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Abstract 

 
As the wind industry looks to the future in producing new and advanced wind turbines, it is the 

old and decommissioned turbines that should also be a focal point. Most of the wind turbine can be 

recycled, but the non-recyclability of the blades have caused them to be disposed in landfills. A few 

technologies are available commercially and usually result in a downcycled product. Thermo-chemical 

solvolysis has the potential to degrade the resin and recover the glass fibre while maintaining its original 

properties. Thereby, fulfilling the idea of a circular economy. 

In this project, the thermo-chemical solvolysis of unsaturated polyester (UP) resin reinforced with 

glass fibres was performed in a 50/50 mixture by volume of dimethyl sulfoxide (DMSO) and acetone. It 

was tested at atmospheric pressure and 80 bar at temperatures ranging from 180̊C-300̊ C using a sealed 

pressure vessel. Carbon dioxide was used to pressurise the system.  

DMSO swelled the composite at elevated temperatures and pressure. The solvent mixture 

resulted in little to no degradation below 300̊C and achieved full degradation at 300̊C. The analysis of 

the degradation products showed that more degradation of the resin occurred at high temperatures and 

pressure. 

Overall, the swelling capabilities of DMSO have the potential to reduce the need to use high 

pressures to achieve full degradation. However, full breakdown of the UP resin into monomers may still 

require high temperatures and pressures. 
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1 Introduction 
 

Renewable energy has become the focal point for the fight against climate change. The European (EU) 

Commission has called for countries to increase their renewable energy share to 32% by 2030 [1, 2]. In 

order to achieve this key target, several countries have invested heavily in the wind industry.  

In 2019, 15% of electricity in Europe was supplied by wind energy [3] and it is predicted that by 2030, 

electricity supply will increase to ~29.6% [4]. This equates to an increased installed capacity of 

approximately 100 GW in the span of 11 years [5], as seen in Figure 1: Prediction of installed capacity for 

wind energy until 2050 from Lichtenegger et al. [5]Figure 1.These predictions are based on building more 

offshore wind turbines, improved supply chain capabilities, and technological advances. 

 

Figure 1: Prediction of installed capacity for wind energy until 2050 from Lichtenegger et al. [5] 

However far these technological feats can carry us to a cleaner future, there is still the lingering 

problem of what do with wind turbines at the end of their life. The wind industry has adapted the idea of 

a circular economy, where waste materials should undergo high quality recycling, which preserves the 

‘high quality’ of the original material. On the opposite end, materials can be downcycled, where the 
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recycled material have a lower quality than the original material and may end up as filling material in 

concrete, for example.  

About 80-90% of wind turbine components can be recycled [6, 7]. The tower and nacelle are made 

of steel which can easily be recycled. There are established methods for recycling generators, gears, and 

hydraulics. However, the blades are made of composites, where there are no concrete solutions for 

recycling. This poses a significant problem within the wind industry. 

Wind turbines have a lifespan of 20-25 years [8], and the first generation of wind turbines have 

already begun decommissioning. In Europe alone, there are now about 100,000 tons of blade waste 

material [5]. Lichtenegger further predicts that in 2050, the total blade waste material will surpass 300,000 

tons as shown in Figure 2. 

 

Figure 2: Forecasted blade waste material in Europe until 2050 from Lichtenegger et al. [5] 
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There are several reasons why there are no established methods for recycling blade waste. 

Recycling wind turbines is a costly business because of the complexity of the blade material and 

technology needed. Consequently, the recycled product can be sold at a higher price than the virgin 

material, making it less attractive in the market. The lack of legislation in many countries to support the 

recycling of blade waste has also caused many wind turbine blades to be landfilled. 

The EU Commission has set out Directive 2008/98/EC [9], which subjects wind turbines to the 

waste management hierarchy. From high to low priority, it is as follows: prevention, reuse, recycle, 

recovery, and disposal. Only Germany, Finland, Austria, and the Netherlands have banned composites 

from landfills or incinerators [7]. This has boosted research for cost effective and sustainable recycling 

methods. Some companies, such as Neocomp (Germany), Roth International (Germany), and Demacq 

Recycling (Netherlands) are already processing aged blades. They grind or shred the blades down to be 

used as an additive for cement or construction material. The UK has applied a landfill tax, which means 

that blades can still end up in landfills. This is not enough, and it is important that researchers and 

manufacturers come together to find a sustainable solution to recycle wind turbine blades. 
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2 Wind Turbine Blades 
 

2.1 Blade design and structure 

The blade of the wind turbine is designed to extract the maximum amount of kinetic energy from 

the wind. They experience a wide range of loads at a high frequency of loading-unloading cycles. 

The blade is subject to two main loads: flapwise load and edgewise load, as seen in Figure 3. The 

flapwise load is a result of the wind (aerodynamic forces), which act perpendicular to the rotor plane. It is 

supported by an inner box or beam. The edgewise load is caused by gravity from the blade’s weight and 

from torsional forces which drive the turbine. The edgewise load is supported by the leading and trailing 

edge of the blade. 

 

Figure 3: Modified blade structure image taken from Liu et al. [10] showing flapwise (red arrow) and 

edgewise (blue arrow) loads 

The blade design involves two shells, the suction side, which faces downwind and the pressure 

side, which faces upwind. The shell is bonded to an inner box or beam via adhesive joints. The 

aerodynamic geometry of the shell is attributed to the resistance to torsion and high buckling, and to 

minimize the weight. Because the blade is subjected to many types of loads in various locations, different 

materials are employed throughout the structure. 
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2.2 Materials 

The blade is generally divided up into 5 components: reinforced fibres, polymer matrix, sandwich 

core, coatings, and metals.  

1 Reinforced fibres can be made of glass, carbon, or a hybrid of both, aramid, or basalt. They provide 

the wind turbine with strength and stiffness to handle extreme wind loads. Their lightweight 

property also keeps the blade light. They are flexible so they can be easily made to fit the shape. 

Fibres make up to 75% of the blades mass [6].  

2 The polymer matrix is composed of thermoset resins (cross-linked polymer chains). These can be 

epoxies, unsaturated polyesters (UP), thermoplastics, vinyl esters, or polyurethane. Unsaturated 

polyester will be discussed in more detail in the next section because it is within the scope of this 

project. Thermoset resins are problematic because they cannot be remelted or remoulded after 

the curing process, making them difficult to recycle. They are also not biodegradable. 

3 The sandwich core gives the blade its overall aerodynamic shape. It is made of balsa wood or foam 

(e.g. PVC, PET). 

4 The coating is made from polyethylene or polyurethane to protect the blade from atmospheric 

conditions. 

5 Metals are composed of aluminium or copper wiring (for lightning protection) and steel bolts. 

The combination of these materials into one blade would classify the blade material as a 

composite. A composite is a combination of at least two different materials which have different physical 

and chemical properties. Figure 4 shows where each component is used in the blade structure. Figure 4a 

is the overall blade. Figure 4b is a cross-section of the blade, where reinforcement (zebra stripes) is located 

at the leading and trailing edges. Figure 4c shows that the sandwich core material sits between two faces. 

In these faces, the fibres lay unilaterally and are embedded within the polymer matrix (Figure 4d). Figure 
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4e shows an individual fibre completely surrounded by the polymer matrix, and Figure 4f shows the 

interfacial debonding between the fibre and polymer matrix.  

 

 

Figure 4: In-depth illustration of the blade material taken from [11], where it shows the (a) overall blade, 
(b) cross-section, (c) core, (d) fibres arranged in polymer matrix, (e) individual fibre in matrix, and  

(f) fibre debonding from matrix 

 

2.2.1 Unsaturated Polyester (UP) 

 
Unsaturated polyester makes up to 80% of all thermoset resins used in composite material [12]. 

Polyester contains an ester link (-COO-) per molecule. Unsaturated polyester is different from saturated 

polyester in that there are many sites for cross-linking available, normally with styrene. Commonly used 
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raw materials include maleic anhydride, phthalic anhydride, and propylene glycol. The reaction 

mechanism of UP cross-linked with styrene is shown in Figure 5. 

 

Figure 5: UP resin cross-linked with styrene reaction taken from Sokoli et al. [13] 

UP is a thermoset material, and therefore, it cannot be remolded and is non-biodegradable. This 

poses a problem in trying to recycle the wind turbine blades because there is no easy or cost-effective 

solution that can separate the fibres from the polymer matrix, while still maintaining the component’s 

(nearly) original properties. Separating the fibres from the matrix would mean having to find a solution 

that could breakdown the polymer matrix and remove any residue on the fibres. This would make it 

possible for each component to be reused independently for the same or different applications. There are 

currently various methods being employed or researched to achieve this goal.   
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3 Recycling Technologies 
 

There are three main processes that exist for recycling the thermoset composites: mechanical, 

thermal, and thermo-chemical recycling. They can be classified as shown in Figure 6. 

