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Abstract 

A solid phase extraction (SPE) method was developed for simultaneous extraction of 
dicarboxylic acids and diols formed during hydrolysis of poly(butylene succinate), PBS, 
and poly(butylene adipate), PBA. The developed SPE method and subsequent GC-MS 
analysis were used to extract, identify and quantify low molecular weight products 
migrating from linear and branched poly(butylene adipate) (PBA) and poly(butylene 
succinate) (PBS) during aging in aqueous media. The combination of SPE and GC-MS 
proved to be a sensitive tool, able to detect small differences in the degradation rate 
during early stages of hydrolysis before any significant differences were observed by 
weight loss and molecular weight measurements. The detected low molecular weight 
products included monomers i.e. adipic acid and 1,4-butanediol for the PBA polymers 
and succinic acid and 1,4-butanediol for PBS. Several dimers and trimers i.e. 
hydroxybutyl adipate, hydroxybutyl succinate, di(hydroxybutyl) adipate, 
di(hydroxybutyl) succinate and hydroxybutyl disuccinate were also detected. Best 
extraction efficiency for 1,4-butanediol and succinic acid was achieved with a 
hydroxylated polystyrene-divinylbenzene resin as solid phase. Linear range for the 
extracted analytes was 1-500 ng/µl for adipic acid and 2-500 ng/µl for 1,4-butanediol 
and succinic acid. Detection and quantification limits for all analytes were between 1-2 
ng/µl (S/N=3) and 2-7 ng/µl (S/N=10) respectively. Relative standard deviations were 
between 3 % and 7 %. Comparison of measured weight loss and the amount of 
monomeric products showed that weight loss during early stages of hydrolysis was 
mainly caused by the release of water-soluble oligomers that on prolonged ageing were 
further hydrolyzed to monomeric species. Significant differences in degradation rate 
could be assigned to degree of branching, molecular weight, aging temperature and 
degradation medium. 

 
Linear and branched PBA was mixed with PVC in solution cast films to study the 

effects of molecular weight and branching on plasticizer efficiency. Used as polymeric 
plasticizer, PBA formed a semi-miscible two-phase system with PVC where the 
amorphous part exhibited one single glass transition temperature and the degree of 
polyester crystallinity was dependent on molecular weight, degree of branching and 
blend composition. Plasticizing efficiency was favored by higher degree of branching 
and a 40 weight-percent polyester composition. 
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Sammanfattning 

 
En fastfasextraktionsmetod (SPE) har utvecklats för simultan extraktion av 

dikarboxylsyror och dioler som bildats under hydrolys av poly(butylen succinat), PBS, 
och poly(butylen adipat), PBA.  Den utvecklade SPE metoden och efterföljande GC-MS 
analys användes för att extrahera, identifiera och kvantifiera de lågmolekylära produkter 
som migrerar från linjär och förgrenad poly(butylen adipat) (PBA) och poly(butylen 
succinat) (PBS) vid åldring i en vattenbaserad miljö. Kombinationen av SPE och GC-
MS visade sig vara ett känsligt verktyg som kunde detektera små skillnader i 
nedbrytningshastighet under tidiga stadier av hydrolys, innan signifikanta skillnader 
kunde observeras genom viktminsknings- eller molekylviktsbestämningar. De 
detekterade lågmolekylära produkterna inkluderade monomerer, det vill säga adipinsyra 
och 1,4-butandiol för PBA polymererna och succinsyra och 1,4-butandiol för PBS. 
Åtskilliga dimerer och trimerer, det vill säga hydroxybutyl adipat, hydroxybutyl 
succinat, di(hydroxybutyl) adipat, di(hydroxybutyl) succinat och hydroxybutyl 
disuccinat detekterades också. Bäst extraktionseffektivitet för 1,4-butandiol och 
succinsyra uppnåddes med en hydroxylerad polystyren-divinylbenzen harts som fastfas. 
Det linjära området för de extraherade analyterna var 1-500 ng/µl för adipinsyra och 2-
500 ng/µl för 1,4-butandiol och succinsyra. Detektions- och kvantifieringsgränser för 
analyterna var mellan 1-2 ng/µl (S/N=3) respektive 2-7 ng/µl (S/N=10). Relativa 
standardavvikelser var mellan 3 % och 7 %. Jämförelse mellan detekterad 
viktminskning och mängden monomera nedbrytningsprodukter visade att 
viktminskningen under tidiga stadier av hydrolys främst orsakades av frisättandet av 
vattenlösliga oligomerer. Dessa oligomerer hydrolyserades vid förlängd åldring vidare 
till monomerer. Signifikanta skillnader i nedbrytningshastighet kunde tillskrivas 
förgreningsgrad, molekylvikt, åldringstemperatur och nedbrytningsmedium. 

 
Linjär och förgrenad PBA blandades med PVC till lösningsmedelsgjutna filmer för att 

studera effekterna av molekylvikt och förgrening på mjukningsmedlens effektivitet. 
Som polymert mjukningsmedel bildade PBA ett halv-kompatibelt två-fassystem med 
PVC, där den amorfa delen uppvisade en gemensam glastransitionstemperatur och 
kristalliniteten hos PBA var beroende av molekylvikt, förgreningsgrad och 
blandningens komposition. Mjukningskapaciteten gynnades av hög förgreningsgrad och 
40 viktsprocent polyester i blandningen. 

 
 

Nyckelord: fastfasextraktion, nedbrytningsprodukter, poly(butylen succinat), 
poly(butylen adipat), GC-MS, PVC, mjukningsmedel
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1 Purpose of the study 

Wide use of plastic articles in medical and environmental applications has raised the 
demand for high precision analyses of the environmental impact and adaptability of 
polymers and additives used. To determine the effects on environment and human 
health, the entire life cycle of materials needs to be elucidated. An important step in the 
life cycle analysis is studying the way the material is degraded. Degradation 
mechanisms and the environmental impact of the material can readily be clarified by 
following the formation of degradation products. Aliphatic polyesters are a group of 
degradable polymers that have become increasingly attractive in environmental, 
biomedical, and agricultural applications. Knowledge about the inherent degradation 
behavior and sensitive methods for monitoring the early stages of degradation provide 
excellent possibilities of enhancing the materials performance in applications where 
polyesters are used as the main component, like biodegradable packaging, as well as in 
other applications such as polymeric plasticizers for flexible PVC devices.  

 
The aliphatic polyesters considered in this study were poly(butylene adipate) (PBA) 

and poly(butylene succinate) (PBS). When subjected to hydrolysis, these polyesters 
produce monomeric and oligomeric water-soluble degradation products. The aim of this 
work was to develop a method for simultaneous extraction of these compounds from 
aqueous solutions followed by subsequent identification and quantification by GC-MS 
in order to monitor early stages of degradation of PBS and PBA.  

 
PVC is in terms of consumption one of the most important plastic materials available 

today with widespread applications in different areas ranging from packaging to health 
care devices, toys, building materials, electrical wire insulation, cloths or furnishing. 
When used in applications such as medical devices or toys, the contact with biological 
fluids, or their synthetic substitutes, cause an extraction of low molecular weight 
additives leading to changes in long term properties of the material and possible toxic 
and biological effects arising from transfer of plasticizer to humans. Included in this 
study was therefore also the use of linear and branched PBA as polymeric plasticizers in 
solution cast PVC films to study the effects of molecular weight and branching on 
plasticizer efficiency. When this study was initiated no references were found in the 
literature concerning the effect of molecular weight or degree of branching on the 
properties of PVC/polyester blends. Recently however, Choi and Kwak reported on the 
use of hyperbranched poly(ε-caprolactone)[1] and another highly branched patented 
polyester [2] as plasticizers. As branching might induce higher mobility to a plasticized 
system, the interest for evaluation of the effect of molecular weight and degree of 
branching to plasticizer efficiency was evident. The herein developed extraction and 
GC-MS method can in future work contribute with further information about the 
degradation and migration behavior of poly(butylene adipate) in PBA/PVC blends, 
information essential for the development of new plasticizers for medical applications 
and toys. 



Purpose of the Study 

 - 10 -



Introduction 

 - 11 -

2 Introduction 

 
2.1 Aliphatic Polyesters 

Aliphatic polyesters are semi-crystalline polymers with a wide variety of physical 
properties, mechanical properties, and biodegradability. Homopolyesters can be divided 
into four classes with respect to their chemical structure [3]: poly(α-hydroxy acid)s, 
poly(β-hydroxyalkanoate)s, poly(ω-hydroxyalkanoate)s and poly(alkylene 
dicarboxylate)s. The first three classes of polyesters are synthesized by polymerization 
of hydroxy acids, HO-R-COOH, or by ringopeningpolymerization of cyclic monomers, 
-R-COO-. Examples of such polyesters are poly(lactic acid) (PLA), poly(β-
hydroxybuterate) (PHB) and poly(ε-caprolactone) PCL. The fourth type of polyester, 
poly(alkylene dicarboxylate)s, is polymerized through a polycondensation reaction 
between a diol, HO-R1-OH, and a dicarboxylic acid, HOOC-R2-COOH, forming 
polyesters like poly(butylene succinate) (PBS) and poly(butylene adipate) (PBA).  

 
Physical properties and degradation behavior of aliphatic polyesters are commonly 

customized by copolymerization of different monomers, racemization of isomers, 
changing the macromolecular architecture, or blending [4].  
 
 
2.1.1 Poly(alkylene dicarboxylate)s 

The biodegradable polyesters studied in this work were poly(butylene succinate) 
(PBS) and poly(butylene adipate) (PBA). They are synthesized through 
polycondensation of succinic or adipic acid and 1,4-butanediol.  

 Figure 1.  Monomeric structures a) 1,4-Butanediol  b) Succinic acid  c) Adipic acid. 
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Although polyesters with relatively high molecular weight have recently been 
obtained through polycondensation using metal alkoxides as catalysts [5], high 
molecular weight is usually difficult to obtain by polycondensation and synthesized 
polymers are left with poor mechanical properties. Hydroxyterminated polyester 
oligomers are therefore often coupled with diisocyanates to form polyester-urethanes 
with high molecular weight and desirable physical properties [3].  

 
 

2.1.2 Material properties 

 The physical properties of aliphatic polyesters are influenced by many factors. 
Composition of the repeating unit, flexibility of the chain, presence of polar groups, 
molar mass, molecular orientation, degree of branching and crystallinity are some of the 
most important characteristics. Inherent properties can be altered to obtain a broad 
variety of material properties ranging from brittle to elastomeric [4].  
 

