diketene at similar conditions.  This can be explained 
in terms of reactivity; at similar reaction conditions the diketene is more reactive than the 
acetone adduct. In addition, the acetone adduct molecule is more bulky, which might hamper its 
diffusion into the amorphous phase of polyamide granules. 
In general, when increasing the pressure, the polymer swelling increases, resulting in better 
diffusion of CO2 and therewith of blocking agent4. However, we found that with decreasing the 
pressure from 300 via 100 to 60 bars at constant temperature, for modifications with either 
diketene or diketene acetone adduct, more amine end groups are blocked.  
We believe that this result is due to the concentration effect of blocking agent in CO2 after 
raising the pressure (i.e. diluting the blocking agent with CO2, see Section 5.2.4). When looking 
in detail at the difference in the modifications at 100ºC at 100 and 300 bars for both diketene 
and diketene acetone adduct, a higher pressure is achieved by pressing more CO2 into the 
pressure cell. This resulted in a decreased concentration of diketene or diketene acetone adduct 
of around 5 wt.% to around 1.4 wt.% in CO2, which could explain the lower conversion of 
amine end groups into acetoacetamide end groups. This hypothesis was further investigated by 
performing an additional modification with diketene at 100ºC and 300 bars for 24h, but this 
time using twice as much diketene. Indeed a somewhat decreased amine end group 
concentration was observed, namely 21 mmole/kg instead of 25 mmole/kg. Obviously, with 
increasing the concentration of blocking agent, more amine end groups can be blocked.  
Although the blocking of the amine end groups is still not as good as for the blocking at 100ºC 
and 100 bars, we believe we can further improve the amine end group blocking by adding a 
larger excess of diketene with respect to the number of end groups. 
So, the fact that for the modification with diketene at 75ºC and 60 bars for 24h a low 
concentration of amine end groups was found (i.e. 8 mmole/kg), is ascribed to both the high 
reactivity of the diketene compared to the acetone adduct and the concentration effect.  
We expected a more efficient blocking of the amine end group when changing the reaction 
conditions from subcritical (two phases) to supercritical (one fluid phase) conditions, by 
increasing the pressure. However this could not be confirmed, since not only a change from 
subcritical to supercritical conditions occurred, but simultaneously the concentration effect 
occurred, which obviously is dominant here.  
Overall, taking into account the results of both Figures 5.4 and 5.5, for the first 4h best blocking 
occurred at 100ºC and 100 bars. Furthermore, the diketene resulted in a much better blocking of 
the amine end groups than the acetone adduct. After 24h an amine end group concentration of 
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11 mmole/kg was obtained for the modification with diketene (Figure 5.4), whereas for the less 
reactive acetone adduct under the same reaction conditions a concentration of 34 mmole/kg was 
obtained (Figure 5.5).  
 
After modification of the polyamides, all samples were coloured. The colour changed from 
white before modification to light yellow or even brown after modification, depending on the 
reaction conditions and reaction times. The strong discolouration of the polymer granules is 
caused by 1) polymerisation of the blocking agent10,16 and 2) the (limited) reaction between 
generated acetoacetamide end groups and the amine end groups of PA-6, which results in 
C=N bonds, giving the polymer its colour. The colour produced by polymerisation of the 
blocking agent can be removed by washing with hot ethanol16. However, after extraction of 
these oligomers, the granules are still coloured, which indicates the presence of chemical C=N 
bonds, formed by the chemical reaction described above. This formation of imine bonds was 
confirmed by performing a model reaction between n-heptylamine and 2,4-pentanedione, 
under conditions similar to those used for the modification of granules  (Figure 5.6). 
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Figure 5.6: Model reaction for the formation of imine bonds. 
 
The obtained liquid was yellow-brown. With 1H-NMR and 13C-NMR (APT) the liquid was 
characterised (Figures 5.7a and b). The 1H-NMR spectrum shows that only one carbonyl 
oxygen had reacted with the amine end group instead of both carbonyl oxygens, since the 
integrals of “a” and, for example, “g” are the same. Both 1H-NMR and 13C-NMR spectra 
show that structure B was mainly formed instead of A, since in the 1H-NMR spectrum the  
“f '” peak has an integral value half of that of peak “d”, indicating that peak “f '” must be 
ascribed to a CH group. Moreover, the 13C-NMR spectrum also shows that the “f '” carbon 
atom is a CH group and not a CH2 group. 
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Figure 5.7a: 1H-NMR of structure B of Figure 5.6 
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Figure 5.7b: 13C-NMR (APT) of structure B of Figure 5.6 
 
The relative degree of discolouration of the granules after modification is given in Table 5.1. 
With increasing temperature, at the same pressure, the PA-6 granules, which were modified 
with either the diketene or the diketene acetone adduct, become more coloured. Comparing 
the discolouration of PA-6 modified with diketene and diketene acetone adduct, it is clear that 
PA-6 becomes more coloured when modification is performed with the diketene. This is in 
line with the more complete blocking of the amine end groups using diketene, resulting in a 
larger amount of acetoacetamide end groups. Subsequently, more acetoacetamide end groups 
result in a more extensive formation of imine bonds. In general we can say that the more 
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pronounced discolouration is in agreement with the higher amount of blocked amine end 
groups (Figures 5.5 and 5.6). This observation is therefore an additional indication for the 
reaction causing the discolouration. 
 
Table 5.1: Relative degree of discolouration of PA-6 modified with diketene or its acetone 

adduct. 
Reaction conditions Reaction 

time (h) 
Discolouration 

after modification 
with diketene 

Discolouration after 
modification with 

diketene acetone adduct 
75ºC, 60 bars, (subcritical) 1 -+ -+ 
 4 + -+ 
 24 ++ + 
75ºC, 100 bars, (near critical) 1 -+ -- 
 4 + -+ 
 24 ++ + 
75ºC, 300 bars, (supercritical) 1 -+ -- 
 4 -+ -+ 
 16 -+ a 

 24 ++ -+ 
100ºC, 100 bars, 
(supercritical) 

1 + + 

 4 ++ + 
 24 +++ ++ 
100ºC, 300 bars, 
(supercritical) 

1 -+ -+ 

 4 + + 
 24 ++ + 
The symbols for discolouration mean: -- is white; -+ is white/yellow; + is yellow; ++ yellow/brown; +++ is 
brown. a Modification not performed 

 
For some modified PA-6 samples the relative viscosities were determined to investigate if 
chain scission or chain elongation had occurred (Table 5.2). Relative viscosities were 
determined for samples, exhibiting the smallest and the largest decrease in amine end group 
concentration after 24h (respectively Entries 1 and 2, Table 5.2), and for samples for which 
approximately half of the amine end groups were blocked (Entry 3). For granules modified 
with diketene under different conditions, the obtained relative viscosities had remained within 
the same range as the value of the starting material (i.e. 2.47). However, after the precipitation 
step, the relative viscosities had increased (see for example Entry 1, from 2.51 to 2.58 for  
PA-6 modified with diketene). This enhanced viscosity is still not clear to us. Either short 
oligomer chains have been washed out or some chain elongation had occurred when residual 
amine end groups react with the formed acetoacetamide groups. However, the latter 
suggestion should also have resulted in a decreased amine end group concentration, which is 
not confirmed by amine end group titrations (the amine end group concentrations remains the 
same within the experimental error).  
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Table 5.2: Relative viscosity of PA-6 granules modified with diketene and diketene acetone 

adduct. 
Entry Reaction conditions ηrel  (± 0.02) of PA-6 

modified with diketene 
ηrel  (± 0.02) of PA-6 

modified with diketene 
acetone adduct 

1 75ºC, 300 bars, 24h (sc) 2.51/2.58a 2.45/2.47a 
2 100ºC, 100 bars, 24h (sc) 2.48/2.55a 2.56/2.65a 
3 100ºC, 300 bars, 24h (sc) 2.50/2.66a 2.52/2.57a 

The ηrel of unmodified PA-6 is 2.47 ± 0.02. The ηrel of unmodified PA-6 after dissolving in TFE/CHCl3 and 
precipitation in MeOH is 2.49 ± 0.02. a Precipitated samples 

 
The relative viscosity of PA-6 granules modified with diketene acetone adduct at 100ºC and 
100 or 300 bars shows an increase after 24h reaction time (from 2.47 to resp. 2.56 and 2.52). 
Although the increase in viscosity is still small, it is beyond the experimental error of ± 0.02. 
This enhanced viscosity can be ascribed to some chain elongation when amine end groups 
react with the formed acetoacetamide groups. After the precipitation step, the relative 
viscosities had increased, as was found for the diketene based experiments. The same two 
suggestions can be given, but future SEC measurements should give a better insight into this 
problem. 
 
Now that we have shown that the blocking agent does react with the amine end groups, it is of 
interest to check whether only the amine end groups near the surface of the granules or also 
the amine end groups in the core of the granules are modified. To get a better insight into the 
diffusion of the diketene into the polyamide granules, a simple and straightforward approach 
is cutting a cross section of the granule and investigate the granule from the surface to the 
core visually and with FTIR spectroscopy. When looking with the naked eye at a cross section 
of a coloured granule, the outer shell of the granule appeared to be coloured, whereas the core 
of the granule had remained colourless. This observation suggests that the end group 
modification mainly took place in the outer shell of the PA-6 granules. To support these 
observations, FTIR spectroscopy was used. PA-6 modified with diketene in scCO2 at 100ºC 
and 100 bars for 24h (Figure 5.8) and PA-6 modified with diketene acetone adduct under the 
same conditions (Figure 5.9) were investigated by FTIR spectroscopy.  
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Figure 5.8: FTIR spectra of cross section of a PA-6 granule modified with diketene in scCO2 
at 100ºC and 100 bars at 24h. a =  surface; b = 100 µm from the surface; c = 200 
µm from the surface; d = core 