 

 

 

 

 

 

 

Figure 6: Classification of the recycling processes for fibre-reinforced plastic composites 

 

3.1 Mechanical recycling technologies  
 

The aim of this process is to reduce the size of the fibre-reinforced plastic (FRP) scrap composite 

components using mechanical comminution (e.g., slow speed cutting, crushing mill) to produce recycles. 

Recycles are mixtures of polymer, fibre, and filler. First, a hammer smashes the materials causing the 

largest size reduction. After this, a classifying process where the particles are sorted according to their 

size occur. Figure 7 shows the mechanical process where the scrap composite is treated in a grinding 

machine in order to reduce the size [14]. 
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Figure 7: Diagram of the mechanical recycling process 

Various applications of recycles are based on their shape. Powder recycles can be used as a 

substitute for calcium carbonate filler. However, if the mechanical properties are reduced by more than 

10%, problems can occur since the recycle will absorb more resin [14]. 

Mechanical recycling is a good process because it can recover fragmented fibre resin without any 

use of chemical solvents or hazardous materials. Moreover, it is an efficient process with high throughput 

rates. 

This process cannot recover the individual fibres and long fibres of the material. The fibres that 

can be recovered are small, unstructured, coarse, and nonuniform [13]. Moreover, to convert the 

composite to powder particles, it is necessary to use a considerable amount of energy. Dedicated facilities 

with a closed protective environment are required to limit environmental impacts. This technology is not 

used in the industry because it requires a high investment with little return on the recycling. 

The two most common grades of thermoset glass fibre composite used by companies are bulk 

moulding compound (BMC) and sheet moulding compound (SMC) [14]. These new composite materials 

are formed by recycles and contain a higher proportion of filler (calcium carbonate or the fire-retardant 

Matrix Rich Powder 
Grinding machine 

Scrap FRP 

Fiber Rich Powder 
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alumina trihydrate) and polymer than the original composite. Typical applications for these materials are 

electrical applications, corrosion resistant needs, and automotive, among others. 

3.2 Thermal processes  
 

Thermal processes use heat to break the polymer matrix down and recover the fibres. This 

technology can be further broken down to combustion with energy and material utilisation, fibre 

recovery using a fluidised bed thermal process, and the pyrolysis process. 

3.2.1 Combustion with energy and material utilisation  

 
The aim of this process is to combust thermosetting polymers at high temperatures and recover 

the energy to convert it into electricity. These composites are organic materials, so they have a high 

calorific value (around 30,000 kJ/kg). However, if the composite is reinforced with fibres and fillers which 

are incombustible, the calorific value decreases considerably, depending on the components of the 

composite. For example, if there is alumina trihydrate who has a lower calorific value (1000 kJ/kg), the 

calorific value of the composite will be decreased up to 3.3%. Another example is when calcium carbonate 

who can absorb 1800 kJ/kg is used to fill the composite, the calorific value of this decreases by 6% [15].  

This process has the disadvantage that a lot of composites have a high ratio of fibres and fillers. 

One example is the wind turbine blade. It has a big percentage of fibres and fillers, which makes this 

process inefficient. After the combustion, large quantities of inorganic residue are left which means they 

cannot be recycled. Moreover, the product of the process requires disposal (e.g. landfilling), which causes 

a reduction in the sustainability and the efficiency of the process. 

However, the sustainability of the process can be slightly improved if the combustion is carried 

out in a cement kiln since the polymer matrix and the glass fibres in the cement are used as a source of 

heat [14]. Figure 8 shows the combustion in a cement kiln reactor. The scrap FRP is made by glass 
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reinforcement and mineral fillers. These fillers used in composites contain minerals that can be added in 

cement without a significant effect on the final product. The products of the scrap FRP and the cement 

are mixed with heat and fuel to form the final product, clinker cement.  

 

 

 

 

 

 

 

Figure 8: Combustion process using a kiln reactor 

This process requires specific conditions for the composite, like design size, no toxic materials, no 

heavy metals, etc. Furthermore, it is estimated that 1 kg of waste has a price of 1 EUR since the cement 

industry charges a fee for recycling the composite waste [16]. 

3.2.2 Fibre recovery using a fluidised bed thermal process 

 
The aim of this process is to recover the fibres using a fluidised bed made of silica sand. The FRP 

composites are fed with the silica sand, and then the mixture is thermally heated and fluidized by hot air 

at elevated temperatures (450-550ºC). During this heating, the polymer matrix is degraded, and it 

volatilises from the composite. Now, the fibres and fillers are separated from the composite. The mixture 

of silica, fillers, and fibres moves to a hot air stream and the recovered fibres are separated from the other 

solid particles in a cyclone. The process is shown in Figure 9. 
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Heat (energy) 
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Figure 9: Fluidised bed recycling process [15] 
 

In this process, the recovery of the carbon fibres lose only 20% of its original tensile strength. 

Glass fibres have more difficulties since the environment in the fluidized bed is harsh, and they are more 

susceptible to these conditions than carbon fibres. The final product of the process are clean fibres with 

very little surface contamination in a fluffy form which contain the individual fibre filaments with a length 

from 6 to over 10 mm [15]. 

3.2.3 Pyrolysis process 

 
This process consists of heating a combustible material (e.g. scrap FRP) to 450-700ºC without 

oxygen and in an inert atmosphere in order to break down the FRP composites into lower molecular 

weight substances. The polymer is converted into liquid and gaseous products. In Figure 10, the pyrolysis 

process can be seen. The gaseous products are used as a fuel to provide heat for the process. There is also 

a solid carbon char by-product. The final liquid products, also known as the oils, contain a mixture of 

organic materials which have a good potential to be used as a fuel or chemical feedstock. 
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Figure 10: Diagram of the pyrolysis process 

The mechanical properties of the carbon fibres can be recovered with 4-20% loss in the tensile 

strength. However, due to the high temperatures, the glass fibres lose up to 80-84% of strength. 

Thermal processes present a lot of advantages. They do not use chemical solvents and the 

products obtained in the process can be recovered and reused. Moreover, energy for the process can be 

obtained from the solid product. Since the mechanical properties of the carbon fibres are almost the same 

after thermal processes, it is possible to remanufacture it into new composite materials. However, it is 

not possible with glass fibres because of the high temperature. These high temperatures also affect the 

number of monomers recovered. Higher temperatures lead to more monomers since they decompose 

into smaller products. 

3.3 Thermo-chemical recycling 

 
Thermo-chemical recycling, also known as solvolysis, is a process that uses solvents and possibly 

heat to decompose the polymer matrix. This category is often classified as chemical recycling, but the use 

of elevated temperatures in several studies [13, 17, 18] would make it better suited to be classified as 

Reactor Vessel Condenser Scrap FRP Hot Gases 
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‘thermo-chemical.’ There are different kinds of solvents: alcohols, water, glycols, and ketones, among 

others. Sometimes catalysts and additives are used to increase the efficiency of the process. The objective 

is to break down the cross-linked chemical bonds that form the thermoset polymer matrix. The process 

diagram can be observed in Figure 11. The test conditions determine the extent of degradation, which 

can either produce monomers (through total depolymerization) or oligomers and others industrial 

chemicals (through partial depolymerization) [19]. Depending on the conditions, solvolysis can be divided 

into two categories: near and supercritical temperature solvolysis and low temperatures solvolysis.  

 

 

 

 

 

Figure 11: Diagram of solvolysis 

3.3.1 Near and supercritical solvolysis temperature  
 

This process works at near supercritical temperatures and in the supercritical temperature and 

pressure. These temperatures are above the critical point of the solvent used for the experiment. This 

means that the fluid is a supercritical fluid, as shown in Figure 12. Supercritical fluids have different 

properties than the liquid at ambient conditions. When a fluid works above critical pressure and critical 

temperature, liquid and gas phases are not differentiated. The fluid has gas properties, such as being able 

to diffuse through porous solids, and it also has liquid properties, like a high coefficient of mass transfer. 

Supercritical fluids are really good at dissolving materials like liquids or solids [20].  
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Figure 12 Phase diagram of a fluid [21] 

A lot of research has been conducted on alcohols and water in their supercritical region as they 

are excellent reaction media for depolymerization or decomposition of plastics since the reaction 

proceeds rapidly and selectively [20]. At standard conditions (25ºC and 1 bar), they are not very effective, 

so they are used at high pressure (60-300 bar) and temperatures (260-300ºC) around the supercritical 

region. This allows the fluids to have a high mass transfer coefficient and high diffusivity [18, 20, 22 ]. 