Main chain regularity is an important parameter for the polymer’s ability to 
crystallize. PBS generally exhibits a higher degree of crystallinity than PBA [6,7,8] due 
to its more regular chain structure and the copolymer of succinic acid, adipic acid and 
1,4-butanediol, poly(butylene succinate - co - adipate)  (PBSA), exhibits a lower degree 
of crystallinity than both the respective homopolyesters PBS and PBA. Minimum 
crystallinity of the PBSA copolyester was observed at a concentration of 50 mol-% 
adipic acid and melting point temperature and glass transition temperature shifted 
towards lower temperatures as the adipate unit content increased [6,8,9]. Incorporation 
of hexylene units in PBS also reduced the regularity of the main chain and hence 
lowered the melting point and glass transition temperature [10]. However, 
copolymerization of adipic acid and 1,4-butanediol with an aromatic unit, e.g. 
poly(butylene adipate –co- butylene terephthalate), increased the glass transition 
temperature towards the higher glass transition temperature of poly(butylene 
terephthalate) (PBT). Crystallinity and melting point temperature showed minimum 
values around 25 mol-% butylene terephthalate, where the main crystalline structure of 
the copolyester changed from the PBA structure to adopt the PBT crystalline structure 
[11].  
 

Desirable tensile properties, improved processability and enhanced biodegradability 
can be achieved in low molecular weight poly(butylene adipate) ionomers, PBAi, due to 
the chain extension effects that are introduced by ionic interactions. The hydrolytic 
degradation of PBAi is drastically enhanced compared to PBA since ionic clusters 
reduce crystallinity and allow easier water penetration [12]. Controlling the molecular 
orientation through different preparation methods changes the physical properties and 
biodegradability of PBA films. Higher degree of molecular orientation gives a material 
with higher tensile strength, high tensile modulus, and lower biodegradability [13].  
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Introduction of branches in the polymer structure influences many physical and 
mechanical properties. Introduction of long branches increases the otherwise low melt 
strength of aliphatic polyesters and gives the polymer tension-hardening properties 
[4,14]. A high concentration of short or middle length chain branches may reduce 
crystallinity significantly [4], while a low concentration of short branches might have 
very small effects on the crystallinity. The inherent flexibility of introduced branches 
also affects the impact of branches on crystallinity, i.e. stiff branches inhibit 
crystallization more than flexible branches. The higher average segment density and the 
increased possibility for entanglements of a branched polymer imply that a polymer 
with long chain branches has a smaller hydrodynamic volume than a polymer of the 
same molecular weight but with short or no chain branches [14]. In a study done by 
Kim et al. [14] properties of both linear and branched PBS were analyzed. In order to 
introduce branching, 0.1, 0.3 and 0.5 wt % of trimethylol propane was added to the 
reaction mixture. The study showed that due to the lowered molecular regularity 
accompanying branching, both the melting temperature (Tm) and the crystallization 
temperature (Tc) decreased with increasing branching agent content. It was also found 
that the number-average molecular weight (Mn) decreased with increasing branching 
agent content while the weight-average molecular weight (Mw) increased. This means 
that the polydispersity index increased with increasing branching agent content [14]. 
Similar results were found for PBA by Han et al. [15]. The reduced elastic modulus and 
lower crystallinity of branched PBA compared to linear PBA was assigned to the lower 
packing density, i.e. larger amount of free volume, of the branched structure. Lower 
melting point temperature of the branched PBA indicated smaller or less perfect 
crystals, and the larger elongation in tensile tests suggested that the branched polyester 
had a structure more similar to an elastomer’s than the linear polymer had [15].  
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2.2 Degradation of polyesters 

Degradation of aliphatic polyesters includes chemical hydrolysis, microbial, 
enzymatic, thermal and oxidative degradation. Abiotic hydrolysis of aliphatic polyesters 
is influenced by many factors [16]. The most obvious are the chemical structure of the 
polymer and the degradation environment, but also the macromolecular architecture, 
molecular weight, crystallinity, morphology, presence of impurities and residual 
monomers influence the degradation rate. Among these factors, crystallinity has been 
proposed to be the most important one [3]. Chemical structures that allow water to 
diffuse into the polymer experience a faster degradation than more hydrophobic 
structures [17]. For example, water absorption and weight loss decreases as the length 
of the methylene chain in the polyester increases. The decrease in weight loss as the 
methylene chain-length increases can be assigned to both increasing hydrophobicity and 
a decreasing concentration of degradable ester linkages [18]. Degree of crystallinity and 
the presence of plasticizing impurities are other factors that influence water absorption 
to a great extent [19].  

 
Degradation of semi-crystalline polymers in aqueous media occurs in two steps. First 

water penetrates the amorphous, less ordered domains. Then, when the amorphous 
regions are already degraded, the crystalline domains are attacked [20]. One 
consequence of the early degradation of amorphous regions and the reorganization of 
loose chain ends is an increasing crystallinity in the beginning of hydrolysis [21]. 
Within the crystalline regions the ease of water penetration also controls degradation. 
The centre and the circumferences of spherulites are, because of the less ordered chain 
conformation in these parts, attacked before the bulk of the spherulite, and a spherulitic 
structure composed of densely packed, fine fibrils hinders water from penetrating the 
polymer better than a structure composed of more loosely packed, thick fibrils. As a 
result the more loosely packed polymer is degraded faster than the densely packed 
polymer [22].  
 

Hydrolytic cleavage of the polyester chain can take place at random points or near the 
chain-ends [16]. During abiotic degradation small molecules like water and ions, 
penetrate into the solid polymer and the degradation proceeds in-depth. Ester hydrolysis 
is auto-catalyzed by carboxylic acids [17,21] and if the polymer sample is thick, the 
carboxylic acids formed and trapped in the center of the material contributes to a fast 
center degradation and an exponential increase of the hydrolysis rate as degradation 
proceeds. In an amorphous polyester, hydrolysis is proposed to progress by random 
chain scissions [16]. Random cleavage of the polymer chains results in a rapid 
molecular weight decrease [21] and little weight loss in the beginning of degradation. 
As degradation advances, smaller oligomeric species are formed leading to increased 
weight loss and fragmentation of the polymer. In a semi-crystalline polymer however, 
the superior accessibility of the amorphous domains controls hydrolysis and near chain-
end scissions may occur at a higher frequency as chain-ends are more commonly found 
in the amorphous phase than in the crystalline phase. A decrease in the average 
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molecular weight of the polymer leads to a reduction of mechanical properties such as 
tensile strength, elongation and impact strength. 

 
Contrary to the water molecules in abiotic hydrolysis, enzymes are too large to 

penetrate into the solid polymer and enzymatic degradation proceeds at the surface of 
the polymer [3]. Enzymes also have poor affinity for the non - aqueous media and 
thermodynamic characteristics usually lead to a segregation of different types of 
macromolecules [19]. The beginning of enzymatic degradation is thus characterized by 
rapid molecular weight decrease (probably through near chain-end scissions), increasing 
polydispersity, surface erosion, and weight loss [16].  

 
Heterogeneous enzymatic degradation takes place through two steps, adsorption and 

hydrolysis. Enzymes can be either totally substrate specific, not tolerating any structural 
or configurational changes, or broadly specific for a functional group, accepting 
variations around that functional group. An example of a functional group specific 
enzyme is esterase-like lipase that catalyses the hydrolysis of lipids to fatty acids and 
glycerols and aliphatic polyesters to repeating units. The more flexible the polyester 
chain the easier it fits into the enzymes active site. A more balanced hydrophobic-
hydrophilic polymer structure, i.e. not too many or too few carbon atoms between polar 
groups, favors enzymatic and microbial degradation. PHA depolymerases are excreted 
by various microorganisms to degrade solid polyhydroxyalkanoates, PHA, into water-
soluble oligomers and monomers that they can use as nutrients [3]. For aliphatic 
polyesters in the glassy state, degradation often starts by chemical hydrolysis. The 
involvement of enzymes is usually more pronounced in later stages of degradation when 
erosion and physical fragmentation occurs but for polyesters in the rubbery state, 
enzymes often play an important role in the degradation [19].  

 
Synthesis and degradation of poly(butylene succinate) (PBS), poly(butylene adipate) 

(PBA) and their copolymer poly(butylene succinate-co-butylene adipate) (PBSA) have 
been a subject of several studies [5-8,14,15,22-31]. It was shown early that PBS, PBA 
and many related polymers are enzymatically hydrolyzed by lipases such as Rhizopus 
delemar [32] Rhizopus arrhizus and Mucor miehei [9], Pseudomonas sp. and 
Aspergillus niger [33], Chromobacterium viscosum, Rhizopus orizae, and Rhizopus 
niveus [34].  As mentioned in section 2.1, copolymerization affects both the crystallinity 
and hydrophilicity of polyesters [16] and the rate of enzymatic hydrolysis is highly 
influenced by both the chemical structure of the polymer and the degree of crystallinity 
[6,16,29]. Increasing biodegradability as a result of an introduction of groups that are 
more susceptible to enzymatic attack or due to a reduced crystallinity have been showed 
in several studies [8,9,10,35,36]. Copolymerization with a monomer that makes the 
polyester chain more rigid than the homopolyester, e.g. poly(butylene adipate –co- 
butylene terephthalate) compared to poly(butylene adipate) [11], or an increased 
molecular orientation in combination with an unfavorable chemical structure [37] 
reduces biodegradability. 
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Abiotic hydrolysis of PBA, PBS and PBSA has only been a subject of few studies 
[7,22,27]. Albertsson and Ljungquist conducted abiotic and biotic aging of PBA at pH 
5.5 and 37°C for 243 days [27]. PBA degraded by random hydrolysis and the rate of 
degradation was controlled by the crystallinity and molecular weight of the polymer. 
Ahn et al. aged PBS, PBA and PBSA in activated sewage sludge (pH 7.2) and alkali 
buffer (pH 10.6) for 49 days [7]. They showed that opposite to enzymatic hydrolysis, 
the rate of alkaline hydrolysis decreased, when the amount of adipic acid units in the 
copolymer increased. The usual degradation products formed in abiotic aqueous 
environments are hydroxyacids, dicarboxylic acids, diols and different oligomeric 
species formed by simple hydrolysis of ester bonds [21,38-40]. Acidic end-groups auto-
catalyze continued degradation [15,41] and water-soluble oligomers degrade to 
monomers if hydrolysis is allowed to continue [21]. 
 
