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Abstract 

Polyvinyl Chloride (PVC) is the world’s third most commonly used polymer and accounts for 

80% of all plasticiser usage worldwide. Plasticisers, such as phthalate esters, are added to 

PVC to increase flexibility and softness. A number of phthalate esters exhibit toxic and 

environmentally harmful properties, leading to rapid growth in the development of 

non-phthalate plasticisers. Compatibility between plasticiser and polymer is crucial for 

successful formulation of PVC compounds. Compatible plasticisers show permanence in 

the PVC compound, whereas incompatible plasticisers often exude from the surface. The 

ASTM D3291 Loop compatibility test is the primary industrial method for testing 

compatibility, but this relies on a subjective observation of plasticiser exudation which may 

be unreliable. Analytical techniques were evaluated to develop an improved method for 

testing plasticiser compatibility. GC-MS analysis was found to be specific and sensitive 

enough to determine the quantity and composition of plasticiser exudation at levels that 

were undetectable by the standard method. Quantification of exudation through GC-MS 

was compared to other methods of testing plasticiser compatibility such as glass transition 

by TGA, giving minimal correlation between the results. This demonstrates the importance 

of considering both plasticising ability and permanence in the PVC compound when 

describing plasticiser compatibility.  Epoxidised soybean oil (ESBO) is widely used as a bio-

based non-toxic plasticiser for PVC but does not show the same plasticising ability as 

phthalates and so cannot fully replace these plasticisers. To improve the compatibility of 

ESBO with PVC, a selection of bio-based molecules were reacted with ESBO by epoxide ring-

opening to introduce different functional groups to the plasticiser through ether linkages. 

Four derivatives of ESBO were prepared and evaluated as bio-based plasticisers for PVC. 

ESBO functionalised with methoxy-terminated poly(ethylene glycol) (mPEG) showed 

excellent plasticising ability, with tensile strength increased by 3% and elongation at break 

by 6.9%, as well as almost 2 °C lower glass transition temperature compared to ESBO. The 

novel plasticiser mPEG-ESBO offers for the first time a bio-based ESBO derivative which 

could be used as a true replacement for phthalate plasticisers, giving comparable 

mechanical performance and compatibility with PVC.  
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1 Introduction 

1.1 History of PVC 

The synthesis of vinyl chloride monomer (VCM) was first reported in 1835, and the 

light-induced polymerisation of VCM to polyvinyl chloride (PVC, Scheme 1.1) was first 

reported in 1872 by Baumann.1 The first patent for PVC was obtained in 1913 by 

Klatte,2 who discovered the use of peroxides to initiate polymerisation of VCM.3 Klatte 

successfully processed PVC using heat and pressure with the aim to use PVC as a 

replacement for natural fibres and lacquers, however this was not commercially 

successful.3  

 

Scheme 1.1: Light-induced polymerisation of vinyl chloride monomer (VCM) to polyvinyl 
chloride (PVC). 

Early commercial use of PVC was in the form of copolymers such as PVC-vinyl acetate 

copolymer to overcome the difficulties in processing and thermal stability that PVC 

presents. In 1930 the use of metal salts to stabilise PVC was reported, followed by 

alkaline earth soaps and lead salts in 1934.3 Many other stabiliser systems were 

subsequently developed, including cadmium, barium-zinc, calcium-zinc and tin 

compounds. Due to toxicology concerns, cadmium and lead stabilisers have since 

been phased out in the EU under the voluntary commitment scheme Vinyl 2010.4 PVC 

is now one of the most commonly used plastics in the world, with around 50 million 

tonnes produced annually.5, 6 The largest sector for PVC usage is in construction, which 

mainly uses rigid (unplasticised) PVC. However, flexible, plasticised PVC has a much 

more diverse range of applications, due to the many different properties that can be 

introduced through choice of additives. These include medical tubing, blood bags, 

footwear, cables, flooring and toys.5 The plasticiser composition used in a PVC 

formulation can be specifically tailored to give rise to properties such as oil resistance, 
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flame retardancy, low temperature flexibility, resistance to high temperatures and 

products with a wide range of softnesses.7 

1.2 PVC Production 

The polymerisation of vinyl chloride is carried out through radical reactions as shown 

in Schemes 1.1-1.4.8 The majority of commonly used initiators are peroxides such as 

cumyl peroxyneodecanoate and benzoyl peroxide. These initiators form radicals upon 

heating, which react with the vinyl chloride monomer as shown in Scheme 1.2. The 

resulting radicals then continue to react with further monomer in the propagation 

step, growing the polymer chain through subsequent reaction steps (Scheme 1.3).  

Head-to-tail addition of vinyl chloride is the predominant mode of reaction due to 

steric factors. However, head-to-head addition is also possible and can lead to defect 

structures in the polymer as shown in Scheme 1.4 through 1,2-chloro migration.9  

 

 

Scheme 1.2: Activation of benzoyl peroxide to form radical initiators and initiation reaction 
between benzoyl peroxide fragment and VCM. 

 

 

Scheme 1.3: Head-to-Tail and Head-to-Head propagation reactions between the growing 
polymer chain radical and VCM. 



Introduction 

3 

 

 

 

 

Scheme 1.4: 1,2-chloro migration and subsequent reaction with VCM leading to a branched 
structural defect in the polymer chain. 

Termination can occur through a number of different processes, but the most 

common are combination (wherein two radicals react to form a single polymer chain) 

and disproportionation (the transfer of a hydrogen atom from one radical chain to 

another, forming two polymer chains) as shown in Scheme 1.5. 

 

Scheme 1.5: Combination and disproportionation mechanisms for termination of PVC 
polymerisation. 

The polymerisation of VCM leads to an overall atactic (disordered) arrangement of 

the chlorine atoms on the polymer backbone, although segments of isotactic and 

syndiotactic arrangements (Figure 1.1) do occur. Syndiotactic addition has a lower 

activation energy than isotactic addition as this conformation is less sterically 

hindered. As such, at lower reaction temperatures there is a greater prevalence of 

syndiotactic segments in the PVC structure.9  
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Figure 1.1: Structures of isotactic and syndiotactic PVC. 

PVC resins are produced industrially by three main processes: suspension 

polymerisation (80% of total production), emulsion polymerisation and bulk 

polymerisation.10 In the suspension process, vinyl chloride monomer (VCM) is 

suspended in small droplets (50 – 150 µm diameter) in an aqueous solution with 

suspending agents (e.g. vinyl acetate/vinyl alcohol copolymers or cellulose) and an 

initiator (typically a peroxide), which are reacted by mixing under heat and pressure.5 

Polymerisation occurs within these droplets, which form a semi-permeable 

membrane through copolymerisation of VCM and the suspension agents.10 This 

membrane defines the ‘subgrain’ structure of the PVC, which can either remain as a 

single grain in the final product or may coalesce with other subgrains to form a larger 

agglomerate grain. Grains produced by suspension polymerisation are typically of the 

order of 100 µm diameter, with internal structures consisting of primary particles 

(∼ 1 µm), which have been examined by scanning electron microscopy (SEM) as well 

as smaller structures known as microdomains (10 nm) which were observed by 

transmission electron microscopy (TEM).5 Grains of PVC resin produced by suspension 

polymerisation are irregularly shaped and porous. The porosity allows plasticiser to 

be absorbed by the grains prior to gelation of the PVC-plasticiser blend. The reaction 

conditions as well as the choice of suspension agents and initiators control the 

morphology and molecular weight of the resulting PVC molecules.10 As the 

polymerisation reaction proceeds mainly through chain transfer steps, temperature 

is the main factor controlling chain length, and thus molecular weight.  

Emulsion PVC uses emulsifying agents to mix the VCM with water before 

polymerisation occurs. This generally gives a finer particle size, but the resultant PVC 

may contain residual emulsifiers which cause poor clarity in the finished products.5 

Emulsion and suspension polymerisation are carried out in water to control the heat 

released from the exothermic polymerisation reaction. However, VCM can be 
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polymerised in the absence of water using the Bulk polymerisation process. This is a 

two-stage process with high-speed mixing of the liquid VCM initially, before 

transferring it to a slower mixer as the viscosity increases due to the growth of PVC 

chains.5 

Vinyl chloride monomer is most often produced from ethylene from petrochemical 

sources. However, a process for the production of VCM from biomass-based 

acetylene has been patented.11  This process has been commercialised by PVC 

producers such as Ineos and Vynova, who report a 90% reduction in carbon dioxide 

emissions relative to conventional PVC production.12, 13 This development shows that 

PVC products can form a part of a circular economy and so reinforces the importance 

of sourcing the other components of the PVC formulation from biomass.  

Plasticised PVC is mainly supplied in one of two forms - as a PVC “compound” or as a 

plastisol. The term PVC compound is used to describe a mixture of PVC resin and a 

number of additives such as plasticiser, filler (typically calcium carbonate), and heat 

stabiliser, which are mixed together and then usually extruded through a die and cut 

into small pellets of material. This process melts the PVC particles to form a 

homogeneous product and is known as compounding. Compounding can be used for 

plasticised and unplasticised PVC products, and the resulting pellets can be used to 

produce finished articles by processes such as extrusion, injection moulding or 

calendaring. Plastisols are mixtures of PVC and additives that creates a free-flowing 

suspension through the use of low viscosity plasticisers.5 These are either poured or 

spread to the required shape, and then cured to melt the PVC particles and form a 

solid product. This is often used to coat fabrics by screen printing, or as a dip-coating. 

PVC compounding typically uses PVC resin produced by suspension polymerisation, 

while emulsion PVC resins are used in the production of plastisols.7 

PVC molecular weight is most often expressed as the Fikentscher K-value, a function 

of the viscosity of the polymer in a dilute solution Equation 1-1), 
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log
𝜂𝑐

𝜂0
= (

75𝑘2

1 + 1.5𝑘𝑐
+ 𝑘) 𝑐 

Equation 1-1 

where the η𝑐 is the viscosity of the solution,  η0 is the viscosity of the solvent, c is the 

concentration of the polymer solution and k is a constant.8 The Fikentscher K-value is 

related to the constant k as shown in Equation 1-2. 

𝐾 =  1000 𝑘 

Equation 1-2 

The choice of K-value for PVC resin influences many of the properties of the PVC 

formulation. Higher K-values give rise to increased tensile strength, impact strength 

and melt viscosity. As such, plasticised PVC formulations typically use resins with a 

K-value of 70-100, while unplasticised PVC formulations use resins with a K-value 50-

68. This range (K50 to K100) is equivalent to a weight average molecular weight of 40-

200 x103 Da.14 

1.3 Plasticisation of PVC 

Plasticisers are high boiling point solvents that increase the flexibility of polymers by 

reducing the intermolecular interactions between the polymer chains. This allows the 

chains to move more freely and so imparts flexibility to the polymer matrix. A 

compound will solvate a polymer successfully if the intermolecular forces between 

the polymer and solvent are stronger than those of polymer-polymer and solvent-

solvent. If this is not the case, the polymer and solvent will tend towards forming 

separate domains within the material.2  

The global plasticiser market was estimated at nearly 10 million tons in 2020, of which 

80% are used in the production of flexible PVC.6 The first plasticisers to be used in PVC 

were phthalates (e.g. diethylhexyl phthalate 1, Figure 1.2) and phosphates (2), 

reported in 1933 by Semon.15 Dibutyl phthalate was the first phthalate to be used in 
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PVC.5 Diethylhexyl phthalate (often abbreviated to DEHP or DOP*) replaced this as the 

most common plasticiser for PVC by 1950 and remained so until recent years, when 

concerns over the safety of phthalates have led to a reduction in use.16 Toxicological 

investigations in the 1980s suggested a possible carcinogenic effect of DOP exposure, 

as liver cancer was observed in rodents exposed to DOP in vivo.17 Whilst no evidence 

has been found that DOP is carcinogenic in humans, it does show endocrine-

disrupting and reprotoxic effects, and so there was public pressure to reduce usage 

and find alternative plasticisers.18 The mechanism is not fully understood, however 

molecular modelling shows that DOP and its metabolites can bind to androgen 

receptors with a 91-100% similarity to testosterone, and thus disrupt hormone 

regulation.19 

 

Figure 1.2: Chemical structure of early plasticisers diethylhexyl phthalate (DEHP/DOP 1) and 
tricresyl phosphate 2. 

As of 2015, DOP represented only 13% of the EU plasticiser market.20 DOP and other 

low molecular weight phthalates have been added to the REACH Annex XIV 

“Authorisation List”, which restricts the manufacture and use of these substances 

within the EU. Other phthalates that are not restricted under REACH, such as 

diisononyl phthalate (DINP) and dipropyl heptyl phthalate (DPHP), are also considered 

a toxicity risk and so are prohibited from use in products designed to be placed in 

children’s mouths.16 In spite of this, phthalates still make up the majority of the 

 

* The linear di n-octyl phthalate is often referred to as DnOP to distinguish this from the use of DOP to 

refer to diethylhexyl phthalate. 
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plasticiser market, with over 50% of the total EU market in 2020.20 Phthalates have 

also been restricted from use in the USA by CPSIA and Proposition 65 in California.21, 

22 Despite these restrictions, many phthalates and alternative plasticisers have been 

detected in samples of dust and airborne particles in studies of homes and childcare 

facilities across Europe, the USA and Asia.23, 24  

Due to these restrictions and public pressure, many alternative plasticisers have been 

developed. The majority of these plasticisers are esters such as adipates (3, Figure 

1.3), azelates (4), sebacates (5), terephthalates (6) and citrates (7). The most widely 

used terephthalate, DEHT or DOTP 6, is the para isomer of DOP. However, it has been 

shown that DOTP does not pose the same health risks as DOP. This is due to the 

difference in metabolites formed by the two compounds in the body - DOTP 

metabolises completely to terephthalic acid and 2-ethylhexanol, while DOP is 

metabolised to mono-ethylhexyl phthalate (MEHP), which is thought to cause the 

observed toxicity of DOP.18  

 

Figure 1.3: Chemical structures of common plasticiser types - adipate ester 3, azelate ester 4, 
sebacate ester 5, diethylhexyl terephthalate (DEHT/DOTP, 6) and citrate ester 7.  
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While lower toxicity plasticisers have largely replaced the more hazardous phthalates 

in the EU and USA, these are primarily still petrochemical plasticisers.20 As such, there 

remains the need to develop plasticisers based on renewable bio-based raw materials 

such as vegetable and plant oils. Oils such as sunflower, soybean, castor and linseed 

have been epoxidised for use as plasticisers for PVC.16 The degree of potential 

epoxidation will depend upon the unsaturation present in the oil. A typical 

composition of soybean oil is 53% 18:2 (fatty acid chain length: unsaturation), 22% 

18:1, 12% 16:0, 8% 18:3, 5% other, thus giving approximately 5 epoxide groups in the 

resulting ESBO.25 The structure of epoxidised soybean oil (ESBO, 8) shown in Figure 

1.4 is based on a triglyceride of linoleic (18:2) and oleic (18:1) acids as an example of 

a typical major component of ESBO.26 The conversion of double bonds to epoxides is 

considered to correlate with greater compatibility as the more polar epoxide group 

can interact with the polar PVC chain to a greater extent than the C=C bond.27 Residual 

unsaturation, as measured by iodine number, following the epoxidation of these 

plasticisers has been shown to increase migration from PVC.27  

 

Figure 1.4: A representative structure of epoxidised soybean oil 8 based on the typical fatty 
acid composition. 

Plasticisers for PVC are categorised as primary and secondary. Primary plasticisers 

have good solubility in the polymer and can be used at high concentrations, while 

secondary plasticisers are less soluble and must be used in combination with a primary 

plasticiser.2 Secondary plasticisers often impart useful properties such as increased 

thermal stability, flame retardancy, or simply reduced cost.7 However, these 

plasticisers can only be successfully combined with primary plasticisers in certain 

ratios, outside of which exudation of the plasticisers occurs.16 It has been observed 
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from common practice that reduced compatibility occurs when the secondary 

plasticiser ESBO is used in combination with DOTP, compared to DOP. However, 

where binary plasticiser systems have been examined in the literature, reports 

frequently investigate the compatibility of novel bio-based plasticisers with DOP, 

despite the restrictions on its use.28, 29  Functionalisation of ESBO and other similar 

bio-based plasticisers has received much interest lately, due to the reactive nature of 

the epoxide ring.16, 30 The ring-opening reaction of ESBO has most commonly been 

investigated to form polyols which are then used in the synthesis of bio-based 

polyurethanes.31-33 

The presence of plasticisers in flexible PVC compounds presents a significant challenge 

for recycling these materials. The VinyLoop project was launched in 2002 using a 

solvent-based process to separate the additives from post-consumer PVC waste. This 

waste contained high levels of hazardous plasticisers that needed to be separated 

from the recycled product. In 2018 the project was closed as it was no longer 

economically feasible.34 Other recycling initiatives are ongoing, such as RecoMed 

which aims to increase recycling of single-use medical equipment such as oxygen 

masks in hospitals.35 This project focuses on ensuring a controlled waste stream and 

so does not face the same challenges as the VinyLoop project. 

1.4 Measurement of Compatibility 

The compatibility of plasticisers is defined by a number of different properties. Some 

works focus on the ability of the plasticiser to lower the glass transition temperature 

of the PVC polymer.36. Other works measure plasticiser extraction into test liquids 

such as solvents and oils, or volatility on heating.37 Theoretical calculations of 

plasticiser compatibility have also been carried out based on the treatment of the 

plasticiser-polymer interaction as a solvation mechanism.38  

In the PVC industry, the ASTM D3291 Loop spew test is frequently used as a measure 

of compatibility.39 This test involves stressing samples of plasticised PVC in a 180° 

bend and evaluating the level of plasticiser exudation that occurs in response to this 
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stress. Measuring plasticiser compatibility in this way provides useful information to 

PVC compounders as any tendency for plasticiser to exude under stress in this manner 

can lead to noticeable degradation of the finished product. This can be observed as a 

reduction in clarity, a sticky surface or accumulation of dust and dirt on the product. 

If enough plasticiser is lost from the PVC in this fashion, then the material will become 

harder and brittle, reducing the lifespan of the product. However, this method relies 

on a subjective rating of the level of plasticiser exudation on a scale from 0 (no 

exudation) to 3 (saturated). As such, this method could give different results 

depending on the judgement of the operator and so has potential for poor reliability 

and repeatability. The duration of the test is not fixed, but the tests are often carried 

out over weeks or months.  

1.5 Summary 

Plasticised PVC is used in a wide range of applications where there are no current 

alternative materials that are technically and commercially equivalent. A number of 

the plasticisers used in these materials are known or suspected to have negative 

impacts on human health. The PVC plasticiser market is currently dominated by 

petrochemical plasticisers. As such, replacing these petrochemical plasticisers with 

bio-based alternatives will have a significant impact on the sustainability of PVC 

products. Alongside the replacement of petrochemical production of PVC with 

production from biomass, this would contribute significantly towards the circular 

economy.11, 40 Bio-plasticisers are a growing market sector and find many uses in PVC 

production, however these plasticisers are usually not a direct replacement for the 

phthalates historically used.16 ESBO is a bio-based plasticiser that is widely used in the 

PVC industry in combination with other plasticisers but does not match the 

performance of current petrochemical plasticisers such as DOP and DOTP. Therefore, 

a need exists for a new generation of bio-derived plasticisers with higher compatibility 

with PVC which are more able to entirely replace their petrochemical antecedents. 

 The benefits of using such bio-based plasticisers include lower toxicity, more 

sustainable and renewable precursors, and lower environmental impact than existing 
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plasticisers.16 However, these alternative plasticisers must be evaluated by the 

manufacturers to ensure the PVC product meets the requirements. The current 

industry-standard loop spew test is not adequate to fully evaluate the suitability of, 

and inform formulation with, newer generations of bio-plasticisers. Instead, there is 

a need for an improved, more quantitative, method which can be implemented with 

instrumentation available to PVC compounders, such as FTIR and GCMS.   

1.6 Aims and Objectives 

The first aim of this work will be to evaluate alternative techniques for determining 

plasticiser exudation during the ASTM D3291 loop spew test and develop a 

quantitative method for measuring this exudation. This will improve the assessment 

of new plasticisers for use in PVC. To develop an improved compatibility test for PVC 

plasticisers, spectroscopic mapping will be evaluated using FTIR-ATR, micro-ATR FTIR, 

and micro-Raman spectroscopy. The plasticiser exudation will also be measured by 

GC-MS. The GC-MS and FTIR results will be compared alongside the ASTM standard 

method to determine the effectiveness of these techniques at improving the test to 

give a quantitative, analytical measurement of plasticiser compatibility. These results 

will also be compared with DMA analysis of the glass transition temperature of the 

PVC compounds, which is another metric of plasticiser compatibility. 

The second aim of this work is to synthesise a group of novel plasticisers through ring-

opening reactions at the epoxide ring of ESBO. Bio-based chemicals with structural 

similarities to current plasticisers will be chosen to react with ESBO to introduce 

functional groups that improve the interaction between the PVC chain and the 

plasticiser molecule. The catalysts and reaction conditions will be evaluated to give 

efficient conversion with a minimum of undesired side products. The structure of the 

products will be evaluated by 1H and 13C NMR, as well as DOSY NMR techniques. FTIR 

spectroscopy and thermogravimetric analysis (TGA) will also be used to analyse the 

plasticisers. 
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Finally, these plasticisers will be evaluated in PVC compounds. The novel plasticisers 

will be evaluated in a PVC formulation alongside the biobased plasticiser ESBO, and 

commercial petrochemical plasticisers DOTP and DOP. The plasticised PVC samples 

will be analysed by DMA, TGA, scanning electron microscopy (SEM) and tensile 

testing. DMA will be used to determine the glass transition temperature of the 

samples, as well as any signs of phase separation which may indicate incompatibility 

between the PVC and plasticiser. TGA will be used to determine the effect of the novel 

plasticisers on the PVC heat degradation. SEM will be used to examine the 

microstructure of the plasticised PVC. This can show any areas of phase separation 

and indicate how well the plasticisers solvate the polymer. Tensile testing will be used 

to show how well the plasticisers soften the PVC polymer, reducing the tensile 

strength of the material and increasing the elongation.  

1.7 Hypothesis 

This work has two hypotheses. The first is that analytical techniques can be used to 

improve upon the ASTM D3291 Loop spew test, by providing repeatable, objective, 

and quantitative measures of the amount of plasticiser exuded by PVC samples under 

compression.  

The second is that through the synthesis of a small library of biomass-derived ESBO 

derivatives a more compatible bio-based "green" plasticiser can be obtained. 

1.8 Impact and Contribution 

The development of an improved compatibility test will be of value to those 

connected to the PVC industry, both PVC compounders and the plasticiser suppliers 

who are developing and marketing green plasticisers for PVC. This would allow more 

specific comparisons of exudation behaviour between different plasticisers. It would 

give PVC compounders confidence when testing a novel plasticiser that they can 

accurately assess the exudation behaviour of the plasticisers in comparison with the 

plasticisers currently in use. Furthermore, a more quantitative method for testing 
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plasticiser compatibility that reflects industry requirements would be of value to 

researchers in the field of novel plasticisers. Exudation is rarely measured in these 

works but is of high significance to PVC compound manufacturers.  

The development of a more compatible green plasticiser would have a number of 

positive outcomes. Plasticisers can comprise more than 50% of the total weight of a 

PVC product, and thus if PVC compounders could use a green bio-based plasticiser to 

replace petrochemical plasticisers, this would reduce the environmental footprint of 

the PVC product. If this plasticiser is also less toxic than the petrochemical plasticiser, 

then the resulting PVC products will also be safer for the customers to use. Developing 

a plasticiser that has a lower tendency to migrate would also benefit the environment, 

as plasticisers can leach into their surroundings and contaminate waterways. These 

improvements could add value to the product for the manufacturer by widening the 

markets in which the product could be used, or by meeting a consumer demand for 

sustainability in their purchases. 
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2 Literature Review 

This chapter will discuss the interactions between PVC and plasticisers, and theories 

put forward to explain this relationship. Following this is a discussion of plasticiser 

exudation, and the development of novel plasticisers to replace the current, largely 

petrochemical plasticisers. Finally, the analytical techniques used in this thesis are 

detailed, including the ways in which these techniques have been used in the 

development and testing of plasticisers for PVC. 

2.1 Theories of Plasticisation 

There are three primary theories of polymer plasticisation - the free volume theory, 

lubricity theory and gel theory. In general, the theories describe how plasticiser 

molecules allow the polymer chains to move more freely by reducing the interactions 

between the chains. Lubricity theory was developed by Kirkpatrick, Houwink and 

Clark, and describes the plasticiser behaving as a lubricant to reduce friction between 

polymer chains, allowing them to move past one another to create flexibility.41 This 

requires that the plasticiser contain groups that solvate sections of the polymer chain 

and groups that lubricate the movement of the chain. Successful solvation of the 

polymer by the plasticiser was related back to the polarities of the two components, 

under the principle of “like dissolves like”. Clark and Houwink described the polymer-

plasticiser system forming a layered structure of polymer and plasticiser planes that 

could slide past one another.41 

The gel theory describes the polymer in terms of a large 3-dimensional structure 

formed by the polymer chains linked at intervals due to loose interactions.42 In this 

gel structure, the polymer chains can move randomly to a small degree but are limited 

by the interactions between the chains. Plasticisers interrupt these linkages by 

solvating the polymer and allowing greater free motion of the polymer chains. This 

can be considered as a dynamic equilibrium of solvation and desolvation which allows 

the plasticiser molecules to move within the polymer structure. This freedom of 

movement would explain why the softening effect of external plasticisers (which are 
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not chemically bonded to the polymer) increases with temperature but does not for 

internal plasticisers, as they are bonded to a certain site.42 Additionally, this explains 

the softening effect of non-solvent secondary plasticisers, which have weaker 

interactions with the polymer than primary plasticisers. These plasticisers reduce the 

number of linkages between polymer chains due to steric effects. 

The Free Volume theory was developed to explain a number of phenomena within 

plasticised and unplasticised polymers. It was observed that the temperature 

dependence of the specific volume of polymers undergoes a change at the glass 

transition temperature Tg, with much greater temperature dependence in the 

rubbery state above Tg. It was also shown that the viscosity of polymers at their Tg 

was of similar magnitude for all polymers regardless of the chemical structure, of the 

order of 1012 Pa s.2 This relationship between the volume of the polymer and the 

freedom of movement as measured by the viscosity was related to the level of “free 

volume” within the polymer structure. Free volume is the space within the plastic 

material that is not occupied by the molecules of polymer or plasticiser and as such 

is available for molecular movement of the structure. At temperatures above Tg, the 

polymer has sufficient energy to allow greater freedom of movement than in the 

glassy state, such that segmental rotation of the polymer chains can occur. The 

summary of free volume theory by Sears and Darby concludes that the free volume 

in a polymer is created by the motions of end groups, side chains and the main 

chain.43 As such, the free volume can be increased by increasing these motions. 