Sokoli et al. used near-critical water and supercritical acetone for the degradation of hybrid 

composites [22]. It was found that supercritical acetone used as a solvent at 260ºC and 60 bar nearly 

achieved complete degradation of the resin (95-99%).  

 Piñero-Hernanz et al. analysed the chemical recycling reactions of carbon fibre reinforced epoxy 

with acetone, ethanol, propanol, and methanol as solvent-reagents at respective subcritical temperatures 

(ranged from 200 to 450ºC) [18]. Acetone was the most effective at lower temperatures, achieving the 

degradation of the resin, producing fibres that retain 85-99% of the strength. The other alcohols 

experienced a minor degradation. 
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Water has been shown to be the most detrimental solvent by Sokoli et al. since it reduces the 

tensile strength of the glass fibres by 40-70% [22]. This degradation is temperature dependent. Goto 

found that the decomposition of condensation polymers, such as polyethylene terephthalate (PET), to 

their monomers is easily achieved at near-critical water using a chemical recycling process [20]. 

Supercritical fluids are effective at high temperatures and high pressures. However, at these 

conditions, there is a high capital cost (reactor) and high amount of energy consumption.  

3.3.2 Low temperatures solvolysis  

This process works at temperatures below the supercritical temperature and the pressure is 

normally at atmospheric pressure. These means that the solvents, such as acids and glycols, used for this 

process are in the liquid phase during the whole reaction. 

Acids can dissolve the resin without any added pressure. Dang et al. dissolved epoxy resin using 

nitric acid at 80ºC at atmospheric pressure [23]. Feraboli et al. used sulfuric acid at 180ºC at atmospheric 

pressure to dissolve carbon fiber/epoxy laminates [24]. Both studies required high concentrations of acid 

and several hours to decompose the material. Long reaction times can induce high energy costs. 

Moreover, acids are dangerous, corrosive, and toxic for the environment. 

A combination of solvents can be advantageous, both kinetically and economically. Yildirir et al. 

found that an ethylene glycol/water mixture removed a higher amount of resin compared to pure 

ethylene glycol at the same high temperature (400ºC) [25]. Sokoli et al. used a 50/50 volume percent 

mixture of acetone and water with potassium hydroxide as the catalyst at near critical conditions [17]. It 

was found that the addition of the catalyst yielded a higher amount of product oil, which potentially could 

be used as fuel. Several other studies have reported that the addition of a catalyst can reduce reaction 

times, which would reduce processing times and save money [18, 26, 27].  
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One strategy for using multiple solvents includes one solvent to swell the resin and another 

solvent (and/or catalyst) to dissolve the resin. Wang et al. used a combination of acetic acid to swell the 

unsaturated polymer about 25% and AlCl3 to decompose the unsaturated polymer [28]. However, full 

degradation still took up to 12 hours. Xu et al. also used acetic acid to swell carbon fiber epoxy composite, 

but as a pre-treatment at 120ºC for 30 minutes [29]. The composite was then immersed in a combination 

of hydrogen peroxide (oxidant) and N,N-dimethylformamide (dissolve the product further and increase 

the rate of decomposition) from 80-150 ºC for up to 120 minutes to recover clean fibers. Kuang et al. 

dissolved 95% of CFRP at 170ºC at ambient pressure in 70 minutes using N-methyl-2-pyrrolidone (NMP) 

to swell CFRP, ethylene glycol to dissolve, and 1,5,7-triazabicyclo[4,4,0]dec-5-ene (TBD) as a catalyst [30]. 

In the same study, Kuang also found that both NMP and dimethyl sulfoxide (DMSO) were capable of 

swelling epoxy thermosetting polymers and composites. 

Although NMP is a common solvent for several industries [31, 32, 33], its hazardous properties 

have caused these industries to look for alternative solutions. DMSO has been suggested as a 

replacement for NMP. It is not hazardous and can be used as a solvent at low temperature (<200ºC) and 

atmospheric pressure [30, 34]. Therefore, DMSO will be used as the swelling solvent for our study. There 

have also been no studies of DMSO used as a solvent for unsaturated polymers. A summary of papers 

and their test conditions are shown in Table 1.  

Acetone is the second solvent chosen to dissolve unsaturated polyester. The composite material 

received for this research comes from the same batch as Sokoli’s research [13], where she focused on 

using acetone and acetone mixtures.  

Supercritical carbon dioxide will be used to increase the pressure of the system. Supercritical 

CO2 has high diffusivity, solubility, and zero surface tension among other properties [35]. Han et al. 

investigated the swelling effects of supercritical CO2 on polyester. Han found that as the temperature 
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Table 1: Summary of test conditions that have been researched 

Resin Fiber Solvent Temp., ºC 
Pressure, 

bar 
Reaction 

Time, mins 
Ratio Max Efficiency Reference 

Bromine 
epoxy 

None NMP 70-100 ambient 180 5 g/(10-25 mL) - [34] 

Bromine 
epoxy 

None DMSO 70-100 ambient 180 5 g/(10-25 mL) - [34] 

Epoxy Carbon Acetic acid 
pre-

treatment/ 
H2O2, DMF 

80-150 ambient 5-120 0.2 g /(0-30) mL ~99% [29] 

Epoxy Glass Acetone 235 40-80 30 0.23-0.93 g/mL - [36] 

Epoxy Glass Methanol 300-450 59-106 15,5 0.5 g/ 3 mL 60,2 [18] 

Epoxy Glass Ethanol 300-450 47-81 15,5 0.5 g/ 3 mL 78,8 [18] 

Epoxy Glass 1-Propanol 300-450 72-147 15,5 0.5 g/ 3 mL 73,4 [18] 

Epoxy Glass Acetone 300-450 77-153 15,5 0.5 g/ 3 mL 78,7 [18] 

Epoxy Glass Water 300-350 85-170 0-45 mins 0.13 g/g 98,8 [37] 

Epoxy Glass Nitric acid 80 ambient up to 400 
hours 

3000 mm3/70 mL - [23] 

Epoxy Hybrid 
glass/carbon 

Water 280-300 80-300 0-60 0.29-0.70 g/mL 100 [36] 

Epoxy Hybrid 
glass/carbon 

Acetone 240-280 55-300 30 0.3-2.1 g/mL 100 [22] 

Epoxy None NMP, EG, 
TBD 

170 ambient 70 5 wt% sample 95% [30] 

Epoxy None Nitric acid 80 ambient up to 150 
hours 

3000 mm3/70 mL - [23][38] 

Epoxy None Methanol, 
KOH 

170-250 19-90 30-240 5 g/50 mL 100 [27] 

Polyben-
zoxazine 

Carbon Ethylene 
glycol 

300-400 ~42 0-10 mins 2.5 g/60 mL 92,1 [25] 
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Polyben-
zoxazine 

Carbon Ethylene 
glycol, Water 

380-420 - 0 2.5 g/60 mL 97,6 [25] 

UP Glass Ethanol 245 130 30 0.17 g/mL 25% [39][13][13][13
][13][13][13][1
3][13][13][13][

13][14]  

UP Glass 1-Propanol 265 110-120 30 0.17 g/mL 38% [39]  

UP Glass Acetone, 
Water, KOH 

250-325 300 30 ~0.33 g/mL [17] 

UP Glass Acetone, 
Water, KOH 

200-325 30-300 30 0.17-1.25 g/mL 91 [37] 

UP Glass Water 350 122 15 0.13 g/g 96,7 [37] 

UP Glass AlCl3, 
CH3COOH 

160-190 1-3 bar <12 hours <10 wt% of solid 100 [28] 

UP Glass DGMM, BZA, 
K3PO4 

190-350 ambient 1-8 hours 1.1-3.3 w/w ~96% [26] 
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increased, more CO2 molecules were able to diffuse into the polyester due to the increased 

chain flexibility of the polyester [35]. Dubois et al. has also found that as pressure increases, 

the sorbtion of CO2 also increases in polymers [40]. 

This project will build on Sokoli’s research with acetone by using it in combination with 

a swelling agent (DMSO) and supercritical CO2 to see if this mixture is more effective at 

dissolving unsaturated polyester at low temperatures and pressures. 

3.4 Summary of recycling methods 
 

 As explained above, there are different ways to recycle the thermoset composites, and 

different classifications can be done. Table 2 shows the main positive and negative aspects of 

the different processes.  