 
Both figures show a shoulder at 1720 cm-1 for the surface of the granule. This absorption is 
related to the formed acetoacetamide end group and decreases for positions in the granule 
closer to the core (a-c). In the core of the granule (d), this absorption has completely 
disappeared and the spectrum is the same as for unmodified polyamide 6 (not shown). 
Obviously, most of the blocking of the amine end groups had occurred at the surface of the 
granules and hardly in the core of the granules. Apparently, the diffusion of CO2, and therewith 
the transportation of the blocking agent into the polymer is too limited to result in blocking of 
the end groups in the core of the granules.  
In section 3.3.3 of Chapter 3 it was discussed that CO2 saturated with the reactive succinic 
anhydride diffused slower into the PA-6 granules than pure CO2 because of a reduction of the 
free volume, caused by extensive end capping of the end groups. The diketene used in this 
chapter is at least as reactive as the SA, resulting in a similar reduction of the free volume. 
The diketene acetone adduct is less reactive than the diketene, resulting in a slower reduction 
of the free volume, thereby allowing a deeper penetration of CO2 with the acetone adduct into 
the granules before extensive reaction hinders further diffusion. As a result, for different 
distances from the surface, the difference in absorption at 1720 cm-1 is smaller (See Fig. 5.9). 
Comparing the spectra of PA-6 modified with diketene and diketene acetone adduct, the 
absorption peak at 1720 cm-1 is more pronounced for all spectra obtained with the diketene as 
the blocking agent. This is not surprising since the smaller molecule is most likely to 
penetrate better and faster into the PA-6 granule. In addition, the reactivity, and therewith the 
efficiency, is higher in the case of diketene. 
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Figure 5.9: FTIR spectra of cross section of a PA-6 granule modified with diketene acetone 
adduct in scCO2 at 100ºC and 100 bars at 24h. a = surface; b = 100 µm from the 
surface; c = 200 µm from the surface; d = core 

 
5.4 Conclusions 
 
In this chapter it was shown that diketene, and to a lesser extent the diketene acetone adduct, 
are useful reagents for the blocking of amine end groups of polyamide-6 granules. A 
decreased amine end group concentration was obtained with increasing temperature and 
decreasing pressure. A disadvantage of blocking the amine end groups with these blocking 
agents is the inevitable discolouration of the granules, as was found with the modifications 
with SA (Chapter 3). The discolouration of the granules modified in this chapter was caused 
by side reactions such as polymerisation of the blocking agent and the condensation reaction 
between amine end groups and the carbonyls of the acetoacetamide end groups, which are 
formed upon end group modification. Using the blocking agent 1,2-epoxybutane (Chapter 4) 
for modification of PA-6 did not result in discoloured granules.  
FTIR spectra of cross sections of the modified polyamides showed that most extensive 
modification and discolouration of the granules occurred at the surface, implying that the 
diffusion of CO2, and therewith the blocking agent, into the core of the granules is hampered. 
Overall it can be concluded that the optimal blocking agent must be small, exhibit an 
intermediate reactivity towards the end groups in order to allow extensive penetration into the 
core of the granules before the blocking reaction starts to hinder further penetration, and must 
not result in discoloured granules. 
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Carboxylic acid end group 
modification of PBT in 
supercritical fluids 

 
 
Synopsis: In this chapter the modification of the carboxylic acid end groups of poly(butylene 
terephthalate) (PBT) granules with 1,2-epoxybutane in supercritical CO2 and in supercritical 
and subcritical mixtures of CO2 with 10 mole% 1,4-dioxane is described. The modified 
polyester samples were analysed by carboxylic acid end group titrations, by solution viscosity 
measurements, by DSC and SEC. The aim of the modification of the end groups was to obtain 
a polyester with enhanced hydrolytic stability without changing other properties of the 
polymer. Therefore, modified PBT samples, which showed the most complete blocking of the 
carboxylic acid end groups, were investigated with respect to hydrolytic stability and compared 
with the hydrolytic stability of unmodified, commercially available PBT. The variation of the 
relative and intrinsic viscosities of PBT with hydrolysis time was taken as a measure for the 
hydrolytic stability.  
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6.1 Introduction 
 
Poly(butylene terephthalate), PBT, is a material, which is widely used in a variety of 
applications. One of the applications is optical fibre tubing. These fibre tubes are buried in the 
ground and therefore it is necessary for this application that the polymer is hydrolytically 
stable. However, the hydrolytic stability of PBT is not optimal and should be improved. The 
hydrolysis of the ester bonds in the PBT chain is an auto-catalytic process, catalysed by the 
carboxylic acid end groups. The ability of the carboxylic acid end groups to hydrolyse the 
ester bonds of poly(ethylene terephthalate) (PET), was investigated by Buxbaum1 and several 
other researchers2,3. The auto-catalytic effect means that every time an ester functionality is 
hydrolysed, a new carboxylic acid end group is formed which further accelerates the 
hydrolysis process. By reducing the number of carboxylic acid end groups the hydrolysis can 
be retarded. Currently, people are reducing the carboxylic acid end group concentration by 
changing the polymerisation process conditions, e.g. by changing pressure and temperature, 
or by adding a polymerisation co-catalyst. Bikiaris et al.4 studied the effect of carboxylic acid 
end groups on the thermo-oxidative stability of PET and PBT. PET and PBT samples with 
low concentrations of carboxylic acid end groups were prepared by chain-extension reactions 
in the melt with diepoxides at 280ºC, respectively 250ºC. They found that the thermo-
oxidative stability increases with decreasing carboxylic acid end group concentration.  
 
A new and clean route, resulting in the carboxylic acid end group reduction of PBT, is the 
chemical modification of these end groups with reactive blocking agents in supercritical 
fluids. Supercritical CO2 is frequently used as a medium for dyeing of polyester fibres.5,6,7. 
The dye molecules are transported by the CO2 molecules into the swollen polymer particles, 
where they are physically or chemically bound. Chemically modifying the carboxylic acid 
end groups of PBT in supercritical fluids is therefore a logical step, with good commercial 
perspectives. 
 
Supercritical fluids do not dissolve the polyester but do have the possibility to swell the 
amorphous phase of the polymer. This is possible at relatively mild reaction conditions, which 
might to a large extent limit undesired side reactions or degradation reactions, possibly 
occurring during modification in the melt. Since the hydrolysis of ester functionalities of PBT 
takes place in the amorphous phase, it is important to block most of the carboxylic acid end 
groups, which are in this amorphous phase as well. When the PBT granules are swollen by a 
supercritical fluid, the blocking agent, which is dissolved in the fluid, can diffuse more easily 
into the amorphous phase of the granules. In this way significant amounts of carboxylic acid 
end groups can be blocked in a relatively short time. 
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The swellability of the polymer depends on the interaction of the supercritical fluid with the 
polymer and on the crystallinity of the polymer. The higher the percentage of crystallinity, the 
more difficult it is to swell the polyester. This was observed by Von Schnitzler et al.8. They 
investigated the swelling of PET by CO2 and the sorption of CO2 by the polymer. They found 
that the swelling of PET, with a crystallinity of about 33%, increased with increasing pressure 
and temperature, but only reached a swelling (volume increase) of 5 % v/v at 120ºC and 300 
bars. Under the same conditions amorphous bisphenol-A polycarbonate (PC) reaches more 
than three times the swelling value of PET. The mass uptake as a result of sorption of CO2 
into the PET was gravimetrically determined and was found to be around 3% w/w at 120ºC 
and 300 bars, whereas for PC the mass increase reaches around four times the sorption value 
of PET. Although, the authors suggest that the percentage of crystallinity is the reason for the 
bad sorption of CO2 by PET, they do not mention the possible influence of the different 
chemical structures of the polymers. 
Muth et al.9 studied the modification of different polymers by impregnation of monomers and 
concluded that the sorption of CO2 in poly(tetrafluoro ethylene) (PTFE) was low because of 
the high crystallinity of the polymer, but did not mention the percentage of crystallinity. 
Therefore we cannot compare these results with our results, since the sorption of CO2 is 
related to both the crystallinity and the chemical structure of the polymers. 
In this chapter poly(butylene terephthalate) (PBT) is used. The crystallinity of this type of 
semi crystalline polymer is approximately 40%, depending on the applied processing 
conditions. Since this PBT has an even higher percentage of crystallinity than the PET 
mentioned above, and sorption of CO2 only occurs by the amorphous phase, the swelling of 
PBT by CO2 and the sorption of CO2, in view of the similarity of the chemical structure of 
PET and PBT, are expected to lie in the range of 2 to 5 wt.%. In other words, the solubility of 
CO2 in PBT is expected to be poor. However, if nevertheless low concentrations of carboxylic 
acid end groups can be reached, the supercritical fluid modification technique still proves to 
be useful. 
  
It is known that the crystallinity of several polymers can be induced by scCO2

10,11,12,13,14,15,16. 
Brantley et al.10 used in situ FTIR spectroscopy to measure the sorption rate of CO2 by 
poly(ethylene terephthalate) and to determine the initial crystallinity and the crystallinity after 
the exposure of PET to CO2.  Crystallisation can only occur in the amorphous phase of the 
semi crystalline polymer when the operating temperature is above the glass transition 
temperature, Tg, and below the melting temperature, Tm, of the polymer.  When increasing the 
temperature above the Tg of the semi crystalline polymer, the mobility of the chains in the 
amorphous phase increases to such an extent that the chains can rearrange into the crystalline 
phase. This induced crystallinity can also be achieved by reducing the Tg to below the 
operating temperature by absorbance of plasticising CO2. 
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To investigate the hydrolytic stability of the polyesters, one can determine the intrinsic 
viscosity after a certain hydrolysis time. When the polymer chain is hydrolysed, the solution 
viscosity of the polymer will decrease. Therefore, we took the variation of the relative and 
intrinsic viscosity with hydrolysis time as a measure for the hydrolytic stability of the PBT.  
For dilute solutions, as used in this study, the following relation for the relative viscosity can 
be applied: 
 

00 t
t

rel ==
η
ηη           [1] 

In this equation t0 is the flow time for pure solvent (m-cresol) and t that for the polymer 
solution. 
The intrinsic viscosity is determined, within a few percent accuracy, from the relative 
viscosity for a single polymer solution concentration only. A number of mathematical 
techniques have been proposed to calculate the intrinsic viscosity. The equation used here is 
the following: 
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 (See also Figure 6.1) 
 
In this equation the inherent viscosity is: 
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where c is the concentration of the polymer solution and ηspec is the specific viscosity.  
These equations can be found in any basic polymer chemistry book17 and will therefore not be 
discussed in detail. 
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Figure 6.1: Double extrapolation for graphical estimation of intrinsic viscosity. 
 
In this chapter the chemical modification of the carboxylic acid end groups of PBT granules 
in supercritical fluids will be discussed, together with the influence of the reduced carboxylic 
acid end group concentration on the hydrolytic stability of the PBT. 
 
6.2 Experimental 
 
6.2.1 Materials 
Poly(butylene terephthalate) (PBT) granules with nM = 16.200 g/mole (accurately determined 
based on the end groups) a carboxylic acid end group concentration of 44 ± 2 mmole/kg, and 
a relative viscosity in m-cresol (ηrel) of 1.84 ± 0.02 were kindly supplied by DSM Research, 
the Netherlands. 1,2-Epoxybutane (Aldrich), 1,4-dioxane (Acros Organics), and m-cresol 
(Merck) were used as received. High-purity CO2 (4.5) was purchased from Hoekloos. All 
chemicals used were of analytical grade and used as received.  
 