 
2.2.1 Studying polymer degradation through the formation of degradation 
products 

The low molecular weight compounds released from the material during degradation 
determine the environmental impact and adaptability of degradable polymers. In the 
analysis of low molecular weight degradation products released from degradable 
polymers, the degradation process as well as intermediate and final degradation 
products should be elucidated quantitatively, to evaluate the environmental adaptability 
of the material. It is of primary importance to assure that the degradation intermediates 
are not toxic and that they do not accumulate in the environment. Degradation of 
polymers like polyethylene results in many products and complex product mixtures [42-
45]. Polymers like polyesters, which contain functional groups that are more sensitive to 
degradation than other groups in the main chain, produce less complex and more 
predictable degradation products [16]. When aliphatic polyesters are hydrolyzed, 
usually merely a few degradation products are formed. However, depending of the 
structure of the polyester and the environment it is subjected to, the time for 
degradation/fragmentation of the material can vary from days to several years. 

 
It has earlier been shown that there is a correlation between the degradation product 

pattern and degree of degradation in the polymer matrix [17,21,43,44,46] and that GC-
MS in combination with an effective extraction method is a sensitive tool to detect early 
signs of degradation in polymeric materials. Solid phase microextraction and GC-MS 
analysis of degradation products showed oxidation-induced changes in recycled and 
thermo-oxidized polyamide 66 considerably earlier than tensile testing, FTIR or DSC 
[42,46]. Among other methods used to analyze polar degradation products from 
polymers, HPLC in combination with atmospheric pressure chemical ionization – mass 
spectrometry (APCI-MS) and electrospray ionization – mass spectrometry (ESI-MS) 
can be mentioned [47]. 
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The identity and fate of degradation products from PBA and PBS have been 
addressed in only a few studies [27,48-50]. 1,4-butanediol, succinic acid and 4-hydroxy 
n-butyrate were identified as degradation products after microbial degradation of PBS 
films [48]. 28 water-soluble oligomeric species were identified by HPLC-MS after 
hydrolysis of commercial chain-extended PBSA (Bionolle) by extracellular lipases 
[49,50]. These species included polyester based oligomers and diurethane compounds. 
The polyester based oligomers were rapidly further biodegraded, while biodegradation 
of diurethane compounds proceeded considerably slower. Degradation tests of 14C 
labeled poly(butylene adipate) showed that microorganisms are able to further degrade 
oligomers formed during the hydrolysis of PBA [27]. Assimilation of abiotic hydrolysis 
products has also been shown for other aliphatic polyesters [51,52].  
 
 
2.2.2 Solid phase extraction 

In order to study degradation through the production of degradation products, 
methods for isolation of the formed products from the polymer matrix and degradation 
media, along with methods for preconcentration of the sample and further separation 
and identification need to be developed. An ideal analysis method is quantitative, 
selective, rapid, and consumes small or no volumes of solvent [16]. Liquid – liquid 
extraction is a traditional and common routine method for extraction of low molecular 
weight products from aqueous media. However, the technique has low selectivity, it is 
labor intensive, and consumes large volumes of solvent.  
 

Solid phase extraction (SPE) is a physical extraction technique for exhaustive 
extraction of volatile and semivolatile products from water and organic solvents. The 
solid phase consists of polymer-coated silica particles, packed in a medical-grade PP 
cartridge. Different chemical structures of the polymer coating enables selective 
extraction of different analytes from various liquid sample matrixes. The selectivity of 
the extraction depends on the solid phase, the chemical structure of the analyte, and the 
composition of sample matrix. The nature of the sample matrix and the pKas of the 
interesting analytes are key parameters when deciding on an appropriate solid- phase 
extraction method. The solid phase can retain the analyte through non-polar, polar or 
ionic interactions [53]. Controlling the pH of the sample is essential for performing an 
effective extraction. When using non-polar or polar interactions, analytes are kept in 
their non-ionic form by adjusting the pH of the sample to a level that is at least two units 
lower than the pKa of the analytes [54]. In contrast, when using ionic interactions, pH 
control is needed to ensure ionization of the analytes. In this case the pH of the sample 
should be at least two units higher than the pKa of an acidic compounds and at least two 
units lower than the pKa of a basic compounds. For example, if using an anion 
exchange sorbent, pH has to be adjusted two units higher than pKa of the analyte and 
two units lower than pKa of the sorbent [55,56]. 
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After sample preparation, the solid phase extraction procedure can be divided into 
four steps, Figure 2. In the first step, the solid phase is conditioned and equilibrated to 
the same pH as the sample solution. The liquid sample is then passed trough the solid 
phase and interference analytes can be washed out with a suitable solvent. In the final 
step, desirable analytes are eluted from the solid phase by an appropriate solvent and by 
using several different eluting solvents, analytes can be collected in different fractions. 

 

 

 
 
 

Figure 2. Solid phase extraction: a) sample pre-treatment, b) conditioning and equilibration of 
the solid phase, c) application of the sample containing analytes and interference compounds, 

d) interference elution, e) analyte elution 

 
 
 
Short-chain dicarboxylic acids and diols have earlier been extracted by sequential 

liquid-liquid extraction [38,57-64] and solid phase extraction [65,66]. SPE has earlier 
been applied for the extraction of mono- and dicarboxylic acids, hydroxyacids, ketones, 
ketoacids, aldehydes, hydrocarbons, lactones and alcohols after aging of polyesters and 
degradable polyethylenes [17,21,39,43,45,51,67,68]. Identification and quantification of 
degradation products formed during hydrolysis of aliphatic polyesters can be a tedious 
procedure including many extraction steps. Extraction of all the desired hydrolysis 
products simultaneously in one step reduces both labor-time and loss of accuracy. 
 

a) b) c) d) e)a) b) c) d) e)
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2.3 Applications of aliphatic polyesters 

Degradable polymers have been found increasingly attractive in environmental, 
biomedical, and agricultural applications. Aliphatic polyesters have showed promising 
results in various applications such as packaging material and mulch films to solve 
problems related to plastic waste accumulation, and in biodegradable medical devices 
[16].  

 
 

2.3.1 Biodegradable packaging 

Several commercial polyesters exist on the market as biodegradable packaging 
material. Renewable resources such as corn, rice, sugar beets, sugarcane, wheat and 
sweet potatoes can be used to produce commercial poly(lactic acid) (PLA) materials 
with properties comparable to commodity polymers [69]. Physical properties and melt 
processing of PLA are similar to those of conventional packaging resins, and plasticized 
with lactic acid it becomes flexible enough to mimic PVC, LDPE, LLDPE, PP and PS 
[16]. PLA is easily hydrolyzed and degradation products can be further assimilated by 
microorganisms thereby eliminating problems associated with waste management [68]. 
PLA packaging and fiber products on the market can be found within consumer goods, 
food packaging, service ware [69], and broad variety of medical applications [16].  

 
Poly(β-hydroxybuterate), PHB, is a naturally occurring polyester produced by 

bacteria as an intracellular reserve of carbon or energy. Physical properties are often 
compared to those of PP (similar crystallinity, melting point and glass transition 
temperature), but PHB is in general a more stiff and brittle material than PP and it has a 
lower solvent resistance and better natural resistance to UV radiation [16].  Enzymatic 
degradation through erosion from the surface of PHB is about 2-3 orders of magnitude 
faster than hydrolytic degradation. [3] Copolymerized with hydroxyvalerate units the 
material is used in applications such as coated papers, films, fibers, non-woven fabrics, 
and molded articles [70].  
 

Poly(ε-caprolactone), PCL,  is a flexible semi-crystalline polymer with high tensile 
elongation and an elastic modulus between LDPE and HDPE [3]. It blends well with 
many polymers like PVC, PET, PE [16] and can be processed by conventional 
processing equipment such as injection molding, film blowing and extrusion without 
significant decrease in molecular weight. PCL can be used in soil-degraded containers 
used for growing and transplanting trees and blended with starch it can be used as 
shopping bags [4].  

 
Polyesters produced by traditional polycondensation reactions between glycols and 

dicarboxylic acids long suffered from poor mechanical properties due to their low 
molecular weights. When this problem was overcome by the use of chain extenders also 
these polyester formed materials able to be processed by conventional equipment into 
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blown, extruded and injected products like fibers, films, bags, foams, bottles, and 
cutlery. Material have been developed from 1.2-ethanediol, 1.4-butanediol, succinic and 
adipic acid and manufactured products show good resistance to water, hydrocarbons and 
oils [71]. Another way of increasing the strength of aliphatic polyester is 
copolymerization of aliphatic and aromatic components. The resulting 
aliphatic/aromatic polyester benefits from both the degradability of an aliphatic 
polyester and the material properties of an aromatic polyester.  
 
 
2.3.2 Polymeric plasticizers in flexible PVC films 

PVC is one of the most important plastic materials available today in terms of 
consumption. It has a broad collection of applications in different areas ranging from 
packaging to health care devices, toys, building materials, electrical wire insulation, 
cloths or furnishing.  

 

 

Figure 3. Application areas of PVC [72]. 
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Flexible PVC grades are obtained by compounding PVC with plasticizers. The most 
significant group of PVC plasticizers is phthalate esters. They constitutes 97% of the 
total amount of plasticizers used [72] and are usually added in a content of up to 50% of 
the final weight of the products. Phthalate esters are low molecular weight compounds 
interacting with PVC through physical interactions. They are easily released from the 
polymer matrix and they have been found in most environments, in domestic foods and 
wastes, in animals and humans [73].  

 
In December 1999, the European Commission issued an emergency ban 

(1999/815/EG) on the use of 6 phthalate esters (DINO, DEHP, DNOP, DIDP, BBP and 
DBP) in toys and childcare articles that were intended to be placed in the mouth of 
children under three years of age [74]. This ban was renewed in August 2003 [73] but 
more stringent restrictions have been brought in by some EU members. In these 
countries the restrictions also apply to products that are likely or can be placed in the 
mouth of children under the age of three. Countries applying more firm restrictions are 
Greece, Austria, Denmark, Sweden, Finland, Italy, and Germany [74]. Also USA and 
Canada have regulations regarding the use of these phthalate esters in toys intended for 
mouthing [73].  