Table 2 Advantages and disadvantages of the main recycling processes 

 

There exist different processes to recycle the waste fibre-reinforced composite plastic 

into fibres, monomers, and smaller products. Chemical recycling is the most promising 

technology since it is the only one that is according to the principle of “sustainable 

development”. This means that the monomers formed in the process are made only by the raw 

Process Advantages Disadvantages 

Mechanical Recycling ¶ Fragmented fibres are 
recovered 

¶ Resin is recovered 

¶ No chemical solvents or 
hazardous material used 

¶ High investment with 
low return 

¶ Cannot recover 
individual fibres and long 
fibres  

Thermal processes ¶ No chemical solvents used 

¶ Product can be recovered 
and reused 

¶ Energy can be obtained from 
the resin 

¶ Can be uneconomical 
and not unsustainable 

¶ Recovery of glass fibres 
and monomers not 
possible 

Thermo-chemical Recycling 
(solvolysis) 

¶ Recovery of clean fibres in 
their full-length with almost 
retained mechanical 
properties  

¶ Resin can be reused  

¶ Solvent can be reused 

¶ Long reaction times 

¶ Large amount of solvent 
is required 

¶ Solvents can be 
dangerous or aggressive 
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materials used in the originally polymer. With this process, no extra resources from the 

environment are used [1]. Chemical recycling has the potential to be the solution for a circular 

economy for wind turbine blades. 
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4 Solubility 

 
The Hansen solubility parameters (HSP) can be used to quantitatively determine the 

solubility of a polymer in a solvent. It is based on the idea that ‘like dissolves like.’ If the solubility 

parameters are a match, then there will be no change in the noncombinatorial free energy (G) 

for the mixture. This results in a positive entropy change (the combinatorial entropy change, S), 

which then means an interaction is thermodynamically possible. When the noncombinatorial 

free energy change is equated to the combinatorial entropy change as shown in Equation 1, the 

maximum difference in solubility parameters can be found for a given temperature (T). It can 

also be seen that the change in entropy is the driving force for solubility.  

ЎὋ ὝЎὛ      Equation 1 

The total cohesive energy (E ) is a measure of the amount of energy required to break 

all the cohesive bonds between molecules within a solvent. There are three main energies for 

each solvent that Hansen has used to make up the total cohesive energy. The dispersion 

cohesive energy (ED) are nonpolar interactions. The polar cohesive energy (EP) are permanent 

dipole-permanent dipole interactions. The final parameter is the cohesive energy related to 

hydrogen bonding (EH) between the molecules. The total cohesive energy can be defined by 

Equation 2. 

Ὁ Ὁ Ὁ Ὁ      Equation 2 

     

By dividing Equation 2 by the molar volume (Equation 3) and squaring each component 

(Equation 4), the solubility parameters can be defined. The Hildebrand parameters (δ) are 

defined as E/V [unit0.5] for each component. 
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     Equation 3 

‏ ‏ ‏ ‏      Equation 4
    

For a mixture, the Hildebrand parameters for each solvent would need to be known. 

Then, it can be plugged into Equation 5, 6 and 7, where xn is the volumetric fraction of the 

solvent, to find the Hildebrand parameters of a two solvent mixture. 

‏ ὼ‏ ὼ‏     Equation 5 

    

‏ ὼ‏ ὼ‏      Equation 6 

    

‏ ὼ‏ ὼ‏     Equation 7 

   

The HSP method is centered around a solubility sphere, shown as the large green sphere 

in Figure 13. In this case, it would be the solubility of UP resin. The radius of the solubility sphere 

(Ro) can only be determined experimentally. Other solubility spheres of solvents exist in or 

around this sphere. When these solvent spheres are within the polymer sphere, it can be said 

that the solvent can dissolve the polymer. If the solvent sphere exists on the boundary, then a 

partial solubility occurs. When the solvent sphere is outside the polymer sphere, then no 

dissolution will occur.  
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Figure 13: Image of Hansen’s solubility sphere taken from Hansen’s website [41]. The axis are 
the parameters, δD, δP, and δH. The green sphere represents the solute. The other spheres are 

solvents. 

The solubility parameter distance (Ra) between two materials can be defined by 

Equation 8, where ‘-M’ refers to the mixture and ‘-P’ refers to the polymer. 

Ὑὥ τ‏ ‏ ‏ ‏ ‏ ‏    Equation 8 

The ratio between the solubility parameter distance (Ra) and the solubility sphere (Ro) 

is defined as the relative energy difference (RED), as shown in Equation 9. The RED can be used 

to determine the affinity of the solvent to the polymer. If RED < 1, then there would be favorable 

interactions between the polymer and solvent and dissolution would occur. If RED = 1, then 

there would be partial solubility or swelling. If RED > 1, no dissolution would occur.  

ὙὉὈ      Equation 9 

A limitation with the HSP method is the lack of information available for the parameters 

at temperatures other than 25̊C. There has been one notable study performed by Williams [42], 

which looks into the solubility of CO2 in other solvents at different temperatures and pressures. 

Williams was able to formulate equations for each Hildebrand parameter, as shown in Equation 

10, 11, and 12. All variables with the underscript ‘ref’ are the reference variables, typically at 

ʵt 
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25̊ C. It can be seen that the only unknown is the molar volume at a given temperature and 

pressure.  

       ‏
Ȣ

      Equation 10 

         ‏
Ȣ

      Equation 11 

ὩὼὴρȢσςὼρπ           ‏ Ὕ Ὕ ὰὲ
Ȣ
  Equation 12 

  



31 
 

5 Problem Formulation  
 

The first objective of this project is to find a solvent that can dissolve unsaturated polyester 

resins (UPR) at low temperatures and pressures. In doing so, we would need a solvent that has 

not been tested on UPR before at these conditions. Once the solvent is chosen, it is important 

to understand how the solvent affects the composite under varying test conditions.  

The second objective is to investigate whether the degradation products could be used as 

platform chemicals. By looking at the degradation products, there would be a better 

understanding of how temperature and pressure affect the breakdown mechanism and whether 

these test conditions were able to fully breakdown the resin. 

These objectives can be achieved by: 

¶ Conducting literature research for an untested solvent.  

¶ Using a pressure reactor to test UPR at a temperature range from 180ºC-300ºC and 

pressure at atmospheric and 80 bar. 

¶ Using gas chromatography mass spectrometry (GC-MS) to investigate the degradation 

products at the varying temperatures and pressures. 
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6 Materials and Methods 
 

6.1 Experimental Design 

 
In this study, a total of 5 runs have been successful. Table 3 shows the test conditions of 

the experiment and the solvents used. Experiment 1 was run with pure DMSO to investigate 

how DMSO solely affected the composite. Experiments 2-5 used a 50% DMSO and 50% acetone 

mixture as the solvent. Experiments 3-5 were pressurised at 80 bar with CO2.  

While running the experiments, there were several setbacks and a limited number of 

experimental runs due to leaks and technical issues. The reasons are listed in the comment 

column, and a more thorough explanation will be presented in Section 7.4. Also, in trying to 

obtain a working pressurised setup, there was no time to perform duplicate runs.  

Table 3: Experimental conditions for each run 

Exp. DMSO Ace. Temp. Added 
Pres. 

Reaction 
Time 

Comments 

mL mL C bar mins 

1 30 0 180 0 60 Successful 

2 15 15 180 0 60 Successful  
15 15 180 0 60 Fail, leak through 

thermocouple well.  
15 15 180 80 60 Fail, solvent escaped through 

exit valve upon depressurisation  
15 15 180 80 60 Fail, leak at the ring closure  
15 15 180 80 

 
Fail, leak at the ring closure 

3 15 15 180 80 60 Successful 

4 15 15 250 80 60 Successful 

5 15 15 300 80 60 Successful 

 

6.2 Materials 
 

6.2.1 Composite 
 

In this study, the composite material is composed of glass fibre reinforced (GFR) 

unsaturated polyester (UP) resin. It was manufactured by industrial partners so information 
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about the precise weight percent of each monomer cannot be provided. The same batch of 

composite was also used for other papers [17]. It should be noted that this material has never 

been exposed outdoors, and there is no gel coat or any kind of protection on the surface of the 

resin.  

An analysis of the composite is shown in Table 4. It involved several different methods, 

including elemental analysis, the inductively coupled plasma (ICP), and a calorimeter. Carbon, 

hydrogen, nitrogen, oxygen, and sulphur originate from the polymer. According to Chawla [43] 

the composition of glass fibres consists of SiO2, Al2O3, CaO, MgO, Na2O, K2O, and Li2O. The other 

metal elements, like iron, may also be part of the fibreglass composition. Silicon is not listed 

because it is not easily detected by the ICP. It can also be seen that the fibreglass makes up 72.85 

wt. % of the composite material, while the resin makes up 27.15 wt. %, which is in line with 

typical blade compositions.  

The composite was wet cut with a diamond blade so that the sample could lay flat in the 

reactor, as picture in Figure 14. Along the height of the sample, subtle horizontal lines can be 

seen, which are the densely packed layers of the fibre.  