Polymers of lower molecular weight (and thus chain length) will have a greater 

number of chain-ends by mass. The role of external plasticisation is introduced as a 

“compatible compound of lower molecular weight” that causes an increase in free 

volume by allowing greater freedom of movement to the main chain by reducing 

steric hindrance and intermolecular attractions.43 In the case of most plasticisers, this 

is due to the flexible alkyl chains, which increase free volume and thus cause a 

reduction in Tg. 
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2.2 Theories of Compatibility 

A plasticiser is compatible with a polymer if the two remain combined as a 

homogenous system after mixing, and do not separate for the required lifespan of the 

resulting product.2 Models have been proposed to describe this mixing from 

thermodynamic principles, such as the Flory-Huggins solution theory. This treatment 

modifies the Gibbs free energy of the mixing equation (Equation 2-1) to account for 

the large difference in molecular size between a polymer and plasticiser (or solvent). 

It introduces the Huggins interaction parameter χ1 as shown in Equation 2-2. This 

parameter represents the difference in interaction for a plasticiser molecule in the 

polymer versus in the pure plasticiser.2 

 Δ𝑚𝑖𝑥𝐺 = Δ𝑚𝑖𝑥𝐻 − 𝑇Δ𝑚𝑖𝑥𝑆 

Equation 2-1 

∆𝐺

𝑅𝑇
 =  𝑥1 ln 𝜙1  +  𝑥2 ln 𝜙2  +  𝜒1𝜙1𝜙2 (𝑥1 +  𝑥2

𝑉2

𝑉1
) 

Equation 2-2 

Where: 

 ΔG Gibbs free energy of mixing 

 x1, x2 plasticiser and polymer mole fractions 

φ1, φ2 plasticiser and polymer volume fractions 

V1, V2 plasticiser and polymer molar volumes 

χ1 Huggins interaction parameter. 

In general, if χ1 < 0.5, the plasticiser and polymer will be compatible. This parameter 

can be estimated experimentally through observations of swelling and dissolution 

behaviour of the plasticizer and polymer, as well as techniques such as inverse gas 

chromatography.2 Herein, the polymer is deposited in the column to form the 

stationary phase and  a solvent ‘probe’ passed through.2, 44 From the retention time 
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of the probe molecule, the volume of carrier gas required to elute the probe molecule 

(known as the specific retention volume Vg) can be calculated. This can be used to 

determine the enthalpy of interaction between the stationary phase and the probe, 

and thus the Huggins interaction parameter for the polymer-solvent pair.44, 45  

Another treatment of the interactions between plasticiser and polymer is through the 

use of the Hildebrand solubility parameters. These parameters represent the 

difference in energy between the liquid and ideal vapour states of a substance, and 

thus is a measure of the intermolecular attraction in a single liquid.2 Hildebrand 

solubility parameters can be used to predict which plasticisers will not dissolve a 

polymer, as substances with a large difference in solubility parameter will show poor 

solubility. However, compatibility between a polymer and plasticiser with similar 

solubility parameters is not guaranteed. The molecular structures of the polymer and 

plasticiser must also contain suitable functional groups that can interact with one 

another.2 The solubility parameter δ is related to the latent heat of vaporisation ∆Hvap, 

the molecular mass M and the density of the substances ρ as shown in Equation 2-3. 

 

𝛿 = (
𝛥𝐻𝑣𝑎𝑝 − R𝑇

𝑀/𝜌
)

1/2

 

Equation 2-3 

Solubility parameters for mixtures of plasticisers can be found by simply multiplying 

the solubility parameters of the components by their mole fractions in the plasticiser 

mixture. If the resulting solubility parameter is sufficiently similar to PVC, then the 

mixture will most likely be compatible.2   

The solubility parameters of plasticisers can be predicted in a number of ways. The 

most common method is to sum the contributions of each part of the chemical 

structure, as developed by Small (Equation 2-4).46 
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(𝐸𝑉)1/2 = ∑ 𝐹𝑖

𝑖

 

Equation 2-4 

V = molar volume of solvent. 

E = cohesion energy.  

Fi = molar attraction constants.  

As the solubility parameter δ is the square root of the cohesion energy E, this can be 

rearranged to Equation 2-5. 

δ =
∑ 𝐹𝑖𝑖

𝑉1 2⁄
 

Equation 2-5 

A number of authors have compiled tables of molar attraction constants for typical 

organic groups, and these numbers do not necessarily agree with one another. This 

simple additive method of calculating solubility parameters has been criticised as it 

does not consider the overall molecular structure of the solvents.41 This is clearly a 

factor in this work, as the observed compatibility of DOP (1) is greater than that of 

DOTP (6) which, as isomeric compounds, would give the same calculated solubility 

parameters by Small’s method. An improved method of predicting solubility 

parameters was developed by Askadskii to consider the reduction in molar volume 

due to neighbouring atoms (Equation 2-6).2 The contribution of each atom or to the 

overall volume, ∆Vi, is calculated by subtracting part of the volume of overlapping 

neighbouring atoms from the spherical volume of the atom (Equation 2-7). The height 

of the subtracted segments, hi is calculated from the bond lengths (Equation 2-8). 
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δ = √
∑ Δ𝐸𝑖𝑖

𝑁𝐴 ∑ Δ𝑉𝑖𝑖
 

Equation 2-6 

∆Vi = Contribution of atom/group to the Van der Waals volume. 

 

 

Δ𝑉𝑖 =
4

3
π𝑅3 − ∑

1

3
𝑖

πℎ𝑖
3(3𝑅 − ℎ𝑖) 

Equation 2-7 

 

ℎ𝑖 = 𝑅 −
𝑅2 + 𝑑𝑖

2 − 𝑅𝑖
2

2𝑑𝑖
 

Equation 2-8 

 

 

 

R = van der Waals radius of the atom  

di = atomic bond length to atom i 

Ri = radius of adjacent covalently bonded atom i 

Methods for determining solubility parameters continued to develop to include 

further physical properties of polymers and solvents. An initial approach by Blanks 

and Prausnitz described the components of polar and non-polar interactions.47 

However, this method did not account for hydrogen bonding and as such is not 

suitable for the polar systems of PVC and its plasticisers. Methods to take into account 

the hydrogen bonding were developed by Beerbower, Lieberman, Crowley and 

Nelson, using various methods, but the current predominant method was developed 

by Hansen.41 This splits the cohesive energy, and thus solubility parameter δ into 

dispersion δD, polar δP and hydrogen bonding δH components: 

NA = Avogadro’s Constant. 

∆Ei = cohesion energy for atoms or groups. 
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 δ2 = δ𝐷
2 + δ𝑃

2 + δ𝐻
2  

 Equation 2-9 

These components can be used as axes to define a 3-dimensional plot of solubility 

parameters (known as the Hansen Solubility Parameter, HSP), with each solvent 

occupying a point corresponding to the dispersive, polar and hydrogen bonding 

characteristics of that solvent. From this, solubility spheres can be defined, such that 

other solvents sufficiently similar in each component fall within the spheres and 

therefore the free energy of mixing will be negative. The minimum distance between 

the positions of the polymer and plasticiser/solvent is called the Interaction Radius 

(IR).  

The IR can be used to predict plasticiser compatibility as the lower the interaction 

radius of the polymer and plasticiser, the greater solubility and thus compatibility of 

the mixture.48 The IR values for PVC with a range of plasticisers and solvents was 

calculated by Krauskopf using the CO-ACT service, with values largely correlating to 

reported plasticiser efficiencies.48 In phthalate plasticisers, the IR values 

corresponded mainly to molecular weight, with little difference found between 

isomeric phthalates such as L9P (linear dinonyl phthalate) and DINP (di isononyl 

phthalate). Krauskopf also found little difference in IR between DOP (diethylhexyl 

phthalate) and the meta- and para- isomers DOIP (diethylhexyl isophthalate) and 

DOTP (diethylhexyl terephthalate). This discrepancy with reported experimental 

properties of these plasticisers is acknowledged and attributed to a limitation of the 

calculation method.  

Methods of calculating HSPs have developed over time through the use of software 

such as HSPiP (Hansen Solubility Parameters in Practice), as employed by Kwansa et 

al.49 Differences in the values for total HSP (δt) as a result of different versions of the 

software used to calculate the HSPs for DOP and DOTP were stated. Notably, the 

values calculated using HSPiP V1.01.7 (δt(DOP) = 17.457 MPa1/2 and 

δt(DOTP) = 17.603 MPa1/2) were much more alike than the values used in the further 

evaluation of plasticiser exudation. The value for DOP used throughout the work was 
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taken from a reference dataset (δt(DOP) = 18.28 MPa1/2) while the value for DOTP was 

calculated using HSPiP V5.0.04, giving δt(DOTP) = 17.86 MPa1/2.49, 50 These values are 

taken alongside further molecular dynamics simulations to explain the observed 

differences in migration between DOP and DOTP, as discussed further in section 2.5. 

Hansen solubility parameters were applied to an evaluation of cardanol and its 

derivatives for use as PVC plasticisers.51 Cardanol is a phenolic lipid derived from 

cashew nut shells and has been used in the synthesis of a number of potential bio-

based plasticisers for PVC.52-54 Through examination of the HSPs of cardanol, cardanol 

acetate and epoxidised cardanol acetate, Greco et al. suggested that the phenolic 

hydroxyl group of cardanol leads to an excessively high value of  the hydrogen 

bonding term in the HSP calculation and thus reduces miscibility with PVC.51 

Epoxidised cardanol acetate was shown to have a lower PVC Interaction Radius than 

DOP, indicating enhanced miscibility. This was also reflected in the improved gelation 

properties shown by rheological testing. 

2.3 Plasticiser Movement Within the PVC Matrix 

Plasticisers in PVC can move through the structure by diffusion. For amorphous 

polymers above their glass transition temperatures, this diffusion obeys Fick’s Law, 

such that vapours or low molecular weight liquids will tend to migrate from areas of 

high concentration to areas of low concentration, for example from plasticised 

polymer to the surface.2 Fick’s law (Equation 2-10) relates the flux, J, of the penetrant, 

to the diffusivity constant D, the difference in concentration between the region of 

high and low concentration dc and the distance dx. 

𝐽 = −𝐷
d𝑐

d𝑥
 

  
Equation 2-10 

This equation describes systems with a constant concentration gradient, while Fick’s 

second law (Equation 2-11) describes the diffusion in a system wherein the 

concentration gradient changes over time. 
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d𝑐

d𝑡
= −𝐷

d2𝑐

d𝑥2
 

 Equation 2-11 

For diffusion of a plasticiser through a polymer, there are a number of physical 

processes which can lead to non-Fickian behaviour, such as changes in crystallisation 

with a change in plasticisation, swelling of the polymer or evaporation of the diffusing 

substance from the surface.2 

Coughlin et al. published a series of papers on diffusion in PVC and described a 

number of trends based on the properties of the diffusant, i.e. plasticiser.55-57 

Conformational analysis was used on a series of phthalates to predict their diffusion 

behaviour and found to be in good agreement with experimental data. This was an 

improvement on previous models which approximated the plasticiser as a spheroid 

shape, which is not necessarily a good fit for the lowest energy conformations of 

plasticiser molecules. Instead, these molecules were shown to be much more 

irregular in shape. This paper also showed that for a series of phthalates, the cross-

sectional areas did not increase to the same degree in all coordinates, and for longer 

chain length phthalates, the cross sections were more elongated in the x coordinate 

as defined by the authors. The effect of the polymer on the lowest energy 

conformations of the plasticiser was described as ”reverse solvation”, treating the 

polymer as small segments of the chain which solvate the plasticiser.57 Plasticiser 

diffusion through the polymer then must overcome an activation energy due to this 

solvation. Energies of interaction were calculated for each chemical group of a series 

of phthalates and scaled by the accessible surface area of that group in the molecule 

as a whole. The main contributor to the interaction energy was the benzene ring, 

followed by the ester groups. This is attributed to the polarisable (benzene) or polar 

(ester) nature of these groups. The effect of the ester groups is diminished as they 

are not easily accessible in the phthalate structure. Including the effect of interactions 

between the polymer and plasticiser gave a much closer fit to the experimental 

diffusion data than the model that considered only the shape and size of the 

plasticiser molecule, both for the effect of phthalate chain length and the effect of 

temperature.57 
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2.4 Alternative Approaches to Plasticisation 

Plasticiser exudation from flexible PVC can be prevented through the use of internal 

plasticisation. 2 This can either take the form of copolymers of vinyl chloride and other 

monomers such as vinyl acetate, or through reacting the PVC chain to introduce new 

groups.58, 59 Jia et al. modified PVC through reaction with sodium azide to form PVC-N3 

by replacing chlorine in the polymer. This was then reacted with propargyl ether 

triethyl citrate to form triethyl citrate-modified PVC.58 This modified polymer showed 

effective plasticisation through tensile testing (greater elongation and lower tensile 

strength) and reduced Tg relative to pure PVC, however the degree of conversion was 

not reported and thus comparisons to these properties in the conventionally 

plasticised PVC sample tested alongside cannot be made.  

Vinyl chloride – vinyl acetate copolymers are commonly used in PVC formulations, 

with typically 5-15% vinyl acetate content.7 This is produced through polymerisation 

of a mixture of the monomers, giving a largely random distribution of the two 

monomers. The presence of the acetate groups disrupts crystallinity in the PVC 

polymer structure and so produces a more flexible polymer.5  Internal plasticisation 

has also been achieved through block copolymerisation of PVC with poly (n-butyl 

acrylate).60 The resulting polymer behaved as a single material, displaying one glass 

transition by DMA. 

Internal plasticisers give some advantages over the more common externally 

plasticised PVC, such as greatly improved permanence, however there are also 

disadvantages. Plasticised PVC formulations are often finely tuned to meet the 

softness requirements of the customer and changing this is a simple matter of altering 

a formulation. However, if the plasticiser must be reacted with the PVC, or specific 

copolymer ratios used, this becomes a much more extensive task as reaction 

conditions and other factors must be considered. Additionally, plasticisers that are 

chemically bound to the polymer chain show a reduced plasticising effect, requiring 

higher addition levels of the plasticiser to achieve the same softness.61 
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2.5 Plasticiser Exudation 

The vast majority of studies on plasticiser loss from PVC are concerned with 

evaporative loss at elevated temperatures, or loss to a liquid extractant medium.62-65 

Djilani et al. investigated the migration of DOP from PVC discs into a range of food-

simulant oils in comparison to mathematical models of diffusion.66 After immersion in 

the test liquid, the samples were frozen with liquid nitrogen, then sliced into very thin 

(0.2 mm) sections and each slice weighed to determine the depth profile of plasticiser 

loss, as well as GC-FID on the resulting simulant liquid - plasticiser mixture. This 

showed that the greatest plasticiser loss occurred nearest the outer faces of the 

samples, with a gradient through to the most central sections.66 

Ekelund found that the rate of evaporation of DOP at 100 °C was the same for liquid 

samples as for PVC plasticised with DOP.63 From this it was deduced that the samples 

of pPVC had a thin layer of DOP present at the surface without any applied stress, and 

this was then confirmed by FTIR measurements. Competition between 

evaporation-controlled and diffusion-controlled plasticiser loss was examined in the 

work by Audouin et al., who showed that below a critical temperature the process 

was controlled by evaporation kinetics (linear with time), and above this temperature 

it was controlled by diffusion kinetics.64 The work was carried out on unstressed 

didecyl phthalate (DDP) plasticised PVC samples from 85 to 120°C. Fickian diffusion 

led to a weight loss proportional to the square root of time. In experiments of 

plasticiser diffusion into n-heptane, DOTP 6 showed a much higher diffusion constant 

than DOP 1.67 This work also showed that using a binary blend of primary plasticisers 

- DOP combined with either DOTP or dibutyl phthalate, lead to reduced rates of 

migration overall. This difference was explained by the concept of the two plasticisers 

solvating each other more strongly than each solvates the PVC.  

Plasticiser depth distribution was further examined by Audouin in samples with a 

range of phthalate plasticisers.65 Samples were microtomed following thermal ageing 

and plasticiser content was quantified by FTIR. Comparison of FTIR with rate of mass 

loss showed that in samples where the plasticiser loss was diffusion controlled, the 
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plasticiser content was heterogenous throughout the sample, whereas in 

evaporation-controlled samples the plasticiser content was mostly homogenous. It 

was also shown that thermal plasticiser loss tends towards a diffusion-controlled 

process at lower plasticiser levels (between 20-25%).65 Atek investigated the 

migration of DOP and epoxidised sunflower oil (ESO) into food simulants and found 

that ESO migration was slowed when DOP concentration was increased.68 However, 

DOP migration was not measured in samples without ESO present and so the effect 

of ESO on DOP migration was not examined. 

Kwansa et al. carried out molecular modelling of PVC-plasticiser interactions and 

correlated this with gravimetric measurements of plasticiser exudation under 

compression through transfer to an absorbent paper.49 The plasticisers used were 

DOP, DOTP and DnBT (di n-butyl terephthalate), and experimental results were 

compared with computer models of plasticiser distribution and exudation under 

stress as well as Flory-Huggins and Hansen solubility parameters. Of these plasticisers, 

DOTP showed the greatest phase separation in the simulated plasticiser distributions, 

while DnBT showed the least. The experimental results for exudation showed the 

same trends as the modelled data but a smaller difference between the plasticisers. 

Both sets of data showed a reduction in plasticiser exudation in samples of mixed 

DOTP-DnBT composition.49  It was concluded that in these examples, the greater 

compatibility of DnBT was a stronger factor in the exudation behaviour than the 

relative viscosity and mobility of the smaller molecule, leading to lower migration 

than the larger but less compatible plasticisers.  

2.6 Methods of Testing Plasticiser Compatibility 

The compatibility of PVC and plasticisers has been studied and defined in a number 

of ways throughout the literature. The effect of plasticiser on Tg measured by DMA 

(discussed in further detail in section 2.7.4),37, 69, 70 the effect of PVC-plasticiser 

interactions on the FTIR spectra (section 2.7.1),71, 72 and solid-gel transition 

temperatures have all been used as measures of compatibility.5 These are useful 
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measurements and give information on the interactions between the plasticiser and 

polymer molecules. However, from an industrial perspective the primary concern 

raised by incompatibility of plasticisers is the tendency to exude from the PVC 

compound. Two standards set out methods of testing this property of a PVC 

formulation - ASTM D2383 (Plasticizer compatibility in poly (vinyl chloride) (PVC) 

under humid conditions) and ASTM D3291 (Standard Practice for Compatibility of 

Plasticizers in Poly(Vinyl Chloride) Plastics Under Compression, Figure 2.1).39, 69   

These tests stress the material, either mechanically or with heat and humidity, to 

accelerate the exudation of incompatible plasticisers. These methods are rarely 

referenced in the literature concerning PVC-plasticiser compatibility, and correlations 

between these measures of compatibility and others such as Tg or FTIR are not often 

examined. These tests have some limitations, as the measurement of exudation is a 

subjective judgement of how much plasticiser has exuded based on the transfer to an 

absorbent paper. A more quantitative analytical method would allow PVC 

compounders to compare and record useful information about the compatibility of 

different plasticisers. This would facilitate the evaluation of novel plasticisers for PVC 

in the drive to substitute toxic and petrochemical additives with novel bio-based 

additives.

Figure 2.1: Diagram of the ASTM D3291 Loop spew test for plasticiser compatibility in PVC.39
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2.7 Analytical Techniques 

2.7.1 FTIR Spectroscopy 

Fourier Transform Infrared spectroscopy (FTIR) is a widely used analytical technique 

throughout chemistry and other sciences. The technique is based on the interaction 

of molecules with infra-red light, which is absorbed at characteristic wavelengths due 

to the vibrational frequencies of the chemical bonds in the sample. To be IR-active, 

the vibration of the bond must change the dipole moment of the molecule. FTIR can 

be carried out in transmission or reflectance mode depending upon the properties of 

the sample.  

Attenuated Total Reflectance FTIR (FTIR-ATR) is a reflectance technique whereby the 

sample is in direct contact with a crystal (typically diamond or germanium) known as 

an internal reflection element (IRE). The IR beam contacts the IRE surface at greater 

than the critical angle and so reflects back into the crystal by total internal reflectance. 

Some energy penetrates a small distance into the sample in the form of the 

evanescent wave, which is attenuated by absorption at the characteristic 

wavelengths of the bonds present in the sample.73 The penetration depth dp of the 

evanescent wave depends upon the wavelength of light (λ), the angle of incidence (θ) 

and the refractive indices of the IRE and sample (n1 and n2) as shown in Equation 2-12. 

Penetration depths are typically of the order of 100-1000 nm.73  

𝑑𝑝 =
𝜆1

2𝜋𝑛1√sin2 𝜃 − (
𝑛2

𝑛1
⁄ )

2
 

Equation 2-12 

FTIR has been used to examine the interaction between plasticiser and PVC in the 

works by Tabb and Koenig, Beltran, Garcia, and Marcilla and Gonzalez and Fernandez-

Berridi.71, 74, 75 Tabb first showed that in samples of PVC plasticised with DOP, the FTIR 

absorption wavelengths differed between pure DOP and PVC/DOP blends of differing 

composition. Tabb suggested that this would be due to complexes forming between 
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the carbonyl groups in DOP and the carbon-chlorine bonds within PVC, changing the 

characteristic absorption of the carbonyl stretch.75 

Beltran et al. compared three phthalate plasticisers (dibutyl phthalate, diethylhexyl 

phthalate (DOP, 1) and diisodecyl phthalate) by FTIR spectra in situ during the gelation 

and fusion process of their PVC plastisols.71 The spectrum of the plasticiser was 

subtracted from the spectrum of the mixture, and compared to that of the pure PVC 

resin. Dibutyl phthalate and DOP showed larger differences in the subtracted 

spectrums than did diisodecyl phthalate. This was interpreted as greater compatibility 

of dibutyl phthalate and DOP with PVC, due to stronger intermolecular interactions 

of the plasticisers and polymer. 

Gonzalez and Fernandez-Berridi compared the FTIR spectra of eight plasticisers with 

the theoretical FTIR spectra using the same principles, examining both the carbonyl 

stretching region and the C–Cl tactic and atactic bands.74 As PVC is formed through 

radical polymerisation, the structure is overall atactic, i.e. the chlorine atoms are 

distributed randomly on both sides of the polymer chain (Figure 2.2). However, 

regions of syndiotactic arrangement (chlorine atoms located on alternating sides of 

the PVC chain) can occur, giving rise to localised crystallinity. The atactic band 

corresponds to the amorphous regions of the PVC structure, which are the regions 

that interact with the plasticisers most readily. The crystalline regions, corresponding 

to the tactic band in the FTIR spectra, are not easily solvated. 

 

Figure 2.2: Atactic, isotactic and syndiotactic conformations of PVC.  
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The order of compatibility was then compared with the chemical structures of the 

plasticisers to identify the relationship between compatibility and properties such as 

chain length and degree of substitution of the aromatic ring. The results showed that 

shorter, branched alkyl chains gave a stronger interaction with PVC than longer linear 

alkyl chains, while greater substitution of the aromatic ring reduced the interaction 

with PVC. This was attributed to steric hindrance reducing the ability of the plasticiser 

to interact with the polymer chain. 

2.7.2 Raman Spectroscopy 

Raman Spectroscopy is often used in conjunction with FTIR spectroscopy, as they are 

complimentary techniques. While only chemical bonds with a dipole moment are FTIR 

active, this is not required for Raman activity, which instead relies on the polarisability 

of the bonds. Raman spectroscopy was used in conjunction with FTIR to investigate 

molecular orientation in uniaxially drawn PVC.76 The conjugated polyene chains 

formed by the degradation of PVC were examined by Raman spectroscopy while FTIR 

was used to investigate C-Cl bond orientation. These techniques gave complimentary 

results for the orientation of the PVC chains in the drawn samples. Methods of 

quantifying adipate, phthalate and terephthalate plasticisers in PVC samples through 

Raman spectroscopy have been reported in a number of works.77-79 While Berg and 

Otero reported successful quantification of plasticisers by Raman spectroscopy, they 

noted that specific identification of adipate plasticisers was limited due to the 

abundance of aliphatic diesters with similar spectra.78 Phthalates were more easily 

identifiable by the strong band at 1060 cm-1 due to the aromatic ring. This highlights 

that while FTIR and Raman spectroscopy have many uses in the analysis of plasticisers 

in PVC, in the case of complex mixtures (such as PVC with binary or ternary plasticiser 

systems) chromatographic methods may allow for more specific identification. 
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2.7.3 Gas Chromatography - Mass Spectrometry 

Gas Chromatography - Mass Spectrometry (GC-MS) provides a detection method that 

can both detect the concentration and elution time and determine the identity of the 

compounds present based on the chemical structure. In the mass spectrometry 

detector, the sample is ionised and then passed through a magnetic field to separate 

the ionised fragments by their m/z (mass to charge) value. The total molecular weight 

of each compound can be identified, and the structure can be elucidated from the 

fragmentation pattern shown by the fragment ions. Depending on the requirements 

of the analysis, MS detectors can be used in total ion current (TIC) or selected ion 

monitoring (SIM) modes. In TIC, the detector scans across a range of m/z values to 

measure all ions within that range. SIM is used when particular ions are of interest 

and can give greater resolution by reducing noise and increasing the collection time 

for the target ions. 

GC-MS is widely used for the identification and quantification of plasticisers and 

additives in PVC 23, 80, 81 . This method is suitable for testing the majority of medium-

volatility plasticiser groups such as phthalates, adipates and trimellitates. However, 

low volatility plasticisers such as ESBO cannot be tested directly by GC-MS as they 

cannot be volatilised and passed through the GC-MS column. These plasticisers can 

be tested by LC-MS (liquid chromatography - mass spectrometry) since this method 

does not require the analytes to be volatile, or through derivatisation of the ESBO 

prior to GC-MS analysis. The two methods have been compared by Suman et al.,82 

using the derivatisation procedure described by Castle et al.83 Both methods were 

able to quantify ESBO 8 migration from PVC seals into various food products, although 

there was some variation between the results from the two methods. The 

derivatisation described by Castle et al. is a multistep process involving two reaction 

steps and two evaporation steps and so is more complicated and time-consuming 

than testing the sample directly by LC-MS. An alternative derivatisation method is 

used by Biedermann-Brem et al.81 This method involves a single reaction step to 
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transesterify ESBO and other high molecular-weight plasticisers using sodium 

ethoxide. The full procedure and its use in this work is described in Chapters 3 - 5.  