 
Phthalate plasticizers have in in vitro and toxicological animal tests been shown to 

have adverse effects in the liver, reproductive tract, kidneys, lungs, fetus, and heart 
[75,76]. Phthalate esters have been identified as irritants and immunogenes of 
respiratory syndromes [77] and toxicological data together with the limited human 
exposure data cause concerns about DEHP being harmful to human fertility and 
reproduction. DEHP is also a suspected endocrine disruptor [73,78] and the principal 
hydrolysis product of DEHP, MEHP, has shown indications of exhibiting genotoxic 
effects in human mucosal cells and lymphocytes [79]. Similar exposure levels as those 
causing adverse effects in toxicological test on animals have been found in certain 
clinical situations and toxicological data raise concerns of exposing fetus, neonates, 
infants, children and chronically ill adults to DEHP [75]. The potential health risk is 
higher for infants, who often come in contact with several plasticized PVC grades on a 
daily basis and may ingest considerable amounts of phthalates by sucking on plastic 
toys, naps, teethers or plastic bottles. Infants are also at higher risk because they are 
exposed to a higher dose (mg/kg) and pharmacokinetical differences exists between 
adults and children concerning adsorption of DEHP, conversion of DEHP to MEHP and 
excretion of MEHP. Children are also thought to be more sensitive towards the adverse 
effects of DEHP [73]. High risk of phthalate exposure for adults is associated with the 
use of medical devices such as feeding tubes, catheters, blood bags, transfusion tubing, 
and hemodialysis systems. 

 
Both alternative plasticizers and substitute plastic materials have been assessed for the 

replacement of phthalate plasticized PVC. The key issues for a successful substitution 
of phthalate plasticized PVC is to find a material possible to process in conventional 
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processing equipments, a material that form products that match the technical 
requirements and that can be manufactured at a comparable cost. Phthalate plasticizers 
provides a broad range of properties compared to many other plasticizers such as 
phosphates, epoxides, aliphatic dibasic esters, trimellitates, pyromellitates, and 
polymeric plasticizers [80]. Among the substitute plastics evaluated, ethylene-vinyl 
acetate copolymers (EVA), polyesters, blow-molded polyolefins and laminates have 
been found to offer additional property benefits missing in some PVC applications 
today [74]. However, in many applications no material has yet been found that can 
satisfactorily substitute soft PVC and no low molar mass plasticizer have so far been 
capable of replacing phthalates without inducing migration. Coatings based on 
poly(ethylene oxide) [81,82] or surface modification by radiation cross-linking [83] 
often reduce migration at the cost of other properties. There is thus a large demand for 
finding alternative plasticizers. A promising and appealing way to obtain safe 
plasticized PVC grades is to substitute phthalates with compatible and non-toxic 
polymeric plasticizers. A polymeric plasticizer compatible with PVC is due to its 
molecular dimensions less likely to migrate from the PVC products. 
 

A plasticizer is a substance or material incorporated in a material to increase the 
flexibility, workability and distensibility by breaking intermolecular forces within the 
material. Preferable plasticizer properties are good miscibility, i.e. strong intermolecular 
forces between the plasticizer and the polymer resin, low cost per volume, low volatility 
and diffusivity and low specific gravity. A well-plasticized product should be flexible at 
low temperatures, have a high tensile elongation but low tensile strength and elastic 
modulus [80]. 

 
A low molecular weight plasticizer is easily mixed with the polymer resin and its high 

density of chain-end induces much free volume in the material. As the molecular weight 
of the plasticizer increases, the glass transition temperature of the material should 
increase. High molecular weight allows more entanglements and provides less chain-
ends per mass plasticizer. Branched polymers have a higher density of chain-ends 
compared to a linear polymer of the same molecular weight and therefore also more free 
volume and mobility at the same molecular weight. Using a branched plasticizer would 
thus increase the mobility of the system compared to a system plasticized with a linear 
polymer, at the same time as the branched polymer’s high molecular weight and 
bulkiness significantly reduce its volatility and diffusivity compared to low molecular 
weight plasticizers. 

 
The literature reports of PVC blends with different rubber-like materials e.g. 

acrylonitrile-butadiene rubber or vinylchloride-ethylene-vinylacetate [84,85] or with 
aliphatic polyesters including polycaprolactone [86-89], poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) [90], poly(butylene adipate) [91-95] and poly(ester ether carbonate) 
with PCL and PEG main segments [96]. PVC and aliphatic polyesters are miscible 
probably through hydrogen bonding between the carbonyl group of the ester and the α-
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hydrogen next to the chlorine atom in PVC. The intermolecular force might also 
originate from hydrogen bonding between the carbonyl group of the ester and a β-
hydrogen in PVC, or from a dipole-dipole interaction between the carbonyl group of the 
ester and the chlorine atom in PVC [89,97-101]. The miscibility of polyester/PVC 
blends have been shown to be favored by a polyester CH2/C=O ratio between 4-10 
[89,92]. As far as we know, only two references [1,2] exist on the use of hyperbranched 
polymers for blending with PVC. Other references were all to the blending of linear 
polymers with PVC and macromolecular engineering was not used to tailor the blend 
properties.  
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3 Experimental 

 
3.1 Chemicals 

Succinic acid (99%), glutaric acid (98%), adipic acid (99%), and 1,5-pentanediol 
(97%) used in SPE method development were all purchased from Fluka (Buchs, 
Switzerland) and used as received. 1,4-butanediol (99%) was obtained from Riedel-
enHaën (Seelze, Germany) and was also used as received. Water (HPLC grade) was 
purchased from Fluka while eluting solvents methanol (99.9%) and chloroform (99.5%) 
were purchased from Labscan Ltd. (Dublin, Ireland) and acetonitrile (99.8%) from 
Merck Eurolab (Darmstadt, Germany ). 1,4-butanediol (BD) (99%), adipic acid (AA) 
(99%),  dimethyl ester of adipic acid (DMA) (~99%), dimethyl ester of succinic acid 
(DMS) (98%) and trimethylol propane (TMP) (>98%) used for synthesis of polyesters 
were purchased from Fluka (Buchs, Switzerland) and used as received. Titanium 
isopropoxide (TIP) (99.99%) used as catalyst, chloroform and diethyl ether used during 
synthesis were obtained from Sigma-Aldrich. Methanol used for precipitation of 
polyesters was obtained from Merck Eurolab (Darmstadt, Germany) and THF used for 
solution casting was purchased from BergmanLabora (Upplands Väsby, Sweden). 
Commercial plasticizers bis(2-ethylhexyl)phthalate (DEHP) (Selectophore®) and 
dioctyl phthalate (DOP) (98%) were obtained from Fluka (Buchs, Switzerland). 

 
 

3.2 Synthesis of polyesters 

The PBA and PBS polyesters used in this study were synthesized through a 
condensation reaction between 1,4-butanediol and succinic acid, adipic acid, dimethyl 
ester of adipic acid or dimethyl ester of succinic acid. Trimethylol propane was used as 
branching agent to synthesize branched PBA. 

  
Linear PBS and PBA (PBS-1, PBA-1, 2, 4, 5, and 6), were synthesized by adding BD 

and DMS, DMA, or AA respectively to a two-neck round-bottom reaction vessel in the 
amounts reported in Table 1. TIP catalyst was added to each reaction mixture. The 
reaction vessel was immersed in a silicon oil bath and the temperature was increased 
under nitrogen gas to 130ºC where the reaction was continued for 3 h. The methanol 
formed in the reaction was continuously distilled from the reaction mixture. The 
temperature of the reaction mixture was then raised to 180ºC under reduced pressure 
and the polymerization was continued for 16 h. After the polymerization was completed 
the reaction mixture was cooled down to room temperature and the polyesters were 
dissolved in chloroform and removed from the reaction vessel. The polymers were 
precipitated into methanol, filtrated and washed with diethyl ether.  
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a) Generic term for dimethyl ester of succinic acid (DMS), dimethyl ester of adipic acid (DMA), 

and adipic acid (AA) 
b) Molar ratio (mole:mole) 

 

Table 1.  Molar ratios of monomers, catalyst and branching agent added to synthesize linear 
and branched polyesters. 

 
 
Branched PBA polymers were synthesized in a similar way by adding BD, DMA or 

AA, and TIP catalyst in the amounts reported in Table 1 to a two-neck round-bottom 
reaction vessel. In the case of the branched PBA-3 the reaction mixture was kept only 2 
h at 130ºC after which 0.5 mol-% TMP was added and the reaction was continued for 2 
more hours at 130ºC. The temperature of the reaction mixture was then raised to 180ºC 
under reduced pressure and the polymerization was continued for 16 h. PBA-7 was first 
kept 1 h at 140ºC where after the temperature were raised to 200ºC for 1 h and 40 
minutes. The reaction mixture was cooled to room temperature and 0.5 mole-% TMP 
was added. The reaction was continued for 6 h at 180ºC under reduced pressure before 
the temperature was raised to 200ºC and the polymerization was continued for 16 h.  
PBA-8 was in the first step reacted 2 h at 130ºC. The reaction was after addition of 1.5 
mole-% TMP continued for 3 h at 130ºC. The temperature was then raised to 180ºC 
under reduced pressure and the polymerization was continued for 16 h.  PBA-9 was 
reacted 2 h at 130ºC after which the temperature was raised to 160ºC under reduced 

 

Polyester BD : Acida) b) Acida) TIP (mole-%) TMP (mole-%) 

PBS-1 1.05 : 1.0 DMS 0.2 - 

PBA-1 1.05 : 1.0 DMA 0.2 - 

PBA-2 1.0 : 1.0 DMA 0.2 - 

PBA-3 1.05 : 1.0 DMA 0.2 0.5 

PBA-4 1.05 : 1.0 AA 0.15 - 

PBA-5 1.0 : 1.0 AA 0.2 - 

PBA-6 1.06 : 1.0 DMA 0.1 - 

PBA-7 1.05 : 1.0 AA 0.1 0.5 

PBA-8 1.0 : 1.0 DMA 0.2 1.5 

PBA-9 1.0 : 1.0 AA 0.2 0.26 

PBA-10 1.0 : 1.0 DMA 0.2 3.0 
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pressure for 16 h. 0.26 mole-% TMP was added to the reaction mixture and the 
polymerization was continued for first 3.5 h at 130ºC and then 3.5 h at 180ºC under 
reduced pressure. The last polyester, PBA-10, was reacted 2 h at 130ºC before 3.0 mole-
% TMP was added. The reaction was then continued at 130ºC for 2 h. The 
polymerization was finalized at 180ºC under reduced pressure for 24 h. 