6.2.2 Selection of most suitable polar additive for CO2 
PBT granules and an excess of 1,2-epoxybutane (a ten-fold excess based on the carboxylic 
acid end group concentration of PBT) were stirred in mixtures of decaline with 10 mole% of a 
polar additive at 180°C in a closed system for 4h. The pressure of the system at 180ºC was 
estimated by taking the sum of the partial vapour pressures of decaline, 1,2-epoxybutane and 
the polar additive. For all systems the pressure was approximately 2 bars. Acetone, 1,4-
dioxane and THF were chosen as the polar additives. The end group concentrations of all 
modified PBT samples were determined by titration. The polar additive, of which the addition 
to CO2 resulted in the most pronounced decrease of the carboxylic acid end group 
concentration of the PBT, was used as a polar CO2- additive for modifications in supercritical 
fluid mixtures. 
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6.2.3 Chemical modification of PBT with 1,2-epoxybutane in supercritical or subcritical 
media 

Approximately 15 g of granules of poly(butylene terephthalate) (PBT) and 0.48 g of 1,2-
epoxybutane (a ten-fold excess based on the carboxylic acid end group concentration of PBT) 
were placed in a 50 ml high-pressure cell (max. temperature = 200ºC, max. pressure = 850 
bars). After closing the cell, the liquid CO2 or the liquid mixture of CO2 with 10 mole% 1,4-
dioxane was added. The desired pressure and temperature were obtained by increasing the 
temperature and subsequently increasing the amount of liquid, which resulted in the desired 
pressure. So, the modification was performed in either pure CO2 or in a mixture of CO2 with 
10 mole% 1,4-dioxane (i.e. 18.2 wt.%). Temperatures of 120 and 180°C and pressures of 60, 
150 and 300 bars were applied. The reactions were performed during 1, 2, 4 and 24h. After the 
modification, the non-reacted 1,2-epoxybutane was extracted from the PBT granules with 
epoxide-free supercritical fluid of the same composition as the fluid, which had been used 
during modification. It was checked whether or not the extraction of non-reacted 1,2-
epoxybutane was complete (see Section 6.2.4). Subsequently, the pressure was slowly 
released and the temperature was allowed to decrease to room temperature before the cell was 
opened. The polymer granules were collected and were washed several times with acetone to 
remove the excess of blocking agent and 1,4-dioxane, which had remained as a thin liquid 
film on the surface of the granules. Then the granules were dried in a vacuum oven at 105-
110ºC during 16h under a nitrogen flow. 
 
6.2.4 Characterisation of unmodified and modified PBT 
The carboxylic acid end group concentrations of unmodified and modified PBT granules were 
determined by titration. Hereto, approximately 0.8 g (with 0.1 mg accuracy) of the PBT 
granules was dissolved in o-cresol. After dilution with chloroform, a photometric titration was 
performed with potassium hydroxide using bromocresol green as the indicator. The obtained 
carboxylic acid end group concentrations found for the modified PBT granules were 
compared with the value of unmodified PBT granules (i.e. 44 ± 2 mmole/kg).  
To make sure that the residual blocking agent has indeed been removed after the extraction, 
washing and drying steps, a few samples were dissolved in hexafluoroisopropanol (HFIP) and 
precipitated in methyl tert-butyl ether (MTBE) (it might be that residual traces of blocking agent 
and 1,4-dioxane would affect the measured COOH end group concentration). The obtained 
white precipitate was dried for 16h at 105-110°C in vacuum and under a nitrogen flow. The 
carboxylic acid end group concentrations and relative viscosities were then determined as 
described in Section 3.2.6 of Chapter 3 and in Section 6.2.6. 
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6.2.5 Hydrolysis of unmodified and modified PBT 
To determine the effect of carboxylic acid end group modification on the hydrolytic stability 
of PBT, unmodified and modified PBT granules were placed in water of 90ºC for a certain 
time. Subsequently, the samples were dried in a vacuum oven at 105-110ºC for 16h. The 
samples used for determining the influence of end group modification on the hydrolytic 
stability were unmodified PBT, and PBT samples modified for 24h in 1) scCO2 at 180ºC and 
300 bars, 2) scCO2 with 10 mole% 1,4-dioxane at 180ºC and 300 bars and 3) scCO2 with 10 
mole% 1,4-dioxane at 180°C and 150 bars. 
 
6.2.6 Determination of the relative and intrinsic viscosity of PBT 
Dried PBT samples were dissolved in m-cresol to obtain a polymer solution with 
concentration of approximately 1 g/dl (with 0.1 mg accuracy).  The flow times of the polymer 
solution and the m-cresol were measured using an Ubbelohde suspended level viscometer. 
The relative and intrinsic viscosities of PBT were calculated using the equations given in the 
introduction. 
 
6.2.7 Size exclusion chromatography (SEC) 
The number and weight average molecular weights ( nM  and wM ) as well as the molecular 
weight distribution were determined using a modular size exclusion chromatograph (Waters 
510 pump, Waters 710 auto injector, Spark Holland Mistral column oven, Waters 490 UV 
detector) equipped with two PFG linearXL columns from PSS (8*300 mm each, 7µm 
particles). The eluent used was 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) containing 0.4 
wt.% ammonium acetate. Sample concentration was about 3 g/L, injection volume 50 µL, UV 
detector wavelength for the PBT samples was 265 nm. 
The system was first calibrated with polystyrene standards and with tetrahydrofuran (THF) as 
eluent. After this calibration the THF was replaced by HFIP. Flow differences were very 
small and no corrections were made. A relative PS calibration curve was applied directly to 
the molecular mass calculations of the polymer samples. The obtained nM  and wM  values 
using this method were divided by a factor 2.8. This factor was based on PBT with known 
number average molecular weight, determined from the total number of end groups (data 
obtained from DSM Research, The Netherlands). 
 
6.2.8 Differential scanning calorimetry (DSC) 
DSC was used to investigate the crystallinity of modified PBT samples with a low 
concentration of carboxylic acid end groups (Entries 3-5, Table 6.3) together with unmodified 
PBT, and unmodified PBT, which was kept at 180ºC for 24h under an argon atmosphere 
(comparable to conditions used for modification, except for the reaction medium).  From the 
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two unmodified samples a thin slice from the middle of a granule (cross section) was cut off 
and used for the DSC measurements (Figure 6.2). 
 
 

Figure 6.2: Schematic representation of a PBT granule. The cross section used for the DSC 
analysis is depicted in grey. 

 
From three modified samples, the granules were ground and the powder was used for the DSC 
measurements. All samples were carefully dried before the measurements to limit as much as 
possible the hydrolytic degradation during heating. The heat of fusion (∆Hfus) of a theoretical 
PBT sample with 100% crystallinity, being 140 J/g (data obtained from DSM Research, The 
Netherlands) was used as a reference. A Perkin Elmer differential scanning calorimeter (type 
Thermal Analysis, Pyris) was used. The samples were measured in the temperature range 
from 50 to 260ºC with a heating rate of 10ºC/min. The area of the melting peak (around 
225ºC) was taken as a measure for the crystallinity. 
 
6.2.9 Determination of the elongation at break 
Tensile bars were prepared of unmodified PBT and PBT modified with 1,2-epoxybutane for 
24h in 1) scCO2 at 180ºC and 300 bars, 2) scCO2/10 mole% 1,4-dioxane at 180ºC and 300 
bars and 3) scCO2/10 mole% 1,4-dioxane at 180ºC and 150 bars. Tensile bars were hot 
pressed at 260ºC. Several tensile bars were submerged in water of 90ºC during a certain 
period of time before they were tested. The elongation at break of all tensile bars was 
determined on a Zwick tensile tester with a crosshead speed of 1 mm/min. 
 
6.3 Results and discussion 
 
6.3.1 Selection of most suitable polar additive 
Supercritical fluids are interesting alternatives for organic solvents for polymerisation, 
polymer modification, and extractions. Often a polar additive (frequently called modifier) is 
added to the supercritical fluid to improve the solubility of the reactants or extractants. In this 
chapter, several polar additives were tested to investigate the influence of the polar additive 
on the polarity of the mixture, and therewith on the swellability of the PBT granules. In order 
to obtain an indication for the best polar additive for the carboxylic acid end group 
modification in supercritical fluids, model reactions for the modification of PBT granules 
with an excess of 1,2-epoxybutane (a ten-fold excess based on the carboxylic acid end group 
concentration of PBT) were performed. PBT granules were stirred in mixtures of the apolar 
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decaline with 10 mole% of a polar additive at 180°C in a closed system of an estimated 
pressure of 2 bars for 4h. Acetone, 1,4-dioxane and THF were chosen as the polar additives 
(Table 6.1).  
 
Table 6.1 Influence of a polar additive on the modification of carboxylic acid end groups of 

PBT granules in decaline at 180°C and 1 bar for 4h. 
Entry Polar additive (10 mole% in decaline) [COOH end group] (mmole/kg) 

1 No additive 38 ± 2 
2 acetone 28 ± 2 
3 1,4-dioxane 31 ± 2 
4 THF 33 ± 2 

Initial carboxylic acid end group concentration of PBT is 44 ± 2 mmole/kg 

 
The addition of all three polar additives to decaline resulted in a decrease in carboxylic acid 
end group concentration (Table 6.1, Entries 2-4) compared to the modification in pure 
decaline (Table 6.1, Entry 1). The decrease in carboxylic acid end group concentration, found 
for the latter modification, is probably caused by post condensation. The carboxylic acid end 
group concentrations observed for the PBT modified in decaline with 10 mole% of acetone 
and 1,4-dioxane, seemed to be the most promising. These two polar additives were therefore 
used again in a similar model experiment, but this time the reaction was performed for 24h. 
This resulted in a carboxylic acid end group concentration of 17 mmole/kg for acetone as the 
modifier and in a carboxylic acid end group concentration of 11 mmole/kg for 1,4-dioxane as 
the modifier. From these last results, it is obvious that 1,4-dioxane is preferred as the polar 
additive for the carboxylic acid end group modification in supercritical and subcritical 
mixtures. 
 
6.3.2 Chemical modification of PBT with 1,2-epoxybutane in supercritical or subcritical 

media 
In our investigation into the chemical modification of swollen polymer particles in 
supercritical fluids, PBT with 44 mmole/kg carboxylic acid end groups was modified with 
1,2-epoxybutane in supercritical CO2 or in a supercritical or subcritical mixture of CO2 with 
10 mole% 1,4-dioxane. The critical pressures (Pc) and temperatures (Tc) of CO2 and  
1,4-dioxane, and calculated values for Pc and Tc using Kay's rule for mixtures of CO2 with 10 
mole% 1,4-dioxane are given in Table 6.2. 
 