 

2.7.4 Dynamic Mechanical Analysis 

As PVC is a largely amorphous polymer, it does not have a precise melting point. 

Instead, the structure exists as either a glassy or rubbery material, depending on the 

temperature and composition of the PVC blend. The temperature at which it changes 

from a glassy to rubbery state is known as the glass transition temperature Tg. Glass 

transition temperatures of polymers are often measured using Differential Scanning 

Calorimetry (DSC), however for plasticised PVC this technique often does not show a 

clear glass transition. Dynamic Mechanical Analysis (DMA, also known as DMTA) is 

commonly used instead.69, 84, 85 

DMA measures the response of a material to a cyclic applied deformation over a range 

of temperatures. The deformation can be a bending motion, as in the cantilever 

mode, a stretching motion as in the tensile mode, or a shearing/compression motion. 

The change in the stress-strain response of the material over a range of temperatures 

can be used to determine the glass transition temperature by examining the storage 

(E′) and loss (E″) moduli of the material. The storage and loss moduli reflect the elastic 

and inelastic components respectively of the material’s response to an applied stress. 

The glass transition can be identified by the reduction in the elastic “glassy” behaviour 

of the material, shown by the reduction in storage modulus, and the increase in the 

inelastic “rubbery” behaviour shown by an increase in the loss modulus. These two 

variables are combined in the tan delta: 

𝑡𝑎𝑛 δ =
𝐸″

𝐸′
 

Equation 2-13 

 

Measurement of the glass transition temperature by DMA is widely used as a 

compatibility metric.69 As discussed in section 2.1 (Theories of Plasticisation), 
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plasticisers lower the glass transition of PVC by lubrication of the polymer chains, 

allowing rotation of the chain segments and increasing free volume. This is aided by 

solvation of PVC by the plasticiser through polar groups that interact with the polar 

polymer. As noted by Daniels, in addition to the glass transition temperature DMTA 

can also be used to measure the width of the glass transition curve.69 Multiple 

separate transition points can be measured in PVC due to regions of differing 

crystallinity in the polymer. These transitions can occur at different temperatures due 

to poor solvation behaviour of the plasticiser, broadening the glass transition curve. 

In a series of phthalate plasticisers, increasing the alkyl chain length was observed to 

decrease compatibility while increasing lubrication. Daniels notes the complexity of 

interpreting these results, as from their observations the plasticisers used for low 

temperature flexibility show different glass transition behaviour to general purpose 

plasticisers.69 As such, the glass transition temperature alone is not sufficient to 

determine if a plasticiser can be successfully used in a PVC compound.  

 

2.8 Synthesis of Novel Non-Phthalate Plasticisers 

Investigations into the synthesis of novel plasticisers are numerous, and primarily 

focus on the use of bio-based chemistry to produce “green” plasticisers. Green 

chemistry encompasses a number of principles that aim to minimise harm to human 

health and the environment. This includes consideration of the hazards of all parts of 

the chemical process, such as chemical feedstocks, by-products, solvents and 

reagents as well as the target product.86 The 12 principles of green chemistry as set 

out by Anastas and Warner provides a framework for designing greener processes 

within chemistry.87 While the use of renewable feedstocks is one of these principles, 

it is a limited definition of a green product without consideration of the other factors 

such as energy efficiency, atom economy and waste prevention. 

Plant oils such as soybean oil, castor oil, and palm oil are commonly used in the 

development of biobased plasticisers, as well as citrates and derivatives of sugars.16, 
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28, 88-90 In spite of this, petrochemical plasticisers still predominate, constituting more 

than 95% of the total European plasticiser market in 2020.20 Esters of citric acid such 

as acetyl tributyl citrate (ATBC) and tributyl citrate (TBC) have been used in PVC 

compounding for some time.  These esters show good performance in the polymer 

but have not achieved widespread use due to high cost.16  These plasticisers are 

generally considered to have low-toxicity, and many are FDA-approved. However, 

ATBC has shown potential concerns as an endocrine disruptor and possible 

interactions with steroid metabolism.91, 92 

Epoxidised soybean oil is widely used in the PVC industry as a secondary plasticiser, 

with production globally of over 2 million tonnes per year.93 As stated previously, 

secondary plasticisers are generally used in combination with a primary plasticiser 

that shows greater solubility in the polymer.7 The epoxidation of unsaturated oils was 

described as early as 1949, in a two-step process using acetic acid and hydrogen 

peroxide to form peroxyacetic acid, which is then combined with the unsaturated 

compound to form the epoxide.94 This combination of peroxide and carboxylic acid 

remains the primary method industrially, although other routes include acid ion 

exchange resins, enzymatic methods and metal catalysts.95 The industrial method has 

been refined over time and some producers claim near complete conversion of the 

double bonds, with approximately 0.04 residual double bonds per ESBO molecule.27  

Epoxidised fatty acid methyl esters (EFAMEs) have been investigated in numerous 

studies, as they show improved low-temperature plasticisation over triglycerides such 

as ESBO. However, these plasticisers are susceptible to volatilisation and solvent 

extraction due to their low molecular weight.96 

2.9 Reactions of the ESBO Epoxide Ring 

The epoxide ring opening reaction of ESBO is well established with a range of 

nucleophiles such as alcohols, diols and amines, with reports going as far back as 

1995.97-99  These reactions have been used to produce polyols for applications such 

as the synthesis of polyurethanes and other bio-based polymer alternatives.31-33 
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These polyols have been shown to oligomerise through side reactions, as the hydroxyl 

groups formed in the reaction can then act as nucleophiles.100 When a diol is used as 

the nucleophile, the unreacted hydroxyl can also react to form oligomeric structures. 

Propylene glycol was shown to form gel-like polymeric structures with ESBO and zinc 

triflate catalyst, which could be crosslinked to form hard polymeric coatings.32 

Guo et al. tested a number of different acid catalysts for the methanolysis of the ESBO 

epoxide ring for use in polyurethane synthesis. They found fluoroboric acid to give 

the highest conversion to the methyl ether polyol, compared with perchloric acid, 

p--toluene sulfonic acid, sulfuric acid, and formic acid.33 

Erhan et al. reacted ESBO with a series of acid anhydrides to produce diesters for use 

as industrial lubricants.101 This mechanism for producing diesters from the epoxide 

ring could be used to introduce a wide range of groups into the ESBO structure. The 

production of acid anhydrides often involves large amounts of hazardous oxidants, 

although more environmentally-friendly methods have also been reported.102 

Reactions of epoxidised fatty acids with PEGs have also been reported in the 

production of non-ionic surfactants.103 This work in particular focuses on the 

sustainable synthesis of these compounds, utilising heterogenous catalysis and 

solventless processes. 

Despite the utility of the epoxide ring as a target for synthetic modification, retaining 

some epoxide functionality could be desirable, due to the benefits to both 

compatibility and stability. The effect of epoxide rings on plasticiser compatibility and 

stability was shown in an evaluation of eleostearic acid eugenol esters, where the 

presence of the epoxide group led to lower Tg values and higher onset of 

decomposition by DSC and TGA respectively.104 ESBO is often used as a heat stabiliser 

in PVC, as the epoxide ring scavenges the hydrochloric acid produced by PVC 

decomposition. This prevents the acid from promoting further degradation of the PVC 

chain.16 This is discussed in further detail in Chapter 7. 
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The reactivity of the epoxide ring was exploited to synthesise novel plasticisers as 

described in the following chapters, incorporating the bio-based reactant molecules 

shown in Figure 2.3.  

 

Figure 2.3: Bio-based reactants used to modify the structure of epoxidised soybean oil to 
produce novel plasticisers for PVC: methoxy polyethylene glycol (mPEG, 9), isosorbide 10 and 
2-furoic acid 11. 

 

2.10 The Use of DOSY-NMR in the Analysis of Complex Mixtures 

As ESBO is derived from a natural vegetable oil, it is typically a mixture of components 

of varying chain length and epoxide number. As such, when reacting at the epoxide 

functionality a complex mixture of products is formed. This poses a challenge for 

analysis, as these closely related products are not easily separated through 

chromatographic methods. Diffusion-ordered NMR spectroscopy (DOSY) separates 

the NMR signals of different molecules in a mixture on the basis of the diffusion 

behaviour. This is achieved by using pulsed field gradient experiments and examining 

the signal decay as the samples move under Brownian motion. Molecules that are 

more mobile will show a greater signal attenuation as described by the 

Stejskal-Tanner equation (Equation 2-14).105 
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𝑆 =  𝑆0𝑒−𝑏𝐷 

Equation 2-14 

Where S is the signal strength, S0 is the signal strength without the diffusion gradient, 

D is the diffusion coefficient and b is related to the field gradient G, pulse duration δ 

and time delay τ as shown in Equation 2-15. 

𝑏 =  𝛾2𝐺2𝛿2 (𝜏 −
𝛿

3
) 

Equation 2-15 

As well as allowing for more accurate analysis of the composition of mixtures, DOSY 

can also be used to estimate diffusion coefficients as well as molecular weights of 

large molecules such as polymers, as described by Groves.106 

DOSY has also been used in the analysis of biodiesel to determine mono-, di- and 

triacylglycerols in the methylated reaction products formed from vegetable oils.107 

2.11 Summary 

In conclusion, the work presented in the following chapters aims to address the needs 

of the PVC industry as described, in the drive to replace toxic petrochemical 

plasticisers with bio-based alternatives. The lack of a quantitative method for testing 

plasticiser exudation from PVC samples limits the evaluation of novel plasticisers. A 

more reliable test method could increase the confidence of the PVC industry when 

approving novel plasticisers for use. Furthermore, the synthesis of novel plasticisers 

from epoxidised soybean oil presents the possibility of a bio-based plasticiser with 

enhanced compatibility, from a low-cost starting material that is familiar to PVC 

compounders. 
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3 Experimental 

3.1 Introduction  

This chapter describes the procedures and analytical techniques evaluated in 

Chapter 5for the development of an improved method of testing plasticiser 

compatibility in PVC samples. Furthermore, it describes the synthesis procedures of 

the modified ESBO compounds evaluated as new or alternative plasticisers for PVC. 

The techniques for evaluation of these plasticisers and the PVC samples prepared 

from them are also described here.  

3.2 Materials 

All materials used to produce the PVC samples were provided by Alphagary Ltd and 

were industrial grade. These materials were PVC resin (suspension grade, K70), 

diethylhexyl phthalate (DOP), diethylhexyl terephthalate (DOTP), epoxidised soybean 

oil (ESBO), calcium-zinc stabiliser (proprietary) and barium-zinc liquid stabiliser. 

Chemicals used were ethanol (absolute, VWR), 1-Ethyl Naphthalene (≥97%, Aldrich), 

sodium citrate (99%, Aldrich), dimethyl pimelate (99%, Aldrich), sodium ethoxide 

(21% in ethanol, Alfa Aesar), methyl tert-butyl ether (MTBE, 99.8%, Sigma Aldrich), n-

hexane (>97%, Honeywell), magnesium sulfate (Laboratory reagent grade, Fisher 

Scientific, polyethylene glycol methyl ether (average molecular weight 350, Alfa 

Aesar), p-toluene sulfonic acid (PTSA, 99%, Acros Organics), zinc trifluoromethane 

sulfonate (98%, Acros Organics), methanol (≥ 99.9%, Fisher Scientific), D-isosorbide 

(98%, Alfa Aesar), L-phenylalanine (99%, Alfa Aesar), vanillin (99%, Alfa Aesar), 4-

hydroxy-3-methoxybenzyl alcohol (vanillyl alcohol, 99%, Alfa Aesar), 2-furoic acid 

(98%, Acros Organics), THF (Fisher Scientific, PureSolv purification system), 

chloroform (Fisher Scientific, >99% lab reagent grade), DCM (Fisher Scientific, >99% 

lab reagent grade), deuterated chloroform (Sigma Aldrich), diethyl ether (Fisher 

Scientific, laboratory reagent grade), sodium hydrogen carbonate (Fisher Scientific 
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Laboratory reagent grade),  and toluene (Fisher Scientific, PureSolv purification 

system). 

3.3 Sample Preparation for Compatibility Testing 

Samples of plasticised PVC were prepared by cold mixing of plasticisers, PVC resin and 

heat stabiliser additives, followed by compounding with a Farrel two-roll mill at 

155 °C. The samples were then compression moulded in a heated hydraulic press 

(Mackey-Bowley) at 170 °C and 200 bar pressure for 4 minutes to give plaques of 

uniform 2 mm thickness with smooth surfaces. The plasticisers selected to evaluate 

the compatibility methods were DOP, DOTP and ESBO. PVC formulations were 

prepared as shown in Table 3.1. 

Table 3.1: Formulations of samples used to evaluate compatibility test methods in PHR (parts 
per hundred resin) and percentage by weight. 

Formulation 

1 

PVC-

DOTP 

2 

PVC-

DOP 

3 

PVC-

ESBO 

4 

PVC-DOTP-

ESBO 

5 

PVC-DOP-

ESBO 

PVC K70 resin 

(PHR) 

(percentage) 

 

100  

58.6% 

 

100  

58.6% 

 

100  

58.6% 

 

100  

58.6% 

 

100  

58.6% 

Ca/Zn heat 

stabiliser 

0.6 

0.4% 

0.6 

0.4% 

0.6 

0.4% 

0.6 

0.4% 

0.6 

0.4% 

DOTP 
70 

41.0% 
- - 

35 

20.5% 
- 

DOP - 
70 

41.0% 
- - 

35 

20.5% 

ESBO - - 
70 

41.0% 

35 

20.5% 

35 

20.5% 
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3.4 Development of an Analytical Method for Testing Plasticiser 

Compatibility

The compatibility testing was based upon the ASTM D3291 method Standard Practice 

for Compatibility of Plasticizers in Poly(Vinyl Chloride) Plastics Under Compression.39

The procedure for mechanically stressing the samples was followed, whereby a loop 

is made in a 2 mm thick piece of PVC compound between two metal plates separated 

by 8 mm spacers, as shown in Figure 3.1. Various methods were evaluated to measure 

the exudation over time in a quantitative manner.

Figure 3.1: Diagram of the Loop spew test for plasticiser compatibility in PVC.

3.4.1 FTIR Spectroscopy

FTIR spectra were measured on a Nicolet iS5 with iD5 ATR attachment and a Perkin 

Elmer Spectrum Two with Spotlight 200i microscope accessory using ATR mode. The 

use of transmission and reflection modes were investigated on the Perkin Elmer FTIR. 

Both single point and mapping techniques were tested on the samples. Samples were 

mounted on a moving stage and optical microscopy images were collected to identify 

the areas for FTIR measurement. Grid and line maps were tested on these samples at 

various resolutions, typically 100 µm. The maps were analysed using the 

SpectrumIMAGE Viewer software in ChemiMap and Compare Correlation modes. The 

ChemiMap function compares the intensity of the bands at certain wavenumbers for 

known functional groups, in this case the ester C=O stretch at 1780-1665 cm-1 and C-O 
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stretch at 1300-1220 cm−1. These regions were adjusted from the program default to 

better fit the peak positions in the tested samples. The Compare Correlation mode 

compares the map data to known standards. Spectra for the pure plasticisers were 

also collected for this use.

The Nicolet iS5 FTIR was used to measure the surfaces of the samples stressed by the 

compatibility test in the area where plasticiser would exude i.e., the compressed face 

of the looped sample, Figure 3.2. The sample was removed from the compression 

plates, the centre of the stressed area was placed on the ATR internal reflection 

element (IRE) and clamped in place to ensure good contact with the IRE. Five samples 

of each formulation were measured for each time point. 16 scans were collected for 

each spectrum, the spectral resolution was set to 4 cm-1 and the data spacing was 

0.482 cm-1.

Figure 3.2: Diagram of compressed PVC sample showing the stressed portion and the target 
area for FTIR measurement.

The penetration depth was calculated for this experiment using Equation 3-1, through 

employing the primary wavelength investigated (1725 cm-1) for a situation of 

maximum and minimum values of refractive index possible with the plasticisers and 

plasticised PVC samples (θ= 42°, ndiamond = 2.42, nDOP, nDOTP = 1.49, nESBO = 1.47 and 

nPVC= 1.55).108-110 This gave a penetration depth (dp) range of 4.0-4.9 µm. 

𝑑𝑝 =
𝜆1

2𝜋𝑛1√sin2 𝜃 − (
𝑛2

𝑛1
⁄ )

2

Equation 3-1
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3.4.2 Raman Spectroscopy 

Raman spectra were measured on a ThermoScientific DXR Raman, using a 532 nm 

laser and 10x microscope objective. The method used was 1-minute photobleaching, 

10 mW laser power, 25 µm pinhole and five exposures of 5 seconds. Both flat-pressed 

and cut surfaces were tested to attempt to map the distribution of plasticiser on the 

exuding surface, as well as throughout the sample. Optical microscope images were 

also collected prior to Raman measurement. 

3.4.3 Gas Chromatography - Mass Spectrometry 

GC-MS analysis was used to quantify plasticiser exudation following the loop spew 

compatibility test. The inner surface of each sample, where the exudation occurs, was 

wiped with an analytical cotton swab in a set pattern covering the surface of the 

sample. The swabbing procedure ensured that every part of the compressed area was 

swabbed twice in each of two perpendicular directions. The swab was then immersed 

in 3 ml ethanol and mechanically agitated for 20 s to dissolve any substances 

transferred from the sample to the swab. This solution was then analysed directly to 

quantify DOTP and DOP, as well as transesterified to quantify ESBO, as described by 

Biedermann-Brem et al. and detailed below.81 The ethanol contained 5 ppm 1-ethyl 

naphthalene (EN) and 5 ppm dimethyl pimelate (DMPi) as internal standards. Three 

samples were tested for each time interval and were discarded after swabbing. 

3.4.3.1 Transesterification of esters 

To analyse ESBO, samples were derivatised using a 21% sodium ethoxide/ethanol 

solution to convert the triglyceride functionality to ethyl esters. The internal standard 

DMPi also undergoes transesterification in these conditions, and this is used to 

monitor the reaction.  

1 ml of the ethanol solutions was added to 0.325 ml of sodium ethoxide/ethanol 

solution, shaken, and allowed to react for 5 min. 2 ml MTBE/hexane (60/40%) and 

2 ml disodium citrate solution was added. The organic phase was then separated and 
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dried over excess magnesium sulfate and filtered using pipette filters (Fisherbrand, 

PTFE 0.2 µm) into vials for GC-MS analysis. 

3.4.3.2 Quantification of Plasticisers by GC-MS 

GC-MS analysis was carried out on an Agilent 7890B gas chromatograph system 

coupled to a 5977B mass spectrometer. The injection volume was 1 µl and an inlet 

temperature of 300 °C was used in splitless mode, under helium gas at 1 ml/min 

column flow. The column was an Agilent HP-5MS UI, length 30 m, ID 0.25 mm, and 

the temperature program was 60 °C to 100 °C at 7 °C/min, then 15 °C/min to 300 °C 

followed by a 5-minute hold. 

Samples of known concentration were prepared and used as calibration standards. A 

total of 6 concentration levels were prepared, and 3 repeats were tested. A quadratic 

fit was used, giving an R2 value of 0.995 for DOTP and 0.996 for DOP. Method blank 

samples were prepared by immersing clean swabs in 3 ml ethanol containing the 

internal standard and were tested alongside the samples and standards. This 

confirmed that the swabs did not release any substances that would interfere with 

the results. These standards were also derivatised as described to quantify ESBO. The 

peak corresponding to ethyl 9-epoxystearate (Et 9-ES) was chosen for quantification, 

giving an R2 of 0.994 with a quadratic fit.  

3.4.4 Dynamic Mechanical Analysis 

DMA was used to investigate the low temperature properties of the PVC samples 

tested for exudation (Chapter 5) and to evaluate the novel plasticisers derived from 

ESBO (Chapter 7). This analysis was carried out using a Perkin Elmer DMA 8000. 

Experiments were carried out in both tensile and cantilever modes. Samples were 

tested from −130 ◦C to 70 ◦C at a rate of 5 ◦C min−1, under a 0.5 mm strain at a rate of 

1 Hz. 
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3.5 Synthesis of Novel Bio-based Plasticisers Derived from 

Epoxidised Soybean Oil 

The reaction of the ESBO epoxide functionality with alcohols was carried out under 

acidic conditions. The effect of varying the catalyst choice and quantity was examined 

for the methanolysis reaction. All starting materials and products were characterised 

by 1H and 13C NMR spectroscopy using a Jeol ECS 400 MHz FT-NMR and CDCl3 solvent. 

NMR integrations were carried out and normalised to the six α-carbonyl protons in 

the triglyceride structure. FTIR-ATR measurements were taken using a Perkin-Elmer 

Spectrum Two as described in section 3.4.1. Structures are depicted based on a 

diepoxide fatty acid chain in which one epoxide has reacted to represent the 

functionality present in a concise format. 

3.5.1 Synthesis of ESBO methyl ether polyol (MEEP, 12) 

 

ESBO (53.67 g) was reacted with excess methanol (90 mL) with zinc triflate catalyst 

(0.25 g). The reaction mixture was stirred at reflux (65 °C) under argon for 20 h.  The 

reaction mixture was cooled to room temperature and the solvent removed in vacuo. 

The crude product was dissolved in chloroform (50 mL), washed with 1 M sodium 

bicarbonate solution (50 mL) and deionised water (2 x 50 mL). The organic fraction 

was dried over magnesium sulfate and concentrated in vacuo to give a yellow oil 

(53.02 g). 
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1H NMR (400 MHz, CHLOROFORM-D) δ 5.26 (1H, m, H2), 4.29 (2H, dd, J = 11.8, 4.2 Hz, 

H1/3), 4.14 (2H, dd, J = 11.9, 5.9 Hz, H1/3), 3.52 – 3.42 (3H, m, H12,13), 3.41 (3H, s, 

H22), 2.99 (1H, q, J = 5.7 Hz, H15,16)  2.31 (6H, t, J = 7.6 Hz, H5), 1.61 - 1.26 (64H, m, 

H6-11, 14, 17-20), 0.88 (9H, m, H21). 

13C NMR (101 MHz, CHLOROFORM-D) δ 173.43, 173.01 (C4), 84.46, 72.74 (C13), 68.98 

(C2), 62.21 (C1, C3), 58.25 (C22), 56.75 (C15,16), 50.97, 39.14, 38.83, 38.05, 34.30, 

33.63, 33.51, 32.19, 32.05, 32.01, 30.11, 30.02, 29.88, 29.82, 29.60, 29.49, 29.40, 

29.24, 29.18, 26.11, 25.90, 25.16, 24.98, 24.93, 22.81, 22.74, 14.25, 14.20 (C21). 

FTIR-ATR (νmax cm-1) – 3456 (O-H stretch), 2926, 2855 (sp3 C-H stretch), 1742 cm-1 (C=O 

stretch). 

3.5.2 Synthesis of ESBO-mPEG ether polyol (13) 

 

MPEG (methoxy polyethylene glycol, 52.15 g, 0.15 mol) of average molecular weight 

350 Da was reacted with ESBO (15.08 g, 0.015 mol) and zinc triflate catalyst (0.022 g, 

0.06 mmol) at 150 °C under argon with stirring for 2 h. The reaction mixture was 

cooled to room temperature and triturated with deionised water (3 x 50 mL). The 

resulting yellow oil was dissolved in chloroform, dried over anhydrous magnesium 

sulfate, and concentrated in vacuo, giving a mass of 15.32 g. 

1H NMR (400 MHz, CHLOROFORM-D) δ 5.25 (1H, m, H2), 4.29 (4H, m, H1, H3), 3.65 

(34H, s, H22, H23), 3.55 (4H, m, H12, H13), 3.38 (5H, s, H24), 2.31 (6H, t, J = 7.6 Hz, 

H5), 1.76-1.13 (74 H, m, H6-11, 14, 17-20), 0.88 (9H, m, H21). 

13C NMR (101 MHz, CHLOROFORM-D) δ 173.36, 172.95 (C4), 104.95, 104.88, 72.02 

(C13), 70.65 (C12), 70.38 (C22, C23), 68.96 (C2), 62.18 (C1, C3), 61.79, 59.13 (C24), 
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42.94, 42.85, 42.80, 36.10, 34.25, 34.14, 34.08, 32.02, 31.96, 31.91, 31.69, 31.51, 

29.79, 29.75, 29.57, 29.46, 29.37, 29.21, 29.16, 29.10, 28.98, 28.17, 28.12, 27.91, 

24.95, 24.90, 23.98, 23.89, 23.83, 22.78, 22.67, 22.52, 14.22 (C21). 

FTIR-ATR (νmax cm-1) – 3476 (O-H stretch), 2925, 2856 (sp3 C-H stretch), 1742 (C=O 

stretch). 

 

3.5.3 Synthesis of Furoic Acid Ester of Methoxylated ESBO (MEFE, 

14) 

 

Methyl Ether ESBO Polyol (MEEP, 10.00 g) was reacted with furoic acid (6.28 g) in dry 

toluene (100 mL) with PTSA catalyst (0.964 g) in a round bottomed flask with a Dean-

Stark condenser trap. The mixture was stirred at reflux (110 °C) for 18 h and cooled to 

room temperature and the solvent removed in vacuo. The crude product was 

dissolved in chloroform (50 mL), washed with 1 M sodium bicarbonate solution (50 

mL) and deionised water (2 x 50 mL). The organic fraction was dried over magnesium 

sulfate and concentrated in vacuo to give a brown oil (11.21 g).  

1H NMR (400 MHz, CHLOROFORM-D) δ 7.88 – 7.49 (2H, m, H25, H27), 6.51 (1H, m, 

H26), 5.25 (1H, m, H2) 4.34 – 4.08 (4H, m, H1, H3), 3.44 (1H, s, C22), 3.41 (2H, s, C22), 

2.99 (<1H, m, H15, H16), 2.35 (3H, s), 2.31 (6H, t, J = 7.6 Hz, H5), 2.09 (s, 5H) 1.72 – 

1.16 (72H, m, H6-11, H14, H17-20), 0.87 (9H, t, J = 6.9 Hz, H21). 
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13C NMR (101 MHz, CHLOROFORM-D) δ 173.42, 130.14, 129.44, 129.17, 128.36, 

128.15, 126.67, 125.43, 111.93, 68.99, 65.20, 62.21, 34.18, 32.06, 29.84, 29.79, 29.64, 

29.50, 29.41, 29.25, 25.82, 24.97, 22.82, 21.59, 14.26, 14.17. 