 
 

3.3 Aging of polyesters in an aqueous environment  

120 mg PBS-1, linear PBA-1, PBA-2, and branched PBA-3, were aged in 20 ml glass 
vials containing 10 ml water (HPLC grade from Fluka, Buchs, Switzerland). The vials 
were sealed by 5 M/l Teflon white-faced white silicone septas (20 mm diameter and 
0,125“ thick) from Supelco (PA, USA). PBS-1 was also aged in 10 ml buffer solution 
(disodium hydrogen phosphate/potassium dihydrogen phosphate, pH 7.0) from Merck 
(Darmstadt, Germany). Linear and branched PBA were aged at 37 °C for a period of 85 
days during which samples were taken out continuously. PBS was aged at 37 °C and 70 
°C for a period of 85 days. 

 
 

3.4 Development of a solid phase extraction method 

Four different non-polar SPE sorbents were tested for their capability to 
simultaneously extract the expected final hydrolysis products from PBA and PBS, 1,4-
butanediol, adipic acid and succinic acid: ISOLUTE C8 (C8 Octyl), ISOLUTE C18  
(C18 Octadecyl), ISOLUTE C18(EC)  (C18 Octadecyl(end-capped)), and 
ISOLUTE ENV+ (ENV+ Hydroxylated polystyrene-divinylbenzene), all from 
Sorbent AB, Västra Frölunda, Sweden. The solid phases were conditioned with 1 ml of 
methanol and equilibrated with 1 ml of water (pH<2). pKa of the analytes was 14.5 for 
1,4- butanediol, 4.21 and 5.64 for the first and second hydroxyl group of succinic acid, 
and 4.41and 5.41 for the first and second hydroxyl group of adipic acid. Controlling the 
pH of the sample is essential for performing an effective extraction. To avoid ionization 
of analytes when using non-polar interactions, pH of the sample was adjusted to a level 
that was at least two units lower than the pKa of the analytes, i.e. pH< 2, by 
concentrated HCl. 3 ml of a solution containing known amount of adipic acid, succinic 
acid, 1,4-butanediol plus the internal standards, 1,5-pentanediol and glutaric acid, was 
applied to the SPE column. When the solution had passed through, the column was 
dried with a low flow of compressed air. To elute the analytes three different solvents 
were tested, i.e. methanol (0.1 % HCl), acetonitrile, and chloroform, by applying 1 ml 
of eluting solvent to the solid phase. When acidic methanol (0.1 % HCl) was used as an 
eluting solvent the dicarboxylic acids were methylized to methyl esters of respective 
acids. Due to losses of solvent in the solid phase, the samples were after elution diluted 
so that they all measured the volume of 1 ml. From the results of these tests, the solid 
phase chosen for extraction of degradation products formed during aging of PBS and 
PBA was ENV+ resin and eluting solvent methanol (0.1% HCl). 
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3.5 Extraction of degradation products formed during aging of polyesters 

Identification and quantification of hydrolysis products by gas chromatography - mass 
spectrometry, was preceded by extraction of produced substances trough the solid- 
phase extraction (SPE) procedure described in chapter 3.4. The sample solution was 
separated from the polymer by filtration. Preliminary tests were done to estimate the 
concentration of the sample. If the estimated concentration was higher than 500 ng/µl, 
i.e. the upper concentration limit for linearity, the sample was diluted. 1 µl of 
concentrated internal standard solution (1,5-pentanediol and glutaric acid, 3g of internal 
standard/10ml water) was added to the sample solution before the sample was applied to 
the SPE column. Quantification of degradation products was done through calibration 
curves and corrected with internal standards. Calibration curves were prepared by 
dissolving known amounts of adipic acid, succinic acid and 1,4-butanediol in water 
together with 1 µl of internal standard solution and extracting them with the SPE 
method described in chapter 3.4. Concentrations for the analytes varied between 15 
ng/µl and 600 ng/µl. 
 
 
3.6 Gas Chromatography - Mass Spectrometry, GC-MS 

Identification and quantification of extracted degradation products was done by a 
ThermoFinnigan GCQ (San José, CA, USA.). The column used was a wall-coated open 
tubular (WCOT) fused silica CP-WAX 58 (FFAP)-CB column from Varian (25m × 
0,32 mm I.D., D.F. 0,2 µm). Helium of scientific grade purity from AGA (Stockholm, 
Sweden) was used as carrier gas at the constant velocity of 40 cm /sec (the electronic 
pressure control, EPC, of the GC was used to control the flow velocity). The initial oven 
temperature was 40 °C, which was held for 1 min. The oven was heated to 250 °C at the 
heating rate 10 °C /min, and held at 250 °C for 15 min. Electron impact mode, EI, was 
used with an electron energy of 70 eV. The mass-range scanned was 35 to 400 m/z and 
the ion source and transfer line temperatures were 180 °C and 250 °C respectively. The 
injector temperature was set to 250 °C. 1 µl of sample was injected in splitless injection 
mode and two blanks were run between each sample by injecting clean methanol (0.1 % 
HCl). Identification of monomeric degradation products was confirmed by comparing 
their retention times and mass spectra to those of corresponding standard compounds. 
Oligomeric products were identified by their EI mass spectra and quasi-molecular ions 
([M+H]+ through proton transfer and [M+C2H5]+ through electrophilic addition) 
obtained by analyzing some of the samples in chemical ionization mode, CI, with 
methane as a reagent gas.  
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3.7 Weight loss measurements 

Weight loss measurements were conducted by weighting each filter, used to separate 
the polymer from the degradation media, before and after filtration on a Precisa 
410AM-FR analytical balance. After filtration, the polymers were dried in desiccator 
until constant weight, at which point the weight loss was calculated. 
 
 
3.8 Size exclusion chromatography, SEC 

Molecular weight of synthesized polyesters was determined using a Viscotek TDA 
model 301 triple detector array SEC apparatus (viscometer, refractive index detector, 
and light scattering detector) equipped with GM HHR-M x2 columns with TSK-gel 
(Tosoh Biosep), a Viscotek VE 5200 GPC Autosampler, a Viscotek VE 1121 GPC 
Solvent pump, a Viscotek VE 5710 Degasser, and a Viscotek Trisec 2000 software 
(version 1.0.2), all from Viscotek Corp. Tetrahydrofuran stabilized with hindered 
phenol (250 ppm) was used as mobile phase at the velocity of 1.0 mL/ min. Linear 
polystyrene standards were used for SEC calibration, 11 narrow standards (Mp: 0.580 
kg/mol – 185 kg/mol) and one broad standard (Mw= 250 kg/mol, PDI= 2.5). Flow-rate 
fluctuations were corrected using the DRI signal of the injected THF as an internal 
standard. The right angle laser light scattering detector (RALLS) was calibrated with 
linear polystyrene standards (Mw= 90.1 kg/mol, PDI= 1.04; Mw= 250 kg/mol, PDI= 2.5; 
both in concentration 1.00 mg/mL). Columns and detectors were kept at 35°C. Due to 
poor solubility of PBS in THF, the molecular weight of synthesized polyesters PBS-1 
and PBA-1,2,3 was also determined by Waters 717 plus auto sampler and a Waters 
model 510 SEC apparatus equipped with three Plgel 10 µm mixed-B columns, 300*7.5 
mm and a PL-ELS 1000 detector. Chloroform was used as mobile phase at the velocity 
of 1 ml / min. Polystyrene standards of 580, 1020, 2000, 5050, 9770, 19800, 96000, and 
498000 g/mole were used to calibrate the system. 

 
Analysis of molecular weight changes after hydrolysis was performed on the Waters 

717 plus auto sampler and a Waters model 510 SEC system with chloroform as mobile 
phase. 

 
 

3.9 Nuclear magnetic resonance, NMR 

1H NMR analyses were conducted on a Bruker Avance 400 Fourier transform nuclear 
magnetic resonance spectrometer (FT-NMR) operating at 400 MHz. The temperature 
was 25 °C and chloroform-d1 (CDCl3) was used as solvent. Samples were prepared by 
dissolving 25 mg of polymer in 0,5 mL CDCl3 in 5 mm diameter sample tubes. 
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3.10 Differential scanning calorimetry, DSC 

DSC analyses were performed on a Mettler-Toledo DSC 820 under nitrogen 
atmosphere. 

 
 

3.10.1 Characterization of polyesters used in degradation study 

5 mg of dried PBS-1 or PBA-1, -2, -3 was encapsulated in a 40 µl aluminum cap 
without pin. The nitrogen gas flow was set to 50 ml/min and the following temperature 
program was used: initial temperature 25 °C, heating to 130 °C (10 °C/min), cooling to 
0 °C (10 °C/min), heating to 130 °C (10 °C/min). 
 
 
3.10.2 Characterization of flexible PVC/PBA films 

5-10 mg of dried polymer (PVC and PBA-4 to PBA-10) or PVC/PBA film was 
encapsulated in a 40 µl aluminum cap without pin. Samples were under a nitrogen gas 
flow of 80 ml/min heated from 25 °C to 80 °C at a rate of 5 °C/min. There after the 
samples were cooled from 80 °C to 25 °C at a rate of 5 °C/min, from 25 °C to -50 °C at 
a rate of 1 °C/min, and from -50 °C to -70 °C at a rate of 0.5 °C/min to ensure 
controlled crystallization. The samples were held isothermally at -70 °C for 10 minutes 
before heated from -70 °C to 120 °C at a rate of 5 °C/min. Samples containing pure 
PVC was heated to 120 °C also in the first heating cycle.  
 