Table 6.2 Critical pressures (Pc) and temperatures (Tc) of CO2

18,19, and 1,4-dioxane19 and 
calculated values using Kay's rule20 for Pc and Tc for mixtures of CO2 with 10 
mole% 1,4-dioxane. 

Fluid Pc (bars) Tc (°C) 
 CO2 73.8 31.1  

1,4-dioxane 52.1 313.9 
CO2/10 mole% 1,4-dioxane 71.7 59.3 
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Temperatures of 120 and 180°C and pressures of 60, 150 and 300 bars were applied. The 
reactions were performed during 1, 2, 4 and 24h. The modification at a pressure of 60 bars 
(subcritical conditions, i.e. both CO2 and 1,4-dioxane are in the gas phase) was chosen in 
order to be able to trace possible differences between supercritical and subcritical end group 
modification. The advantage of both subcritical modification in the gas phase and 
supercritical modification, compared to melt or solution modification, is that milder reaction 
conditions can be used and that residual solvent is more easily removed, respectively. The 
reaction temperature needs to be above the Tg of the PBT granules but below the Tm. It is 
crucial that the temperature is above the Tg in order to ensure sufficient chain mobility for the 
chemical modification to take place. Being below the Tm is important, since then the granules 
only swell and, after depressurisation, regain their original form and their free flowing 
character without sticking together. So, after performing the desired chemistry, it is easy to 
collect the modified granules from the reactor. The chemistry of the modification of the 
carboxylic acid end groups with 1,2-epoxybutane is given schematically in Figure 6.3. For the 
sake of clarity, unsatured butenyl end groups, generated by an internal ester group pyrolysis at 
elevated temperatures, and always present in PBT to a certain extend, are omitted in Fig. 6.3. 
 

PBT modified PBT1,2-epoxybutane

O
+

O O
O CH2 OHO H4 n O

OH O O
O CH2 O H4 n

 
Figure 6.3:  Reaction scheme of the carboxylic acid end group modification of PBT. 
 
We have to keep in mind that the hydroxyl end groups might also react with 1,2-epoxybutane, 
although carboxylic acid groups are expected to be much more reactive than hydroxyl 
functions, namely by a factor ten to twenty.21 The formed secondary hydroxyl groups are even 
less likely to react with 1,2-epoxybutane. 
 
To prevent major hydrolysis of the main chain ester functionality in the polymer, which 
would result in chain scission and accordingly in worse mechanical properties, blocking of the 
carboxylic acid end group is necessary, since the acid end group is a catalyst for the 
hydrolysis process. When hydrolysis takes place new carboxylic acid end groups are formed, 
which further accelerate the hydrolysis process. When decreasing the carboxylic acid end 
group concentration from 44 mmole/kg to around or below 10 mmole/kg, the hydrolysis 
process is drastically diminished22.  
Before discussing the carboxylic acid end group concentrations found for PBT granules, we 
first have to make sure that we are measuring the right concentrations. As was said in Section 
6.2.4, it might be that residual traces of blocking agent and 1,4-dioxane can affect the 
measurement of the carboxylic acid end group concentration. To make sure that the residual 
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blocking agent has indeed been removed after the modification and extraction, a few modified 
samples were dissolved and precipitated. The carboxylic acid end group concentrations and 
relative viscosities of the precipitated samples were then determined and compared with the 
corresponding values of the granules (Table 6.3).  
 
Table 6.3 Carboxylic acid end group concentrations and relative viscosities of unmodified 

and 1,2-epoxybutane modified PBT granules and PBT powder, obtained after 
dissolving in HFIP and precipitating in MTBE. 

Entry Material/ 
Modification 
conditions 

[COOH end 
groups] of 
granules   

(± 2 mmole/kg) 

[COOH end 
groups] of 

powder 
(± 2 mmole/kg) 

relη  of 
granules
(± 0.02) 

relη  of 
powder 
(± 0.02) 

1 Unmodified PBT 44 44 1.84  1.82  
2 PBT modified in 

scCO2, 120°C, 300 
bars, 24h 

39 40 1.83  1.85  

3 PBT modified in 
scCO2, 180°C, 300 
bars, 24h 

14 13 1.72  1.71  

4 PBT modified in 
scCO2/1,4-dioxane, 
180°C, 300 bars, 24h 

9 8 1.75  1.76  

5 PBT modified in 
scCO2/1,4-dioxane, 
180°C, 150 bars, 24h 

6 3 1.74  1.74  

 
PBT starting material was also precipitated, to make sure that there is no effect of the 
precipitating step itself on the determination of the carboxylic acid end group concentrations 
and relative viscosities. 
Comparing all carboxylic acid end group concentrations of PBT granules with the 
corresponding PBT samples, which were dissolved and precipitated (Table 6.3), no difference 
in concentrations were found, taking into account the experimental error. Also the relative 
viscosities of the PBT samples did not change within the experimental error upon 
precipitation. From these results we conclude that the extraction of non-reacted 1,2-
epoxybutane and residual traces of 1,4-dioxane was complete. Therefore, we could determine 
the end group concentrations and the relative viscosities on PBT granules, saving an 
additional dissolving and precipitation step. 
When looking at the relative viscosities of the modified PBT samples, with low carboxylic 
acid end group concentrations (Entries 3-5, Table 6.3), decreased relative viscosities were 
found with respect to the relative viscosity of unmodified PBT (Entry 1, Table 6.3). This 
could be explained both in terms of a different interaction of the polymer chain ends with the 
solution, and by a decrease in molecular weight as a result of chain scission of the polymer. In 
Section 6.3.4 further details are given concerning the relation between relative viscosities and 
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molecular weights. The same phenomenon was described for PA-6 in Section 3.3.5 in 
Chapter 3.  
 
In Figure 6.4, the carboxylic acid end group concentrations of PBT samples, which were 
modified with 1,2-epoxybutane under several different conditions, are given versus 
modification time (experimental error is ± 2 mmole/kg). 
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Figure 6.4: Carboxylic acid end group concentration of PBT granules modified with  
1,2-epoxybutane in time. Reaction conditions are: – –: scCO2 at 120ºC and 
300 bars; – –: scCO2 at 180ºC and 300 bars; – –: scCO2 with 10 mole% 
1,4-dioxane at 180°C and 300 bars; – –: scCO2 with 10 mole% 1,4-dioxane 
at 180°C and 150 bars; – –: subcritical CO2 with 10 mole% 1,4-dioxane at 
180°C and 60 bars. Error bars are ± 2. 

 
Comparing the results of the modification of the carboxylic acid end groups with 1,2-
epoxybutane in scCO2 at 120ºC (– –) and at 180ºC (– –), learns that at 120ºC hardly any 
end groups are blocked, whereas at 180ºC blocking of the carboxylic acid end groups occurs 
rapidly. This is explained in terms of reactivity: at 120ºC, the 1,2-epoxybutane is not reactive 
enough towards the carboxylic acid end groups in the polymer. Some other researchers also 
observed that the curing of COOH containing powder coatings with multifunctional epoxides, 
in the presence of a catalyst, occurs readily at 180ºC or higher temperatures, and found that 
almost no curing takes place at lower temperatures23. Therefore a temperature of 180ºC was 
chosen for further modification experiments. Carrying out the experiments at this temperature 
has two additional advantages: 1) better swelling of the granules with increasing temperature 
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and therewith improved transportation of the supercritical fluid and the blocking agent into 
the granules, and 2) increased chain mobility in the amorphous phase of the polymer, 
resulting in a faster blocking of the carboxylic acid end groups.  The effect of the increased 
chain mobility on the end group modification, however, is not expected to be large, since a 
temperature of 120ºC is already 80ºC above the Tg, which results already in an increased 
chain mobility. In addition, the supercritical fluid acts as a plasticiser, resulting in a decreased 
Tg. 
At 180°C and 300 bars in scCO2, after 2h a decrease from 44 to 26 mmole/kg carboxylic acid 
end groups is observed, and after 24h a decrease to even 13 mmole/kg carboxylic acid end 
groups is obtained, which is close to the desired concentration of ca. 10 mmole/kg22.  
 