FTIR-ATR (νmax cm-1) 3020 (sp2 C-H stretch), 2927, 2856(sp3 C-H stretch), 1735 (C=O 

stretch), 1661 (C=C stretch). 

3.5.4 Synthesis of Isosorbide Ether ESBO Polyol (IEEP, 15) 

 

ESBO (15.01 g) was reacted with an excess of isosorbide (33.83 g) in THF (175 ml) with 

zinc triflate catalyst (0.279 g). The chemicals were dissolved in THF and dried with 

excess magnesium sulfate, then filtered into a dry round bottomed flask. The mixture 

was heated to reflux (75 °C) under argon for 20 h with stirring. The reaction mixture 

was cooled to room temperature and the solvent removed in vacuo. The crude 

product was dissolved in diethyl ether (50 mL), washed with 1 M sodium bicarbonate 

solution (50 mL) and deionised water (2 x 50 mL). The organic fraction was dried over 

magnesium sulfate and concentrated in vacuo to give a yellow oil (19.33 g). 

1H NMR (400 MHz, CHLOROFORM-D) δ 5.25 (1H, m, H2), 4.7-4.4 (1H, m), 4.21 (4H, 

ddd, J = 59.9, 11.7, 5.1 Hz, H1, H3), 4.05 – 3.53 (6H, m, H22-H27), 3.49 – 3.37 (7H, m,), 

2.55 (2H, t, J = 7.6 Hz), 2.38 (1H, t, J = 7.4 Hz), 2.31 (6H, t, J = 7.6 Hz, H5), 1.70 – 1.20 

(70, m), 0.88 (9H, m, H21). 

13C NMR (101 MHz, CHLOROFORM-D) δ 173.46, 104.91, 70.76, 68.98, 62.22, 43.01, 

34.29, 34.14, 32.06, 29.84, 29.80, 29.61, 29.51, 29.41, 29.22, 28.18, 26.61, 24.98, 

24.02, 22.81, 22.73, 14.28. 
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FTIR-ATR (νmax cm-1) – 3457 (O-H stretch), 2926, 2855 (sp3 C-H stretch), 1741 (C=O 

stretch). 

3.5.5 Diffusion-Ordered NMR Spectroscopy 

Diffusion-Ordered NMR Spectroscopy (DOSY) was used to analyse the products 

further and confirm that the reactions had occurred. A matrix of pulsed field gradients 

from 10 to 240 mT m-1 was used with a 50 ms diffusion time. The settings were chosen 

to give a signal reduction of 70-90% at the higher field gradient compared to the 

lower, to give an appropriate range of data. 

MestreNova software was used to analyse the data. The data was transformed to give 

a 2D graph of 1H-NMR against diffusion rate f1. The parameters used for the 

transformation were Bayesian method, Resolution factor 0.1, 1 repetition, DOSY 

spectrum range 1x10-14 – 1x10-12, 32 points in the diffusion dimension.  

3.6 Evaluation of Novel Plasticisers 

3.6.1 Solvent Casting of Plasticised Films 

The novel plasticisers were incorporated into PVC films using solvent casting. 

Plasticiser (2.5 g) was dissolved in 50 ml THF in a 100 ml round bottomed flask with 

stirrer bar. 0.05 µl liquid barium-zinc stabiliser was added with stirring, followed by 

5 g PVC resin (K70 suspension resin). A condenser was attached, and the mixture was 

heated to reflux (66 °C) under argon for 2 hours until the polymer was fully dissolved. 

The mixture was allowed to cool to room temperature and then poured into a dry 

glass petri dish and loosely covered to allow gradual evaporation of the THF for 7 days.  

The films were removed from the petri dishes and dried under vacuum at 40 °C for 

2 hours to remove residual THF. 
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3.6.2 Tensile Properties Testing

For the tensile properties testing, 1 mm thickness plaques were prepared using a 

heated hydraulic press. The cast films were placed in a steel mould which was 

subjected to 200 bar at 160 °C for 4 minutes and cooled under pressure. Dumbbell 

shaped pieces in accordance with ISO 37:2017 (E) Type 2 (Figure 3.3) were cut from 

the moulded sheets. The thickness of the central narrow portion of each sample was 

measured to 0.01 mm and recorded. Five test pieces were prepared for each 

plasticised PVC formulation.

Figure 3.3: Type 2 dumbbell test piece in accordance with ISO 37:2017 (E).

The tensile properties of the moulded films were tested using a Hounsfield H10KS 

UTM equipped with a 1000 N load cell and laser extensometer. Load and extension 

were measured, and stress and strain calculated from the sample dimensions. 

Samples were secured in the tensiometer grips and a small preload applied (0.3 N) to 

remove any slack from the sample prior to testing. The crosshead speed was set to 

100 mm min−1. 
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3.6.3 Scanning Electron Microscopy 

Plasticised PVC samples were analysed by scanning electron microscopy to examine 

the microscopic structure of the polymer. Samples were prepared by cryogenic 

fracture of samples cut from the solvent-cast films. Pieces of film were cooled in liquid 

nitrogen and manually broken. The samples were sputter coated with 10 nm gold-

palladium using a Leica EM ACE200. The samples were examined using a Zeiss Supra 

40VP SEM (2 kV acceleration voltage) at 5000-20,000 x magnification to investigate 

the internal structure. 

 

3.6.4 Thermogravimetric Analysis 

Samples of the novel plasticisers and plasticised films were tested by TGA using a 

Mettler Toledo TGA 1 to investigate the volatility of the plasticiser as well as the effect 

of the plasticiser on the thermal stability of the resulting PVC sample. Samples of 

approximately 15 mg were weighed into aluminium pans (plasticisers) or alumina 

crucibles (PVC samples) and heated at 20 °C min-1 to 600 °C (plasticisers) or 1000 °C 

(PVC samples) under a nitrogen atmosphere. 

  



Experimental Rationale 

51 

4 Experimental Rationale 

4.1 Compatibility Test Method Development 

To develop the test method for quantitative analysis of plasticiser compatibility in 

PVC, five formulations were chosen, comprising three plasticisers and their mixtures. 

These plasticisers were chosen to represent three main groups of plasticisers in use 

within the PVC industry – phthalate esters (DOP), non-(ortho-)phthalate 

petrochemical plasticisers (DOTP) and bio-based secondary plasticisers (ESBO). The 

samples for testing plasticiser compatibility were produced using industry-standard 

lab-scale procedures (Section 3.3), which replicate the conditions used in 

manufacturing to produce PVC compounds. DOP and DOTP are isomers with a known 

and well reported difference in plasticisation behaviour.2, 111 DOP was the dominant 

plasticiser for PVC prior to REACH regulation, while DOTP is widely used as a 

replacement for phthalate plasticisers.16 ESBO is typically used for its properties as 

both a secondary plasticiser and heat stabiliser in combination with primary 

plasticisers such as phthalates and so the mixed plasticiser formulations were chosen 

to evaluate the effect of mixing petrochemical and bio-based plasticisers.  

A PVC formulation was chosen for the evaluation samples to include only necessary 

additives besides the polymer and plasticiser. Typical PVC formulations can contain 

many additives such as fillers (most often calcium carbonate), flame retardants and 

antimicrobial additives, however these were omitted to prevent the influence of other 

additives on the plasticiser-polymer interaction. A heat stabiliser additive based on 

calcium and zinc stearate was included to prevent decomposition of the polymer 

during processing, as PVC will decompose readily to produce HCl gas on heating 

without additives to prevent this.112 The amount of plasticiser was chosen to give a 

‘medium softness’ flexible PVC. Suspension PVC resin with a K-value of 70 was chosen 

as this is the most common PVC resin used for flexible PVC compounds produced 

through thermomechanical methods (emulsion PVC resins being more common in 

solvent-based PVC production).111 
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The ASTM D3691 method for testing plasticiser compatibility was chosen as the basis 

of the compatibility test method as this is well known in the industry and plasticiser 

exudation under this test is well established. The analytical techniques were mainly 

chosen to be within the capabilities of PVC industry laboratories, which often have 

access to FTIR and GC-MS. Raman spectroscopy is less common but was also 

evaluated after FTIR spectroscopy was found to be unsuitable for mapping of 

plasticiser exudation.  

In the evaluation of different methods of FTIR measurement, reflectance and 

transmission FTIR were found to be unsuitable for use in these plasticised PVC 

samples. The samples were not sufficiently reflective and absorbed the IR beam too 

strongly at the thicknesses tested to give good quality data. As such, micro-ATR was 

chosen for this investigation. 

The aim of the mapping techniques was to create a depth profile of the samples which 

would show the movement of plasticiser from the bulk to the surface where it was 

exuding. The suitability of the micro-ATR FTIR mapping technique for identifying 

changes in the composition of a plasticised PVC sample was evaluated by creating a 

sample with a known change in composition. This was prepared by moulding a plaque 

of two differing PVC-plasticiser compositions (PVC-DOTP and PVC-ESBO) alongside 

one another to create a boundary where the composition changes. While the change 

in composition could be identified (as shown in Section 5.3.1), this experiment 

showed the technical challenges in using a contact mapping technique on the flexible 

sample, as the sample would deform under the required pressure of the ATR probe 

and surfaces showing plasticiser exudation would lead to contamination of the probe.  

Mapping of the exuding samples was also investigated through Raman spectroscopy 

(Section 5.4). Initially, measurements were attempted on both cross-sectional cut 

surfaces and the exuding surfaces of samples. However, the cut samples posed a 

problem as irregularities in the cut surface made it difficult to reliably focus the Raman 

laser, giving poor quality maps. As such, the surface distribution of exuded plasticiser 

was chosen for the continuing work. 
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4.2 Synthesis of Bio-based Plasticisers from Epoxidised Soybean Oil 

The target compounds studied in this work aim to improve the compatibility between 

the plasticiser and PVC. The reactant molecules (Figure 4.1) were chosen to introduce 

more polarity into the structure of the plasticiser relative to ESBO, thus increasing the 

intermolecular attraction between the plasticiser and the PVC polymer. Additionally, 

phthalate plasticisers in part owe their compatibility to the aromatic ring in their 

structure, and the introduction of aromaticity into bio-based plasticisers intended to 

replace phthalates has therefore also been the subject of investigation.89 In a 

computational analysis of a series of phthalate plasticisers, the aromatic ring was 

found to have the largest contribution towards the polymer-plasticiser interaction.57 

This was attributed to the large amount of accessible surface area of the group, as 

well as the polarisability of the disubstituted ring. The ester groups also provided a 

large contribution to the intermolecular interactions, but this was diminished by the 

comparatively smaller accessible surface area when considered as part of the whole 

phthalate ester molecule. 

  

Figure 4.1: Bio-based reactants used to modify the structure of epoxidised soybean oil to 
produce novel plasticisers for PVC: methoxy polyethylene glycol (mPEG, 9), isosorbide 10 and 
2-furoic acid 11. 
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Furans can be produced from biomass and are a significant area of renewable 

chemistry.113 Furan esters have been investigated for use as a replacement for the 

aromatic benzene group present in phthalates and similar plasticisers, showing 

promising characteristics for successful replacement of current petrochemical 

plasticisers, such as low migration.84, 114 As such, the reaction of a soybean oil-based 

polyol with 2-furoic acid 11 is described herein, with the aim of introducing 

aromaticity into the ESBO derivative structure. Furoic acid is produced by the 

oxidation of furfural, which has been produced commercially from biomass for 

decades.115  

Isosorbide 10, derived from glucose, has shown potential as a bio-based starting 

material for novel plasticisers.90 Lee et al. evaluated a series of diesters of isosorbide 

with fatty acids, as well as the effect of epoxidation on the resulting diesters, and 

found a positive correlation of shorter chain lengths with greater compatibility, 

measured by plasticiser absorption.116 Converting the alkene of oleic acid to an 

epoxide also promoted compatibility in the resulting epoxidised isosorbide diester.  

Yang et al. reacted isosorbide with acyl chlorides to investigate the effect of alkyl chain 

length on the resulting diester plasticisers, and also found greater compatibility of 

plasticisers with shorter alkyl chains.117 The role of the isosorbide structure has been 

compared to the aromatic ring of phthalates and the heterocyclic functionality should 

introduce polarity into the resulting compound.116   

Polyethylene glycol and compounds thereof have also been investigated in PVC 

plasticisation and have the interesting property of both adding a higher-volume 

morphology to the ESBO backbone, as well as additional polarity.84, 118, 119 Methoxy 

polyethylene glycol 9 was chosen so that only one alcohol group remained in the PEG 

structure, thus preventing the crosslinking that could occur in a PEG molecule with 

alcohol functionalities at both ends of the chain. 
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4.3 Characterisation of Bio-based Plasticisers 

4.3.1 Diffusion-Ordered NMR Spectroscopy 

Purification of the products was limited by the mixed composition of the ESBO starting 

material. Diffusion-Ordered NMR Spectroscopy (DOSY) can be used to determine the 

composition of mixtures of samples by separating the 1H-NMR signals based on the 

diffusion properties of the molecules. This analysis is carried out by constructing a 

matrix of pulsed field gradient strengths and measuring the signal decays - molecules 

with a faster diffusion coefficient will decay more rapidly than those with a slower 

diffusion coefficient. If multiple substances are present in the mixture, and have 

sufficiently different diffusion coefficients, these can be resolved into their separate 

1H-NMR spectra. 

A matrix of pulsed field gradients from 10 to 240 mTm-1 was used with a 50 ms 

diffusion time. The settings were chosen to give a signal reduction of 70-90% at the 

higher field gradient compared to the lower, to give an appropriate range of data. 

4.4 Evaluation of Bio-based Plasticisers 

The methods chosen to evaluate the bio-based plasticisers in PVC compounds were 

selected as the most effective methods to demonstrate plasticisation for the quantity 

of plasticised PVC that was produced. The samples were produced by solvent casting 

as there was insufficient quantities for two-roll milling or extrusion. Test methods 

such as British Standard Softness (BSS) or Shore A Hardness were considered but there 

was insufficient quantities of each material to produce a suitable sample. Tensile 

strength and elongation are closely correlated to BSS in the absence of other 

differences in formulation, and so the tensile properties were evaluated to determine 

the effectiveness of the plasticiser candidates.79 The glass transition behaviour was 

examined by DMA to further investigate the suitability of the plasticiser candidates. A 

successful plasticiser must lower the glass transition temperature of the polymer, and 

not display signs of phase separation which would be observed as multiple or 
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poorly-defined glass transitions. In this evaluation, the properties of PVC-DOP were 

considered to be those of a well-plasticised PVC compound, and thus were the target 

for the novel plasticiser candidates. The successful plasticiser candidate would show 

a change in plasticisation properties relative to PVC-ESBO, such that the resulting 

plasticised PVC is more similar to PVC-DOP.   
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5 Development of an Improved Test Method for 

Plasticiser Compatibility 

5.1 Introduction 

Plasticiser compatibility in PVC formulations is crucial for creating stable 

PVC-plasticiser blends that can maintain the properties of flexibility and softness over 

the lifespan of the plastic product, which is often many years. Plasticiser exudation 

leads to undesirable properties such as tackiness, as well as environmental pollution. 

The current industry standard method for testing plasticiser compatibility is the ASTM 

D3291 ‘Loop Spew’ compatibility test, wherein plasticised PVC samples are 

compressed in a loop and exudation is judged by a visual assessment of a test paper 

wiped across the sample surface. This test relies on a subjective determination of the 

extent of plasticiser exudation on a scale from 0 – no exudation to 3 – heavy 

exudation. This method cannot distinguish between different plasticisers in a mixture 

and is dependent on the judgement of the operator. The recommended duration of 

the exposure to the compatibility loop in the ASTM standard is 4 h, 24 h and 7 days, 

followed by continuing 7-day intervals over an extended period if required.  

A number of analytical techniques are explored in this chapter as potential methods 

to improve upon the ASTM D3291 ‘Loop Spew’ compatibility test. A maximum of 1 h 

compression has been used in this work to investigate if the test could be accelerated 

by using techniques with greater sensitivity. The work presented in this chapter has 

been published in the Journal of Applied Polymer Science.120The techniques evaluated 

herein were chosen with consideration for the typical capabilities of an industrial PVC 

compounding laboratory. FTIR and to a lesser extent GC-MS are widely available 

techniques within the PVC compounding industry, while Raman spectroscopy is rarely 

used. However, Raman spectroscopy allows for an investigation into microscopic 

mapping that was not possible by FTIR. The samples tested in this chapter consist of 

single plasticisers DOP 1, DOTP 6 and ESBO 8, as well as mixtures of DOTP-ESBO and 
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DOP-ESBO, with a total plasticiser content in each sample of 41%. Full formulations 

are shown in Chapter 3 (Table 3.1). 

5.2 Visual Exudation Evaluation 

Samples were tested in the compatibility loop for 60 minutes, then removed and 

wiped with a dry test paper. The paper was examined for exudation visually and rated 

from 0-3 in accordance with the ASTM D3291 standard. All samples showed no visible 

exudation, and so would be given a grading of 0 by the ASTM D3291 scale under these 

conditions.  

5.3 FTIR Spectroscopy 

5.3.1 Micro-FTIR Spectroscopy 

The suitability of the micro-ATR FTIR mapping technique for identifying changes in the 

composition of a plasticised PVC sample was evaluated by creating a sample with a 

known change in composition (PVC-DOTP to PVC-ESBO) as described in section 4.1. 

An FTIR map of this sample was measured and evaluated using the Perkin Elmer 

SpectrumIMAGE Viewer software. Plots of correlation to DOTP (Figure 5.1) and ESBO 

(Figure 5.2), the two plasticisers used, were created using this software, as well as a 

plot of the ester intensity using the ChemiMap function (Figure 5.3). This function 

measures the peak area for two FTIR regions known to correlate with certain bonds – 

in this case the areas were 1780-1665 cm-1 (C=O stretch) and 1300-1220 cm-1 (C-O 

stretch). All three methods showed a gradient of composition change from one 

formulation to the other, indicating that the samples mixed to a degree at the 

boundary, located approximately at the horizontal  midpoint on the maps. This 

confirms that the micro-ATR mapping can measure a change in composition for these 

plasticised PVC samples. 
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Figure 5.1: FTIR map of the surface of a plasticised PVC sample with a change in composition 
from DOTP (top) to ESBO (bottom) plasticisation. Scale (right) shows the correlation to the 
DOTP FTIR spectrum, which for this map ranges from 0.68 to 0.82 (exact match equals 1). The 
change in composition from DOTP to ESBO plasticisation is shown by the change in correlation 
to DOTP. 

 

Figure 5.2: FTIR map of the surface of a plasticised PVC sample with a change in composition 
from DOTP to ESBO plasticisation. Scale (right) shows the correlation to the ESBO FTIR 
spectrum, which for this map ranges from <0.08 to >0.36 (exact match equals 1). The DOTP-
plasticised region shows minimal correlation to the ESBO spectrum as indicated by the blue-
purple region on the map.  
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Figure 5.3: FTIR map of the surface of a plasticised PVC sample with a change in composition 
from DOTP to ESBO plasticisation by ChemiMap correlation to the ester functionality. This 
scale is in arbitrary units, and shows that the DOTP-plasticised area contains a greater 
intensity of the band associated with ester groups.  

 

The measurement of cross sections of samples which showed visible exudation in the 

compatibility loop test was then attempted. Measurements could not be carried out 

on the exuding surfaces since the plasticiser would transfer to the ATR IRE (crystal). 

The IRE would then require cleaning after each measurement, which would be 

inefficient and time consuming. 

For the cross sections, the exuding surface was first cleaned with a dry paper cloth 

and then cut into slices with a scalpel. The cleaning was to prevent transfer of 

plasticiser to other areas of the sample during cutting. 

The maps of these cross sections were analysed as described, and an example is 

shown in Figure 5.4. It was predicted that as plasticiser migrates from the inner 

surface of the loop, a gradient of plasticiser distribution would develop through the 

bulk of the sample. However, the data did not support this. Some variation can be 

seen throughout the sample, but no structure or pattern of plasticiser distribution was 
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noted. Furthermore, the individual FTIR spectra did not show any significant 

differences between the outer and inner edge of the compressed sample, as 

illustrated in Figure 5.5. 

Figure 5.4: ChemiMap Ester correlation to a cross-sectional map of a plasticised PVC sample 
following compression in the ASTM D3291 loop.
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Figure 5.5: FTIR spectra from micro-ATR mapping of a compressed PVC sample, showing no 
significant differences between the outer and inner edges.

There could be a number of explanations for this observation. Firstly, that plasticiser 

exudation occurs from a very thin layer at the PVC surface and so the inner 

measurement was not representative of this depletion. Secondly, the level of 

plasticiser lost to exudation may be so low that it does not create a significant change 

in the FTIR spectrum of the plasticised PVC sample. Finally, plasticiser diffusion within 

the PVC sample could replace any plasticiser lost at the inner edge and so no 

difference would be detected throughout the bulk of the sample. 

It was observed during this experiment that the contact from the IRE towards the 

edges of the sample caused the sample to deform due to its flexibility. This meant that 

the position of the scan may not have been exact and scans very close to the edge of 

the sample were not possible as the required contact pressure could not be achieved 

without greatly deforming the sample. Another drawback was the difficulty of 

preparing a clean straight cut through the sample. As such, this method was not 

investigated further.
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5.3.2 Macro-scale FTIR Spectroscopy 

The FTIR carbonyl stretch peak position (1700-1800 cm-1, Figure 5.6) has been used 

for qualitative identification of the different plasticisers used in this study. It is has 

been shown that interaction of the plasticiser with the PVC matrix will lead to a change 

in carbonyl peak position, due to weakening of the carbonyl bond as a result of the 

interaction with the polar PVC chain.71, 72, 74, 90, 121  To that end, the peak positions for 

individual plasticisers, plasticiser mixtures, plasticised PVC samples prior to the loop 

compression test, and plasticised PVC samples after compression were measured. The 

measurement following compression was taken in the region expected to show any 

exudation that was occurring, i.e., the portion of the sample that was bent in the loop 

during compression (Figure 5.7). 

 

Figure 5.6: FTIR spectra of DOTP and a DOTP-plasticised PVC sample (Formulation 1), with the 
carbonyl symmetric stretching band position indicated. 
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Figure 5.7: Diagram of the compatibility compression loop test and the PVC sample following 
compression with the FTIR testing location indicated. 

It can be seen in Figure 5.6 that the carbonyl peak in the plasticiser shifts to a lower 

wavenumber in the plasticised PVC sample. The difference between the carbonyl peak 

positions in the plasticisers and respective plasticised PVC samples are shown in Table 

5.2.  

The carbonyl peaks of the individual plasticisers in the plasticiser mixtures (either as 

free liquids (1:1 DOTP-ESBO and 1:1 DOP-ESBO) or in the PVC compound) overlapped 

and therefore deconvolution was used to identify peak positions. The WIRE® software 

package of the Renishaw Invia Raman spectrometer was used to perform the 

deconvolution. The optimum deconvolution was achieved by manually providing 

boundaries for peak positions and a maximum of 3000 iterations, with a tolerance 

value of 0.001. The model provided a best fit using a mixture of Gaussian and 

Lorentzian peak shapes.  

The peaks found by this method for the plasticiser mixtures were shifted relative to 

the single plasticisers, as shown in Table 5.1. These data suggest an interaction 

between the plasticisers in the mixtures leading to a change in the carbonyl bond 

stretching frequency following mixing. In DOTP and DOP individually, the carbonyl 

groups will interact most strongly with other carbonyl groups due to the 

electronegativity of the carbonyl oxygen. However, these groups are relatively 

sterically hindered by their position next to the aromatic ring, particularly so for DOP 
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where the carbonyl groups are in the ortho position. ESBO contains epoxide groups in 

addition to ester groups, and these are located on long alkyl chains which are more 

mobile and may be more able to interact with the para- and ortho-phthalate ester 

groups. This could explain the corresponding increase in the ESBO carbonyl position 

in the DOTP-ESBO mixture, if this interaction reduces the number of epoxide groups 

interacting with ESBO carbonyl groups. However, it would not explain the negative 

shift of the ESBO carbonyl bond position in the mixture with DOP.  

Table 5.1: Carbonyl peak positions of each plasticiser individually and in the mixtures 
(DOTP-ESBO) and (DOP-ESBO) investigated. 

Plasticiser 
DOTP carbonyl 

position 
DOP carbonyl 

position 
ESBO carbonyl 

position 

Single plasticiser 1722.5 1728.5 1742.4 

DOTP-ESBO 
mixture 

1720.7 (-1.8) - 1744.3 (+1.9) 

DOP-ESBO mixture - 1724.8 (-3.7) 1739.8 (-2.6) 

 

The carbonyl peaks in all formulations tested showed a shift between the free 

plasticiser(s) and the plasticised PVC samples (Table 5.2). However, following 

60 minutes compression, the carbonyl peak positions changed very little – a maximum 

of 1 cm-1
 as shown in Figure 5.8. As such, the difference in the carbonyl peak position 

between the plasticiser and the PVC-plasticiser blend prior to the compression test 

was identified as the most significant measurement from this analysis. 
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Table 5.2: Carbonyl peak positions in PVC formulations, and shift in carbonyl peak position 
between the free plasticiser (or plasticiser mixtures for Formulations 4 and 5) and the 
plasticised PVC samples before compression testing. 

Sample 
Carbonyl peak 
position (cm-1) 

Carbonyl shift relative 
to free plasticiser 

(cm-1) 

Formulation 1 – DOTP 1719.2 -3.4 

Formulation 2 – DOP 1724.6 -4.0 

Formulation 3 - ESBO 1739.9 -2.5 

Formulation 4 – DOTP 1719.2 -1.6 

                             ESBO 1742.0 -2.2 

Formulation 5 – DOP 1723.0 -1.8 

                              ESBO 1739.2 -0.6 

 

The carbonyl shift in the PVC compound corresponds to the strength of the interaction 

between the PVC and the carbonyl group of the plasticiser.71 By this measure, in the 

single plasticiser formulations DOP would be considered the most compatible 

(strongest interaction) and ESBO the least compatible (weakest interaction). In 

Formulation 4 (PVC-DOTP-ESBO) the carbonyl shift was substantially smaller for DOTP 

compared to Formulation 1 (PVC-DOTP), while the ESBO carbonyl shift was similar to 

that of Formulation 3 (PVC-ESBO). This would suggest that the compatibility of DOTP 

is reduced when mixed with ESBO. In Formulation 5 (PVC-DOP-ESBO) both the DOP 

and ESBO carbonyl shifts are significantly lower compared to each plasticiser alone. 