 
3.11 Solution casting 

Solution cast flexible PVC/PBA films were prepared by dissolving 2 g (total amount 
of polymers) in 80 mL THF (from BergmanLabora, Sweden). Three different ratios of 
PVC/PBA were prepared for each polyester, i.e. 20, 40, and 60 weight-% PBA. The 
dilute polymer solutions were prepared at 40 °C and constant agitation, exception for 
solutions of PVC/PBA-4 and PVC/PBA-8 that were dissolved at 45 °C and 50°C 
respectively. To eliminate potential particles in the synthesized PBA polymers, the 
weight portions of polyesters were first dissolved and filtered trough a pre-weighted 
filter before PVC was added to the solution. Filters were dried until constant weight to 
ensure no major loss of polyester during this step of the preparation. When both 
polyester and PVC was fully dissolved, the dilute solutions were cast in clean Petri 
dishes (with lids) that had previously been flushed with compressed air to minimize the 
presence of dust particles. Films were dried in ambient pressure and room temperature 
for three days and in a vacuum desiccator for additionally three days. Dry films were 
kept between light protecting aluminum foils in a desiccator until analysis. Films 
plasticized with 20, 40, and 60 weight-% traditional phthalate plasticizers (DEHP and 
DOP) were also prepared as described above. 
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3.12 Tensile testing 

Tensile testing of solution cast films was conducted in an Instron 5566 equipped with 
pneumatic grips and Instron series IX software (Bristol, United Kingdom). Five dry 
samples of uniform shape (80*5 mm) was cut using a EP 04/80*5mm specimen cutter 
from Elastocon AB, Sweden, and drawn to break from an initial grip separation of 25 
mm at a crosshead speed of 50 mm/min and with a load cell of 0.1 kN. The sample 
thickness was measured using a digital thickness gage (Mitutoyo micrometer) and 
elongation at break was calculated from grip separation. ASTM standard D 882-02 was 
followed with exception of conditioning procedures. Tensile modulus of elasticity was 
not measured due to insufficient sample lengths. 
 
 
3.13 Optical microscopy 

Polarized light optical microscopy of solution cast films was conducted using a Leitz 
Ortholux POL-BK II optical microscope equipped with a Leica DC 300 camera. Leica 
IM50 software (Version 1.20, Release 19) was used to process the images. 
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4 Results and Discussion 

To determine the characteristics influencing the physical properties and 
biodegradability of the aliphatic polyesters used in this work, synthesized linear 
poly(butylene succinate) (PBS) and linear and branched poly(butylene adipate) (PBA) 
were characterized by SEC, NMR and DSC. As can be seen from Table 2 there was a 
rather large difference in the molecular weights obtained by calibration against 
polystyrene standards and the absolute molecular weights obtained by triple detector 
array SEC. The latter being 2-3 times lower. The difference was especially prominent in 
the case of the branched PBA. Good correlation was found between Mark Houwink a-
values obtained by triple detector array SEC and the TMP content calculated from NMR 
spectra, i.e. the polyesters with higher TMP contents, PBA-8 and PBA-7, had lower a-
values, that is a higher degree of branching, than the other branched polyesters. Melting 
temperatures determined by DSC are shown in Table 3. 

 
 

a) Measured by triple detector array SEC, universal calibration 
b) Measured by single detector SEC, conventional calibration  
c) Measured by NMR 
 
 

Table 2.  Molecular weights, polydispersity index, and mole-percent branching agent in the 
synthesized polyesters. 

 
 

 

Polyester Mn (g/mol)a) Mw (g/mol)a) Mn (g/mol)b) Mw (g/mol)b) PDIa) TMP (%)c) 

PBS-1   9200 13200  - 

PBA-1 4400 7400 10500 14700  - 

PBA-2 8400 14800 24200 34400  - 

PBA-3 1700 4400 9000 11600  0.6 

PBA-4 2300 3300   1.4 - 

PBA-5 4100 6100   1.5 - 

PBA-6 7800 14500   1.9 - 

PBA-7 4200 6900   1.6 0.8 

PBA-8 5000 8000   1.6 1.8 

PBA-9 5400 8800   1.6 0.4 

PBA-10 9700 17500   1.8 0.2 
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Table 3. Melt temperatures for the different poly(butylene adipate)s and  

poly(butylene succinate).  

 
The hydrolysis of four of the synthesized polyesters, PBS-1, PBA-1, PBA-2 and PBA 

–3, was studied in water or phosphate buffer at 37°C and 70°C. Early signs of 
degradation were followed trough the formation of degradation products. The rest of the 
synthesized polyesters, PBA-4 to –10, were mixed with PVC in concentrations of 20, 
40, and 60 weight-% PBA, and solution cast in THF to prepare approximately 50-60 µm 
thick films.  
 
 
4.1 Development of solid phase extraction method 

A solid phase extraction method was developed for simultaneous extraction of acidic 
and basic low molecular weight products formed during aging of PBS and PBA in an 
aqueous environment. 

 
 

4.1.1 Choosing the solid phase and eluting solvent 

The expected final hydrolysis products from PBA and PBS, 1,4-butanediol, adipic 
acid and succinic acid, are all very water-soluble compounds. In addition 1,4-butanediol 
have a very high pKa (14.5) while adipic acid and succinic acid have rather low pKas 
(4.41 and 5.41 for adipic acid and 4.21 and 5.64 for succinic acid), which make the 
simultaneous extraction from water even more difficult and rules out the use of ionic 
interactions. Four different non-polar SPE columns were tested to extract these 
compounds from water: C8 silica, C18 silica, C18 silica (EC) and ENV+ resin. C8 and 
C18 are commonly used to extract organic compounds from aqueous matrixes. Their 
non-polar characteristics increase with increasing carbon chain length. End capping 
(EC) by trimethyl silane, reduces the number of silanol groups present at the surface and 
reduces the polar and ionic secondary interactions otherwise formed. ENV+ is 
especially suited for extracting polar, and therefore very water-soluble, analytes from 
aqueous matrixes. The solid phase is highly cross-linked and has higher capacity than 
normal C18 sorbents. In addition to testing different solid phases, three different eluting 
solvents were also tested: methanol (0.1 % HCl), acetonitrile and chloroform. 
Chloroform and acetonitrile resulted in poor analyte elution reproducibility and were 
therefore rejected as eluting solvents. Acidic methanol (0.1 % HCl), however, resulted 

 

Polyester PBS-1 PBA-1 PBA-2 PBA-3 PBA-4 PBA-5 PBA-6 PBA-7 PBA-8 PBA-9 PBA-10 

Tm (°C) 112,6 55,4 57,9 55,0 54,7 57,0 57,9 55,3 54,5 57,0 58,4 
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in reproducible elution of analytes and improved the GC behavior due to methylation of 
dicarboxylic acids to their methyl esters. To compare extraction efficiencies for the 
different sorbents tested, relative amounts of extracted analytes were compared at a 
sample concentration of 300 ng/µl, Figure 4 and 5. Succinic acid was generally 
somewhat more difficult to extract than the slightly less polar adipic acid. ENV+ was 
the solid phase that resulted in the highest extraction efficiency for succinic acid and 
1,4-butanediol, and that showed the smallest variations in extraction efficiency between 
the different analytes. This reduces diluting problems due to large difference in analyte 
concentrations.  

 

 
Figure 4. Comparison of the different solid phase extraction columns tested for the extraction 
of expected analytes and internal standards. Relative amounts were compared for a sample 

concentration of 300 ng/µl. 
 
 
 

 

Figure 5. Comparison of the different solid phase extraction columns tested for the extraction of 
expected analytes and internal standards. Relative amount of analyte divided by relative amount 

of internal standard. 
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4.1.2 Creating calibration curves and validating the method 

Calibration curves (r2
adipic acid = 0.9511, r2

succinic acid = 0.9597, and r2
1,4-butanediol = 0.8835) 

were made by dissolving known amounts of adipic acid, succinic acid and 1,4-
butanediol in water and subjecting them to the earlier described SPE procedure. The 
linear ranges, 1-500 ng/µl for adipic acid and 2-500 ng/µl for 1,4-butanediol and 
succinic acid, were found by plotting the area of the analyte, divided by the area of 
respective internal standard, as a function of the mass of the analyte. Different amounts 
of adipic acid, succinic acid and 1,4-butanediol were also dissolved in acidic methanol 
and analyzed by GC-MS. Extraction efficiencies were calculated by-dividing the slope 
of the calibration curve made from extracted samples with the slope of a calibration 
curve made from non-extracted samples. Extraction efficiencies for the different 
analytes were 76 % for 1,4-butanediol, 51% for succinic acid and 79% for adipic acid. 
Considering the different nature of the extracted compounds the recoveries obtained by 
this single step extraction were good. In comparison, Hirschlag and Köster have earlier 
developed a SPE method to extract different hydroxy acids and dicarboxylic acids from 
aqueous media [65]. They used a SDB-1 column from J.T. Baker and their recoveries 
for succinic and adipic acid were 84 % and 67 %, respectively. Relative standard 
deviations (n=6), detection limits (S/N=3) and quantification limits (S/N=10) for the 
three analytes and internal standards are given in Table 4. 

 
 

*RSD values for extracted degradation products, corrected with respective internal standard, were 
calculated from six extractions made the same day. 
 

Table 4. Detection limits (S/N=3), quantification limits (S/N=10) and relative standard 
deviations (RSD) for the expected analytes. 

 

 

 S/N=3 S/N=10  

Analyte Concentration(ng/ul) Concentration(ng/ul) RSD (%)* 

Succinic Acid, dimethyl ester 2 7 7 

Glutaric Acid, dimethyl ester 1 2  

Adipic Acid, dimethyl ester 1 3 4 

1,4-Butanediol 2 6 3 

1,5-Pentanediol 2 7  
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4.2 Hydrolysis of the polyesters 

Differences in degradation rate due to aging temperature, degradation medium, 
chemical structure, degree of branching, and molecular weight of the polyester was 
studied by following the formation of low molecular weight products during aging in an 
aqueous environment. Linear and branched PBA were aged in water at 37 °C, and linear 
PBS in water and phosphate buffer solution (pH 7.0) at 37 °C and 70 °C, for a period of 
85 days. During this time samples were taken out continuously and the developed solid 
phase extraction method described in chapter 4.1 was applied to extract the formed 
hydrolysis products of PBA and PBS. Extracted compounds were subsequently 
identified and quantified by GC-MS.  