Comparing the results of the modification of the carboxylic acid end groups with 1,2-
epoxybutane in scCO2 (– –) and scCO2/1,4-dioxane (– –) at 180°C and 300 bars, shows 
that the modification proceeds better in the scCO2/1,4-dioxane mixture, although the 
difference is relatively small. A better modification in the scCO2/1,4-dioxane mixture could 
be expected since in earlier work we reported that adding a polar additive to the non-polar 
CO2 increases the interaction between polymers, containing hetero-atoms in their main chain, 
and the supercritical fluid, resulting in better sorption of the scCO2/1,4-dioxane mixture, and 
therewith the blocking agent, by the polymer24.  
After 24h modification in scCO2/1,4-dioxane at 180°C and 300 bars (– –) a concentration of 
9 mmole/kg carboxylic acid end groups is obtained, which is below the target value of 10 
mmole/kg. To investigate the effect of decreasing the pressure to below the critical pressure of 
the CO2/1,4-dioxane mixture, additional modifications were performed at 150 and 60 bars, the 
latter resulting in a subcritical medium. Decreasing the pressure is accomplished by pressing a 
smaller amount of CO2/1,4-dioxane into the high-pressure cell. Therefore, the CO2/1,4-
dioxane density decreases as well, which results in a higher concentration of the fixed amount 
of 1,2-epoxybutane in the medium with decreasing pressure.  At 300 bars the concentration of 
1,2-epoxybutane in CO2/1,4-dioxane is around 3% w/w, at 150 bars around 7% w/w and at 60 
bars around 14% w/w. Looking at the modifications in scCO2/1,4-dioxane at 180ºC and 300, 
150 and 60 bars (Figure 6.4, respectively – –, – – and – –), within the experimental error 
(± 2 mmole/kg), all modifications resulted after 24h in approximately the same carboxylic 
acid end group concentration. Now we have to realize that changing the pressure and keeping 
the ten-fold excess of 1,2-epoxybutane with respect to the carboxylic acid end groups of PBT 
the same, implies that two different changes occur, which are both capable of affecting the 
kinetics of the end group modification: the overall system pressure and the mentioned 1,2-
epoxybutane concentration in the reaction medium. First of all, it was expected that the 
modification at 300 bars would result in the best blocking of the end groups, because the 
general observation is that a higher density of the medium results in a better swelling and 
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sorption of the polymer25,26.  However, based on the swelling of PET in Ref. 8, the swelling of 
PBT with its high crystallinity is estimated at only a few percent. Therefore, the effect of the 
degree of swelling upon end group modification is expected to be small. On the other hand, at 
higher system pressures, the modifier is likely to be transported into the PBT granules at a 
higher rate.  Furthermore, with increasing pressure and density, the dielectric constant of the 
medium will increase, which results in a better interaction of the medium with the polymer 
and therewith in higher transportation rates of the modifier into the PBT granules. Coming 
back to the mentioned 1,2-epoxybutane concentration effect, a better end group modification 
is expected for the higher concentration 1,2-epoxybutane. So we have two competing effects: 
a higher system pressure is competing with a lower modifier concentration. If the system is 
given sufficient time (e.g. 24h), then the end group concentrations are almost the same.  For 
long exposure times (24h) a higher system pressure seems to compensate for a lower 1,2-
epoxybutane concentration, resulting in a similar carboxylic acid end group concentration. 
For shorter modification times (2-4h), when the system seems to be still far from equilibrium, 
the observed differences after modification at 60, 150 and 300 bars somewhat exceed the 
experimental error. However, whereas in view of the lowest modifier concentration the less 
complete blocking of the carboxylic acid end groups would be expected at 300 bars (Figure 
6.4, – –), the contrary is observed. Obviously the lower concentration of the blocking agent 
at higher pressures is over-compensated by the higher pressure, forcing the modifier to enter 
the PBT granules at a higher rate. 
In summary, the effects of swelling of the PBT granules and the concentration of 1,2-
epoxybutane in CO2/1,4-dioxane on the end group modification are both not as pronounced as 
was expected, and therefore the modifications at 60, 150 and 300 bars and 180ºC resulted in 
quite similar end group concentrations.  
For the modifications of PA-6 with diketene and diketene acetone adduct given in Chapter 5, 
the concentration effect of the modifications at 75 or 100ºC and 300, 100 and 60 bars proved 
to be significant: a higher concentration of the blocking agent resulted in an improved 
blocking of the end groups. This implies that the diketene and its acetone adduct are very 
reactive towards the amine end groups of PA-6 under the conditions used. Increasing the 
concentration of 1,2-epoxybutane shows hardly any effect on the end group modification of 
PBT at 180ºC and 300, 150 and 60 bars, indicating that the 1,2-epoxybutane is not as reactive 
towards the carboxylic acid end groups as the diketene and its acetone adduct are towards the 
amine end groups of PA-6. 
 
6.3.3 Determination of the relative and intrinsic viscosity of PBT 
Modification of the carboxylic acid end groups of PBT in supercritical fluids was performed 
to obtain a polymer with increased hydrolytic stability. Three modified PBT samples, which 
showed a carboxylic acid end group concentration of around 10 mmole/kg after 24h of 
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modification, are interesting for hydrolytic stability tests, since this concentration of acid end 
groups is expected to be low enough to retard hydrolysis of the ester functionalities in the 
polymer chain in a sufficient way. The investigated samples are PBT, modified for 24h in 1) 
scCO2 at 180ºC and 300 bars, 2) scCO2 with 10 mole% 1,4-dioxane at 180ºC and 300 bars 
and 3) scCO2 with 10 mole% 1,4-dioxane at 180°C and 150 bars. The carboxylic acid end 
group concentrations of these modified PBT samples are respectively 13, 9 and 6 mmole/kg. 
These hydrolysis experiments should influence both mechanical and molecular properties of 
the polymer. The effect of hydrolysis of the polymer main chain on the elongation at break 
would be a good indication for the hydrolytic stability of the polymer, provided that the 
elongation at break of the tensile bars is significant, i.e. higher than 20 to 30%. However, 
tensile bars prepared from this particular unmodified PBT has an elongation at break of 
around 16% whereas modified PBT has an elongation at break of around 3%. These 
percentages are too low to be able to draw conclusions concerning the hydrolytic stability. In 
Section 6.3.5 it is proven that the crystallinity of PBT granules had increased after 
modification. This enhanced crystallinity results in a more brittle material, which 
subsequently results in a lower elongation at break. Therefore, we have chosen to determine 
the intrinsic viscosity of the modified PBT granules, which were kept in water of 90ºC for a 
certain time, and compare the values with unmodified PBT granules, which were also kept in 
water of 90ºC during the same time. In Figure 6.5, the normalised intrinsic viscosity of 
hydrolysed PBT granules is given as a function of hydrolysis time. Since not all four PBT 
samples had the same initial intrinsic viscosity, the intrinsic viscosities were normalised, i.e. 
the calculated intrinsic viscosity at hydrolysis time t was divided by the intrinsic viscosity at 
hydrolysis time t=0. This resulted in a clearer picture of the effect of end group concentration 
on the hydrolytic stability of the PBT. The intrinsic viscosity was calculated using the 
equations given in the introduction. Modified PBT samples, which showed the best blocking of 
the carboxylic acid end groups, were tested on hydrolytic stability and compared with the test 
results of unmodified PBT. Therefore, the polyester samples were placed in H2O of 90ºC for a 
certain time. After drying the samples, the relative and intrinsic viscosities and the elongation at 
break of PBT tensile bars were measured and compared with unmodified PBT. Although an 
increased hydrolytic stability was found, other properties diminished and therefore this method 
should be further optimised. The elongation at break for unmodified PBT was already very 
low, i.e. 14% and decreased to 6% after hydrolysis of 1 week in H2O of 90ºC to 2 % after 5 
weeks in water. For modified samples the elongation at break was even less, since this 
material appeared more brittle after modification than before modification. 
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Figure 6.5: Corrected intrinsic viscosity of PBT granules hydrolysed in time. – –: 

unmodified PBT; – –: PBT, modified in scCO2 at 180ºC and 300 bars for 24h; 
– –: PBT, modified in scCO2 with 10 mole% 1,4-dioxane at 180°C and 300 
bars for 24h; – –: PBT, modified in scCO2 with 10 mole% 1,4-dioxane at 
180°C and 150 bars for 24h. 

 
From Figure 6.5, it is clear that the intrinsic viscosity of unmodified PBT (– –) decreased 
significantly faster in time than the end capped PBT samples. Clearly, modifying the 
carboxylic acid end groups in supercritical fluids has a positive effect on the hydrolytic 
stability.  
In Section 6.3.5 the crystallinity of the modified samples is discussed. The samples modified 
in scCO2 showed increased crystallinities compared to the unmodified PBT. We are aware 
that with increasing crystallinity of PBT, the solvent resistance will increase as well, resulting 
in improved hydrolytic stability. However, an increased crystallinity, results in a higher 
concentration of the carboxylic acid end groups in the amorphous phase as well, which 
subsequently results in acceleration of the hydrolysis process. It might therefore be that these 
two effects compensate each other, which would imply that the supercritical modifications of 
the carboxylic acid end groups are responsible for the improved hydrolytic stability. 
PBT modified in CO2/1,4-dioxane at 180ºC and 300 and 150 bars exhibits the best hydrolytic 
stability. Obviously the influence of pressure, applied during modification, on the extent of 
the carboxylic acid modification and on the hydrolytic stability of the PBT is negligible. 
 
6.3.4 Size exclusion chromatography (SEC) 
The hydrolysis experiments described in the previous section showed that the modification of 
the carboxylic acid end groups of PBT in supercritical fluids resulted in an increased 
hydrolytic stability compared to the unmodified PBT. The sensitivity of the intrinsic viscosity 
towards hydrolysis conditions is a measure for the hydrolytic stability. Hydrolysis of the ester 
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functionalities in the polymer chain is also reflected in the molecular weights of the polymer. 
Therefore, the number and weight average molecular weights ( nM  and wM ) as well as the 
weight distributions of the three modified PBT samples and the unmodified PBT, before and 
after hydrolysis, were determined and are given in Table 6.4.  
 
Table 6.4 Number and weight average molecular weights and weight distributions of 

unmodified and modified PBT samples, before and after 5 weeks of hydrolysis.  
Entry Materials/ Conditions of modification 

wM  
(g/mole) 

nM  
(g/mole) w

w
M

M  

1 Unmodified PBT granules, before hydrolysis 34,000 16,200 2.1 
2 Sample 1 After hydrolysis a 17,900 8,400 2.1 
3 Unmodified PBT granules, after 24h at 180ºC, 

before hydrolysis 
35,500 17,200 2.1 

4 Sample 3 after hydrolysis 21,400 10,200 2,1 
5 PBT modified in scCO2, 180°C, 300 bars, 24h, 

before hydrolysis 
29,500 15,100 1.9 

6 Sample 5 after hydrolysis 25,000 12,500 2.0 
7 PBT modified in scCO2/10 mole % 1,4-dioxane, 

180°C, 300 bars, 24h, before hydrolysis 
30,700 15,400 2.0 

8 Sample 7 after hydrolysis 25,700 12,700 2.0 
9 PBT modified in scCO2/10 mole % 1,4-dioxane, 

180°C, 150 bars, 24h, before hydrolysis 
30,100 15,700 1.9 

10 Sample 9 after hydrolysis 32,100 15,700 2.0 
a Hydrolysed for 10 weeks instead of 5 weeks 

 

The values given in this table are based on the known molecular weights of the unmodified 
PBT. For unmodified PBT the nM  and wM  are respectively 16,200 and 34,000 g/mole ( nM  
accurately calculated, based on the end groups; wM / nM  value for the unmodified PBT was 
determined by SEC/DV at DSM Research, The Netherlands). Using the calibration based on 
PS standards (see experimental section) the obtained nM  value of unmodified PBT proved to 
be a factor 2.8 higher than what was accurately determined based on the end groups. 
Therefore all molecular weights obtained by SEC were divided by a factor 2.8. Since for all 
samples the same procedure was used, the values for the molecular weights can be compared. 
From Table 6.4 and Figure 6.6 it can be seen that the modifications with 1,2-epoxybutane 
resulted in decreased weight average molecular weights from 35,500 to about 30,000 g/mole 
(which corresponds to a decrease in wM of 14-17%). This is an indication that some 
hydrolysis of the polymer chains had occurred during the modifications in scCO2. Although 
the PBT samples were dried before the modifications, traces of water are always present. 
These traces can react with CO2 with the formation of the slightly acidic H2CO3 (pKa value of 
6.4 in aqueous solution), which catalyses the hydrolysis of the ester bonds in PBT. In Section 
6.3.2 (Table 6.3), decreased relative viscosities were observed after modification, which could 
be either the result of a) different interactions of the polymer with the solvent during the 
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viscosity measurements, or b) a decrease in molecular weight. Here we have proven that 
degradation of the polymer had occurred. However, it is highly likely that the decrease in 
relative viscosity can be ascribed to both degradation and to a different interaction of the 
blocked end groups with the solvent. 
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Figure 6.6: Size exclusion chromatogram of PBT, starting material ( ); PBT, modified in 

scCO2 at 180ºC and 300 bars for 24h (− −); PBT, modified in scCO2/10 mole% 
1,4-dioxane at 180°C and 300 bars for 24h (---); PBT, modified in scCO2/10 
mole% 1,4-dioxane at 180°C and 150 bars for 24h (−×−). 