6.2.2 Solvents 

 
Acetone and dimethyl sulfoxide were used as the solvent for the experiments. Acetone 

(or propanone) is an organic compound, which belongs to the ketone family. It is the simplest 

and smallest molecule of this group. Acetone used for testing was HiPerSolv CHROMANORM® 

for HPLC, with a purity of ≥99.8% and obtained from VWR. Dimethyl sulfoxide (DMSO) is an 

organosulfur compound. The DMSO used for testing was dried (with a max. of 0.03% H₂O), had 

a ≥99.5% purity, labelled AnalaR NORMAPUR® for analysis, and was produced by Merck. The 

physical properties of each chemical are shown in Table 5. 
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Table 4: Elemental composition of GFR UP using different techniques taken from [17] 

 

 

Figure 14: Composite material prior to testing 

Carbon dioxide (CO2) was used to increase the pressure inside the reactor. CO2 is an inert 

colourless gas. The gas tank was obtained from Air Liquide and classified as UN 1013. Because 

the temperature and pressure of the experiment exceeded the critical values (as seen in Table 

5), CO2 was in a supercritical phase.   
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Table 5: Physical properties of the solvents used in the experiment. 

Name 
Acetone 

Dimethyl 
Sulfoxide Carbon Dioxide 

Molecular Formula C3H6O C2H6OS CO2 

Molecular Structure [44] 

   
Boiling Point 56.08ºC 189ºC -57ºC 

Melting Point -95.4ºC 16-19ºC -78ºC 

Critical Pressure 46.9 bar 57 bar 73.8 bar 

Critical Temperature 234.98ºC 447 ºC 31.1 ºC 

Data obtained from [44, 45, 46, 47]  
 

6.3 Methods 
 

6.3.1 Pressure Vessel 

 
A sealed 316 stainless steel pressure vessel (PARR Series 4650, model 4653 high 

pressure/high temperature vessel, 500 mL volume, manufactured by PARR Instrument 

Company) was used to perform the solvolysis, as seen in Figure 15. The composite was weighed 

on an analytical scale (Sartorius BP211D) and dimensions measured using a calliper. The 

composite was laid flat on the bottom of the body of the reactor. 30 mL of solvent was poured 

onto the composite, completely submerging it. The pressure vessel was then sealed by placing 

the head onto the body, and then securing a split-ring closure around the junction with 8 cap 

screws. Each screw was tightened with a torque wrench up to 40 lb/in2. The whole reactor was 

carefully placed in the ceramic heating jacket (PARR model 4926, manufactured by PARR 

Instrument Company). The heating jacket was attached to a reactor controller (PARR 4838, 

manufactured by PARR Instrument Company) which controlled the temperature in the heating 

jacket and measured the temperature and pressure of the reactor. Various connections were 

then made on the reactor head: a T316 thermocouple was placed inside the thermowell, a cable 

from the reactor controller was attached to measure pressure, and an exit pipe was attached to 

the pressure release valve should overpressurising occur.  
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(a) (b)  

Figure 15: PARR Reactor a) head and body and b) placed inside of heating jacket 

 

The temperature controller had a tendency to overshoot, so the heating jacket was 

controlled manually by switching the heat rate to high, low, or off throughout the experimental 

run. The high heat rate operated at up to 10̊ C/min and the low heat rate operated up to 

5 C̊/min. 

The experiments had either no pressure added (non-pressurised) or was pressurised up 

to 80 bar with CO2 (pressurised.) For non-pressurised runs, the reactor was heated at a high rate 

until 20-50̊ C below the selected temperature was reached. Then, it was set to the low heat rate 

for better temperature control. The temperature was maintained for a reaction time of one 

hour. The reaction time is defined as the amount of time the composite was exposed to the 

solution at the set temperature and pressure. 

During pressurised runs, the reactor heated at a high rate until 60˚C below the selected 

temperature was reached. A pressure pump (Thar High Pressure P-Series Pump) was used to 

pump liquid carbon dioxide (CO2) into the reactor to pressurise the reactor to ~57 bar (maximum 

pressure of the supply tank). Figure 16 shows the overall system. The temperature rate was then 

switched to low. Once the set temperature was reached, the CO2 was pumped into the reactor 

again until 80 bar was reached. These conditions were held for a reaction time of one hour. 

Heating 

jacket 

Head 

Body 

Thermo-

couple 

Pressure 

release 

Cable to 

controller 

for pressure 

Pressure gauge 
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Figure 16: Diagram of the reactor system with heating and pressurising 

 

After the reaction time, the temperature controller was turned off and the reactor was 

allowed to cool overnight. When the reactor was at room temperature, it was depressurised and 

dismantled. The composite and oil were removed and stored separately at room temperature. 

To remove the solvent residue, the composite was swirled in a total of ~200 mL of acetone for 

5-10 minutes until it ran clear. For experiment 4 and 5, these composites were additionally 

soaked in acetone overnight as the washings were inadequate. All composites were then dried 

in an oven at 80̊ C for 2 days, and then weighed and measured. The percent resin degraded was 

calculated using Equation 13. 

ϷὙὩίὭὲ ὈὩὫὶὥὨὩὨ   

   
ὼρππϷ   Equation 13 

 

6.3.2 Gas Chromatography ς Mass Spectrometer (GC-MS) 

 
The solvent residue was in a liquid phase (oil). In order to analyse this oil, a GC-MS 

instrument has been used. The GC-MS used in this study is a Perkin Elmer Clarus Model 680 

coupled with a Perkin Elmer Clarus Model SQ8T mass spectrometer. 

The gas chromatography-mass spectrometry is an analytical method to identify different 

substances using a test sample. This method combines the features of gas-chromatography and 

mass spectrometry in order to analyse the sample. 
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6.3.2.1 Sample preparation 

 

It is a good method for small and volatile molecules. The sample can be a liquid, gas or 

solid. There are a lot of advantages to using the GC-MS such as the ability of separate complex 

mixtures, quantify analytes or determine trace level of organic contamination. 

Before the analysis of the oil, a sample with fresh solvent, in this case a mixture (50/50) of DMSO 

and acetone was analysed to calibrate the equipment. 

The oil obtained after the reaction was prepared by filtering it through a 0.45 μm filter. 

Then, 50 μL of the oil was placed into test tubes using an air displacement pipette. Experiment 

5 was diluted by adding a mixture of fresh DMSO and acetone (50/50) since the sample was too 

viscous.  

6.3.2.2 GC-MS procedure 

 

The GC-MS methodology starts with the gas chromatograph where the sample is 

volatized. In this process the sample separates its various components using a capillary column 

packed with a solid phase. The different compounds are propelled by an inert gas. The 

compounds have different sizes and different weights. This is the reason why when they are 

separated, they are propelled from the column at different times, which is referred to as their 

retention times.  

After the gas chromatography column, the components are ionized by the mass 

spectrometer. The ionized molecules are accelerated through the instrument’s mass analyser. 

In this acceleration, the ions are separated based on their different mass-to-charge (m/z) ratios. 

Once the separation is done, the ions are detected and analysed. 

Different peaks can be observed in the final result (Figure 17). These peaks are a function 

of the m/z ratios of the ions. The height of the peak is proportional to the quantity of the 

corresponding compound. Just one sample can produce several different peaks (depends on the 
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complexity of it), and the final readout will be a mass spectrum. In order to identify the 

compound, computer libraries of mass spectra for different compounds are used. Sometimes it 

is difficult to identify the compound, so it is just a guess. However, other times the peaks of the 

sample and the peaks of the data in the computer coincide and the substance can be identified. 

 

Figure 17: Image of the analysis of Experiment 3 in the GC-MS 
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7 Results and Discussion  
 

7.1 Resin Degradation 
 

7.1.1 Swelling 
 

The composites after the experiment are shown in Figure 18. For Experiments 1-4, 

swelling of the material occurred, most notably in the height. The horizontal layers are easily 

distinguishable. In Figure 18b-e, there are also black layers because acetone washings were 

unable to penetrate these densely packed areas of the composite and remove the remaining oil. 

The oil produced in Experiment 4 and 5 were particularly sticky and difficult to remove, which is 

apparent in Figure 18e. In Experiment 5, the resin was nearly fully degraded leaving behind 

individual fibres, which appeared to be gray-colored hairs (Figure 18f). There are still groups of 

fibres covered in oil, but most of the oil was removed perhaps due to the higher surface area 

available or because the oil had a higher affinity to the resin as opposed to the glass fibres. 