 
 

4.2.1 Identification of hydrolysis products  

Typical gas chromatograms with extracted degradation products are shown in Figure 
6. The most abundant products in the GC chromatograms were the original monomers 
i.e. 1,4-butanediol and succinic acid in the case of PBS and 1,4-butanediol and adipic 
acid in the case of PBA. In addition several dimers and trimers such as hydroxybutyl 
adipate (BA), hydroxybutyl succinate (BS), di(hydroxybutyl) adipate (BAB), 
di(hydroxybutyl) succinate (BSB) and hydroxybutyl disuccinate (SBS) were detected 
throughout the whole aging period. The most common oligomers were BAB and BSB 
i.e. the oligomers with alcohol end-groups. Oligomeric compounds were identified by 
their quasi-molecular ions ([M+H]+ through proton transfer and [M+C2H5]+ through 
electrophilic addition) obtained in chemical ionization mode, CI, with methane as 
reagent gas and analysis of their EI mode mass spectra. Identification of the oligomeric 
degradation products could not be confirmed by analysis of standard compounds but in 
the case of low temperature hydrolysis, the degradation products likely to be formed are 
the original monomers, dimers, and trimers, which further supports the identification. 
The relative areas of the monomeric species were much larger than the relative areas of 
the oligomeric species. However, since the relative areas are affected by the volatility of 
the analytes, this tells little of the real amounts of the oligomeric compounds.     
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Figure 6. Gas chromatograms showing the hydrolysis products extracted from  

a) poly(butylene adipate) after 3 weeks at 37 ˚C; 

b) poly(butylene succinate) after 3 weeks at 37 ˚C; 

c) poly(butylene succinate) after 3 weeks at 70 ˚C. 

The identity of the numbered peaks is (1) Succinic acid, dimethyl ester, (2) Glutaric acid, 
dimethyl ester (internal standard), (3) Adipic acid, dimethyl ester,  (4) 1,4-Butanediol,      

(5) 1,5-Pentanediol (internal standard). 
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4.2.2 Quantification of monomeric degradation products 

One of the most important parameters that affects hydrolysis rate is aging 
temperature. Figure 7 shows the amount of succinic acid and 1,4-butanediol that 
migrated from linear PBS after different hydrolysis times in water at 37°C and 70°C. 
During aging at 37°C the amount of succinic acid and 1,4-butanediol increased slowly 
as a function of hydrolysis time. The amount of 1,4-butanediol detected was slightly 
higher than the amount of succinic acid. This is probably due to the excess of 1,4-
butanediol used during the synthesis of PBS. As a result of this excess most of the chain 
ends consisted of butanediol-units e.g. the hydrolysis of BSB, the most common 
oligomer detected, would lead to the formation of two 1,4-butanediol molecules per one 
succinic acid molecule. As can be expected there was a large increase in hydrolysis rate 
and amount of monomers formed when the aging temperature was raised from 37°C to 
70°C. The amount of monomers formed after 12 weeks at 70°C was approximately 18 
times higher than after corresponding time at 37°C. The excess of 1,4-butanediol over 
succinic acid was also seen during the first weeks at 70 °C. However, after 3-4 weeks 
the hydrolysis rate accelerated significantly and the amount of monomers increased 
rapidly between 4 and 12 weeks. If calculated in moles, approximately same amount of 
succinic acid and 1,4-butanediol were formed. However, due to the higher molecular 
weight of succinic acid the amount of succinic acid in milligrams was higher than the 
amount of 1,4-butanediol.  

 
 

 

 
 

Figure 7. The amount of succinic acid and 1,4-butanediol formed during aging of poly(butylene 
succinate) in water at 37°C and 70°C.  

–■— Succinic acid (70°C) –□— 1,4 Butanediol (70°C) 

 –●— Succinic acid (37°C) –○— 1,4 Butanediol (37°C) 
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Other factors that influence the degradation rate are molecular weight and degree of 
branching. Figure 8 and 9 show the amount of adipic acid and 1,4-butanediol formed 
during aging of different PBAs at 37°C. The polymers included in this degradation 
study were one branched PBA and two linear PBAs with different molecular weights. 
The largest amounts of adipic acid and 1,4-butanediol were formed from branched PBA, 
followed by linear PBA with low molecular weight, while lowest amount of degradation 
products were formed during hydrolysis of high molecular weight PBA. The amount of 
monomers formed during hydrolysis of branched PBA was around 1.5 times higher than 
the amount formed during hydrolysis of linear PBA and 2.5-3 times higher than the 
amount formed from linear high molecular weight PBA.   
 
 
 

 
 

Figure 8. The amount of adipic acid formed from different poly(butylene adipate)s during aging 
in water at 37°C.  

–□— PBA-3  –■— PBA-1  –▲— PBA-2. 
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Figure 9. The amount of 1,4-butanediol formed from the different poly(butylene adipate)s 
during aging in water at 37°C. 

 –□— PBA-3  –■— PBA-1  –▲— PBA-2. 

 
 

Calculated in moles approximately same amount of adipic acid and succinic acid were 
formed during hydrolysis of linear PBA and PBS with similar molecular weights. If 
measured in milligram, slightly higher amount of adipic acid was formed. The higher 
amount of ester linkages in PBS increases its hydrophilicity and sensitivity towards 
chemical hydrolysis. However, this effect is counteracted by the higher crystallinity of 
PBS, which generally reduces the hydrolysis rate.  
 
 
4.2.3 Weight loss during aging 

A traditional way to follow hydrolytic degradation is to measure the material weight 
loss. Figure 10 shows the weight loss of PBS during aging in water and phosphate 
buffer at 37°C and 70°C. The highest weight loss of about 20% after 85 days was 
observed for PBS aged at 70°C in water. There was a significant difference in the 
hydrolysis rate depending on the degradation media. Between 40 and 85 days at 70°C, 
PBS aged in water showed up to 8% higher weight loss than PBS aged in phosphate 
buffer. For PBS aged at 37°C only a few percent weight loss was observed. In 
correlation with the results obtained after aging at 70°C, the weight loss was slightly 
larger for PBS aged in water compared to the weight loss of the same PBS aged in 
buffer solution. pH control at the end of the aging period showed that at 37°C no 
significant pH changes had occurred in either water or buffer solution. At 70°C, the pH 
of the buffer solution decreased slightly (approximately 0,5 units), while pH of the 
water samples decreased significantly (3-4 units). Since ester hydrolysis is catalyzed by 
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low pH and acidic groups, the measured difference in pH probably presents the main 
explanation for the higher hydrolysis rate during aging in water compared to aging in 
phosphate buffer. 

 

 
Figure 10. Comparison of weight loss for linear poly(butylene succinate) aged in phosphate 

buffer or water at 37°C or 70°C.  

–■— buffer, 70°C  –□— water, 70°C  

–●— buffer, 37°C –○— water, 37°C 

 
The influence of molecular weight and degree of branching on degradation rate was 

also evaluated using weight loss measurements. Figure 11 shows the weight loss for 
linear PBA, linear high molecular weight PBA and branched PBA degraded in water at 
37°C. Only a few percent weight loss was observed during 85 days and no significant 
differences were seen between the different polymers. Possibly, a slightly higher weight 
loss was observed for branched PBA followed by linear PBA and linear high molecular 
weight PBA. 

 

 
Figure 11. Comparison of weight loss for the different poly(butylene adipate)s aged in water at 

37°C.  –□— PBA-3  –■— PBA-1  –▲— PBA-2. 
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4.2.4 Correlation between detected low molecular weight products and weight 
loss 

Paralleled analyses of hydrolyzed polyesters, i.e. quantification of degradation 
products through GC-MS and weight loss measurements, enabled correlation of the 
results from the two techniques at different times of aging. PBA and PBS were rather 
stable towards low temperature hydrolysis and only 6-7 % weight loss was observed 
after 85 days at 37 ˚C. Similar weight loss was observed after only 7 days when PBS 
was aged at 70˚C. The weight loss observed for PBA and PBS after different hydrolysis 
times at 37 ˚C was significantly larger than the amount of monomeric products formed, 
Figure 12. This shows that the initial weight loss is mainly due to the release of water-
soluble oligomers, a conclusion consistent with earlier results obtained for other 
polyesters [21].  

 
 
 

 
 

Figure 12. Comparison of weight loss and the amount of monomeric products that had migrated 
to water after 85 days of hydrolysis. The amount of monomeric products is given as percentage 

of the theoretical amount if the polymer was totally hydrolyzed to monomers. 

 
 
As seen in Figure 13, similar behavior was initially observed during aging at 70˚C, i.e. 

the weight loss was larger than the amount of monomeric hydrolysis products. 
However, on prolonged aging the water-soluble oligomers were further hydrolyzed to 
monomers and after 85 days of aging at 70 ˚C, the total amount of monomeric 
degradation products formed from PBS approximately equals the weight loss.  
 



Results and Discussion 

 - 44 -

 

 
 

Figure 13. Comparison of observed weight loss (%) and the amount of monomeric degradation 
products from PBS after different hydrolysis times in water at 70 ˚C. The amount of monomeric 
degradation products is given as percentage of the theoretical amount if the polymer was totally 

hydrolyzed to monomers. 

 
 
 
4.2.5 Changes in molecular weight 

The molecular weight of polymers is much affected by degradation and following the 
molecular weight changes is a frequently used technique to study the hydrolysis of 
polymers. Figure 14 and 15 show the changes in number-average molecular weight 
during aging as measured by SEC. A small increase in both Mn and Mw was seen for 
linear PBS and linear and branched PBA, after aging in phosphate buffer and water at 
37°C. This increase could result from the migration of low molecular weight oligomers 
from the polymer. In agreement with weight loss and GC-MS results, the branched PBA 
was slightly more affected than linear PBA. At 70°C more significant changes were 
observed. After 85 days a 56% reduction in both Mn and Mw was observed for linear 
PBS aged in water. In accordance with smaller weight loss, linear PBS aged in 
phosphate buffer experienced a much smaller molecular weight reduction, i.e. a 15% 
reduction in Mn and 22% reduction in Mw were observed. The molecular weight 
decrease for PBS aged at 70°C was also seen as an increasing amount of -CH2-OH 
chain-ends in the NMR spectra. 
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Figure 14.  Number average molecular weight changes for linear poly(butylene succinate) 
during aging in water and phosphate buffer.  

–■— buffer, 70°C  –□— water, 70°C   

–●— buffer, 37°C –○— water, 37°C 

 
 
 

 
Figure 15.  Number average molecular  weight changes for poly(butylene adipate)s degraded in 

water at 37°C.  

–□— PBA-3  –■— PBA-1 –▲— PBA-2. 

. 
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4.3 Application of PBA as a polymeric plasticizer in PVC 

As one of the most consumed polymers of today, PVC can be found in applications 
ranging from packaging to health care devices, toys, building materials, electrical wire 
insulation, cloths or furnishing. Its unique combination of good performance and low 
cost has enabled much otherwise unfeasible medical treatment over the years. However, 
when used in applications such as medical devices or toys, low molecular weight 
plasticizers are transferred to humans causing changes in the long-term properties of the 
material and possible toxic and biological effects in exposed individuals. One way of 
avoiding the adverse effects but at the same time retaining the possibilities of plasticized 
PVC is to substitute low molecular plasticizers with compatible and non-toxic 
polymeric plasticizers.  
 