 
In Figure 6.7 the effect of thermal treatment and hydrolysis on the molecular weight 
distribution of the unmodified PBT samples are given. From Figure 6.7 and Entries 1 and 3 in 
Table 6.4 it can be seen that the effect of the thermal treatment of 24h at 180ºC is negligible. 
Increased nM  and wM , from 16,200 to 17,200 g/mole and from 34,000 g/mole to 35,500 
g/mole respectively, were observed. This clearly must be a result of post condensation, which 
obviously is more pronounced than degradation of the polymer chain, which may take place 
as well at 180ºC. 
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Figure 6.7: Size exclusion chromatogram of unmodified PBT ( ); unmodified PBT, after 

24h at 180ºC (− −); unmodified PBT, after 10 weeks of hydrolysis  
(---); unmodified PBT, after 24h at 180ºC followed by 5 weeks of hydrolysis 
(− −). 

 
The hydrolysis of the unmodified PBT samples without thermal treatment (Figure 6.7 and 
Entry 2, Table 6.4) results in significant decreases in molecular weights. After 10 weeks in 
water of 90ºC, the nM  decreases from 16,200 to 8,400 g/mole and the wM  decreases from 
34,000 to 17,900 g/mole. The hydrolysis of the unmodified PBT samples with thermal 
treatment (Entry 4, Table 6.4) also results in significant decreases in molecular weights. After 
5 weeks in water of 90ºC, the nM  decreases from 17,200 to 10,200 g/mole and the wM  
decreases from 35,500 to 21,400 g/mole. 
 The hydrolysis of the modified PBT samples results in a much less pronounced decrease in 
molecular weights. Figure 6.8 and Entries 3-10 in Table 6.4 show that the decrease in wM  is 
40% for unmodified PBT and only around 16% for modified PBT samples. Clearly, the 
modification results in a hydrolytically more stable polymer. 
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Figure 6.8: Size exclusion chromatogram of PBT, modified in scCO2 at 180ºC and 300 bars 

for 24h followed by 5 weeks of hydrolysis ( ); PBT, modified in scCO2/10 
mole% 1,4-dioxane at 180°C and 300 bars for followed by 5 weeks of hydrolysis 
(---); PBT, modified in scCO2/10 mole% 1,4-dioxane at 180°C and 150 bars for 
24h followed by 5 weeks of hydrolysis (− −); unmodified PBT, after 24h at 
180ºC followed by 5 weeks of hydrolysis (− −). 

 
6.3.5 Differential scanning calorimetry (DSC) 
Since supercritical CO2 is known to be able to enhance or induce crystallinity in semi-
crystalline polymers, the degree of crystallinity of PBT before and after modification was 
determined. After modification some of the PBT granules appeared more brittle than 
unmodified PBT. To investigate whether or not the brittleness is caused by an enhanced 
crystallinity, differential scanning calorimetry (DSC) was used to determine the degree of 
crystallinity. As was said earlier, a polymer with a higher crystallinity is less able to swell by 
sorption of a supercritical fluid. Less swelling and sorption results in a decreased 
transportation of the blocking agent into the polymer, and therewith results in a decreased 
modification rate. A higher degree of crystallinity, which might be generated during the 
modification process, could then explain the slower modification of the carboxylic acid end 
groups between around 4h and 24h reaction time with respect to the initial stages, where the 
crystallinity raise is probably still limited. Furthermore, reduction of the free volume in the 
amorphous phase of the polymer upon end capping of the carboxylic acid end groups with 
1,2-epoxybutane will result in a slower diffusion (see Chapter 3, Section 3.3.3). 
DSC is widely used for determining the degree of crystallinity of semi-crystalline polymers. 
The simplest possibility is to relate the estimated heat of fusion (∆Hfus) to that of a polymer 
with known crystallinity, which can be determined accurately with other techniques such as 
X-ray diffraction, Raman spectroscopy or density measurements. Using DSC for determining 
the degree of crystallinity is less accurate, since it is difficult to exactly define the area of the 
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melting peak, but it is a fast and easy technique. However, when comparing the peak area of 
the same PBT samples before and after modification, conclusions can still be drawn. 
The crystallinity of the PBT, used as the starting material in this work, is around 37%. This 
value is based on a theoretical PBT with 100% crystallinity, with a known heat of fusion 
(∆Hfus) of 140 J/g (Table 6.5, Entry 1). As a result of the way of processing of the PBT 
granules, a higher degree of crystallinity was found for the core of the granules compared to 
the (frozen in) surface of the granules. It might therefore be that the CO2  (and blocking agent) 
is predominately absorbed in the amorphous phase of the outer layer of the granules. To check 
whether a temperature of 180ºC, without the addition of CO2, causes a higher degree of 
crystallinity, the unmodified PBT granules were placed in an oven in an argon atmosphere 
and were annealed at 180ºC for 24h. From this sample and the PBT starting material a thin 
slice from the middle of a granule (cross section) was cut off and used for the DSC 
measurements (see Figure 6.2) From three modified samples (Table 6.5, Entry 4-6), the 
granules were ground and the powder was used for DSC measurements. In Table 6.5, the 
estimated heats of fusion, obtained from DSC measurements, are given. 
 

Table 6.5 Estimated heats of fusion (∆Hfus), degrees of crystallinity, peak melting 
temperature (Tm, peak), and peak crystallisation temperature (Tc, peak) for modified 
and unmodified PBT. 

Entry Conditions of 
modification 

Tm,1 
(ºC) 

∆Hfus,1 
(J/g) 

Degree 
of 

cryst.1 
(%) 

Tm,2 
(ºC) 

∆Hfus,2 
 (J/g)  

Degree 
of 

cryst.2 
(%) 

Tc 
(ºC) 

1 Reference PBT 
(theoretical sample) 

245 140 100 a 140 100 a 

2 PBT (starting 
material) 

226 53 37 226 51 36 175 

3 PBT (starting 
material), after 24h 
annealing at 180ºC 

226 52 37 226 -- -- a 

4 scCO2, 180°C, 300 
bars, 24h 

225 62 44 225 52 37 a 

5 scCO2/10 mole % 
1,4-dioxane, 180°C, 
300 bars, 24h 

228 76 54 225 52 37 a 

6 scCO2/10 mole % 
1,4-dioxane, 180°C, 
150 bars, 24h 

224 73 52 225 51 36 182 

a not determined 

 
When comparing the degree of crystallinity of the unmodified PBT after 24h annealing at 
180ºC (Entry 3) with the degree of crystallinity of the starting material (Entry 2), no change is 
observed. It can therefore be concluded that annealing the PBT granules does not affect the 
degree of crystallinity. When comparing the degrees of crystallinity of the modified PBT 
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samples (Entries 4-6, Table 6.5) with the degree of crystallinity of unmodified PBT after 24h 
annealing at 180ºC (Entry 3), it is obvious that all three modified PBT samples have increased 
crystallinity compared to the unmodified PBT. The PBT modified in CO2/10 mole % 1,4-
dioxane shows a more pronounced increase in crystallinity, compared to PBT modified in 
pure CO2. This clearly indicates that pure CO2 enhances the degree of crystallinity, and that a 
mixture of CO2 with 10 mole % 1,4-dioxane even further enhances the degree of crystallinity. 
This increase can be ascribed to the plasticising effect caused by impregnation of CO2 and 
CO2/1,4-dioxane, and not by an annealing phenomenon at 180ºC.  
Normally an initially high degree of crystallinity of the polymer would result in a worse end 
group modification. However, the crystallinity is gradually increasing during the modification 
caused by impregnation of the supercritical fluid. This supercritical fluid is at the same time 
the carrier of the blocking agent. Obviously, the increasing crystallinity does not have a very 
pronounced influence on the modification of the end groups. 
Disadvantages of the higher degree of crystallinity are that more energy is needed to melt the 
granules and more dust will form during transportation of the granules before melt processing. 
To check whether the end group modification has a nucleating effect on the crystallisation the 
modified samples were molten and recrystallised (also in Table 6.5). The degrees of 
crystallinity of the modified and unmodified samples have regained their original values after 
melting and subsequent crystallisation (∆Hfus,2 = 51 J/g for both modified and unmodified 
PBT). The crystallisation temperature (Tc) of modified PBT (Tc= 182ºC, Entry 6) is 
significantly higher than the crystallisation temperature of unmodified PBT (Tc= 175ºC, Entry 
2). The higher value for the Tc can be a result of 1) a nucleating effect (caused by the new end 
groups) or 2) a decrease in molecular weight. A nucleating effect is unlikely, since the 
modified end groups look similar to the unmodified end groups (respectively secondary and 
primary alcohols, see Figure 6.3). The higher Tc is probably caused by a decrease in 
molecular weight (a decrease from 34,000 to 30,100 g/mole; see Table 6.4). So, no 
indications are obtained that the PBT crystallisation is accelerated by the nucleating effect, 
but the crystallisation certainly is not retarded either. 
In spite of the mentioned disadvantages, related to an enhanced degree of crystallinity, we 
believe that the use of supercritical fluids in polymer modification has interesting 
opportunities.  
 