(a)  (b)  (c)  

(d)     (e)   (f)  

Figure 18: Images of the height for (a) a non-tested composite, (b) Experiment 1, (c) 
Experiment 2, (d) Experiment 3, (e ) Experiment 4, and (f) Experiment 5 

 

There is also an unevenness in the expansion along the height because as the composite 

swelled, it was blocked in one area by the thermowell. The composites were still hard and the 

layers were firmly held together, albeit the expansion. In Experiment 4, fibres around the edges 

could be peeled. 
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Volume and mass measurements were taken before and after the test, as shown in 

Table 6. There were no measurements taken for the initial volume for Experiment 1, so no 

volume change is shown. Experiment 5 also showed no volumetric change because the 

composite successfully degraded, leaving fibres. It can be seen that the initial area increased up 

to 11.4%, while the height increased significantly more, up to 60.0%. This also corresponded to 

the large expansion seen in the volume.  

Table 6: The percent change of dimensions and resin degraded for each experiment. Raw data 
can be seen in Appendix I 

Exp Solvent Temp. Pres. w/v  % Change % Resin 
Degraded ɕC bar g/mL Area Height Volume 

1 100 % DMSO 180 0 1.24 - - - 1.3% 

2 50% DMSO/50% Ace 180 0 1.14 10.5% 53.9% 70.0% -3.9% 

3 50% DMSO/50% Ace 180 80 1.08 9.5% 25.0% 36.9% -6.1% 

4 50% DMSO/50% Ace 250 80 0.84 11.4% 60.0% 78.2% 15.5% 

5 50% DMSO/50% Ace 300 80 1.00 N/A N/A N/A 104.1% 

*N/A = not applicable 

It appears that less height expansion occurred when pressure was added (Experiment 

3) versus no added pressure (Experiment 2), meaning that less separation of layers occurred. 

Introducing CO2 into the system allowed for a smaller molecule to penetrate the composite. This 

may have limited the amount of DMSO and acetone that could enter the composite. Therefore, 

the swelling effects of DMSO was limited. Han et al. (2018) reported that at elevated 

temperatures (100̊C-140̊ C), an increase in the pressure led to a gradual reduction in swelling 

of the polymer due to CO2. Since Experiment 3 was at 180̊C, perhaps CO2 was unable to cause 

significant swelling of the composite compared to DSMO at the same temperature.  

An increase in temperature, from 180̊C to 250̊C, significantly increased swelling. The 

increase in temperature also allowed for better diffusion of the molecules into the composite, 

which meant there was a higher exposure of DMSO to the composite. This allowed more 

swelling to occur, and eventually, degradation. 
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7.1.2 Percent resin degraded 
 

The percent of the resin degraded is shown in the last column of Table 6 and Figure 19. 

These values are not definitive because not all oil was removed, as seen in Figure 19. 

Experiments 2 and 3 showed a negative value in Table 6, which means that the resin gained 

more weight. This slight weight gain is due to the oil residue still trapped within the layers of the 

composite. The amount of oil within the oil seems to outweigh any resin lost, if any. Experiments 

1, 4, and 5 showed that the resin has degraded. However, these experiments also had oil trapped 

in/on the composite. Therefore, these experiments are expected to have a higher percent of 

resin degradation.  

 
Figure 19: Percent of resin degraded 

Experiment 5 showed loss over 100% because not all fibres were recoverable. 

Experiment 5 produced a thick and sticky oil, causing some of the fibres to be stuck along the 

surface of the reactor. Cleaning the reactor involved carefully wiping the surface using paper 

towels wetted with acetone, but still not all fibres were able to be extracted. 

The addition of supercritical CO2 had little effect in the percent of resin degradation. As 

explained in the previous section, it may be due to the limited interaction of the composite with 

DMSO and acetone. This would limit the degrading effect of acetone. 

1.26%

-3.91% -6.11%

15.54%

104.09%

-20%

0%

20%

40%

60%

80%

100%

120%

1 2 3 4 5

%
 R

e
si

n
 D

e
g

ra
d

e
d

Experiments

% Resin Degraded



43 
 

An increase in temperature has resulted in full degradation. Higher temperatures have 

been shown to increase the degradation rate for the resin [18]. Again, higher temperatures 

increase the diffusion of molecules, which would have allowed an increased exposure of acetone 

leading to degradation.   

Experiment 3 (180̊C) had no degradation while Experiment 4 (250̊ C) had 15.5% 

degradation. This can be attributed to acetone acting as a supercritical fluid. Sokoli [17] also 

showed an increase (of about 32%) for resin degradation when acetone was in the supercritical 

region. 

A comparison with Sokoli’s tests at 250˚C and 300˚C using a 50% acetone and 50% water 

mixture is shown in Table 7. It should be noted that Sokoli used a reaction time of 30 minutes 

and in this project, it was an hour. At 250̊C, Sokoli operated at a higher pressure, used more 

solvent compared to the composite’s mass, and resulted in a higher percentage of degradation. 

Sokoli was able to achieve twice as much degradation at 250˚C, with the differences being a 

lower w/v ratio and a much higher pressure. She had only two solvents in her system, whereas 

there were three in this project’s system, which were in contact with the composite. Although 

our project showed swelling capabilities, the increased pressure in Sokoli’s experiment proved 

to be more effective at penetrating the composite at a much faster rate. 

At 300̊ C, Sokoli operated at a higher pressure, used less solvent compared to the 

composite’s mass, and resulted in a lower percent of resin degradation. At this temperature, it 

seems that the swelling capability of DMSO was more efficient than a higher pressure in the 

system in allowing for the penetration of solvents. However, if Sokoli’s reaction time were 

longer, then perhaps a full degradation would also be achieved. 
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Table 7: Result comparison with Sokoli [17] The percent of resin degraded are approximate 
values extracted from a graph. 

Source Temp. Pres. Vol. solvent 
mixture 

w/v  Mass of 
composite 

% Resin 
Degraded 

°C bar mL g/mL g 

This 
report 

250 80 30 0.84 25.11 15.5% 

Sokoli 250 300 242 0.33 79.57 ~40% 

This 
report 

300 80 30 1.00 30.02 104.1% 

Sokoli 300 130 45 1.25 56.36 ~80% 

 

Overall, the swelling effect of DMSO allows acetone to penetrate the layers of the 

composite and degrade the resin. An increase in pressure and temperature increase the percent 

of resin degradation. However, it is still uncertain whether the swelling effects of DMSO is more 

effective at allowing for solvent penetration compared to increasing the pressure of the system 

at a given temperature. 

7.2 Solubility 

An attempt of calculating the theoretical solubility characteristics of the solvent in the 

composite was made in order to compare with experimental results. According to Applied 

Thermodynamics of Fluids [48], the Peng Robinson (PR) Equation of State is commonly used for 

calculations in the gas and liquid phase. A more detailed explanation of PR is presented in 

Appendix A. Upon the application of PR to calculate the molar volume, it became problematic. 

Matlab was used to solve the non-linear equation for molar volume by inputting an initial guess. 

For every guess, a different molar volume resulted. To select the correct molar volume for the 

system, the produced molar volume was then used in the PR equation again to solve for the 

pressure. The resulting pressure should then equate to the original input pressure.  

This statement was true only for acetone at 180C̊ and atmospheric pressure because 

acetone was in the gaseous phase at 180C̊. No molar volume could be calculated for any 

elevated pressure or temperature, either DMSO or acetone existed in the liquid phase. Although 



45 
 

an equation of state may exist for the calculation of molar volume in the liquid state, it would 

require extensive knowledge in the properties of the solvents. Due to the time limitation of this 

project, this was not further investigated.  

If however, the molar volumes could successfully be calculated, it would be possible to 

have some understanding of the solubility. The next step would be to calculate the Hildebrand 

parameters for each solvent at the elevated temperature and pressure using the molar volumes 

in Equation 10, 11 and 12. To find the Hildebrand parameters for a mixture, the acetone and 

DMSO parameters would be inputted into Equations 5, 6 and 7. 

The Hildebrand parameters and Ro for a range of unsaturated polyesters was 

investigated by Molina et al. (2019). With this information and the newly calculated Hildebrand 

parameters, they can be inputted into Equation 8, and then Equation 9. Even though the 

unsaturated polyester from Molina is not the same as the project, it would at least have given 

an idea of the solvency power of the DMSO/acetone mixture for an unsaturated polyester. 

Moreover, different test conditions could then be inputted to see if better solvency would be 

achieved. 