 
4.3.1 Mechanical properties of PVC/PBA films 

Investigation of the mechanical properties of flexible PVC films is a useful first step 
in evaluating a new plasticizer. Solution cast PVC films plasticized with different 
amounts of traditional or polymeric plasticizers were therefore analyzed by tensile 
testing to detect patterns correlating plasticizer efficiency and plasticizer characteristics. 
Polymeric plasticizers used, i.e. polyesters PBA-4 to –10, differed in molecular weight 
and degree of branching as reported in Table 2. Plasticizer concentration proved to be 
the most important parameter for the plasticizing effects on PVC films for both 
polyester plasticizers and traditional phthalate plasticizers. As can be seen in Table 5, 
films with 40 weight-percent plasticizer content showed elastomeric stress-strain curves 
for all the studied plasticizers while only PBA-8 and DEHP showed elastomeric stress-
strain curves for other concentrations as well, i.e. 20% and 60 % respectively. The 
polymeric plasticizers in general produced a stronger material with rather similar 
ductility as the traditional low molecular weight plasticizers, see figure 16 and 17. 
Within the collection of polymeric plasticizers studied it was however difficult to 
deduce any specific pattern correlated to the molecular weight of the polyester but a 
trend of somewhat larger elongation was observed for films plasticized with polyesters 
having a higher content of the branching agent TMP. Higher plasticizing efficiency of 
branched polyesters is concurrent with a lower packing density of the polymer chains. A 
higher degree of branching generates more mobile chain-ends and hence increases the 
free volume in the material [15]. Recent results reported on the mixing of PVC and 
hyperbranched PCL with different degree of branching and length of linear segments 
are in good agreement with our results.  Plasticizing efficiency of hyperbranched PCL 
was found to be similar to that of DEHP and favored by shorter linear segments and 
more branching [1].  
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Table 5. Tensile testing results. Films showing an elastomeric stress-strain curve (i.e. no yield 
point) are marked as bold. 

Plasticizer Plasticizer Conc.  
(%) 

Stress at Break 
(MPa) 

Strain at Break  
(%) 

Stress at Upper 
Yield (MPa) 

Strain at Upper 
Yield (%) 

PBA-4 20 33.5 ± 5.0 321 ± 39 43.5 ± 0.9 7 ± 0.2 

 40 24.6 ± 1.2 507 ± 44 - - 

 60 13.0 ± 2.9 333 ± 87 14.1 ± 0.8 15 ± 0.6 

PBA-5 20 25.5 ± 6.3 35 ± 27 51.9 ± 4.4 6 ± 0.4 

 40 23.6 ± 1.7 523 ± 26 - - 

 60 10.3 ± 2.2 170 ± 56 13.0 ± 0.4 21 ± 5 

PBA-6 20 27.4 ± 3.6 187 ± 70 41.2 ± 4.0 7 ± 0.1 

 40 23.2 ± 1.8 504 ± 71 - - 

 60 14.7 ± 4.3 474 ± 117 13.6 ± 0.7 22 ± 3.4 

PBA-7 20 33.2 ± 3.4 314 ± 74 24.2 ± 6.3 7 ± 0.5 

 40 23.7 ± 2.1 560 ± 77 - - 

 60 14.7 ± 2.3 388 ± 137 13.9 ± 0.8 26 ± 2 

PBA-8 20 34.6 ± 1.3 497 ± 52 - - 

 40 29.4 ± 1.7 617 ± 50 - - 

 60 10.8 ± 0.7 175 ± 27 10.4 ± 0.7 24 ± 3 

PBA-9 20 27.5 ± 6.0 187 ± 85 45.7 ± 2.1 7 ± 0.1 

 40 21.1 ± 2.4 508 ± 53 - - 

 60 11.4 ± 3.0 286 ± 102 12.0 ± 1.0 23 ± 2 

PBA-10 20 27.8 ± 3.4 284 ± 49 31.9 ± 1.5 7 ± 0.2 

 40 25.6 ± 3.4 538 ± 43 - - 

 60 15.5 ± 2.9 386 ± 142 15.2 ± 1.3 23 ± 2.7 

DOP 20 31.9 ± 2.5 371 ± 41 15.6 ± 0.6 8 ± 0.2 

 40 17.0 ± 2.3 562 ± 56 - - 

 60 6.9 ± 1.0 651 ± 74 3.9 ± 1.6 284 ± 168 

DEHP 20 36.0 ± 2.0 346 ± 46 24.2 ± 1.1 6 ± 0.3 

 40 17.6 ± 1.1 533 ± 52 - - 

 60 7.2 ± 0.7 669 ± 70 - - 
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Figure 16. Strain at break vs. branching agent content of PVC films containing 40 weight-
percent plasticizer. L: Linear polyester, B: Branched polyester 

 
 

 
 

Figure 17. Stress at break vs. branching agent content of PVC films containing 40 weight-
percent plasticizer. L: Linear polyester, B: Branched polyester 
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4.3.2 Miscibility and morphology of PVC/PBA films 

Glass transition temperature and degree of crystallinity of solution cast films were 
measured by differential scanning calorimetry, DSC, to further characterize the 
plasticizing efficiency of different polymeric plasticizers compared to traditional low 
molecular weight phthalate plasticizers. The existence of a single glass transition 
temperature is a well-recognized proof of miscibility in polymer blends. In Figure 18 
the recorded glass transition temperature is plotted as a function of polyester 
concentration in the cast PVC/PBA films. The values measured for pure PBA were 
slightly higher than the earlier recorded [15] but the values for the analyzed PVC/PBA 
films were in good agreement with values reported by Ziska et al. in 1981 [92]. 
Analyzed blends showed the presence of a composition dependent single glass 
transition temperature, indicating partial miscibility between PVC and PBA in the 
prepared blends. The broader transition widths in analyzed blends compared to pure 
polymers [102], also indicate partial miscibility between the two components.    
 

 

 
 

Figure 18. Glass transition temperature (˚C) dependence on polyester concentration in 
PVC/PBA films. 
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As earlier reported for both the PVC/PCL system [88,103-105] and for PVC/PBA 
[92], some of the PVC/PBA blends did not form a totally amorphous film but a two-
phase miscible PVC/PBA system. DSC was therefore also used to calculate the amount 
of crystalline PBA in the different PVC/PBA films. Figure 19 shows the degree of 
crystallinity as a function of polyester concentration in prepared blends. Degree of 
crystallinity was calculated by dividing the measured heat of fusion by the theoretical 
value for a hundred percent crystalline PBA sample, 135.0 J/g [8].  

 
 

 
 

Figure 19. Influence of polyester concentration on degree of crystallinity (%) in PVC/PBA 
films. 

 
At 20 weight-percent polyester, films plasticized with PBA-8 showed a significantly 

higher degree of crystallinity than other films. Optical microscopy revealed that among 
the films containing 20 weight-percent, only films plasticized with PBA-8 showed a 
visual presence of crystals. These crystals were small and evenly spread out throughout 
the film. This finding is in good agreement with the tensile testing results were films 
plasticized with PBA-8 were the only films to show an elastomeric stress strain 
behavior at 20 weight-percent plasticizer. The small and well-dispersed crystals are 
proposed to work as physical crosslinks in the amorphous matrix, resulting in a more 
elastomeric material [15,106].  
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Most of the blends showed a minimum of crystalline content at 40 weight-percent 
plasticizer, but the composition dependence of crystallinity was most prominent for 
films plasticized with PBA-8. In polarized optical microscopy, all films containing 40 
weight-percent polymeric plasticizer showed crystalline domains to some extent. In 
accordance with tensile testing results, morphological differences seemed more 
correlated to whether the polyester was linear or branched rather than to the molecular 
weight of the polyester. Films containing polyesters with a higher degree of branching, 
i.e. films containing PBA-7 and PBA-8, showed large crystal structures dispersed in the 
amorphous matrix. Tensile testing results presented in the previous section showed that 
films plasticized with PBA-7 and PBA-8 were also the films displaying the largest 
elongation at break. This correlation suggests that these larger crystals dispersed in the 
amorphous matrix form an over-all structure similar to elastomers. Films plasticized 
with a less branched polyester, PBA-9, showed a different crystalline structure with 
smaller, more tightly packed crystals, and in correlation a lower elongation at break. A 
lower degree of crystallinity and an indication of a crystalline structure more similar to 
elastomers via larger elongations at break for branched PBA compared to linear PBA, 
was also seen by Han et al. [15] when they characterized solution cast films of pure 
PBA. The results herein obtained by DSC are in good agreement with tensile testing 
results, indicating that the more branched PBA-8 is more promising than the linear 
PBAs as a polymeric plasticizer for flexible PVC films. 
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5 Conclusions 

A rapid solid phase extraction method was developed for simultaneous extraction of 
dicarboxylic acids and diols formed during hydrolysis of poly(butylene succinate) and 
poly(butylene adipate). Good repeatability and low detection limits enabled 
quantification of degradation products at early stages of hydrolysis. The identified 
hydrolysis products included the monomers, succinic acid, adipic acid and 1,4-
butanediol and several dimers and trimers. There was a good correlation between 
weight loss, molecular weight changes and formation of degradation products, but 
differences in degradation rate between the different poly(butylene adipate) and 
poly(butylene succinate) polymers were most clearly seen by the developed SPE/GC-
MS method. Comparison of the amount of monomeric products and the observed 
weight loss showed that weight loss was initially mainly caused by the release of water-
soluble oligomers and that these oligomers were further hydrolyzed to monomers on 
prolonged ageing. Low molecular weight facilitated the degradation process and 
degradation proceeded faster in water compared to phosphate buffer. The combination 
of GC-MS and an effective extraction method is a powerful tool to obtain information 
on degradation rates, mechanisms, and product formation during hydrolysis of 
polyesters. 

 
Solution cast films of PVC and linear and branched PBA were analyzed by tensile 

testing, differential scanning calorimetry, and optical microscopy to study the effects of 
molecular weight and branching on plasticizer efficiency. Glass transition temperature 
of the PVC/PBA blends and degree of polyester crystallinity was dependent on 
molecular weight, degree of branching and blend composition. Plasticizing efficiency 
was favored by higher degree of branching and a 40 weight-percent polyester 
composition. 
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