6.4 Conclusions 
 
In this chapter we have shown that it is possible to block carboxylic acid end groups of PBT 
with 1,2-epoxybutane in supercritical and subcritical fluids. From model reactions with PBT 
in organic liquids, it was found that the use of 1,4-dioxane as a polar modifier for the 
supercritical medium resulted in improved blocking of the carboxylic acid end groups, which 
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is ascribed to a higher degree of swelling. Best results were obtained for the modification in 
scCO2 with 10 mole% 1,4-dioxane at 180°C. A decrease of the carboxylic acid end group 
concentration from 44 mmole/kg to approximately 10 mmole/kg was achieved. This low 
concentration of acid end groups resulted in a significantly enhanced hydrolytic stability, 
which was demonstrated by measuring the intrinsic viscosity as a function of hydrolysis time 
and measuring the number and weight average molecular weights ( nM  and wM ) before and 
after modification. 
After the modification, the PBT granules appeared more brittle than the unmodified PBT 
granules. DSC measurements showed an increased percentage of crystallinity for these 
modified samples, which was induced by the plasticising effect of CO2/1,4-dioxane at 180ºC. 
No indications were obtained that the 1,2-epoxybutane modified end groups exhibit a 
nucleating effect on the PBT crystallisation. 
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Epilogue 
Conclusions and recommendations 
 
Coming to the end of this thesis the results will be put into perspective. The goal of this work 
was to explore the scope and limitations, as well as getting a better understanding of the 
modification of a variety of polymers in supercritical and subcritical fluids. The use of 
supercritical fluids in polymerisation and polymer modification has several advantages 
compared to more conventional techniques such as melt and solution modification. 
Recently a lot of researchers used CO2 as the supercritical fluid, since it has multiple 
advantages. It is environmentally benign, and in view of the more strict environmental 
legislation, an interesting alternative for organic solvents. It is non-toxic, non-flammable, 
inexpensive, and has an easy accessible supercritical region. Furthermore, CO2 has diffusity 
properties of a gas and the solvent power of a liquid when brought under supercritical 
conditions. The possibility to tune its solubility properties by variation of pressure and 
temperature opens a wide range of applications. The disadvantage is that CO2 is non-polar, 
resulting in low solubilities of polar compounds and relatively polar polymers. Often the 
addition of several mole% of a polar additive is needed, which substantially improves the 
solubility of chemicals and polymers. However, most of these additives are flammable and/or 
toxic. Alternatives for supercritical CO2 are for example propane and water. These fluids on 
their turn have respectively the disadvantages that they are flammable and have a high critical 
point.  
Supercritical fluids are still hardly used on an industrial scale. A few examples of commercial 
scale applications are the supercritical extraction of caffeine from coffee, supercritical 
cleaning of clothes and the polymerisation of fluoropolymers in supercritical fluids (Du Pont). 
These processes are batch processes. Continuously operated processes would be economically 
more profitable. 
In this work we have shown that CO2 can be used as the reaction medium for polymer 
modification. Besides CO2, propane proved to be a useful supercritical fluid for this. 
Depending on a variety of factors, such as the chemistry of the modification, polarity of the 
polymer, the temperature and pressure, which are needed for sufficient modification of the 
polymer, one can decide which supercritical fluid is most suitable. 
The modification of the reactive chain ends of PA-6 with a variety of blocking agents was 
performed in both CO2 and propane, to which 1,4-dioxane was added. The addition of 1,4-
dioxane was done to enhance the polarity of the supercritical fluid and therewith the 
interaction with the polymer (i.e. sorption by and swelling of the polymer). Due to the limited 
swelling of the polymer, modification of the end groups mainly occurred in the outer layer of 
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the granules, but in some special cases the core of the granules was also reached by the 
blocking agent.  
The reactivity of the blocking agent proved to be an important factor. The blocking agent 
needs to be reactive enough to block the end groups under relatively mild reaction conditions, 
but must not be too reactive, because then it will instantaneously react with the end groups, 
located in the shell of the granules, reducing the free volume in the swollen amorphous phase, 
thereby retarding (or even preventing) further transportation of the supercritical fluid and 
especially the blocking agent towards the core of the granules. It is obvious that very bulky 
blocking agents are less suitable for a quick penetration into the polymer granules. 
Furthermore, if the blocking agent is too reactive, side reactions such as chain branching and 
discolouration reaction can occur, which are undesirable for further use of the polymer. 
So optimal and most homogeneous end capping results were obtained using relatively small 
blocking agents with intermediate reactivity, e.g. good results were obtained using 1,2-
epoxybutane for blocking the end groups of PA-6 and PBT. 
 
Comparing supercritical polymer modification with a) polymer modification in organic 
liquids (in which only the blocking agent is dissolved), and b) more conventional solution and 
melt modification processes, it was discovered that the benefits of using supercritical fluids 
are less pronounced as was hoped for. Since the investments for building a new supercritical 
fluid based plant are high, we believe that the number of new industrial plants based on this 
technology will remain limited for the time being. 
We further believe that the use of supercritical CO2 in polymer modification might be 
economically favourable, when the environmental legislation will become more stringent, and 
if polymer modification and polymerisation in supercritical CO2 are further optimised. 
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Samenvatting 
 
Aangezien het milieubeleid steeds strenger wordt, is de chemische industrie genoodzaakt 
continu te zoeken naar nieuwe en vooral schonere alternatieven voor de huidige chemische 
processen. Het verminderen van de afvalstroom van de processen is een voor de hand liggend 
en vaak onderzocht onderwerp. Het gebruik van superkritische oplosmiddelen (SKO’s) als 
vervanging voor de gebruikelijke organische oplosmiddelen kan mogelijk leiden tot nieuwe 
en schonere manieren voor de vervaardiging van industriële produkten.  
Het meest gebruikte en populairste SKO, kooldioxide (CO2), heeft als voordelen dat het 
milieuvriendelijk, niet giftig, onbrandbaar en goedkoop is, en het een gemakkelijk 
toegankelijk kritisch gebied heeft (een kritische temperatuur en kritische druk van 
respectievelijk 31.1ºC en 7.38 MPa). Hoewel vaak gezegd wordt dat CO2 de oplossing is voor 
veel commerciële problemen, is de toepassing van CO2 gelimiteerd doordat maar weinig 
verbindingen oplossen in CO2, zelfs als het onder superkritische condities wordt gebracht. 
Daarom wordt superkritisch CO2 tot nu toe nauwelijks gebruikt op industriële schaal. 
Bovendien zijn de kosten voor de aanschaf en het onderhoud van hoge druk apparatuur 
relatief hoog. 
Een mogelijkheid om de slechte oplosbaarheid (en zwelling) van veel verbindingen in SKO’s 
te verbeteren is het toevoegen van een polair oplosmiddel. 
 
Het onderzoek dat beschreven is in dit proefschrift had als doel de mogelijkheden en de 
beperkingen van SKO’s voor polymeermodificaties te verkennen, maar ook een beter inzicht 
te krijgen in de chemische modificaties van verschillende polymeren met diverse reagentia in 
superkritische en subkritische oplosmiddelen. Het gebruik van SKO’s in 
polymeermodificaties zou een interessant alternatief kunnen zijn voor de hedendaags 
gebruikte technieken als smelt- en oplossingsmodificatie, die beide hun specifieke nadelen 
kennen. 
 
Het eerste polymeer dat onderzocht werd, was polyethyleen met een hoge dichtheid (HDPE), 
dat geënt was met verschillende percentages maleïnezuuranhydride (MA; het geheel wordt 
afgekort tot PEMA). Deze PEMA’s, werden in opgezwollen toestand in nabij-kritisch 
propaan chemisch gemodificeerd met verschillende diamines. Door de percentages MA en het 
type diamine te variëren, waren we in staat om een reeks nieuwe materialen te maken, welke 
gebruikt kunnen worden als compatibilizers in polymeermengsels en als hechtverbeteraars in 
laminaten. 
Aangetoond is dat PEMA, geënt met 0.13 gewichts% MA, en gemodificeerd met het 
bifunctionele primaire amine 1,4-diaminobutaan (naam van het geheel is PEMI), een 
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efficiënte compatibilizer is voor styreen maleïnezuuranhydride copolymeer (SMA)/PE 
mengsels. Verder is gebleken dat voor een drie-laags PET-PEMI-PE systeem het meest 
optimale amine-gemodificeerde PE (PEMI), een materiaal was op basis van 0.40 gewichts% 
MA, dat gemodificeerd was met een diamine met één eindstandig secundair amine, omdat in 
dat gevalde meeste reactieve groepen nog beschikbaar zijn om een interactie met de PET-laag 
aan te gaan. Dit laatste is te danken aan het uitblijven van noemenswaardige hoeveelheden 
crosslinking tijdens de superkritische modificatie. 
  
Het tweede polymeer dat onderzocht werd was polyamide 6 (PA-6). Het afblokken van de 
reactieve keteneinden van de macromoleculen in PA-6 granulaat met verschillende 
verbindingen werd uitgevoerd zowel in CO2 als propaan, waaraan 1,4-dioxaan werd 
toegevoegd om de polariteit van het oplosmiddel, en daarmee de interactie met het polymeer 
te verhogen (betere zwelling van het polymeer door betere absorptie van het medium). 
Barnsteenzuuranhydride, 1,2-epoxybutaan, diketeen en diketeen aceton adduct, allen opgelost 
in het gebruikte sub- of superkritische medium, werden gebruikt om de keteneinden af te 
blokken. Uit deze experimenten is gebleken dat de mate van zwelling van de polymeerkorrels 
en de reactiviteit van de gebruikte verbindingen belangrijke factoren zijn voor de mate van 
afblokking van de eindgroepen van het polymeer. De gekozen verbinding dient reactief 
genoeg te zijn om het afblokken van de eindgroepen onder relatief milde condities te 
bewerkstelligen, maar moet niet te reactief zijn, omdat in dat geval de eindgroepen in de 
buitenste laag van de polymeerkorrels te snel worden afgeblokt, waardoor het vrije volume 
van de opgezwollen amorfe fase drastisch afneemt. Dit kan vervolgens leiden tot het 
vertragen (of zelfs stoppen) van de diffusie van het SKO en de daarin opgeloste verbinding 
naar de kern van de korrels. Wanneer we de vier gekozen verbindingen vergelijken, zien we 
dat het beste resultaat verkregen wordt met 1,2-epoxybutaan als afblokkingsreagens. Een 
polyamide 6, waarvan  de amine eindgroepen grotendeels waren afgeblokt middels SKO-
modificatie, vertoonde een aanmerkelijk verbeterde smeltstabiliteit, hetgeen de doelstelling 
was van dit deel van het onderzoek. 
 