7.3 Oil Characteristics 

7.3.1 Qualitative analysis of the oil 

Dimethyl sulfoxide and acetone were the solvents used in the experiments. The analysis 

using GC-MS of the oil obtained in the experiments show the different molecules formed in the 

reactions. Table 8 shows the main compounds and their molecular structure obtained. Also 

shown is the retention time (rt), which is the time that the compound needs to pass through a 

chromatography. The rt for a compound is not fixed as many factors can influence it, such as the 

analysis conditions, the type of column, dimensions of the column, degradation of the column, 

or some contamination, among others.  
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Table 8: Degradation products 

Compound 
Molecular 
Structure 

Molecular 
Formula 

Experiment 
Retention time, mins 

Source (DMSO/ 
Ace/Resin) 

Area (x106) 

Benzoic acid, methyl ester 

 
 
 
 
 
 

C8H8O2 1 3,87 Resin 8,63 

Disulphide, methyl 
(methylthio)methyl  

C3H8S3 1 4,2 DMSO 8,12 

 
Phathalic anhydride 

 
 

C8H4O3 

1 5,89 Resin 62,97 

2 5,88 Resin 46,59 

3 5,86 Resin 86,86 

 
Dimethyl phthalate 

 

 

C10H10O4 

1 6,98 Resin 30,20 

2 6,98 Resin 22,52 

3 6,94 Resin 25,82 

1-Methyl-2.6-dioxo-3H-
pyrimidin-5-yl) acetic acid 

 

 

C7H8N2O4 1 

7,09 Resin 22,43 

7,18 Resin 2,97 
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Bis(2-
methoxyethyl)phthalate 

 
 
 
 
 
 

C14H18O6 

1 

10,53 Resin 16,24 

10,67 Resin 11,53 

10,72 Resin 15,66 

2 

10,53 Resin 11,78 

10,67 Resin 8,90 

10,73 Resin 11,72 

3 
10,49 Resin 19,17 

10,63 Resin 13,52 

 
Thiophene, 2-(methylthio)- 

 
 

 
 

C5H6S2 
2* 3,56 DMSO 80,64 

3 3,52 DMSO 18,048 

Acetophenone  

 

C8H8O 2 3,65 Acetone 4,24 

3-(Methylthio)hexyl 
hexanoate  

 

C13H26O2S 2 5,21 Acetone 19,57 

7-Isoquinolinol, 1,2,3,4-
tetrahydro-6-methoxy-1-

salicyl- 

 
 
 
 
 
 
 

C17H19NO3 

2 6,51 Resin 15,55 

4 6,49 Resin 9,59 



48 
 

4-Dimethylsilyloxytridecane 

 

C15H33OSi 2* 7,33 Resin 18,76 

cis-3-n-Butyl-2-
ethylthiophane 

 

 
 
 
 
 

 

C10H20S 2 7,82 DMSO 26,02 

Benzeneethanamine, 3,5-
difluoro-4-hydroxy- 

 

 
 
 
 
 
 

C8H9F2NO 2 9,58 Resin 13,38 

Bis(2-methoxyethyl) 
phthalate 

 

C14H18O6 5 10,49 Resin 19,17 

1H-2-benzopyran-1,4(3H)-
dione 

 
 

 C9H6O3 3 10,69 Acetone 17,52 

1,2-Benzenedicarboxylic acid 
 

 

C8H6O4 

4 5,87 Resin 110,65 

5 5,86 Resin 53,30 
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Benzene, 1,1'-(1,3-
propanediyl)bis 

 

 

C15H16 

4 8,58 Resin 2,81 

5 
8,57 Resin 62,97 

14,28 Resin 30,87 

Benzene, 1,1'-(1-methyl-1,3-
propanediyl)bis 

 
 
 

 

C16H18 5 8,79 Resin 15,63 

Allyl(2-butoxy)dimethylsilane 
 

 C9H20OSi 4 7,31 Resin 5,30 

Benzene, 1,1'-(1,3-
propamediyl)bis-  

C15H18 

4 8,58 Resin 2,81 

5 8,57 Resin 62,97 

(2,3-
Diphenylcyclopropyl)methyl 

phenyl sulfoxide, tran- 
 

 

C22H20OS 4 14,44 Resin 3,61 

*Possible compound that has been identified for the experiment 

 



50 
 

The other parameter that appears is the area under the peak. The area under the peak is 

proportional to the amount of compound that is present. Each peak represents a component present 

in the sample. It should be noted that different substances may have different response factors on the 

GC; consequently, they cannot be compared. Moreover, it depends on the volume of the sample. The 

samples have approximately the same volume but just a little difference can cause an alteration to 

the final result.  

In the first experiment, all the compounds originated from DMSO and the UP resin. At 180ºC 

and no added pressure, the main compounds were: benzoic acid, disulphide, phthalic anhydride, 

dimethyl phthalate, 1-methyl-2.6-dioxo-3H-pyrimidin-5-yl) acetic acid and Bis(2-

methoxyethyl)phthalate. The compound with less carbon atoms is the disulphide with just three 

carbons. The other molecules have between seven and fourteen carbon atoms.  

In the second experiment, the temperature and pressure conditions were the same, but the 

solvent was a mixture of DMSO and acetone. It can be observed that some compounds are the same 

as in Experiment 1, so that means they come either from the resin or the DMSO. However, new 

compounds appear due to the addition of acetone. These new compounds are Acetophenone, with 8 

carbons and 3-(methylthio)hexyl hexanoate with 13 carbons.  

 Sokoli used acetone with water at 200ºC and obtained compounds of up to 18 carbons 

originated from the acetone aldol reactions [49]. Figure 20 shows part of the mechanism of and aldol 

reaction. An aldol reaction is a reaction between two aldehydes (in this case acetone) with a β -hyrdoxy 

aldehyde (a molecule containing a hydroxyl group bonded to the beta carbon of an aldehyde) as a 

product. Some of these compounds are: isophorone, isohyobunone or 3,3,6,8-tetramethyl-1-

tetralone. These products did not appear using DMSO and acetone as a solvents. 

http://web.chem.ucla.edu/~harding/IGOC/B/beta_hydroxy_aldehyde.html
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Figure 20: Fragment of one acetone aldol reaction 

The third experiment carried out used the same mixture of DMSO and acetone at 180ºC but 

with added pressure (80 bar). In this case the same compounds that appeared in Experiment 2 are 

presents except for 1H-2-benzopyran-1,4(3H)-dione that came from the acetone.  

Experiment 4 was carried out at 250ºC. In this run, new compounds appear, which originated 

from the resin, such as 1,2,3,4-tetrahydro-6-methoxy-1-salicyl-, 1,2-Benzenedicarboxylic acid, 

Benzene, 1,1'-(1,3 propanediyl)bis, Allyl(2-butoxy)dimethylsilane, Benzene, 1,1'-(1,3-propamediyl)bis 

and (2,3-Diphenylcyclopropyl)methyl phenyl sulfoxide, tran-. Except just for one compound (7-

Isoquinolinol, 1,2,3,4-tetrahydro-6-methoxy-1-salicyl-), all the others appear for the first time. The 

smallest compound has 8 carbons and the largest one has 22 carbons.  

Experiment 5 was carried out at a higher temperature (300ºC). Almost all the compounds that 

appear at 250ºC also appear in this run. However, there are new compounds: Bis(2-methoxyethyl) 

phthalate and Benzene, 1,1'-(1-methyl-1,3-propanediyl)bis. All of them originate from the resin. 

Some of the elements appear in more than one run. In Figure 21, the different compounds 

analysed by the GC-MS are shown and the relation between experiments and compounds can be seen. 

With high temperature, more compounds are detected. That means with a higher temperature, the 

resin degradation is better since more products are obtained in the final reaction. 
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Figure 21: Venn diagram of the degradation products from the GC-MS analysis.  
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7.3.2 Quantitative analysis of the oil 
 

Quantitative characterization of the oil has been done by integrating the peaks to obtain the peak 

area. The areas of each compound can be seen in Table 8.  

There is no compound that appears in all the experiments. However, some of them appear in 

more than one. One example is the phthalic anhydride. In Table 9 (which is a fragment of Table 8), 

different areas of the phthalic anhydride are listed depending on the experiment. This area gives us an 

idea of the quantity of the product. With a higher pressure, the area increases. In Experiment 2, there was 

no added pressure, and the area is lower than in Experiment 3, where pressure was added. The addition 

of pressure increased the degradation of the resin since a higher amount of compound was detected at a 

higher pressure. 

Table 9: Properties of the compound phthalic anhydride, extract from Table 8: Degradation products. 

Compound Molecular 
strucure 

Molecular 
formula 

Experiment Area (x106) 

 
 
Phthalic anhydride 
 
 

 

C8H4O3 

1 62,97 

2 46,59 

3 86,86 

 

Table 10 shows Benzene, 1,1'-(1,3-propamediyl)bis-, this compound appears in Experiment 4 and 

Experiment 5. Both experiments where run at the same pressure but with different temperature. The area 

is bigger in Experiment 5 where the temperature was higher. There is more compound since an increase 

of temperature causes a major degradation of the resin. 
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Table 10: Properties of the compound Benzene, 1,1'-(1,3-propamediyl)bis-, extract from Table 8 

Compound 
Molecular 
strucure 

Molecular 
formula 

Experiment Area (x106) 

Benzene, 1,1'-
(1,3-

propamediyl)bis- 
 

 
C15H18 

4 2,81 

5 62,97 

 

In Table 8, this tendency can be observed. There are more compounds that appear in more than 

one experiment. Some examples are: Dimethyl phthalate, 1,2-Benzenedicarboxylic acid, Benzene, 1,1'-

(1,3-propanediyl)bis among others that showed this increase in the area as a function of the increase in 

temperature.  