ESBO in particular changed by only 0.6 cm-1. However, comparing the absolute 

carbonyl peak position gives a different picture. In Formulation 4, the DOTP peak has 

the same wavenumber as in Formulation 1 while the ESBO peak is at a similar 

wavenumber to free ESBO (1742.4 cm-1). DOP is shifted to lower wavenumber in 
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Formulation 5 compared with Formulation 2, while the ESBO peak position is similar 

to that of ESBO in Formulation 3. This suggests that the DOTP carbonyl group is in a 

similar state of solvation whether in PVC-DOTP or in PVC-DOTP-ESBO. Likewise, the 

DOP carbonyl bond is weakened further by interactions in PVC-DOP-ESBO versus PVC-

DOP. These interactions would require further investigation to investigate the 

relationship of solvation of each plasticiser pair and their effects on the extent of 

exudation.  

As discussed previously, the observed carbonyl peak positions following the 

compression test showed very minimal changes compared to the unstressed PVC 

samples, however some small differences between the samples can be seen. 

PVC-DOTP appears to show the greatest change in carbonyl peak position over time 

(Figure 5.8), and the other single plasticiser samples and mixed plasticiser samples 

(Figure 5.9) showed weaker trends. While the peak positions show a slight indication 

that they are changing over time, this is not sufficiently large to make robust 

conclusions from the data. These changes are considered negligible relative to the 

resolution of the FTIR instrument. For these samples and conditions, it appears that 

the level of plasticiser exudation is below the detection limit of the method. This 

method could potentially be used as a qualitative indicator of plasticiser compatibility 

and does show some improvement above the visual observation method as it does 

identify PVC-DOTP as having higher exudation than the other samples, as confirmed 

by GC-MS in section 5.5. 
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Figure 5.8: Carbonyl peak position change for the single plasticiser samples.

Figure 5.9: Carbonyl peak position changes for the mixed plasticiser samples in comparison 
with the respective single plasticiser samples.

             

    
   
   
   
   
   
   
   
   
   
   
   
   

 
  

   
 

   
  

  
 

  
 

          

         
        
         

             
    

   

   

   

   

   

   

   
                    
               

 
  

   
 

   
  

   
  

 

          
             

    

   

   

   

   

   

   

   
                    
               

 
  

   
 

   
  

   
  

 

          

             
    

    

    

   

   

   

   

   

   

   
                  
             

 
  

   
 

   
  

   
  

 

          
             

    

    

    

   

   

   

   

   

   

   
                   
               

 
  

   
 

   
  

   
  

 

          



Development of an Improved Test Method for Plasticiser Compatibility

69

Furthermore, the peak width at half height was analysed for the three single-

plasticiser samples (Figure 5.10). It was thought that as plasticiser exuded from the 

sample, the environment measured at the IRE would consist of free plasticiser on the 

surface as well as the plasticised PVC. The carbonyl peak would thus be comprised of 

two peaks at slightly different wavenumbers, and this could be observed as an 

increase in the peak width. The mixed plasticiser samples were not investigated at 

this time due to the complication of the overlapping peaks from each plasticiser. 

Figure 5.10: FTIR carbonyl C=O peak width measurements for PVC-DOTP, PVC-DOP and PVC-
ESBO.

As with the carbonyl peak position, the most significant change in peak width over 

time was observed for PVC-DOTP, where a trend towards a smaller peak width can be 

seen. For PVC-DOP and PVC-ESBO, no trend in peak width is observed. The peak width 

for PVC-DOTP prior to compression was measured to be 20.2 cm-1, while the peak 
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width for DOTP was measured to be 15.3 cm-1. By contrast, the change in the peak 

position is approximately 3 cm-1. As such, any broadening of the peak due to multiple 

carbonyl environments would be masked by the larger broadening due to the initial 

interaction with PVC. Instead, the peak width is seen to narrow, as a larger proportion 

of the measured sample is composed of DOTP alone, and so the narrower peak width 

of the free plasticiser has a larger influence on the overall measured width.  

Spectra of the residue left on the IRE after the sample was removed were also 

collected. These spectra largely resembled the plasticiser(s) present in the PVC 

sample; however, the intensity was weak, and the signal-noise ratio was low due to 

poor coverage of the IRE. As such, this was not investigated further.  

A limitation of the ATR-FTIR method is that it requires good contact between the 

sample and the IRE to obtain high quality data, as the evanescent wave penetrates 

the sample to only a few microns (calculated in section 3.4.1 as 4.0-4.9 µm at a 

wavenumber of 1725 cm-1).109 The ATR attachment clamps the sample to the IRE, 

ensuring close contact. This could be affecting the FTIR results, since the pressure 

applied by the ATR clamp could force the liquid plasticiser on the sample surface to 

flow away from the point of contact of the IRE. This would limit the amount of 

plasticiser that could accumulate between the solid PVC sample and the IRE, and so 

could affect the accuracy of the results. This method of determining compatibility is 

also limited by considering only the interactions of the ester carbonyl group. This may 

not directly correlate to the overall strength of the plasticiser-polymer solvation, as 

other parts of the plasticiser molecule may also interact with the polymer. 

5.4 Raman Spectroscopy 

Raman Spectroscopy mapping was investigated to measure the extent of exudation 

across the exuding surface. Unlike micro-ATR FTIR, Raman spectroscopy is a non-

contact technique and so direct examination of the exuding surfaces was possible.  

Optical microscope images were first collected which showed the distribution of 

exuded droplets across the surface of the samples, and which were used to determine 

the sampling area for the Raman mapping (Figure 5.11). Examination of PVC-DOTP 
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under the 10x optical objective of the Raman microscope showed visible evidence of 

exudation after as little as 2 minutes in the compression loop.  Spectra were collected 

for the raw materials as well as for the plasticised PVC samples before compatibility 

testing to determine the change in spectra in areas that were displaying exudation. 

The individual spectra showed little difference between the exuding areas and non-

exuding areas as shown by Figure 5.12, however the slight differences are highlighted 

in Figure 5.13. These differences are due to stronger contributions from DOTP in the 

exuding areas and PVC in the non-exuding areas, corresponding to the bands assigned 

in Table 5.3. 

Figure 5.11: Optical microscopy image of exudation on a plasticised PVC sample.

Figure 5.12: Raman spectra for PVC-DOTP in areas of no exudation and high exudation, 
showing that the spectra are largely similar.
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Figure 5.13: Raman spectra for PVC-DOTP taken from areas of no exudation and high 
exudation as well as DOTP plasticiser, showing a small increase in intensity for the peaks due 
to DOTP in the exuding area.

Table 5.3: Raman shift assignments for PVC and DOTP corresponding to the differences in 
intensity in the spectra shown in Figure 5.13.

PVC DOTP

Raman Shift (cm−1) Assignment Raman Shift (cm−1) Assignment

2915.9 CH2 stretching 1614.2 Aromatic C–C

2939.7 CH2 stretching 1725.6 C–O stretching

2973.1 C–H stretching

A map of Raman spectra was collected for the sample shown in Figure 5.11, with 

measurements taken at 100 µm intervals. These maps were processed by correlation 

to spectra of the individual plasticisers DOTP (Figure 5.14) and ESBO (Figure 5.15) 

using ThermoScientific Omnic software. The colour scale used in these figures is 

normalised to the maximum and minimum correlation found across all data points in 
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the map, and the values shown on the respective scales are a calculation of similarity

to the reference spectra of each plasticiser from 0 (no correlation) to 1 (exact match). 

It can be seen in these images that the regions identified as plasticiser droplets by 

optical microscopy show greater correlation to both of the individual plasticisers. The 

intense point shown as the highest correlation to DOTP and lowest correlation to 

ESBO at the top edge of each map does not correspond to any visible liquid present 

in the optical microscopy image. This may be due to contamination in the sample or 

an erroneous measurement, but this was not investigated further. Overall, this 

technique was thought to provide a potential method of mapping plasticiser 

exudation on PVC surfaces with the aim of quantifying this exudation, for example by 

calculating the percentage of the sample surface covered by exudation. 

Figure 5.14: Raman map of an exuding sample of PVC-DOTP-ESBO showing correlation to a 
reference sample of DOTP. Greatest correlation occurs in areas identified as exuded plasticiser 
droplets through microscopy imaging.
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Figure 5.15: Raman map of an exuding sample of PVC-DOTP-ESBO showing correlation to a 
reference sample of ESBO. Greatest correlation occurs in areas identified as exuded plasticiser 
droplets through microscopy imaging.

An issue was identified with using the Raman mapping technique for this application, 

following observations from the optical microscope when testing a sample of PVC-

DOTP after compression. The microscope images showed that in the time taken to 

collect a small map of 9 points, the previously visible plasticiser droplets had 

disappeared - an interval of approximately 20 minutes. Two optical microscope 

images are shown in Figure 5.16, which shows the sample surface initially and after 

this 20-minute delay. Raman spectroscopy can cause heating of the sample due to 

the power of the laser, which could cause evaporation of volatile samples. However, 

this would be unlikely to cause of the observed effect as the boiling point of DOTP is 

approximately 400 ◦C, while the sample would likely show signs of burning above 

200 ◦C.108 The observed disappearance of the droplets was also uniform across the 

sample, while only a small area was exposed to the laser. As such, the most likely 

explanation for this would be that the exuded plasticiser has reabsorbed into the 

sample. Reabsorption of exuded plasticiser is known to happen and is noted in the 

ASTM D3291 standard.39 This would be a significant hindrance to developing a 

method of quantifying exudation using Raman mapping, as the observed exudation 

would not reliably last long enough to gather enough data points before reabsorption. 

However, plasticiser compatibility may be related to the rate of this reabsorption, 

which could be measured by a time-resolved study of exudation.
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Figure 5.16: Optical microscope images of the same area of an exuding sample of PVC-DOTP 
before and after a Raman map collection. 

5.5 Gas Chromatography - Mass Spectrometry 

GC-MS was used to detect, identify, and quantify the compounds present on the 

surface of samples following the loop compression test. The surfaces were swabbed 

in a fixed pattern, and the swabs then immersed in solvent to extract the compounds 

from the swab. The resulting solutions were tested by GC-MS directly, as well as 

transesterified with sodium ethoxide to investigate ESBO (Scheme 5.1). This allows for 

analysis of ESBO by GC-MS under standard conditions due to the increased volatility 

of the resulting esters compared with ESBO. Base-catalysed epoxide ring opening 

reactions are well documented and may also occur under the conditions used in the 

transesterification procedure.122, 123 However, the reaction products were not 

rigorously examined in this case, since the repeatability of conversion to the 

quantification target was acceptable (R2=0.994 for the calibration curve of 

transesterified standard samples).  

The internal standard dimethyl pimelate (DMPi) was used to monitor the 

transesterification reaction as described by Biedermann-Brem et al.81 Sodium 

ethoxide can react with moisture from the air, forming sodium hydroxide and 

reducing the available ethoxide in the solution. DMPi undergoes transesterification to 

form diethyl pimelate (DEPi, Scheme 5.2) and thus confirms that the sodium ethoxide 

reagent is active.  
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Four peaks resulting from derivatisation products of ESBO were detected by GC-MS, 

as indicated in Figure 5.17. These peaks were attributed to ethyl esters of fatty acids 

with 0, 1 or 2 epoxide groups. Ethyl 9-epoxystearate (Et 9-ES, 16) was chosen for 

quantification due to the intensity and minimal overlapping peaks.  

 

Scheme 5.1: Transesterification of ESBO with sodium ethoxide to form ethyl esters (two major 
components shown). 

 

Scheme 5.2: Transesterification of dimethyl pimelate to diethyl pimelate. 



Development of an Improved Test Method for Plasticiser Compatibility 

77 

 

Figure 5.17: Gas chromatograph of a transesterified solution of the plasticiser standard 
containing 1-ethyl naphthalene (1), diethyl pimelate (2), ethyl hexadecanoate (3), ethyl 
octadecenoate (4), ethyl 9-epoxystearate (5) and ethyl 9,12-diepoxystearate (6) as well as 
transesterification products of DOP and DOTP. 

The compounds present in the swab extracts and derivatised samples were quantified 

using the Agilent MassHunter software. Each plasticiser was quantified by an ion with 

high response, and qualifier ions were chosen to validate the results. The intensity of 

the qualifier is compared to the quantifier to confirm that the correct target molecule 

is being measured. For DOTP, the quantifier ion had an m/z value 167, qualifier 261, 

and for DOP the quantifier ion had an m/z value 149, qualifier 167. For the 

representative peak for ESBO, ethyl 9-epoxystearate (Et9-ES, Scheme 5.1, 16), m/z 

155 was chosen as quantifier and 69 as qualifier. The quantification was created from 

a solution of known concentration containing the three plasticisers and internal 

standards 1-ethyl naphthalene and dimethyl pimelate.  

Table 5.4 shows the measured exuded plasticiser for each sample alongside the 

composition of the samples. The exudation of plasticiser was quantifiable for all 
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samples tested by GC-MS, which highlights the increased sensitivity of the method. 

As seen in Figure 5.18, DOTP (Formulation 1) gives the highest level of exudation of 

the single plasticiser samples – ten times more than DOP (Formulation 2) or ESBO 

(Formulation 3). The exudation appears to follow a non-linear pattern of a steep early 

gradient followed by a more gradual increase. 

Table 5.4: Exuded plasticiser at t=60 min measured by GC-MS quantification, alongside the 
initial plasticiser type and percentage in the samples. 

 Plasticiser (%) Exudation (µg) 

 
DOTP DOP ESBO DOTP DOP ESBO 

Formulation 1 
PVC-DOTP 

41.0 %   83.9 - - 

Formulation 2 
PVC-DOP 

 41.0 %  - 7.6 - 

Formulation 3 
PVC-ESBO 

  41.0 % - - 9.8 

Formulation 4 
PVC-DOTP-
ESBO 

20.5 %  20.5 % 14.5 - 8.0 

Formulation 5 
PVC-DOP-ESBO 

 20.5 % 20.5 % - 5.3 3.4 
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Figure 5.18: Plasticiser exudation by GC-MS for PVC samples containing DOTP, DOP and ESBO, 
following compression in the ‘loop spew test’. Results are presented as the average of three
individual test pieces swabbed separately, with error bars calculated as the standard deviation 
of the three results.

Figure 5.19 shows the exudation of plasticisers in the mixed plasticiser formulations, 

alongside the relevant single plasticiser formulation. The amount of DOTP that exuded 

from Formulation 4 after 60 minutes was 17% of that which exuded from 

Formulation 1. Relative to the amount of plasticiser present in the formulations, this 

means that the presence of ESBO reduced DOTP exudation to approximately 1/3 of 

the exudation shown by DOTP alone. This reduction in exudation contrasts with the 

FTIR analysis presented in section 5.3.2, which suggested that DOTP interacted less 

strongly with PVC when in a mixture with ESBO. Conversely, the mixture of plasticisers 

in Formulation 5 appears to increase the exudation of DOP and decrease the 

exudation of ESBO, relative to the concentrations in the PVC samples. In fact, while 

ESBO exuded more rapidly than DOP in the single plasticiser Formulations 2 and 3, 

when mixed in Formulation 5 this was reversed, with DOP exuding faster than ESBO. 
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Figure 5.19: Plasticiser exudation from the mixed plasticiser formulations (shown in red) 
alongside the exudation of the component plasticisers from the single plasticiser formulations 
(black) following compression in the ‘loop spew test’. Results are presented as the average of 
three individual test pieces swabbed separately, with error bars calculated as the standard 
deviation of the three results.

In addition to quantifying the amount of plasticiser exuded from the PVC matrix, an 

attempt was also made to determine the kinetics of the exudation for the various 

plasticisers and combinations thereof. An example is illustrated in Figure 5.20 for 

DOTP, where the amount of plasticiser exuded over time was fitted to a first order 

process with a reasonable degree of success (R2 = 0.96). The other plasticisers and 

combinations yielded poorer fits to both zero and first order processes. The various 

attempts are summarised in Table 5.5 and illustrate that for all datasets, the 

exponential fit gives a higher R2 than the linear fit.
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Figure 5.20: Exponential fit of DOTP exudation from Formulation 1 by GC-MS.

Table 5.5: R2 values for exponential fits to the plasticiser exudation data as measured by GC-
MS.

Formulation Plasticiser Linear Fit R2 Exponential Fit R2

Formulation 1 PVC-DOTP DOTP 0.91 0.96

Formulation 2 PVC-DOP DOP 0.69 0.72

Formulation 3 PVC-ESBO ESBO 0.84 0.92

Formulation 4 PVC-DOTP-ESBO DOTP 0.79 0.88

Formulation 4 PVC-DOTP-ESBO ESBO 0.76 0.85

Formulation 5 PVC-DOP-ESBO DOP 0.79 0.85

Formulation 5 PVC-DOP-ESBO ESBO 0.79 0.84
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The difference in compatibility (as determined by exudation) between DOTP and DOP 

has been noted in a number of works and is generally acknowledged within the PVC 

industry.59, 67 Hansen solubility parameters have been reported for DOTP and DOP, 

and were noted to show only minor differences, in contrast to the observed difference 

in experimental measures of compatibility.48 However, due to the difference in 

stereochemistry, DOP was shown to have greater miscibility with PVC in a 

computational model of plasticised PVC structures, with DOTP showing a greater 

tendency to form a separate phase and exude under compressive stress.49  

5.6 Dynamic Mechanical Analysis 

The DMA data was used to produce plots of storage modulus, loss modulus and tan 

delta for the samples. These plots were examined to determine the glass transition 

temperature as well as the presence of multiple glass transition temperatures within 

the samples. This can be caused by phase separation which would indicate 

incompatibility between the PVC and plasticisers. The storage modulus (E′) represents 

the elastic (glassy) component of the material while the loss modulus (E″) represents 

the inelastic (rubbery) component. As the sample temperature is increased, the 

polymer changes from glassy behaviour to rubbery behaviour. The point at which this 

change occurs is the glass transition temperature. Storage and Loss modulus are 

related by the tan δ as shown in Equation 5-1. 

𝑡𝑎𝑛 𝛿 =
𝐸″

𝐸′
 

Equation 5-1 

The samples were tested using tensile and cantilever modes. Both modes gave 

comparable data, however at higher temperatures the samples could not be 

measured in cantilever mode as they became too soft for the instrument to apply a 

strain, which led to erroneous measurements. 

All samples showed similar overall trends in both storage and loss modulus, producing 

profiles such as the example shown Figure 5.21. The samples gave a clear single glass 
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transition temperature, which can be measured by either the onset of the storage 

modulus decrease, or the peak of the loss modulus curve. These data are presented 

in Table 5.6.

Figure 5.21: An example of the Storage Modulus, Loss Modulus and Tan Delta data produced
by DMA analysis. Measurements of glass transition temperature include the onset of Storage 
modulus (intersection of tangents) and peak of Loss modulus as illustrated.

The storage modulus onset and loss modulus peak values both show the same trends 

between the plasticised samples – Formulation 1 (PVC-DOTP) and Formulation 2 (PVC-

DOP) gave the lowest Tg values, and Formulation 3 (PVC-ESBO) the highest, with the 

Tg for the mixtures at approximately the midpoint of those values. This suggests that 

all of the plasticisers are equally able to solvate and lubricate the PVC chains whether 

used as single plasticisers or combined in the mixtures tested. Additionally, no 

evidence of phase separation (that would indicate poor compatibility) was detected 

in any sample by DMA. The tan δ peak values generally correlate with the 

observations from the storage and loss modulus. The value for PVC-DOTP is 

anomalously high, as this gave the lowest storage modulus onset and loss modulus 

peak temperatures but the second highest tan δ peak.
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Table 5.6: Glass transition temperatures (and standard deviations) measured by Storage 
modulus onset and Loss modulus Peak. 

Sample 
Storage Modulus 
onset (°C) 

Loss modulus peak 
(°C)  

Tan δ peak (°C) 

Formulation 1 – 
PVC-DOTP 

-51.2 (0.2) -32.7 (0.9) 12.6 (2.7) 

Formulation 2 – 
PVC-DOP 

-47.3 (2.5) -29.9 (0.7) 5.0 (0.2) 

Formulation 3 – 
PVC-ESBO 

-29.8 (1.0) -12.8 (0.3) 15.1 (0.7) 

Formulation 4 – 
PVC-DOTP-ESBO 

-38.2 (1.1) -22.3 (0.2) 10.0 (1.5) 

Formulation 5 – 
PVC-DOP-ESBO 

-38.0 (2.7) -20.9 (0.8) 9.4 (0.4) 

 

Each test piece was only measured once, with new pieces used for repeat 

measurements. As such, the effect of repeated heat histories on the glass transition 

behaviour was not investigated. Rapid thermal decomposition of PVC typically occurs 

at temperatures above 200 °C.124 As the maximum test temperature was 70 °C, 

thermal decomposition was not predicted to occur, and no signs of decomposition 

were observed. However, the samples showed some permanent deformation 

following the test, and so may not have been suitable for repeated testing as the 

dimensions of the test piece changed. 

 

5.7 Comparison of methods for testing plasticiser compatibility 

Table 5.7 summarises the methods evaluated for plasticiser compatibility testing. For 

all samples, the ASTM D3291 method of testing plasticiser exudation gave a result of 

0 after one hour, and so the methods described to detect and quantify exudation 

through analytical techniques show much greater sensitivity. The ability to test 

plasticiser compatibility within hours rather than days or weeks would be of great 
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benefit to the development of new PVC compounds. The FTIR carbonyl peak position 

shift was substantially larger for PVC-DOTP than the other samples, and so PVC-DOTP 

was determined to be the least compatible by this method. Less significant differences 

were observed for the other PVC-plasticiser combinations. Exudation measured by 

GC-MS showed greater differences between the samples, and all three plasticisers 

tested could be reliably identified and quantified. Again, DOTP showed the greatest 

exudation, while DOP showed the least. However, the comparison between exudation 

behaviour and glass transition temperature (measured by DMA) showed little 

correlation.  

While exudation behaviour suggests that DOTP is less compatible than DOP, it is more 

effective at reducing the glass transition temperature of the PVC, and so is classified 

as the most compatible by this measurement. This highlights the need to consider the 

way that compatibility is defined when developing new plasticisers for use in PVC, as 

clearly the glass transition behaviour is only one aspect of the relationship between 

the polymer and plasticiser.  

Table 5.7: Summary of the outcomes for the four methods of compatibility testing - ASTM 
D3291, FTIR carbonyl shift, GC-MS of exudation and glass transition temperature by DMA. 

Compatibility 
Measure 

ASTM D3291 
method 

FTIR carbonyl 
shift 

Exudation 
(GC-MS) 

Glass 
Transition 
Temperature 

Most 
compatible 

n.d. DOP DOP DOTP 

Least 
compatible 

n.d. DOP-ESBO DOTP ESBO 

 

The tendency of an external plasticiser to remain within the PVC matrix is controlled 

by both the strength of the attractive forces between the plasticiser and polymer, and 

the ability of the plasticiser to move through the structure. Thus, both intermolecular 

forces and the size and shape of the plasticiser will determine the exudation 

behaviour under the loop spew compression test. Larger, more bulky plasticisers will 
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have a lower tendency to migrate and so by exudation measures will be deemed 

compatible with the polymer. In contrast, smaller, more mobile plasticisers such as 

adipates are known to give greater suppression of the glass transition temperature 

and thus good flexibility of the polymer compound at lower temperatures.7 

Determining plasticiser compatibility by the measurement of Tg would suggest that  

these plasticisers are highly compatible. However, these plasticisers are also prone to 

migration (e.g. into foodstuffs) due to their high mobility.125  

The test conditions also clearly influence the migration or exudation of plasticiser 

from PVC – for example in a study of plasticiser migration from films at elevated 

temperature, the film containing DOP showed significantly greater mass loss than 

with DOTP.126 Conversely, in a study of migration of plasticiser into n-heptane the 

diffusion coefficient of DOTP was found to be three times higher than DOP.67 Brouillet 

suggests that the higher boiling point of DOTP (400 °C) compared to DOP (384 °C) 

indicates stronger intermolecular interactions between the DOTP molecules, and thus 

a relatively less favourable interaction with PVC. This difference is attributed to the 

effect of the aromatic substitution positions in the two molecules. The para- 

orientation in DOTP allows each ester group to interact more easily with neighbouring 

molecules, while the ortho- position in DOP is more sterically hindered, and could also 

result in intramolecular interactions between the two ester groups within the 

molecule.67 This somewhat correlates with the conclusions drawn from the FTIR 

investigation regarding the mixtures of DOTP-ESBO and DOP-ESBO, wherein DOP 

showed a larger change in the carbonyl position on mixing with ESBO than DOTP. If 

the DOTP ester groups are already able to interact freely then the addition of ESBO 

has a smaller impact on the carbonyl bond energy, compared to DOP where the ESBO 

is more able to interact with the hindered ester groups and so shows a larger change 

in carbonyl bond energy in the mixture. The effect of this interaction could be further 

investigated through thermogravimetric analysis of the plasticiser blends.  

GC-MS appears to be the most suitable candidate as a method of improving the 

current ASTM D3291 compatibility test, since it is sufficiently sensitive to quantify very 

low levels of plasticiser exudation and can distinguish easily between plasticisers in a 
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mixture. The examination of the FTIR carbonyl peak showed limited potential as the 

changes observed here were close to or below the detection limit of the instrument. 

This method is also limited to plasticisers that contain a carbonyl group. While Raman 

spectroscopy was able to detect the plasticiser exudation on the surface and measure 

this in a map, the observed tendency of the plasticiser to reabsorb is a severe 

limitation on the potential of this method. Raman spectroscopy is also rarely seen 

within the PVC industry and so this would prevent many PVC compounders from 

engaging with this method.   
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6 Synthesis Of Derivatives of ESBO for Use as Bio-Based 

Plasticisers for PVC 

6.1 Introduction 

A group of potential bio-based plasticisers were synthesised from ESBO 8 through 

epoxide ring-opening reactions as detailed in Scheme 6.1. The target products were 

chosen to investigate different functional groups present in bio-based molecules, such 

as aromaticity in furoic acid, alcohol groups in isosorbide and polar chains in PEG. 