Het laatste polymeer dat gemodificeerd werd in SKO’s was poly(butyleen terefthalaat) (PBT). 
De hydrolytische stabiliteit van PBT is niet optimaal en moet o.a. voor de ondergrondse 
toepassing als beschermlaag voor optische vezels verbeterd worden. De ongewenste 
hydrolyse van de estergroepen in de polymeerketen is een auto-katalytisch proces, waarbij  
carbonzure eindgroepen als katalysator werken. Door nu het aantal carbonzure eindgroepen 
van het polymeer te verminderen kan de hydrolyse vertraagd, en de levensduur van PBT 
verlengd worden. Het doel was om het aantal carbonzure eindgroepen van de PBT korrels te 
verminderen door ze te laten reageren met 1,2-epoxybutaan in superkritische en subkritische 
oplosmiddelen. Gevonden is dat het inderdaad mogelijk is om op deze manier de eindgroepen 
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af te blokken. De beste resultaten werden verkregen voor de modificatie bij 180ºC in 
superkritisch CO2 waaraan 10 mole% 1,4-dioxaan was toegevoegd. De sterke afname in het 
aantal carbonzure eindgroepen (van 44 mmol/kg naar ongeveer 10 mmol/kg) heeft 
geresulteerd in een significante toename van de hydrolytische stabiliteit. Dit werd aangetoond 
door als functie van de hydrolysetijd de intrinsieke viscositeit en het aantalgemiddelde en het 
gewichtsgemiddelde molekuulgewicht te meten, zowel van niet gemodificeerde als van 
afgeblokte PBT. Een ongewenst neveneffect van deze superkritische modificaties is een 
verbrossing van de PBT korrels. Dit kan worden toegeschreven aan een toename in 
kristalliniteit, welke veroorzaakt wordt door het plastificerend effect van CO2/1,4-dioxaan bij 
180ºC. 
 
Tenslotte is het nodig te zeggen dat uit de resultaten is gebleken dat meer onderzoek vereist is 
om de modificaties van polymeren in SKO’s te optimaliseren, aangezien de voordelen t.o.v. 
de hedendaagse polymeer modificatie technieken nog niet zo uitgesproken zijn, als werd 
verwacht en gehoopt. 
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Summary 
 
With the environmental legislation becoming more stringent, the chemical industry 
continuously has to seek for new and cleaner alternatives for its chemical processes.  
Decreasing the amounts of chemical waste is an obvious and frequently investigated area. The 
use of supercritical fluids (SCFs) as a replacement for conventional organic solvents might 
open the way to new and cleaner routes for industrial processes. 
The most popular SCF, carbon dioxide (CO2), has the benefits that it is environmentally 
benign, non-toxic, non-flammable, inexpensive, and that it has an easily accessible 
supercritical region (critical temperature and pressure of 31.1ºC and 7.38 MPa, respectively). 
Although CO2 is said to be the promising remedy for many commercial problems, the use of 
CO2 has been complicated by the low solubilities of many compounds, even under 
supercritical conditions. Therefore, the use of scCO2 is still exceptional used on an industrial 
scale. Furthermore, the fact that high-pressure equipment is required for supercritical fluid 
technology makes it relatively expansive.  
One way to enhance the solubility (and swellability) of chemicals and polymers in SCFs is the 
addition of a polar additive to the SCFs. 
 
The investigations described in this thesis were aimed at exploring the scope and limitations 
of the SCF modification of polymers. Furthermore, we wanted to get a better understanding of 
the chemical modification of a variety of polymers with a variety of various reagents in 
supercritical and subcritical fluids. The use of supercritical fluids in polymer modification 
might be an interesting alternative for more conventional techniques such as melt and solution 
modification, each exhibiting some specific drawbacks. 
 
The first polymer, which was investigated, was high-density polyethylene, grafted with 
different amounts of maleic anhydride (PEMA). The PEMAs, swollen in near critical 
propane, were chemically modified with a variety of diamines. By varying the MA content 
and the type of the diamines, we were able to obtain a series of new materials (PEMIs), which 
could be used as compatibilisers in blends and as adhesion promoting agents in multi-layered 
films. It has been demonstrated that PEMI, based on PEMA grafted with 0.13 wt.% MA and 
modified with 1,4-diaminobutane, is an efficient compatibiliser for styrene maleic anhydride 
copolymer (SMA)/PE blends. For a three-layered PET-PEMI-PE system it was shown that the 
most optimal PEMI is the one grafted with 0.40 wt.% MA and modified with a pendent 
secondary amine, because for this amine most reactive groups remain available for 
interactions with the PET film, thanks to the absence of extensive crosslinking during 
supercritical modification. 
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The second polymer, which was investigated, was polyamide 6 (PA-6). The modification of 
the reactive chain ends of the macromolecules present in PA-6 granules with a variety of 
blocking agents was performed in both CO2 and propane, to which 1,4-dioxane was added to 
enhance the polarity of the supercritical fluid and therewith the interaction with the polymer 
(i.e. sorption by the polymer). The blocking agents used were succinic anhydride, 1,2-
epoxybutane, diketene and diketene acetone adduct, all of them dissolved in the sub- or 
supercritical fluid. We found that the extent of swelling of the polymer granules and the 
reactivity of the blocking agent appeared to be important factors for the degree of end capping 
of PA-6. It was found that the blocking agent must be reactive enough to block the end groups 
under relatively mild reaction conditions, but must not be too reactive, because then it will 
reduce the free volume in the swollen amorphous phase in the shell of the granules, thereby 
retarding (or even preventing) further diffusion of the supercritical fluid and dissolved 
blocking agent towards the core of the granules. Comparing the four blocking agents, best 
results were obtained using 1,2-epoxybutane as the blocking agent. A polyamide-6, of which 
a significant percentage of the amine end groups was blocked, exhibited a significantly 
enhanced melt stability, which was the aim of this part of our research. 
 
The last polymer, which was modified in SCFs, was poly(butylene terephthalate) (PBT). The 
hydrolytic stability of PBT is not optimal and therefore needs to be improved, for a.o. the 
tubing of optical fibres, buried in the ground. The undesirable hydrolysis of the ester bonds in 
the PBT chain is an auto-catalytic process, catalysed by the carboxylic acid end groups. By 
reducing the number of carboxylic acid end groups the hydrolysis can be retarded, and the 
lifetime of the PBT tubes can be extended. The aim was to reduce the number of carboxylic 
acid end groups of PBT granules with 1,2-epoxybutane in supercritical and subcritical fluids. 
We found that it is indeed possible to block these end groups in this way. Best results were 
obtained for the modification in scCO2 with 10 mole% 1,4-dioxane at 180°C. The large 
decrease in carboxylic acid end group concentration (from 44 mmole/kg to approximately 10 
mmole/kg) resulted in a significantly increased hydrolytic stability, which was visualised by 
measuring the intrinsic viscosity and the number and weight average molecular weight as a 
function of hydrolysis time, both for unmodified and modified PBT. An undesired side effect 
of these modifications is an embrittlement of the PBT granules. The latter effect is caused by 
an increased percentage of crystallinity, which is induced by the plasticising effect of 
CO2/1,4-dioxane at 180ºC. 
 
Finally, our overall results on the supercritical modification of polymers show that this 
technology demands further research and optimisation, since for now the benefits of using the 
supercritical fluid technique instead of more conventional polymer modification techniques 
are less pronounced as expected and as was hoped for. 
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Stellingen 
 

behorende bij het proefschrift 
 

Polymer Modification in Supercritical and Subcritical Fluids 
 

van Jesse M. de Gooijer 
 
 
 

 
1. Superkritisch onderzoek doen, betekent in meerdere gevallen onder hoge druk werken. 
 
2. Werken onder superkritische omstandigheden betekent niet per definitie dat er extra 

nauwkeurig gewerkt dient te worden.  
 
 Stelling naar aanleiding van een ISO-9001 audit bij DSM Research 

  
3. Het zou zeer prettig zijn als de concentratie eindgroepen in publicaties éénduidig 

wordt weergegeven, daar dan snel een vergelijking tussen de verschillende resultaten 
mogelijk zou zijn. 
 
Pipper, G.; Hildebrand, P.; Mueller, W., Eur. Pat. Appl. EP 420093, 1991, 10 pp. 
Hoyt, M. B.; Davis, E. A.; Hu, H. Y., Eur. Pat. Appl. EP 409093, 1991, 16 pp. 
Bikiaris, D. N.; Karayannidis, G. P. Polym.Degrad.Stab. 1999, 63(2), 213-218 

 
4. CO2 mag dan wel veelbelovend genoemd worden als superkritisch oplosmiddel, maar 

eigenlijk is het gewoon een slecht oplosmiddel/zwelmiddel. 
  
 Dit proefschrift 

 
5. Weinkauf beschrijft in zijn patent de synthese van polypropyleen (PP), dat 

gefunctionaliseerd is met primaire amines, door de reactie van 1,12-diaminododecaan 
met maleïnzuur anhydride gegrafte PP in de smelt. Er wordt beweerd dat een kleine 
overmaat diamine noemenswaardige crosslinking kan voorkomen. Dit is echter zeer 
onwaarschijnlijk, daar de functionalisering van polyethyleen (PE) met een grotere 
overmaat van een vergelijkbaar diamine met een kortere koolstofketen, al tot 
crosslinking leidt. 

 
Weinkauf, D. H. US Pat. No. 5369170, 1994, 5 pp. 
Hoofdstuk 2 van dit proefschrift 

 
6. Het is op z’n minst verwonderlijk dat wetenschappers, die gebruik maken van 

superkritische vloeistoffen, CO2 als een milieuvriendelijk alternatief zien voor 
organische oplosmiddelen, terwijl andere mensen blijven roepen dat CO2 slecht is 
voor het milieu en dat alle begrippen of benamingen waar organisch of “organic” in 
voorkomt juist als iets goeds wordt beschouwd (“Organics” haarshampoo 
bijvoorbeeld). 

 



7. Het doet vermoeden dat de anatomische kennis van een doorsnee voetbalverslaggever 
niet bijster groot is, daar, wanneer een bal duidelijk de geslachtsdelen van een 
voetballer raakt, altijd gesproken wordt over een bal die de onderbuik raakt. 

 
8. Men zou verwachten dat de aanleg van rotondes de doorstroom van het verkeer zou 

bevorderen en daarmee de gemoedsstemming van de automobilist positief zou 
beïnvloeden. Echter, doordat veel weggebruikers weigeren richting aan te geven 
wanneer de rotonde verlaten wordt, moeten andere automobilisten voor niks wachten, 
hetgeen juist leidt tot een slechtere doorstroom van het verkeer en vooral tot grotere 
ergernis. 

 
9. Een optimist maakt net zoveel fouten als een pessimist, alleen heeft hij er meer plezier 

in. 
 

10. Het blijft frustrerend dat in de moderne Nederlandse maatschappij wel gekozen mag 
worden welke naam aangenomen wordt als men in het huwelijk treedt, maar dat 
vervolgens deze keuze door vele instanties niet wordt gerespecteerd, waaruit blijkt dat 
de maatschappij lang niet zo modern is als wordt voorgespiegeld. 

 
 Persoonlijke ervaringen 

 
11. Te perfectionistisch zijn bestaat niet. 
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