However, it should be noted that there are some exceptions where an increase in temperature 

does not cause an increase in the component. This can be explained since the solvent used in Experiment 

1 is different of the solvents used in the other runs. For example, Bis(2-methoxyethyl)phthalate appears 

in Experiment 1, 2 and 3. The area is larger in Experiment 1 than in Experiment 2 due the difference of 

solvents used. Another factor that can cause these differences in the area is the pressure. In this same 

example, Experiment 3 has a bigger area than Experiment 2 where the only change is the pressure. This 

tendency can be observed in some compounds, but there are some exceptions like Dimethyl phthalate 

where Experiment 2 and Experiment 3 have almost the same quantity of compound. Therefore, no 

relationship between the pressure and the degradation can be seen.  

7.3.3 Origin of the compounds 
 

Table 8 shows the origin of the compounds. A majority of them come from the resin since they 

are degradation products of it. It can be seen that there are also compounds that come from acetone or 

DMSO. 
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To determine if the compound comes from the acetone, the DMSO, or the resin, a couple 

assumptions have been made. 

In Experiment 1, only DMSO was used as the solvent. This means that all the products of this 

experiment came from the resin or the DMSO. If the same compounds appeared in experiments where 

acetone was used, it is assumed that these compounds come from DMSO or the resin.  

If the compound presents 1 up to 3 atoms of sulphur, it can be due the presence of DMSO. 

However, it should be noted that the UP resin has 0.4 wt. % of sulphur (see Table 4). Therefore, it is not 

certain whether the product comes from DMSO or the resin. 

7.4 Experimental troubleshooting 

There were several setbacks when conducting experimental runs. Table 3 shows the successful 

and unsuccessful runs. 

The configuration of the head was changed a few times to accommodate the carbon dioxide tank. 

Tightening the fittings in one area sometimes caused other fittings to loosen. It was only once the test 

had started were these leaks discovered. Soapy water was used to identify specific locations of leaks 

during pressurization. 

To find the leaks, it was important for the reactor to be pressurised. There was an attempt to 

pressurise the reactor with nitrogen (prior to the arrival of the CO2 tank). Unfortunately, the silicone 

tubing that was connected from the gas supply to the reactor could not handle 5 bars of pressure of 

nitrogen. So upon pressurising the reactor, the tube expanded, almost to the point of bursting. When the 

CO2 tank finally arrived, the reactor was fitted with more robust connections and proper tubing. The leak 

was easily detected and fixed.  
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A couple experimental runs were unsuccessful due to the lack of sealing provided by the graphite 

gasket. The graphite gasket is a ring that fits between the head and body and is important to create a 

proper seal. After the run, solvent was found between the top and body of the reactor as well as the top 

of the head, while no solvent was left inside. After several runs (and consequently, leaks) with the reactor, 

it was deemed that the graphite gasket was very fragile, and so required changing after every few runs. 

The leak wasn’t obvious because there were no direct fittings in which bubbles could be seen. Instead, it 

was important to apply soapy water around the area where the two half rings met.  

Through all these failed runs, a lot has been learned when dealing with pressure reactors. 

Different gasket materials should be used which are more suitable for the high temperatures and pressure 

tests to avoid constant leaking. Additionally, the graphene gasket should be supplemented with high 

vacuum grease to ensure proper sealing. Before every test, all fittings on the head should be checked to 

make sure its tightened. A pressure test should also be performed prior to the experimental run. A 

pressure test involves applying pressure to the sealed system for a few minutes to find unexpected leaks. 
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8 Conclusion 

 
Dimethyl sulfoxide was found to swell the composite at elevated temperatures and pressures. 

Increasing the pressure using carbon dioxide introduced a third solvent into the system which may have 

limited the swelling effects of DMSO at 180˚C and caused little to no degradation. The DMSO and acetone 

mixture showed little degradation at temperatures above 180˚C and 80 bar. Full degradation was achieved 

at 300˚C.  

Analysis of the degradation products showed that at lower temperatures and no pressure added, 

less compounds were detected and a majority of them came from either the acetone or the DMSO. 

However, with higher temperature and the addition of pressure, more compounds came from the resin, 

which resulted in more degradation. 

In general, the swelling capabilities of DMSO have the potential to reduce the need to use high 

pressures to achieve full degradation. However, higher temperature and pressure may still be needed to 

fully break down the UP resin into monomers so it can be used as platform chemicals. 

 

 

 

  



58 
 

9 Suggestions for Future Work 

 
Duplicate runs would provide more confidence in the data provided. Full dissolution only occurred 

at a high temperature of 300˚C, but perhaps the use of a catalyst, such as potassium hydroxide would 

make it possible to achieve dissolution at a lower temperature.  

Removal of residual degradation product from the glass fibres can be performed with DMSO or 

another solvent, since acetone washings were inadequate. Moreover, research [36] showed that used 

solvent had increased solvency power. Perhaps the discarded washings used to rid the fibres of residual 

degradation product could potentially be reused as a solvent for a new experimental test, since it would 

contain some degradation product.  

An investigation into the molar volume at elevated temperatures and pressures could potentially 

provide information about the solubility of the composite in the solvent. If that becomes achievable, it 

may be worthy to experimentally define the Hildebrand parameters for the UP resin used in this project. 

Then, it would be possible to theoretically find potential solvents for UP resin. 
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Appendix A 
 

Raw Data 

 

Table 1 shows the length (L), width (W), and height (H) measured for each composite, along with 

calculations for the area and volume. Table X and Table X shows the measurements of mass for each 

composite. 

Table 1: Raw data of dimensions with calculations of area and volume 

Exp 
Initial Final Initial Final Initial Final 

L W H L W H (max) Area Area Volume Volume 
 mm mm mm mm mm mm mm2 mm2 mm3 mm3 

1 - - - 41 39 17     

2 36 40 13 37 43 20 1440 1591 18720 31820 

3 31 35 12 33 36 15 1085 1188 13020 17820 

4 39 28 12    1092  13104  

5 39.5 27 12.5 44 27 20 1066.5 1188 13331.3 23760 

 

Table 2: Mass prior to the experiment 

Exp 
Initial Mass, g 

1 2 3 Average St. Dev. 

1 37.1069 - - 37.1069 - 

2 34.1326 34.1328 34.1322 34.1325 0.0003 

3 32.4193 32.4190 32.4190 32.4191 0.0002 

4 30.0241 30.0245 30.0245 30.0244 0.0002 

5 25.1142 25.1141 25.1143 25.1142 0.0001 

 

Table 3: Mass of composite after the experiment 

Exp 
Final Mass, g 

1 2 3 Average St. Dev. 

1 36.9800 - - 36.9800 - 

2 34.4958 34.4951 34.4949 34.4953 0.0005 

3 32.9577 32.9570 32.9571 32.9573 0.0004 

4 21.5376 21.5385 21.5410 21.5390 0.0018 

5 24.0366 24.0631 24.0633 24.0543 0.0154 
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Appendix B 
 

Peng-Robinson Equation of State 

A cubic equation of state (CEOS) for a single-phase pure species is a mathematical relationship between 

pressure (P), volume (V), and temperature (T). 

The oldest EOS is the Van der Waals equation (VDW)  

ὖ
ὙὝ

ὠ ὦ

ὥ

ὠ
 

Where R is the ideal gas constant, b is the co-volume, and a the attractive constant. 

All CEOS that have been presented after the VDW equation have the structure: 

ὖ
ὙὝ

ὠ ὦ
Ў 

 where ∆ is a term that depends on a and V.  

The Peng-Robinson equation is an equation of state that is used to describe the state of the gas under 

given conditions, relating pressure, temperature, and volume. It has the next structure: 
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Variables a, b and ‌ are described by: 

ὥ
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ὦ
πȢπχχχωφ Ὑ Ὕ
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‌ ρ ‖ρ Ὕ where Ὕ  

‖ πȢσχτφτρȢυτςςφϽ‫ πȢςφωωςϽ‫  where ‫  

Tc is the critical temperature, Pc is the critical pressure, and Psat is the saturation pressure. 

The Peng-Robinson equation of state can predict the model of some liquid as well as real gases.[50]  