Plasticisers for PVC typically contain polar groups such as esters and aromatic rings, 

which interact with the polar PVC chains to keep the plasticiser and polymer bound 

together, and non-polar groups (typically branched or linear alkyl chains) that create 

free volume in the polymer matrix and allow movement of the polymer chains, 

imparting flexibility. ESBO is widely used as a secondary plasticiser for PVC, typically 

at levels below 5%.127 The structure of ESBO contains three ester groups that make up 

the triglyceride as well as 4-6 epoxide groups which provide the polarity to interact 

with PVC, as well as long alkyl chains in the fatty acids, typically C18 (oleic and linoleic) 

and C16 (palmitic). Despite this, migration of ESBO into foods has been reported in a 

number of works, and it is generally considered to be less compatible with PVC than 

plasticisers such as phthalates.16, 128, 129 The epoxide ring of ESBO provides potential 

routes for synthetic modification by ring-opening reactions, which have been used in 

both soy and other vegetable oil-based epoxides to develop novel plasticisers for 

PVC.30, 33, 88  

As ESBO itself is a mixture with multiple possible reaction sites, the resulting products 

described herein were themselves mixtures. As such, options for purification of the 

products were limited since typical routes such as column chromatography were 

unsuitable. As noted by Moser, while the nucleophilic attack at the epoxide ring is 

regioselective to the less substituted site, in these compounds both sites are 

(effectively) equally likely due to the similar environments.130 This leads to two 

possible products for each epoxide ring opening. Taking a typical ESBO molecule 
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comprising two linoleic (18:2) and one oleic (18:1) acid, one instance of nucleophilic 

attack has 10 possible reaction products. As such, all yields have been reported by 

mass. Furthermore, the reaction schemes shown in this chapter are depicted as one 

possible epoxide ring opening on an epoxidised oleic acid (18:1) group for simplicity.  

 

  

Scheme 6.1: Reaction scheme showing the synthesis routes for four bio-based derivatives of 
ESBO 8, Methyl Ether ESBO Polyol (MEEP, 12), mPEG-ESBO 13, Methoxylated ESBO Furoic Ester 
(MEFE, 14), Isosorbide Ether ESBO Polyol (IEEP, 15).  

 

6.2 Synthesis of Methyl Ether ESBO Polyol (MEEP, 12) 

Methyl ether ESBO polyol (MEEP, 12) has been reported in previous works33, 131 as a 

precursor for polyurethanes and was primarily synthesised here as an intermediate. 

ESBO was reacted with methanol to convert the epoxide group to a methyl ether and 

an alcohol (Scheme 6.2), which can then be used in further reactions. To the best of 
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our knowledge this compound has not been evaluated for use as a plasticiser for PVC, 

so this was also carried out as described in Chapter 7. Lozada et al. evaluated six 

catalysts for the alcoholysis of the ESBO epoxide for use in the production of rigid 

polyurethane foams.132 The reaction was carried out with a mixture of methanol and 

ethylene glycol, finding that PTSA gave the greatest conversion to the polyol ether. 

However, as noted by Lozada, both methanol and ethylene glycol can act as the 

nucleophile in this reaction and selectivity between the two reactions was not 

reported. Guo et al. used fluoroboric acid as the catalyst for epoxide ring opening of 

ESBO for use in polyurethanes.33 Bailosky et al. evaluated methanesulfonic acid, boron 

trifluoride etherate and zinc triflate as catalysts for the epoxide opening reaction of 

ESBO with n-butanol and benzyl alcohol for the purposes of developing bio-based 

polymeric can coatings.32 The study found that zinc triflate showed more rapid 

conversion than methanesulfonic acid or boron trifluoride etherate.  

 

Scheme 6.2: Synthesis of methyl ester ESBO polyol (MEEP, 12), note that the structure of ESBO 
is simplified here for clarity. 

6.2.1 Evaluation of Catalysts for Methoxylation of ESBO 

Zinc triflate, PTSA (p-toluene sulfonic acid) and sulfuric acid were evaluated for use as 

catalysts in the epoxide ring opening reaction, as each catalyst was reported to be 

effective for the methoxylation reaction in different works.32, 132 It was found that the 
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selectivity of the reaction was strongly dependent on the choice of catalyst – sulfuric 

acid and higher concentrations of PTSA both led to transesterification of the glycerol 

esters with methanol. The reaction was monitored by 1H NMR on samples taken over 

5 hours. Figure 6.1 shows the 1H NMR of samples taken after one hour reaction time. 

Formation of the methyl ether is shown by the reduction of the epoxide peaks (2.8-

3.2 ppm, b) and appearance of the methyl ether peak at 3.4 (c). Transesterification 

was noted by the appearance of a peak at 3.6 ppm, corresponding to the methyl ester 

protons (d), and the reduction in the glycerol ester peaks at 4.1-4.3 ppm (a) and 

5.2 ppm. No significant transesterification was observed with 0.1% (weight) zinc 

triflate or 1% (weight) PTSA. This is further illustrated in Figure 6.2 which shows the 

percentage conversion to the desired methyl ether and the undesired methyl ester 

for the different catalysts.  2.5% PTSA has comparable conversion after 1 h reaction 

time to 0.1% zinc triflate after 5 hours, however this level of PTSA led to greater 

transesterification with longer reaction time (not represented in this figure). As zinc 

triflate showed higher formation of the desired product and minimal side reaction, 

this catalyst was also used for further epoxide-opening reactions.  

The structure was confirmed with FTIR-ATR spectroscopy which showed the broad 

alcohol O-H stretch at 3400-3500 cm-1, as well as a reduction in the epoxide double 

peak (828 and 847 cm-1). 
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Figure 6.1: 1H NMR of ESBO and the reaction product with methanol after 1 hour with 1, 2.5 
and 5% PTSA catalyst, showing the reduction of the epoxy signal (b), the emergence of the 
desired methyl ether signal (c) and the transesterification side reaction leading to a reduction 
in the glycerol ester (a) and emergence of a methyl ester (d).
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Figure 6.2: Evaluation of the selectivity of the methanolysis of ESBO with different catalysts 
and reaction times, by 1H NMR peak integrals. 

6.3 Synthesis of mPEG-ESBO (13)

Polyethylene glycol has been investigated  as a potential bio-based plasticiser for PVC, 

showing some plasticising ability in the effect of PEG on the tensile strength and 

elongation.118 Tan et al. produced a series of mPEG esters of varying chain length by 

reaction with a mixture of dimer acids from soy fatty acids, showing that longer PEG 

chains gave greater plasticisation, comparable with DOTP (6).119 Glycol esters have 

also been used as plasticisers for a number of polymers including PVC.16

The synthesis of mPEG-ESBO 13 (Scheme 6.3) was carried out without additional 

solvent, as mPEG also functions as the solvent. An excess of mPEG was used to ensure 

the greatest possible reaction of the epoxide rings. Methyl capped PEG was used to 

prevent crosslinking between ESBO molecules, or between fatty acid chains within 

one triglyceride ESBO molecule, as uncapped PEGs have two alcohol functionalities 
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that could both react with the epoxide rings. This crosslinking was utilised by Bailosky 

et al. to synthesise ESBO polyether polyols with propylene glycol for can coatings.32  

As both ESBO and mPEG are mixtures, the resulting product will be a statistical 

mixture of composition and so precise structural determination is not possible. The 

1H NMR signal corresponding to the terminal methyl group (3.38 ppm) of the mPEG 

was used to determine the progress of the reaction. In the final product, the methyl 

group was measured as 4.85 protons, indicating that on average each molecule of 

ESBO has reacted with 1-2 mPEG molecules.  

 

Scheme 6.3: Synthesis of mPEG-ESBO (13), note that the structure of ESBO is simplified here 
for clarity. 

 

In the initial synthesis attempt, 1 g ESBO was reacted with 5.3 g mPEG (zinc triflate 

catalyst, 150 °C for 2 hours). Purification was first attempted by dissolving the reaction 

mixture in chloroform and washing with water. However, the measured yield 

following this method was 6.23 g, showing that the excess mPEG had not been 

removed by this purification. This was confirmed by 1H NMR, which showed very large 

peaks for mPEG, integrating to 35 terminal methoxy protons (3.4 ppm) per ESBO, i.e., 

approximately 12 mPEG chains when the maximum theoretically attached by epoxide 

opening could be 6.  
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As separation of the mPEG through the liquid-liquid extraction was unsuccessful, 

trituration with water was attempted. ESBO is hydrophobic due to the long fatty acid 

chains. The addition of mPEG to the structure will increase the hydrophilicity of the 

molecule, as shown by HLB calculations using Davies group contribution method (see 

Appendices).133, 134 For an mPEG-ESBO product with two reacted epoxide groups, the 

HLB value is 2.01. While the addition of mPEG has increased the HLB value, the 

molecule is remains hydrophobic and so will be poorly soluble in the aqueous phase. 

Methyl-capped PEG is hydrophilic (HLB value of 11.07) and readily dissolves in water. 

The reaction mixture was stirred with deionised water, then left to separate. The 

aqueous phase was then removed by pipette, and this was repeated three times. It 

was noted that the oily product was denser than water. This indicated that ESBO had 

reacted with mPEG since ESBO has a density of 0.994 g ml-1, while mPEG has density 

1.09 g ml-1. Following trituration, the 1H NMR showed approximately 5 terminal 

methoxy protons, i.e., 1-2 mPEG groups per ESBO.  

To further investigate if the mPEG ether had formed, DOSY NMR experiments were 

carried out. Diffusion-Ordered NMR Spectroscopy (DOSY) can be used to determine 

the composition of samples by separating the 1H-NMR signals based on the diffusion 

properties of the molecules. This was used to account for the limited purification 

options due to the inherently mixed composition of products from ESBO. While ESBO, 

mPEG and the reaction products are not of a single chemical composition, the 

components were expected to be of sufficiently similar diffusion behaviour that they 

can be resolved by the DOSY experiment, and this is shown to be the case in Figure 

6.3. The analysis was carried out by constructing a matrix of pulsed field gradient 

strengths and measuring the 1H signal decays. Molecules with a faster diffusion 

coefficient will decay more rapidly than those with a slower diffusion coefficient. If 

multiple substances are present in the mixture, and have sufficiently different 

diffusion coefficients, they can be resolved into their separate 1H-NMR spectra. The 

NMR data was converted to a 2D plot using a Bayesian transformation that calculates 

the diffusion coefficient of each signal from the attenuation of the signal strength.  
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DOSY NMR spectra were collected for the products, as well as ESBO alone and in 

combination with the reactants to confirm that the technique was distinguishing 

between the starting molecules. The DOSY transform for a mixture of ESBO and mPEG 

is shown in Figure 6.3. Greater separation was observed between ESBO and the other

reactants, as these are much smaller molecules and so have a greater difference in 

diffusion coefficient to ESBO than mPEG does.  In spite of this, a clear difference is 

shown in the mPEG-ESBO product, where the DOSY transform shows the change to a 

single diffusion coefficient compared to the reactant mixture (Figure 6.4). This 

indicates that the peaks attributed to protons from the new functional groups were 

attached to the larger ESBO molecule. 

Figure 6.3: DOSY NMR for a mixture of ESBO and mPEG showing the separation of the signals 
for the components.
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Figure 6.4: DOSY NMR for the product of ESBO and mPEG showing a single diffusion behaviour, 
indicating that the reaction has occurred.

FTIR-ATR also indicates that the product was formed, due to an alcohol O-H stretch at 

3486 cm-1, reduction in epoxide (828 and 847 cm-1) and a peak at 1100 cm-1

corresponding to the C-O-C asymmetric stretch of the ether groups.

6.4 Synthesis of Isosorbide Ether ESBO Polyol (IEEP, 15)

Isosorbide 10 is a readily available bio-based compound derived from sugars which 

has been used to produce a number of bio-based plasticiser candidates for PVC.90, 116, 

117 In these studies, isosorbide was reacted with carboxylic acids to form diesters. The 

isosorbide diester structure somewhat mimics that of phthalates/terephthalates, 

with the heterocyclic isosorbide and diester providing polarity to promote interaction 

with PVC, and aliphatic chains providing lubrication for the polymer.116 As such, 

isosorbide was chosen to introduce further polarity in the ESBO molecule.  

As isosorbide is a solid (unlike mPEG and methanol), a solvent was required for this 

reaction (Scheme 6.4). Toluene was initially trialled as solvent and zinc triflate was 
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used as catalyst. Purification was attempted by dissolving the product in 

dichloromethane and washing with water, however after drying, crystals were 

observed in the resulting oil. The product was then triturated with water to remove 

residual isosorbide.  

After two hours reflux in toluene (110 °C), it was observed that all epoxide groups had 

reacted, but it was unclear if isosorbide was present in the structure. The reaction was 

repeated at a lower temperature (80 °C), but results were similarly inconclusive. It 

was noted that the oil produced in the second reaction had separated from the 

solvent on cooling. Dry THF was then trialled as the solvent for this reaction, to reduce 

the possibility of hydrolysis side reactions and to improve the solubility of the 

reactants and products. All reactants were dissolved in THF and dried over magnesium 

sulfate prior to reaction, and glassware was dried under vacuum.  

 

Scheme 6.4: Synthesis of isosorbide ether ESBO polyol (15), note that the structure of ESBO is 
simplified here for clarity. 
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Following reaction and trituration, peaks were noted in the 1H NMR spectrum from 4-

3.5 ppm that were attributed to isosorbide. DOSY NMR was used to confirm that these 

peaks were not due to residual isosorbide reactant. As shown in Figure 6.5, ESBO and 

isosorbide show distinct diffusion behaviour in the DOSY experiment, while the 

reaction product IEEP shows a single diffusion behaviour (Figure 6.6). 

Figure 6.5: DOSY NMR of a mixture of ESBO and isosorbide showing the separation of the NMR 
peaks by the diffusion coefficient.
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Figure 6.6: DOSY NMR of IEEP (product of ESBO and isosorbide) showing a single diffusion 
behaviour, indicating that all peaks are from the same molecule.

The isosorbide peaks in the region 4-3.5 ppm were used to determine the extent of 

the reaction (Figure 6.7). In isosorbide these account for 3 of the 8 C-H protons in the 

structure. Exact assignment of the protons was not possible due to low intensity 

combined with multiplet splitting, however integration over the region gave 6 protons 

(normalised to the α-carbonyl protons as in previous sections). This would suggest 

approximately two isosorbide molecules has reacted with every ESBO molecule. There 

is the possibility of both alcohol groups of isosorbide reacting either inter- or 

intramolecularly with other ESBO epoxides, however this was not specifically 

investigated. 
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 Figure 6.7: 1H NMR of isosorbide and IEEP in the region used to determine the presence of the 
isosorbide group in the product. 

6.5 Attempted Synthesis of Vanillin – ESBO Polyol 

Vanillin and related compounds have been investigated as a source of both bio-based 

plasticisers and renewable polymers.135, 136 These compounds are of particular 

interest because they can be produced through the depolymerisation of lignin, which 

is present in wood at up to 30%.135 Despite this, as much as 85% of synthetic vanillin 

is produced from petrochemical resources, and yields from lignin are currently too 

low to be commercially competitive.137  Zhu et al. synthesised a novel plasticiser for 

PVC from vanillic acid, making use of both the carboxylic acid and alcohol functional 

groups of the molecule to form two ester groups. This combination of an aromatic 

ring and two ester groups is very similar to that of phthalates, and the resulting 

products showed good plasticising ability in comparison with DOP.136 As such, vanillin 

and vanillyl alcohol (section 6.6) were selected as candidates for further epoxide ring-

opening reactions to investigate the effect of aromaticity on the compatibility of ESBO 

with PVC (proposed reaction as in Scheme 6.5). 
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Scheme 6.5: Attempted reaction of ESBO and vanillin (ESBO structure simplified as previously 
described). 

As in the synthesis of IEEP (section 6.4), toluene was used as the solvent initially, 

however the expected peaks in the 1H NMR spectrum corresponding to vanillin were 

not found in the product, despite the observed loss of the epoxide groups. To reduce 

the possibility of hydrolysis, the reaction was repeated in dry THF, and all reactants 

were dried over magnesium sulfate prior to reaction. The product was triturated with 

a mixture of water and methanol (50:50) to remove any residual vanillin. Following 

this procedure however, the intended product did not appear to have been produced 

successfully. The methyl ether group of vanillin (3.9 ppm) was used to monitor the 

progress of the addition reaction, which was integrated to 0.6 H per ESBO molecule 

(normalised to the α-carbonyl as described previously). DOSY NMR did not show any 

separation of the diffusion coefficients present in the product, however this level of 

conversion to the desired product was decided to be too low for further evaluation. 

6.6 Attempted Synthesis of Vanillyl Alcohol - ESBO Polyol 

Vanillyl alcohol was chosen for reaction for similar reasons to vanillin, as described in 

section 6.5. As shown in Scheme 6.5, vanillyl alcohol has two alcohol groups which 

could each react with the epoxide to form an ether. As with vanillin, toluene was used 
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initially but replaced with dry THF as this was a better solvent for vanillyl alcohol and 

to reduce the possibility of hydrolysis from any water present. The reaction product 

was triturated with a mixture of water and methanol. The product showed signs of 

successful reaction, with the methyl ether group (3.9 ppm) integrating to 3 H relative 

to ESBO, indicating that one vanillyl alcohol group reacted. However, the DOSY plot 

(Figure 6.8) shows multiple peaks on the vertical axis, with the peaks attributed to 

vanillyl alcohol having a higher diffusion coefficient than those of ESBO. The observed 

vanillyl alcohol peaks are therefore due to residual starting material rather than the 

desired product and this reaction was unsuccessful. 

  

Scheme 6.6: Two potential synthetic routes predicted for the reaction of ESBO and vanillyl 
alcohol (ESBO structure simplified for clarity). 
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Figure 6.8: DOSY NMR spectrum of vanillyl alcohol-ESBO product showing multiple 
components.

6.7 Synthesis of Bio-based Esters of MEEP 12 with Furoic Acid 

(MEFE, 14) and Phenylalanine

The reaction of methanol with the ESBO epoxide ring (section 6.2) produces an alcohol 

group that can then be used to form esters when reacted with carboxylic acids. 

Kandula et al. investigated a similar synthetic route using soy fatty acid esters.30

Epoxidised soy fatty acid esters were reacted with methanol to form a methyl ether 

and alcohol group, which was then reacted with acetic anhydride to convert the 

alcohol to an ethyl ester. This product as well as other soybean oil derivatives were 

evaluated as bio-based plasticisers for PVC.

The esterification reaction of MEEP 12 was attempted with both 2-furoic acid 11

(Scheme 6.7) and phenylalanine (Scheme 6.8). These reactants were chosen to 

investigate the effect of adding aromaticity to the ESBO structure, as this is present in 

phthalate plasticisers and is thought to contribute to plasticisation.89 It was also 
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thought that if the reaction with phenylalanine was successful, a library of amino acid-

based esters could be produced to investigate the wide range of functionality present 

in this family of bio-based chemicals.  

The esterification reaction is reversible and produces water. The reaction of MEEP 

with 2-furoic acid was attempted initially over dried molecular sieves, with zinc triflate 

and PTSA each evaluated as catalyst. All glassware was dried under vacuum and the 

reaction was carried out under argon. However, under these conditions none of the 

reaction products showed signals in the 1H NMR spectra corresponding to the furan 

group (6.5, 7.3 and 7.6 ppm in furoic acid). The procedure was repeated for 

phenylalanine with zinc triflate catalyst, but this was also unsuccessful.  

 

 

Scheme 6.7: Synthesis of Methoxylated ESBO Furoic Ester (MEFE, 14), structure simplified for 
clarity. 

A Dean-Stark apparatus was then trialled to assist in the reaction by removing the 

water produced by esterification. This pushes the equilibrium towards completion, 

and the reaction progress can be monitored by observing the amount of water 
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collected in the trap. By using this method, methoxylated ESBO furoic ester (MEFE, 

14) was produced, however the reaction with phenylalanine remained unsuccessful. 

The MEFE product was confirmed by 1H NMR, which showed peaks corresponding to 

the furan ring at 7.8 and 6.5 ppm. DOSY analysis showed a single diffusion behaviour 

confirming that the furan signals were attached to the larger molecule and FTIR 

showed the inclusion of an sp2 C-H stretch at 3020 cm-1 as well as the disappearance 

of the O-H stretch observed in MEEP which confirms that the alcohol group has 

reacted. 

 

Scheme 6.8: Attempted reaction of MEEP 12 with phenylalanine, structure simplified for 
clarity. 

6.8 Synthesis Mass Efficiency 

Reducing waste is one of the 12 principles of green chemistry. As such, there are a 

number of metrics for determining the efficiency of a reaction method.138 Atom 

economy (AE) is the simplest of these and is calculated from the expected molecular 

mass of the product divided by the molecular mass of the reactants (Equation 6-1).  
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𝐴𝑡𝑜𝑚 𝑒𝑐𝑜𝑛𝑜𝑚𝑦 =  
𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠
 % 

Equation 6-1 

Reaction mass efficiency (RME) is the percentage of the mass of the reactants remaining in 
the product. This metric accounts for the waste produced by using a reagent in excess but does 
not include other factors such as solvents or catalysts. These two metrics have been applied 
to the reactions carried out, and the results are presented in  

Table 6.1. 

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑚𝑎𝑠𝑠 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠
 %  

Equation 6-2 

 

Table 6.1: Green chemistry metrics for the plasticiser candidate molecules synthesised from 
epoxidised soybean oil. 

Reaction Atom economy (%) Reaction mass efficiency (%) 

MEEP 12 (Scheme 6.2) 100 42.4 

mPEG-ESBO 13     

(Scheme 6.3) 
100 22.8 

MEFE 14 (Scheme 6.7) 97.1 68.9 

IEEP 15 (Scheme 6.4) 100 39.6 

 

The addition reactions shown to form MEEP 12, mPEG-ESBO 13 and IEEP 15 all have 

AE of 100%, as there is no waste product from the reaction. The AE of the synthesis 

of MEFE 14 depends upon the number of reactions that occur, and the molecular mass 

of the MEEP starting material. Assuming a MEEP molecule where two epoxide rings 
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were opened, and each resulting alcohol reacting with furoic acid (forming two 

molecules of water), the AE is 97.1%. While this relies on a number of assumptions, 

the true value will likely be similarly high since the reactants and products are 

relatively large and the only waste product (H2O) is very low in mass. 

In the reactions to form MEEP 12 and mPEG-ESBO 13, the reactant also takes the role of the 
solvent. Of these two reactions, the RME for mPEG-ESBO is much lower than for MEEP. This is 
in spite of the fact that the stoichiometric excess used in the reaction with methanol was 

approximately 4 times greater than with mPEG. The RME for MEFE 14 was the highest of the 
synthesis products but this does not include any contribution from the solvents used in the 
process. Furthermore, the value for MEFE in  

Table 6.1 refers only for the reaction of MEEP with furoic acid, and so the overall 

efficiency of the process would include the RME for MEEP as well.  

The Environmental factor (or E-Factor) and Process Mass Intensity are further metrics 

which consider all chemicals used in the process, such as solvents and drying agents. 

The reactions carried out herein were not optimised to reduce waste from solvents or 

reagent excesses, but this could be investigated in future works.  

6.9 Conclusions 

Four derivatives of ESBO were synthesised through epoxide ring opening reactions 

(and subsequent modification in the case of MEFE). Analysis of these products showed 

that the epoxide ring opening reaction did not go to completion, with typically 1-2 

addition reactions occurring per ESBO molecule (of approximately 4-6 epoxide groups 

per molecule). Zinc triflate was found to catalyse the ring opening reaction of 

methanol to a greater degree with less transesterification of the glycerol esters 

compared to PTSA and sulfuric acid. The subsequent reaction of the alcohol present 

in MEEP was more difficult, requiring the removal of the water produced during the 

reaction. As this reaction was unsuccessful with phenylalanine, no further amino acids 

were trialled. 
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This is the first known production of mPEG-ESBO, MEFE and IEEP, and these 

compounds, as well as MEEP, will be evaluated as potential novel bio-based 

plasticisers for PVC in Chapter 7.  
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7 Evaluation of Novel Plasticisers for Use in PVC 

Compounds 

7.1 Introduction 

The four bio-based ESBO derivatives synthesised in Chapter 6 were compared against 

commercial petrochemical and bio-based plasticisers DOP 1, DOTP 6 and ESBO 8 

(Figure 7.1). DOP was chosen for the evaluation because it has been used as the most 

common plasticiser for PVC worldwide since the 1950s.16 The use of DOP has declined 

in Europe and the USA following toxicological concerns, but it is still commonly used 

outside of these regions.19 This plasticiser can therefore be considered the standard 

for general-purpose plasticiser performance in PVC. DOTP is the para-isomer of DOP 

and has been used as a replacement for DOP in many applications where phthalates 

are now prohibited.16 Terephthalates make up the largest non-phthalate plasticiser 

group in European market trends, showing significant growth since 2008.20 DOTP is 

approved for use in food-contact applications in Europe and USA and it is considered 

a suitable alternative to phthalates in medical devices.18, 139 While this plasticiser is a 

safer alternative to phthalates, it is produced from petrochemicals and so 

replacement with a bio-based alternative would be beneficial to reducing the 

environmental impact of PVC products. As a secondary plasticiser, ESBO is rarely used 

at higher loadings in PVC compounds and is not considered to be a viable direct 

replacement for phthalates due to concerns over exudation.16  

The novel bio-based plasticisers derived from ESBO in Chapter 6 were chosen in an 

attempt to improve the interaction between the plasticiser and PVC, and so to have 

better compatibility than ESBO. The novel plasticisers were compared against ESBO 

to investigate the effect of each chemical modification on the properties of the 

plasticiser, and thus identify improvements in compatibility with PVC. Comparison of 

the novel plasticiser candidates against commercial petrochemical plasticisers was 

carried out to look for similarities in the plasticising properties. The ideal bio-based 

plasticiser candidate in this investigation would replicate the plasticising properties of 
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DOP across all properties tested, as this plasticiser has been widely and successfully 

used throughout the PVC industry prior to regulations. However, any change in 

properties from the ESBO starting material towards that of DOP would indicate that 

the plasticiser candidate shows improved plasticising ability compared to ESBO, and 

thus has the potential to be used as a bio-based replacement for petrochemical 

plasticisers. 

 

Figure 7.1: Structure of commercial petrochemical plasticisers diethylhexyl phthalate (DOP, 1) 
and diethylhexyl terephthalate (DOTP, 6), bio-based plasticiser ESBO 8 and the novel bio-based 
plasticiser candidates MEEP 12, mPEG-ESBO 13, MEFE 14 and IEEP 15. 
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Plasticised PVC samples were prepared by solvent casting as described in Chapter 3, 

with plasticiser added at 50 phr (50 g plasticiser per 100 g PVC resin). The resulting 

PVC films were then tested by a number of techniques to evaluate the performance 

of the products as plasticisers for PVC. These techniques include those common to the 

PVC industry such as tensile testing, and less common such as DMA and SEM. 

7.2 Tensile testing

Tensile testing is a core technique in PVC formulation development, as it provides 

information on the flexibility and toughness of the material.2 Samples of PVC are 

typically cut or moulded into ‘dumbbell’ or ‘dog-bone’ shaped test pieces, where the 

wider ends provide area for the instrument to grip and the narrow portion is where 

the elongation of the material primarily takes place (Figure 7.2). 

Figure 7.2: Examples of tensile dumbbell shapes used in tensile testing of polymeric materials. 
The Type 2 dumbbell of ISO 37:2017 used in this work is shown with dimensions labelled (left).

Test pieces are secured in grips attached to a Universal Testing Machine (UTM) or 

tensometer, which are attached to a stationary and moving head (crosshead) as 

shown in Figure 7.3. The UTM moves the crosshead at a set speed and measures the 

force experienced by the test piece under tension using a load cell connected to the 
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crosshead. This load is usually expressed as the tensile stress (σ, Equation 7-1) by 

dividing the load (F) by the cross-sectional area of the narrow portion of the test piece 

(A0). This allows samples of different dimensions to be compared directly.  

 

𝜎 =
𝐹

𝐴0
 

Equation 7-1 

Elongation can be measured with an extensometer. Contact extensometers attach 

directly to the sample, so may influence the test, and can only measure small 

extension ranges. Non-contact extensometers measure the elongation of the sample 

without direct contact, through video or laser measurement. An example of a laser 

extensometer is shown in Figure 7.3, where reflective tape is applied to the sample to 

specify the ‘gauge length’ (initial distance between the markers, L0) to be measured. 

The elongation is expressed as a percentage of the gauge length, and is also known as 

strain (ε, Equation 7-2). The elongation and load data can be exported from the UTM 

to produce stress-strain plots for the samples.  

𝜀 =
 ∆𝐿

𝐿0
 

Equation 7-2 
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Figure 7.3: Diagram of Universal Testing machine used for tensile testing with laser 
extensometer.

The convention in PVC testing is to report the tensile stress (strength) and elongation 

at the break-point of the sample. The 100% modulus (the stress experienced by the 

sample at 100% elongation) is also often reported. Plasticised PVC rarely shows a 

linear elastic region in the stress-strain curve, instead yielding and undergoing plastic 

deformation. As such, calculation of the Young’s modulus is not typically conducted. 

Tensile testing can be used to compare the effectiveness of a plasticiser in PVC. As 

plasticisers lubricate the polymer chains and allow movement within the polymer 

matrix, this allows the test piece to elongate under the strain induced by the UTM. As 

such, PVC formulations that contain a more effective plasticiser (at a constant 

plasticiser loading) will have a higher elongation at break. Tensile stress at break is 

determined by two competing factors. A plasticiser that is poorly compatible with PVC 

may cause defects or inconsistencies within the polymer matrix that cause weakness, 

leading to breakage at lower loads. However, very effective plasticisers give a more 

ductile material that can stretch easily, reducing the load experienced by the sample. 

Interpretation of the results must therefore consider both elongation and tensile 

stress. The 100% modulus can give further information as breakage below 100% 

extension is rare. As such, a lower 100% modulus indicates a more ductile, well 

plasticised material. 
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The plasticised PVC films prepared by solvent casting were compression moulded 

prior to tensile testing to give an even sample thickness throughout. To fill the mould, 

pieces of cast film were cut and stacked together, then heated under pressure to fuse 

the material into a moulded sheet (section 3.6.2). However, both MEEP 12 and IEEP 15 

showed delamination of the moulded PVC samples, where the material did not fuse 

together when moulded and instead separated into layers. This is an indication of 

poor compatibility, as delamination can be caused by plasticiser exudation which 

forms an oily layer on the surface, preventing fusion. As such, the sample thickness 

for the samples containing MEEP and IEEP were lower than the other samples. Tensile 

stress is calculated from the load and sample dimensions so this should have minimal 

impact on the results.  

The tensile elongation and stress at the ultimate breakpoint for all samples are shown 

in Figure 7.4, and values including the 100% modulus are shown in Table 7.1. The three 

commercial plasticisers display similar properties, with DOP 1 giving marginally lower 

tensile stress and higher elongation than DOTP 6 or ESBO 8. The mPEG-ESBO 13 

product shows a higher elongation at breakpoint than ESBO, which suggests that 

mPEG-ESBO imparts greater flexibility and lubrication to the PVC structure than ESBO. 

This novel plasticiser also shows greater tensile stress at breakpoint than DOP (along 

with comparable elongation), which indicates that this novel plasticiser gives greater 

strength to the PVC product than the commercial plasticiser. The other novel 

plasticisers show signs of less effective plasticisation, with lower stress and elongation 

at break than the commercial plasticisers. In particular, the greatly reduced elongation 

at break shown in PVC-MEEP suggests that the epoxide rings of ESBO have a significant 

impact on the plasticiser compatibility, and that the conversion to an ether and 

alcohol group is detrimental to this interaction between plasticiser and polymer. 

While MEFE 14 showed poor tensile properties in comparison with the commercial 

plasticisers, it does show a clear improvement over MEEP 12, from which it is 

synthesised. This suggests that the inclusion of the furoic acid functionality has 

improved the plasticising ability. This could be because the furoic acid group increases 
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the solubility of the plasticiser within the PVC structure, leading to a more 

homogenous mixture and thus better plasticisation. 

Figure 7.4: Tensile Stress and Elongation at breakpoint for PVC samples produced with 
commercial and novel plasticisers.
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Table 7.1: 100% tensile modulus, tensile stress and elongation at breakpoint for the plasticised 
PVC samples (standard deviations). 

Plasticiser 
100% Modulus 
(MPa) 

Stress at 
Breakpoint (MPa) 

Elongation at 
Breakpoint (%) 

DOP 1 10.34 (0.33) 20.48 (0.27) 311.4 (16.0) 

DOTP 6 11.91 (0.19) 20.96 (1.15) 303.6 (16.5) 

ESBO 8 12.75 (0.13) 22.07 (0.98) 302.0 (13.9) 

mPEG-ESBO 13 12.61 (0.28) 22.75 (0.46) 322.9 (15.0) 

MEEP 12 18.19 (1.49)a 18.79 (2.02) 118.2 (26.2) 

MEFE 14 16.66 (0.26) 20.71 (0.69) 200.0 (14.5) 

IEEP 15 16.79 (0.21)a 18.69 (1.11) 108.3 (28.2) 

a 100% modulus calculated from partial data as some samples fractured prior to 100% 

elongation. 

 

Examples of the stress-strain curves for each PVC-plasticiser sample are shown in 

Figure 7.5, and illustrate that mPEG-ESBO 13 is the only novel plasticiser that gives a 

similar profile of stress-strain behaviour to the commercial PVC plasticisers. The other 

novel plasticisers show ductile deformation behaviour characterised by an early yield 

point leading to ‘necking’ of the sample.140 This necking creates a region of very high 

stress as the cross-section narrows, and thus leads to fracture.  This indicates poor 

plasticisation in these samples, which suggests that the synthetic modifications have 

reduced the plasticising ability relative to ESBO.  

 



Evaluation of Novel Plasticisers for Use in PVC Compounds

118

Figure 7.5: Stress-strain curves for tensile elongation of plasticised PVC samples.

7.3 Dynamic Mechanical Analysis (DMA)

The effect of the novel plasticisers on the glass transition temperature Tg of PVC was 

evaluated by DMA. As described in Chapter 5, DMA measures the response of the 

plasticised samples to an oscillating deformation over a temperature range. The 

material response can be described in terms of the elastic and inelastic components, 

represented by the storage and loss moduli, E′ and E″. The glass transition 

temperature Tg of the material can be determined by the point at which the response 

changes from ‘glassy’ elastic behaviour to ‘rubbery’ inelastic behaviour. Unplasticised 

PVC has a Tg of approximately 80 °C, while plasticised PVC typically has Tg below the 

operating temperature of the product, such that the product is soft and flexible when 

in use. The ability of a plasticiser to reduce the glass transition temperature of PVC is 

a common metric of plasticiser compatibility and performance.36, 69, 117 Effective 
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plasticisation leads to a lower Tg, while poor plasticisation can also give rise to phase 

separation which is shown through multiple or poorly defined glass transitions.

The Tg of plasticised PVC samples was determined by the peak of the loss modulus 

(Figure 7.6). All novel compounds gave a lower Tg than ESBO 8, however the loss 

modulus peaks were much broader and less well defined (Table 7.2). IEEP 15 showed 

the lowest average Tg, but the peak width was more than double that of ESBO (FWHM 

of 82.2 °C compared with 39.7 °C) and appears irregular in shape, suggesting multiple 

phases present in the structure. The peak width of mPEG-ESBO 13 was also broader 

than that of ESBO, despite this plasticiser generally showing good performance in 

other material properties such as tensile strength and elongation. However, since it is 

comparable to the peak widths of the commercial petrochemical plasticisers, this 

increase does not necessarily indicate the presence of phase separation. 

Figure 7.6: Loss modulus against Sample temperature by DMA for samples of plasticised PVC 
prepared by solvent casting.
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Table 7.2: Glass transition temperatures (Tg) (Loss modulus peak) and peak width (FWHM of 
approximate peak fits).  

Plasticiser Tg (°C) FWHM (°C) 

DOP (1) -2.0 54.2 

DOTP (6) -2.3 50.7 

ESBO (8) 10.7 39.7 

mPEG-ESBO (13) 7.9 46.1 

MEEP (12) 2.9 68.8 

MEFE (14) 10.1 66.8 

IEEP (15) -3.8 82.2 

 

7.4 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis was carried out on the plasticisers and plasticised PVC 

samples. For the plasticisers alone, the data shows the volatility of the plasticiser, 

while for the plasticised PVC samples this technique also shows the effect of the 

plasticiser on the degradation of the PVC. The measurements were carried out under 

an inert atmosphere.  

Figure 7.7 shows the mass loss of the plasticisers by TGA. All novel plasticisers showed 

an earlier onset of evaporation than ESBO. The mass loss also progressed in multiple 

distinct steps for MEEP 12, MEFE 14 and IEEP 15, whereas for mPEG-ESBO 13 the mass 

loss occurred gradually throughout the experiment. The composition of mPEG-ESBO 

is expected to be a more complex mixture than the other plasticiser candidates 

because both mPEG and ESBO are mixtures, which could account for the less defined 

boiling point of the resulting product. The temperatures of 5% and 50% mass loss (T95% 

and T50%) are presented in Table 7.3. MEFE 14 showed the earliest onset of mass loss, 

losing 5% by 82 °C. This plasticiser may be undergoing a decomposition reaction 

leading to the mass loss at lower temperatures than the other plasticisers. The other 
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novel plasticisers showed a lower T95% than ESBO, but comparable T50% values. As 

such, while the major component of these plasticisers appears to have similar 

volatility to ESBO, these also contain more volatile or unstable minor components as 

well as some residual solvents.

Figure 7.7: Thermogravimetric analysis of commercial and novel plasticisers.
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Table 7.3: Temperature of 5% and 50% mass loss for plasticisers by TGA. 

Plasticiser T95% T50% 

DOP 1 236 297 

DOTP 6 260 323 

ESBO 8 361 406 

mPEG-ESBO 13 185 405 

MEEP 12 95 397 

MEFE 14 82 300 

IEEP 15 126 403 

 

The TGA results for the plasticised PVC samples (Figure 7.8) show the effect of the 

plasticiser on the decomposition of PVC. The thermal decomposition of PVC was 

described in detail by Starnes.124 Structural defects such as tertiary and allylic 

chlorides are the most significant source of instability in the PVC structure as these 

increase the lability of the chlorine. Decomposition proceeds through an ionic 

(Scheme 7.1) or quasi-ionic (Scheme 7.2) loss of HCl, followed by polyene growth. The 

degradation can also be autocatalysed by the free HCl (Scheme 7.3). Free radical 

mechanisms are also thought to play a minor role in this degradation.124 

 

Scheme 7.1: Ionic mechanism of PVC thermal decomposition by loss of HCl. 

 

Scheme 7.2: Quasi-ionic mechanism of PVC thermal decomposition by loss of HCl. 
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Scheme 7.3: PVC decomposition catalysed by free HCl (autocatalytic dehydrochlorination). 

The polyene sequences formed by dehydrochlorination then undergo cyclisation to 

form benzene and other aromatic compounds.112 Buddhiranon et al. measured the 

onset temperature of two mass loss steps in neat PVC as 260 °C and 410 °C, which 

correspond to dehydrochlorination and cyclisation respectively. Addition of ESBO was 

reported to increase the onset temperature of dehydrochlorination by 36 °C.141   

Epoxides are thought to function as thermal stabilisers for PVC through multiple 

mechanisms.142 The epoxide rings in ESBO react with chloride ions that are released 

during PVC decomposition (Scheme 7.4).27 This slows the degradation of the polymer 

by reducing the autocatalytic dehydrochlorination. Substitution of labile chlorine 

atoms in the PVC structure (such as allylic chlorides) by the epoxide compound to give 

an α-chloro-ether was also proposed (Scheme 7.5).142 The ether formed is more stable 

than the chloride, and so this prevents the growth of the polyene sequence. Further 

interactions of epoxides with other typical PVC stabiliser components are also thought 

to occur, although these depend on the nature of the stabiliser used.142 

 

Scheme 7.4: Scavenging of hydrogen chloride by reaction with an epoxide. 

 

 

Scheme 7.5: PVC stabilisation by substitution of a labile chloride with an α-chloro-ether. 
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Two main mass loss steps were identified for all samples of plasticised PVC (Figure 

7.8). Onset temperatures were calculated by the intersection of tangents using the 

Mettler Toledo STARe Evaluation software. As well as the PVC decomposition, these 

steps will also include volatilisation and decomposition of the plasticiser, however 

these processes could not be specifically identified in the data. The samples contain 

33% plasticiser and 67% PVC (as well as < 1% liquid stabiliser). Complete loss of HCl 

from neat PVC with no other decomposition would give 58.4% loss of mass. Assuming 

all plasticiser (33%) is lost in the same step as complete dehydrochlorination (58.4% 

of 67%), expected mass loss is 72%, which is very similar to the measured mass loss 

for PVC-DOP (73.9%) and PVC-DOTP (73.7%). In PVC-ESBO however, the first mass loss 

step is 54.1%, which may indicate that the substitution reaction depicted in Scheme 

7.5 is occurring, leading to a reduction in evaporation of ESBO as it reacts to form part 

of the polymer degradation products.  

All novel plasticiser-based PVC samples retained some degree of the stabilisation 

behaviour observed with ESBO 8, suggesting that some unreacted epoxide rings 

remain present in the compounds. 1H NMR measurement of the epoxide signals gives 

less than one remaining epoxide per molecule, but the precision of this measurement 

is limited as the epoxide signals are spread over many peaks due to the mixed 

composition. The onset of degradation in the ESBO-plasticised sample is higher than 

all other samples, showing that the novel plasticisers produced from ESBO do not 

stabilise the PVC to the same extent. This is entirely expected, as the epoxide 

functionality that provides the stabilisation effect is also the functionality that has 

been exploited in this synthesis. As Table 7.4 shows, the T95% for PVC combined with 

the novel plasticisers is comparable to the petrochemical plasticisers (with the 

exception of MEFE which is somewhat lower) and so these plasticisers are suitably 

non-volatile for use in PVC compounds. All samples contained the same amount of 

liquid heat stabiliser additive.  
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Figure 7.8: TGA of plasticised PVC samples.
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Table 7.4: Mass loss steps for plasticised PVC samples by TGA. 

Plasticiser 
Step 1 
Onset 
(°C) 

Step 1 
mass 
loss (%) 

Step 2 
Onset 
(°C) 

Step 2 
mass 
loss (%) 

Final 
residue 
(%) 

T95% 

DOP 1 284 73.9 452 15.9 8.2 262 

DOTP 6 296 73.7 442 16.7 8.3 278 

ESBO 8 291 54.1 447 34.5 7.2 290 

mPEG-ESBO 13 278 63.2 450 23.6 10.2 272 

MEEP 12 266 61.8 442 22.9 13.8 261 

MEFE 14 277 61.5 440 25.7 11.8 240 

IEEP 15 272 61.2 439 25.3 10.2 263 

 

7.5 Scanning Electron Microscopy 

SEM has been used to examine the morphology of PVC with novel plasticisers, 

typically on surfaces formed by tensile or cryogenic fracturing.53, 143 It has also been 

used to examine the gelation and fusion of PVC plastisols by Nakajima et al., who 

showed the change from a particulate structure to a continuous fused fracture 

surface.144 If the PVC particulates are solvated effectively by the plasticiser, the 

resulting blend will show smooth features in the fracture surface, while poor solvation 

could lead to phase separation, showing as a rough, irregular fracture surface. The 

PVC-plasticiser films prepared by solvent casting were fractured under liquid nitrogen 

to produce fracture surfaces for SEM.  

SEM images of plasticised PVC samples are shown in Figure 7.9. The samples 

containing commercial plasticisers DOP 1 and ESBO 8 both show smooth planes in the 

fractured surfaces, indicating good solvation of the PVC grains. There is no evidence 

of phase separation identifiable in these images. PVC-MEEP 12 shows mainly smooth 

plans with some inclusions observed. PVC-mPEG-ESBO 13 is the most similar in 
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appearance to the commercial plasticisers, however there are some features visible 

that appear fibrous. These could be caused by some localised crystallisation of the 

plasticiser. 

PVC-MEFE 14 displays a very uneven microstructure, with large irregular regions 

visible. The surface of the fracture planes also appears to be rougher than in PVC-DOP 

or PVC-ESBO. PVC-IEEP 15 also shows signs of roughness on the fracture planes as well 

as voids which could be caused by areas of plasticiser accumulation due to poor 

compatibility with PVC. 
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Figure 7.9: SEM images of cold fractured plasticised PVC sample surfaces, showing the effect 
of plasticiser on the morphology of the PVC-plasticiser blend.
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7.6 Hansen Solubility Parameters 

Hansen solubility parameters have been used to evaluate and describe the behaviour 

of plasticisers for PVC in a number of works.49, 51 Calculations were performed using 

the HSPiP software package to examine the plasticisers evaluated herein. HSP values 

for the traditional petrochemical plasticisers were calculated using the Yamamoto – 

Molecular Break (Y-MB) method. This method was unsuccessful for the larger 

bio-based plasticisers, which were instead modelled as surfactants, using a group 

contribution approach based on the molecular volume of the hydrophilic and 

hydrophobic portion of the molecule.. The results are presented in Table 7.5. 

Table 7.5: Hansen Solubility Parameters for the petrochemical and bio-based plasticisers. 

Plasticiser Dispersion δD  Polar δP  Hydrogen 

Bonding δH 

Method 

Diethylhexyl 
phthalate (DOP, 1) 

16.0 4.9 2.3 Y-MB 

Diethylhexyl 
terephthalate (DOTP, 
6) 

16.9 5.1 2.7 Y-MB 

Epoxidised soybean 
oil (ESBO, 8) 

16.6 4.5 1.7 Y-MB 

MEEP (12) 16.6 5.1 2.7 Y-MB 

mPEG-ESBO (13) 15.8 5.6 5.4 Surfactant 

MEFE (14) 16.9 5.3 5.1 Surfactant 

IEEP (15) 16.8 5.4 4.3 Surfactant 

 

All of the plasticisers have similar solubility parameters, which is to be expected given 

that the synthesized bio-based plasticizers were designed to be compatible with PVC 

and therefore reflect the solubility properties of DOP and DOTP. However, it is 

apparent that solubility modelling does not fully explain the performance of 
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plasticisers, since this varied much more significantly than the differences in solvent 

parameters would suggest. Therefore whilst HSP calculations validate the selection of 

synthetic targets, and are a useful tool for the development of plasticisers, other 

factors may influence the interaction between polymer and plasticiser.  This to some 

extent echoes the observations in Chapter 5 that the different metrics of plasticiser 

compatibility reflect different aspects of the polymer-plasticiser interaction.  

7.7 Conclusions 

The novel plasticisers synthesised in Chapter 6 were evaluated as plasticisers for PVC 

in comparison with commercial plasticisers DOP, DOTP and ESBO. All of the novel 

plasticisers showed some plasticising ability as determined by the glass transition 

temperatures measured by DMA, with MEEP 12 (2.9 °C), mPEG-ESBO 13 (7.9 °C) and 

IEEP 15 (-3.8 °C) displaying greater suppression of Tg than ESBO (10.7 °C). However, 

these results indicated poor compatibility of MEEP 12, MEFE 14 and IEEP 15 with PVC 

as the loss modulus peak was wide and poorly defined, particularly so in the case of 

IEEP. This behaviour suggests that there may be multiple glass transitions in PVC-IEEP 

due to phase separation in the material.  

Tensile testing showed that mPEG-ESBO 13 gave enhanced tensile properties, 

including a 6.9 % increase in elongation at break. The tensile properties are 

comparable to the petrochemical plasticiser DOP, indicating an equivalent level of 

plasticisation. The results for the other novel plasticisers were substantially lower 

than ESBO, suggesting that these plasticisers lubricate the PVC chains poorly in 

comparison to ESBO.  

The novel plasticisers all showed greater volatility than ESBO as measured by TGA. 

This was particularly pronounced for MEFE 14. For mPEG-ESBO, MEEP and IEEP, the 

main mass loss step occurred at a similar temperature to ESBO and so the observed 

mass loss prior to this may be caused by impurities such as residual solvent. In the 

PVC blends, all of the novel plasticisers showed lower mass loss in the 

dehydrochlorination step (61-63 %) compared to PVC-DOP or PVC-DOTP (74 %). This 
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indicates that the bio-based plasticisers retain some degree of the PVC stabilisation 

properties of ESBO due to remaining epoxide functionality.  

Examination of the morphology of the PVC-plasticiser blends by SEM showed 

irregularities in all samples produced with the novel plasticisers. PVC-MEFE showed a 

large irregular region indicating poor solvation of the polymer by the plasticiser, while 

the other novel plasticiser showed small inclusions. PVC-mPEG-ESBO showed the 

greatest similarity in structure to PVC-DOP and PVC-ESBO.  

Overall, mPEG-ESBO 13 shows a number of properties comparable with the 

commercial petrochemical plasticisers and so should be considered a strong 

candidate for the replacement of petrochemical plasticisers in PVC compounds. The 

success of this plasticiser also indicates that further investigation into mPEG-ESBO 

ethers could lead to a number of suitable novel bio-based plasticisers for PVC. 
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8 Conclusions 

8.1 Introduction 

This chapter will summarise the findings of the investigation into plasticiser 

compatibility and the development of novel bio-based plasticisers for PVC. 

The first aim of this work was to investigate analytical techniques to evaluate their 

use in the development of a new test method for determining plasticiser 

compatibility. The current industry standard method ASTM D3291 was chosen as an 

area of weakness in the evaluation of novel plasticisers as the method is subjective, 

which limits the reliability of the results.  

The second aim was to synthesise a small library of novel bio-based compounds 

through the epoxide-opening reaction of ESBO, to improve interaction and 

compatibility with PVC. The third and final aim was to evaluate these novel plasticisers 

in comparison with commercial plasticisers across a number of metrics of plasticiser 

performance.  

8.2 Methods of Testing Plasticiser Compatibility 

In Chapter 5, the evaluation of analytical techniques for the improvement of the 

ASTM D3291 compatibility test was discussed. Mapping techniques were explored by 

micro-FTIR and Raman, however practical concerns prevented further development 

using these methods. Micro-FTIR was used to examine if a cross-sectional map of a 

compressed sample would show a change in plasticiser distribution due to the 

plasticiser migration, however no such change was observed. Possible reasons for this 

could be that under these conditions, the plasticiser exudation either occurs from a 

very thin layer that was not measured in the cross-sectional map, or is so minimal that 

it does not cause a significant measurable difference in the FTIR spectra of the 

plasticised PVC samples. Raman spectroscopy was shown to detect areas of plasticiser 

exudation on the surfaces of compressed PVC samples. However, subsequent 
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reabsorption of the plasticiser was also observed within a short timeframe. This effect 

prevents the reliable quantification of plasticiser exudation by Raman mapping, since 

the reabsorption took place over a similar timeframe to the collection of the Raman 

map. 

FTIR-ATR was used to observe changes in the carbonyl peak position of the plasticisers 

in combination with PVC, which has been used in prior works as a measure of 

plasticiser compatibility.90 The carbonyl peak position on the exuding surface of 

plasticised PVC samples showed some indication of plasticiser exudation, however 

this change was considered too small relative to the resolution of the FTIR 

measurement for reliable and quantitative interpretation to be possible. Despite this, 

it was noted that some indication of plasticiser exudation could be detected below 

the level observable from the ASTM D3291 standard method, and so this could still be 

used as a more sensitive measure of plasticiser exudation in a qualitative test. The 

FTIR measurements suggested that the sample plasticised with DOTP alone gave the 

greatest level of plasticiser exudation, while ESBO had the weakest interaction of 

carbonyl groups with the PVC chain. As such, the carbonyl peak position change due 

to incorporation into PVC does not appear to be strongly correlated to exudation 

behaviour within the parameters of this investigation.  

The plasticiser compatibility test method developed using GC-MS was shown to have 

far greater sensitivity than FTIR, with some measurable exudation detected and 

quantified for all samples tested. This presents a significant improvement compared 

with the standard test method, which could not measure any plasticiser exudation at 

60 minutes compression, with all samples tested rated “0 – no exudation” under these 

conditions. Ordinarily the ASTM D3291 test method takes a number of weeks to show 

differences in exudation. The ability to measure differences in compatibility of 

plasticisers on a much shorter timescale is of great value to the PVC industry, as rapid 

development of products is required to meet customer demands. These 

measurements confirmed the observation from FTIR that DOTP had the highest 

plasticiser exudation under the compatibility loop test. Variation in the results was 

high, possibly because the amount of plasticiser exudation was small and thus the 
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concentration in the solutions tested was low. However, for DOTP the data was of 

sufficient quality to examine the kinetics of plasticiser exudation, which presented as 

a first order kinetic process. This suggests that plasticiser diffusion through the PVC 

matrix occurs more slowly than the timescale of the compression test used in this 

work (60 min) and so the concentration of plasticiser at the exuding surface is 

depleted, leading to slower exudation over time.  

These results showed no correlation to the observations of glass transition behaviour 

as measured by DMA, which showed that PVC-DOTP had the lowest Tg value, similar 

to PVC-DOP, while PVC-ESBO had a much higher Tg. As such, suppression of the glass 

transition temperature and the tendency of a plasticiser to exude in a loop spew 

compatibility test do not appear to be strongly linked in the plasticised PVC samples 

tested here. This highlights the potential importance of an improved ‘loop spew’ test 

as investigations of glass transition temperature cannot be used to replace this 

measure of exudation. The tendency of a plasticiser to exude is a more relevant 

measure of compatibility for industrial producers of PVC products, as exudation leads 

to many undesirable properties such as tackiness and hardening of the product. 

However, a plasticiser that can produce a greater suppression of glass transition 

temperature at an equivalent concentration in the PVC compound would be more 

efficient and thus more sustainable, as less would be required to produce a flexible 

PVC compound. A plasticiser that could be used at lower concentrations would also 

reduce the environmental impact from loss to the environment. Therefore, both glass 

transition temperature and permanence in the PVC compound are important 

considerations for the development of sustainable plasticisers. 

8.3 Synthesis and Evaluation of Bio-Based Plasticisers for PVC 

The synthesis of a small library of novel bio-based compounds was achieved in 

Chapter 6, introducing a range of functional groups into the ESBO structure by 

nucleophilic attack at the epoxide ring. Some attempted synthetic routes were 

unsuccessful, and purification of the resulting oils was challenging due to the mixed 
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composition of ESBO. Transesterification of the glycerol esters was a potential side 

reaction that was observed, and reaction conditions were chosen to limit this.  

The evaluation of the novel bio-based plasticisers was described in Chapter 7, with 

tensile testing, DMA, TGA and SEM used to compare solvent-cast PVC films prepared 

with commercial plasticisers DOP 1, DOTP 6 and ESBO 8, and the four bio-based ESBO 

derivatives. From these results, mPEG-ESBO 13 presented excellent plasticisation of 

PVC, with an increase of 3% tensile strength and 6.9% elongation compared to 

material plasticised with the ESBO starting material. The other ESBO derivatives 

showed some plasticising properties in the suppression of Tg by DMA, but also showed 

stiff and brittle behaviour in the tensile test with fracture at much lower strain than 

the commercial plasticisers. As such, the synthetic modifications described in the 

unsuccessful plasticiser candidates have hindered their plasticising ability relative to 

ESBO. The calculations of the Hansen Solubility Parameters did not show significant 

differences between the more and less compatible plasticisers, and so could not be 

used to predict which of the plasticiser candidates would display good compatibility 

in the PVC compound.  

The novel plasticiser mPEG-ESBO 13 shows improved mechanical properties in a PVC 

blend compared to ESBO, including a 6.9 % increase in elongation at break. This 

indicates greater plasticisation, comparable to the commercially dominant 

petrochemical plasticiser DOP 1, and thus fulfils the objectives of synthesising and 

evaluating a bio-based plasticiser for PVC with enhanced properties.  

8.4 Impact 

The GC-MS method for testing plasticiser compatibility described here represents a 

significant improvement over the industry standard ASTM D3291 loop spew method, 

with a significantly lower limit of detection for exuded plasticiser, and is achievable in 

hours instead of weeks whilst providing quantitative data in place of a subjective 

scoring method. GC-MS is a widely available technique to PVC compounders, making 

this method suitable for immediate industry adoption without further capital 



Conclusions 

136 

expense, to allow PVC compounders to evaluate new plasticisers for compatibility 

effectively and efficiently. Additionally, the composition of the exuded plasticiser can 

be determined by GC-MS analysis. This is of particular value as the use of mixed 

plasticiser systems is common in PVC formulation.7 Through the use of this method, 

PVC compounders could evaluate the compatibility of novel plasticisers through a 

robust, quantitative method which would provide confidence in the use of these 

plasticisers in their products. This would aid industrial compounders in the 

replacement of toxic, petrochemical plasticisers with more sustainable alternatives 

without compromising the quality of the finished product. The use of more 

compatible plasticisers is not only beneficial to the material properties of the PVC 

item, but also reduces loss of plasticiser to the environment and so this method could 

be used to demonstrate reduction in pollution from PVC compounds.  

The bio-based plasticiser candidate mPEG-ESBO shows comparable performance to 

the commercial petrochemical plasticisers in its tensile properties, while retaining 

some degree of PVC stabilisation from the unreacted epoxide groups remaining in the 

molecule, as shown by TGA. These properties mean that mPEG-ESBO has great 

potential for the replacement of petrochemical plasticisers in PVC compounds. The 

reaction between ESBO and mPEG requires no additional solvents and could be 

developed to improve the sustainability through the use of heterogenous catalysis 

and less harmful solvents in the purification. Plasticisers can account for as much as 

50% of the total composition of a plasticised PVC compound, and so the replacement 

of harmful petrochemical plasticisers with a green alternative would significantly 

improve the sustainability of the resulting PVC compound. Approximately 8 million 

tonnes of plasticisers are used in PVC compounds annually, and so replacing these 

largely petrochemical plasticisers with less harmful and more sustainable alternatives 

such as mPEG-ESBO would reduce harm to the environment substantially. 
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8.5 Further Work 

The method of testing plasticiser compatibility through GC-MS analysis shows clear 

advantages compared to the current industry standard method. This method could 

be improved further through experiments with a wider range of plasticisers and 

across a longer timescale. All of the samples tested herein were rated ‘0 (no 

exudation)’ by the ASTM D3291 method. Thus, it would be of interest to quantify the 

plasticiser exudation in samples which show exudation in the 1-3 (slight to heavy 

exudation) rating categories. Further experiments could also investigate the kinetics 

of exudation over longer timescales that would allow for greater diffusion of 

plasticiser through the sample, since the exudation kinetics of DOTP presented here 

suggested that the exuded plasticiser mostly originated at the PVC surface as opposed 

to the bulk. This would further advance the method towards determining a numerical 

value for plasticiser exudation at which a plasticiser could be classed as ‘compatible’ 

or ‘incompatible’. Determining this metric would advance the capabilities of the PVC 

industry in the evaluation of novel plasticisers by increasing the confidence in the 

plasticiser compatibility test. 

There is significant scope for further development of the synthesis of bio-based 

plasticiser candidates through ESBO epoxide-opening reactions. Polyethylene glycols 

provide a wealth of options for further development, such as investigations into the 

effect of PEG chain length on the plasticising ability. Further work to evaluate the 

effect of PEG chain length, the use of capping-groups other than methyl, as well as 

other bio-based epoxide starting materials could expand upon this to develop a bio-

based plasticiser for PVC that could replace toxic and petrochemical plasticisers. The 

methodologies used in the synthesis could also be improved upon in terms of 

sustainability through the use of less harmful solvents such as 2-methyl TMF (derived 

from sugars) to replace THF and TMO (2,2,5,5-tetramethyloxolane) to replace 

toluene. Through these developments and improvements, more compatible, 

bio-based plasticisers could be developed that would go some way to reducing the 

environmental impact of plasticised PVC materials.   
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Synthetic Characterisation Data 

Methyl Ether ESBO Polyol - MEEP 12 

 

1H NMR (400 MHz, CHLOROFORM-D) δ 5.26 (1H, m, H2), 4.29 (2H, dd, J = 11.8, 4.2 Hz, 

H1/3), 4.14 (2H, dd, J = 11.9, 5.9 Hz, H1/3), 3.52 – 3.42 (3H, m, H12,13), 3.41 (3H, s, 

H22), 2.99 (1H, q, J = 5.7 Hz, H15,16)  2.31 (6H, t, J = 7.6 Hz, H5), 1.61 - 1.26 (64H, m, 

H6-11, 14, 17-20), 0.88 (9H, m, H21). 

13C NMR (101 MHz, CHLOROFORM-D) δ 173.43, 173.01 (C4), 84.46, 72.74 (C13), 68.98 

(C2), 62.21 (C1, C3), 58.25 (C22), 56.75 (C15,16), 50.97, 39.14, 38.83, 38.05, 34.30, 
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33.63, 33.51, 32.19, 32.05, 32.01, 30.11, 30.02, 29.88, 29.82, 29.60, 29.49, 29.40, 

29.24, 29.18, 26.11, 25.90, 25.16, 24.98, 24.93, 22.81, 22.74, 14.25, 14.20 (C21).

FTIR-ATR (νmax cm-1) – 3456 (O-H stretch), 2926, 2855 (sp3 C-H stretch), 1742 cm-1 (C=O 

stretch).

Figure A 1: 1H NMR spectrum of methyl ether ESBO polyol 12
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Figure A 2: 13C NMR spectrum of methyl ether ESBO polyol 12.
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Figure A 3: FTIR-ATR spectrum of methyl ether ESBO polyol 12.
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Methoxy polyethylene glycol ESBO ether - mPEG-ESBO, 13 

 

1H NMR (400 MHz, CHLOROFORM-D) δ 5.25 (1H, m, H1), 4.29 (4H, m, H1, H3), 3.65 

(34H, s, H22, H23), 3.55 (4H, m, H12, H13), 3.38 (5H, s, H24), 2.31 (6H, t, J = 7.6 Hz, 

H5), 1.76-1.13 (74 H, m, H6-11, 14, 17-20), 0.88 (9H, m, H21). 

13C NMR (101 MHz, CHLOROFORM-D) δ 173.36, 172.95 (C4), 104.95, 104.88, 72.02 

(C13), 70.65 (C12), 70.38 (C22, C23), 68.96 (C2), 62.18 (C1, C3), 61.79, 59.13 (C24), 

42.94, 42.85, 42.80, 36.10, 34.25, 34.14, 34.08, 32.02, 31.96, 31.91, 31.69, 31.51, 

29.79, 29.75, 29.57, 29.46, 29.37, 29.21, 29.16, 29.10, 28.98, 28.17, 28.12, 27.91, 

24.95, 24.90, 23.98, 23.89, 23.83, 22.78, 22.67, 22.52, 14.22 (C21). 

FTIR-ATR (νmax cm-1) – 3476 (O-H stretch), 2925, 2856 (sp3 C-H stretch), 1742 (C=O 

stretch). 
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Figure A 4: 1H NMR spectrum of mPEG-ESBO 13.

Figure A 5: 13C NMR spectrum of mPEG-ESBO 13.
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Figure A 6: FTIR spectrum of mPEG-ESBO 13.
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Methyl ESBO Furoic Ester - MEFE 14 

 

1H NMR (400 MHz, CHLOROFORM-D) δ 7.88 – 7.49 (2H, m, H25, H27), 6.51 (1H, m, 

H26), 5.25 (1H, m, H2) 4.34 – 4.08 (4H, m, H1, H3), 3.44 (1H, s, C22), 3.41 (2H, s, C22), 

2.99 (<1H, m, H15, H16), 2.35 (3H, s), 2.31 (6H, t, J = 7.6 Hz, H5), 2.09 (s, 5H) 1.72 – 

1.16 (72H, m, H6-11, H14, H17-20), 0.87 (9H, t, J = 6.9 Hz, H21). 

13C NMR (101 MHz, CHLOROFORM-D) δ 173.42, 130.14, 129.44, 129.17, 128.36, 

128.15, 126.67, 125.43, 111.93, 68.99, 65.20, 62.21, 34.18, 32.06, 29.84, 29.79, 29.64, 

29.50, 29.41, 29.25, 25.82, 24.97, 22.82, 21.59, 14.26, 14.17. 

FTIR-ATR (νmax cm-1) 3020 (sp2 C-H stretch), 2927, 2856(sp3 C-H stretch), 1735 (C=O 

stretch), 1661 (C=C stretch). 
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Figure A 7: 1H NMR spectrum of methyl ESBO furoic ester 14.

Figure A 8: 13C NMR spectrum of methyl ESBO furoic ester 14.
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Figure A 9: FTIR spectrum of methyl ESBO furoic ester 14.
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Isosorbide Ether ESBO Polyol - IEEP 15 

 

1H NMR (400 MHz, CHLOROFORM-D) δ 5.25 (1H, m, H2), 4.7-4.4 (1H, m), 4.21 (4H, 

ddd, J = 59.9, 11.7, 5.1 Hz, H1, H3), 4.05 – 3.53 (6H, m, H22-H27), 3.49 – 3.37 (7H, m,), 

2.55 (2H, t, J = 7.6 Hz), 2.38 (1H, t, J = 7.4 Hz), 2.31 (6H, t, J = 7.6 Hz, H5), 1.70 – 1.20 

(70, m), 0.88 (9H, m, H21). 

13C NMR (101 MHz, CHLOROFORM-D) δ 173.46, 104.91, 70.76, 68.98, 62.22, 43.01, 

34.29, 34.14, 32.06, 29.84, 29.80, 29.61, 29.51, 29.41, 29.22, 28.18, 26.61, 24.98, 

24.02, 22.81, 22.73, 14.28. 

FTIR-ATR (νmax cm-1) – 3457 (O-H stretch), 2926, 2855 (sp3 C-H stretch), 1741 (C=O 

stretch). 
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Figure A 10: 1H NMR spectrum of isosorbide ether ESBO polyol 15.

Figure A 11: 13C NMR spectrum of isosorbide ether ESBO polyol 15.
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Figure A 12: FTIR spectrum of isosorbide ether ESBO polyol 15.

Hydrophilic-Lipophilic Balance calculations

HLB calculations were carried out according to Davies’ method, as follows:

𝐻𝐿𝐵 = ∑(𝐻𝑦𝑑𝑟𝑜𝑝ℎ𝑖𝑙𝑖𝑐 𝑔𝑟𝑜𝑢𝑝 𝑛𝑢𝑚𝑏𝑒𝑟𝑠)

− 𝑛(𝑔𝑟𝑜𝑢𝑝 𝑛𝑢𝑚𝑏𝑒𝑟 𝑝𝑒𝑟 𝐶𝐻2 𝑔𝑟𝑜𝑢𝑝) + 7
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Table A 1: Hydrophilic-Lipophilic balance values for group contribution method. 

Group contribution Group number 

Ester 2.4 

-O- 1.3 

-OH 1.9 

C2H4O 0.33 

CH, CH2, CH3, =CH -0.475 

 

HLB (ESBO)  = 3 x Ester + 5 x -O- + 51 x CH2 + 7 

     = (3 x 2.4) + (5 x 1.3) + (51 x -0.475) + 7 

     = -3.525 

HLB (mPEG)   = 1 x -OH + 1 x CH3 + 8 x C2H4O + 7 

     = 1.9 - 0.475 + (8 x 0.33) + 7 

     = 11.065 

HLB (mPEG-ESBO) = 3 x Ester + 2 x -OH + 3 x -O- + 53 x CH2 + 16 x C2H4O + 7 

     = (3 x 2.4) + (2 x 1.9) + (3 x 1.3) + (53 x -0.475) + (16 x 0.33) + 7 

     = 2.005 
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Synthesis mass efficiency calculations 

𝐴𝑡𝑜𝑚 𝑒𝑐𝑜𝑛𝑜𝑚𝑦 =  
𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠
 % 

 

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑚𝑎𝑠𝑠 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠
 % 

MEEP (assuming 2 addition reactions per molecule ESBO) 

Reactant Reactant MW Reactant Mass Product 

MW 

Product mass 

ESBO 933.36 53.67 
997.44 53.02 

Methanol 32.04 71.28 

 

ESBO +2 MeOH -> MEEP 

AE = 997.44/(933.36+ 2x 32.04) = 100% 

RME = 53.02/(53.67+71.28) = 42.43% 

mPEG-ESBO 

ESBO mass mPEG mass mPEG-ESBO mass RME 

15.08 52.15 15.32 22.79 

 

MEFE 

Assuming MEEP contains two methyl ether polyols from reaction of epoxide with 

methanol, and both alcohol groups react with furoic acid to produce MEFE and 2 

H2O: 

MEEP MW Furoic acid MW MEFE MW AE 

997.44 112.08 1185.56 97.05 
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MEEP mass Furoic acid mass MEFE mass RME 

10.00 6.28 11.21 68.86 

 

IEEP 

ESBO mass Isosorbide mass IEEP mass RME 

15.01 33.83 19.33 39.58 
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A Comparative Assessment Of The Use Of Suitable Analytical 

Techniques to Evaluate Plasticiser Compatibility 
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A Comparative Assessment of the Use of Suitable Analytical Techniques to Evaluate 

Plasticiser Compatibility – Supplementary Information 

Katharine Burns, Johannes Potgieter*, Sanja Potgieter-Vermaak*, Ian Ingram*, 

Christopher Liauw*. 

GC-MS 

Four peaks resulting from derivatisation products of ESBO were detected by GC-MS. 

These peaks were attributed to ethyl esters of fatty acids, with 0, 1 or 2 epoxide 

groups. Ethyl 9-epoxystearate (Et 9-ES)  was chosen for quantification due to the 

intensity and minimal overlapping peaks. The components detected are shown in 

table S1. 

 

Table S1: ESBO derivatives following transesterification with sodium ethoxide, 

identified by GC-MS. 

Compound 
Retention Time 

(min) 

Ethyl hexadecanoate 14.4 

Ethyl octadecanoate 15.6 

Ethyl 9-epoxystearate 16.6 

Ethyl 9,12-diepoxystearate 17.4 
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Figure S1. Gas Chromatograph of plasticiser standard, with internal standards DMPi 

and 1-EN, and plasticisers DOP and DOTP indicated. 
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Figure S2. Gas chromatograph of derivatised plasticiser standard with compounds 

labelled: 1 - 1-EN, 2 – DEPi, 3 - Ethyl hexadecanoate, 4 - Ethyl octadecanoate, 5 -  Ethyl 

9-epoxystearate, 6 - Ethyl 9,12-diepoxystearate. 
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Figure S3. FTIR - Carbonyl peak position change for the single plasticiser samples.
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Figure S4. Carbonyl peak position changes for the mixed plasticiser samples in 

comparison with the respective single plasticiser samples.
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Synthesis and Performance Evaluation of Novel Soybean Oil-Based 

Plasticisers for Polyvinyl Chloride (PVC) 
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Synthesis and performance evaluation of novel soybean oil-based 

plasticisers for polyvinyl chloride (PVC) Supplementary 

Information 

K. Burns, I. D. V. Ingram, J.H. Potgieter and S. Potgieter-Vermaak 

Calculations used for Figure 1  

Peaks were identified in the 1H NMR spectra corresponding to the epoxide groups 

(3.2-2.8 ppm), glycerol esters (5.2 and 4.2 ppm), methyl ether (3.4 ppm) and methyl 

ester (3.6 ppm). The spectra were integrated and normalised to the fatty acid alpha-

carbonyl ester peak at 2.3 ppm, which was set to 6 (as in a triglyceride structure). The 

values presented in Figure 1 were calculated as follows. 

Conversion of Epoxide = 100 – (Epoxide peak area (3.2-2.8 ppm)/ESBO epoxide peak 

area [%]) 

Number of opened Epoxides = (ESBO epoxide area – Epoxide area)/2 † 

New Methyl Ether groups = Methyl ether area (3.4 ppm)/3 

Selectivity to Methyl Ether = New methyl ether groups / Opened epoxide groups [%] 

Conversion of Glycerol Esters = (ESBO Glycerol ester area (5.2, 4.2 ppm, 5H) – glycerol 

ester area)/ESBO glycerol ester area [%] 

Selectivity to methyl Ester = (Methyl ester peak (3.6 ppm)/9‡) * Conversion of glycerol 

esters 

 

† 2 protons per epoxide group 

‡ As 9 is the maximum proton count for methyl esters relative to 6H present in triglyceride structure. 
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Analysis and structural determination of the synthetic products 

All structures and assignments presented herein are shown as a simplified form of the 

ESBO triglyceride, based on a fatty acid chain with a single epoxide group. The true 

products will contain a statistical mixture of original ESBO composition with 0, 1 or 2 

epoxide groups per fatty acid chain, of which some will have undergone reaction and 

some will remain intact. The structures are shown as the product of a reaction in a 

chain with a single epoxide functionality. Peak areas were normalised to 6H at the 

α-carbonyl position (2.3 ppm). 

Methyl Ether ESBO Polyol - MEEP 9 

 

Simplified structural representation (R- groups may vary in chain length and contain 

0, 1 or 2 reacted and unreacted epoxide groups). 

1H NMR (400 MHz, CHLOROFORM-D) δ 5.26 (1H, m, H2), 4.29 (2H, dd, J = 11.8, 4.2 Hz, 

H1,H3), 4.14 (2H, dd, J = 11.9, 5.9 Hz, H1, H3), 3.52 – 3.42 (3H, m, H12,13), 3.41 (3H, 

s, H22), 2.99 (1H, q, J = 5.7 Hz, unreacted epoxide, not shown)  2.31 (6H, t, J = 7.6 Hz, 

H5), 1.61 - 1.26 (64H, m, H6-11, 14-20), 0.88 (9H, m, H21). 

13C NMR (101 MHz, CHLOROFORM-D) δ 173.43, 173.01 (C4), 84.46, 72.74 (C13), 68.98 

(C2), 62.21 (C1, C3), 58.25 (C22), 56.75 (C15,16), 50.97, 39.14, 38.83, 38.05, 34.30, 

33.63, 33.51, 32.19, 32.05, 32.01, 30.11, 30.02, 29.88, 29.82, 29.60, 29.49, 29.40, 

29.24, 29.18, 26.11, 25.90, 25.16, 24.98, 24.93, 22.81, 22.74, 14.25, 14.20 (C21). 

FTIR-ATR (νmax cm-1) – 3456 (O-H stretch), 2926, 2855 (sp3 C-H stretch), 1742 cm-1 (C=O 

stretch). 
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Figure S1: 1H NMR of methyl ether ESBO polyol

Figure S2: 13C NMR of methyl ether ESBO polyol
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Figure S3: FTIR-ATR of methyl ether ESBO polyol

   
   

   
   

   
 

   
 

  
  

   
 

   
 

   
 

   
    

 

   
 

   
 

   
 

   
 

                               
  

  

  

  

  

  

   

  
   

 
  

  
   

  
 

                 



Appendices 

197 

Methoxy polyethylene glycol ESBO ether - mPEG-ESBO, 10 

 

 

Simplified structural representation (R- groups may vary in chain length and contain 

0, 1 or 2 reacted and unreacted epoxide groups). 

1H NMR (400 MHz, CHLOROFORM-D) δ 5.25 (1H, m, H2), 4.29 (4H, m, H1, H3), 3.65 

(34H, s, H22, H23), 3.55 (4H, m, H12, H13), 3.38 (5H, s, H24), 2.31 (6H, t, J = 7.6 Hz, 

H5), 1.76-1.13 (74 H, m, H6-11, 14-20), 0.88 (9H, m, H21). 

13C NMR (101 MHz, CHLOROFORM-D) δ 173.36, 172.95 (C4), 104.95, 104.88, 72.02 

(C13), 70.65 (C12), 70.38 (C22, C23), 68.96 (C2), 62.18 (C1, C3), 61.79, 59.13 (C24), 

42.94, 42.85, 42.80, 36.10, 34.25, 34.14, 34.08, 32.02, 31.96, 31.91, 31.69, 31.51, 

29.79, 29.75, 29.57, 29.46, 29.37, 29.21, 29.16, 29.10, 28.98, 28.17, 28.12, 27.91, 

24.95, 24.90, 23.98, 23.89, 23.83, 22.78, 22.67, 22.52, 14.22 (C21). 

FTIR-ATR (νmax cm-1) – 3476 (O-H stretch), 2925, 2856 (sp3 C-H stretch), 1742 (C=O 

stretch). 
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Figure S4: 1H NMR of Methoxy polyethylene glycol ESBO ether

Figure S5: 13C NMR of Methoxy polyethylene glycol ESBO ether
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Figure S6: FTIR-ATR of Methoxy polyethylene glycol ESBO ether
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Methyl ESBO Furoic Ester - MEFE 11 

 

Simplified structural representation (R- groups may vary in chain length and contain 

0, 1 or 2 reacted and unreacted epoxide groups). 

1H NMR (400 MHz, CHLOROFORM-D) δ 7.88 – 7.49 (2H, m, H25, H27), 6.51 (1H, m, 

H26), 5.25 (1H, m, H2) 4.34 – 4.08 (4H, m, H1, H3), 3.41 (2H, s, C22), 2.99 (<1H, m, 

unreacted epoxide, not shown), 2.35 (3H, s), 2.31 (6H, t, J = 7.6 Hz, H5), 2.09 (s, 5H) 

1.72 – 1.16 (72H, m, H6-11, H14 -20), 0.87 (9H, t, J = 6.9 Hz, H21). 

13C NMR (101 MHz, CHLOROFORM-D) δ 173.42, 130.14, 129.44, 129.17, 128.36, 

128.15, 126.67, 125.43, 111.93, 68.99, 65.20, 62.21, 34.18, 32.06, 29.84, 29.79, 29.64, 

29.50, 29.41, 29.25, 25.82, 24.97, 22.82, 21.59, 14.26, 14.17. 

FTIR-ATR (νmax cm-1) 3020 (sp2 C-H stretch), 2927, 2856(sp3 C-H stretch), 1735 (C=O 

stretch), 1661 (C=C stretch). 
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Figure S7: 1H NMR of Methyl ESBO Furoic Ester

Figure S8: 13C NMR of Methyl ESBO Furoic Ester



Appendices

202

Figure S9: FTIR-ATR of Methyl ESBO Furoic Ester
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Isosorbide Ether ESBO Polyol - IEEP 12 

 

Simplified structural representation (R- groups may vary in chain length and contain 

0, 1 or 2 reacted and unreacted epoxide groups). 

1H NMR (400 MHz, CHLOROFORM-D) δ 5.25 (1H, m, H2), 4.7-4.4 (1H, m), 4.21 (4H, 

ddd, J = 59.9, 11.7, 5.1 Hz, H1, H3), 4.05 – 3.53 (6H, m, H22-H27), 3.49 – 3.37 (4H, m, 

H12, H13), 2.31 (6H, t, J = 7.6 Hz, H5), 1.70 – 1.20 (70, m, H6-11, H14-20), 0.88 (9H, m, 

H21). 

13C NMR (101 MHz, CHLOROFORM-D) δ 173.46, 104.91, 70.76, 68.98, 62.22, 43.01, 

34.29, 34.14, 32.06, 29.84, 29.80, 29.61, 29.51, 29.41, 29.22, 28.18, 26.61, 24.98, 

24.02, 22.81, 22.73, 14.28. 

FTIR-ATR (νmax cm-1) – 3457 (O-H stretch), 2926, 2855 (sp3 C-H stretch), 1741 (C=O 

stretch). 

 

 



Appendices

204

Figure S10: 1H NMR of Isosorbide Ether ESBO Polyol

Figure S11: 13C NMR of Isosorbide Ether ESBO Polyol
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Figure S12: FTIR-ATR of Isosorbide Ether ESBO Polyol
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Figure S13: SEM micrograph of PVC-mPEG-ESBO (10) fracture surface showing a 

largely flat surface indicating brittle failure. 

 

Figure S14: SEM micrograph of PVC-IEEP (12) fracture surface showing a rough surface 

indicating brittle-ductile failure. 
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Figure S15: TGA analysis of plasticised PVC samples showing storage modulus, loss 

modulus and tan delta, with the loss modulus peak indicating glass transition 

temperature labelled. 


