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Abstract

As the wind industry looks to the future in producing new and advamded turbines, it is the
old and decommissioned turbines that showltso be a focal pointMost of the wind turbine can be
recycled, but he non-recyclability ofthe blades have caused them to be disposed in landfills. A few
technologies are available commercially and usually result in a downcycled product. Teleemial
solvolysis has the potential to degrade the resin and recover the §jlaeswhile maintaining its original

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

In this projectthe thermo-chemical solvolysis einsaturated polyestefUP)resin rénforced with
glass fibres waperformed ina 5050 mixture by volumeof dimethyl sulfoxide (DMSQO) and acetone. It
was tested at atmospheric pressure and 80 kaemperatures ranging from 183300 C using a sealed

pressure vessel. Carbon dioxide wasdisepressurise the system.

DMSO swelled the composite at elevated temperatures and pressure. The solvent mixture
resulted inlittle to no degradation below 300 @nd achieved full degradaticat 300C.The analysis of
the degradation products showed thatore 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 fullegradation. However, full breakdown of the UP resin into noas 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 chdrgEuropean (EU)
Commission has called for countries to increase their renewable energy share to 32% ¥, 2)3h

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

In 2019, 15% adlectricity in Europe wasupplied by wind enerd$] and it ispredicted that by 2030,
electricity supply will increase t0~29.6%][4]. This equates to an increased installed capacity of
approximately 100 GW in the span of 11 yd&isas seen ifrigurel: Prediction of installed capagifor
wind energy until 205@om Lichtenegger et a[5]Figurel.These predictions are based building more
offshore wind turbinsg, improved spply chain capabilities, artdchnological advances.

450,000

400,000

E 350,000
g A
§' 300,000
o
[}
% 250,000
2
o 200,000
£ 150,000 ’
5 ’
100,000 P
'd
50,000 ="
-
0 - s
1990 2000 2010 2020 2030 2040 2050
Year
Onshore wind capacity forecast - Offshore wind capacity forecast
e emHistoric wind energy capacity esmmmTotal wind energy capacity forecast

Figurel: Prediction of installed capayifor wind energy until 205€rom Lichtenegger et a[5]

However far these technological feats czarry us to alearer future, there is still the lingering
problem of what dowith wind turbinesat the end of their lifeThe wind industry has adapted the idea of
a circular economy, where waste materials shoutilergo high quality recycling, which preserves the

“high quality of the original material. On

t
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recycled material have a lower quality than the oraimaterial and may end up as filling material in

concrete, for example.

About80-90% of wind turbine components can be recyd@&d]. The towerand nacelle are made
of steel which carasilybe recycled Thereare established methods for recycling generators, gears, and
hydraulics.However the blades are made of compositeshere there are no concrete sotions for

recycling This posea significant problemvithin the wind industry.

Wind turbines have a lif@an of 2025 years[8], and the first generation of wind turbindsave
already begundecommissiomg. 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 ifrigure2.
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Figure2: Forecasted blade waste material in Europe until 2050 fitdohtenegger et a[5]



There are several reasonghy there are no established methods for recycling blade waste.
Recycling wind turbines is a costly business becanistne complexity of the blade material and
technology needed. Consequently, the recycled prodiant besold at a higher price than the vrgin
material, making it less attractivia the market.The lack of legislatiomn many countrieso support the

recycing of blade waste tsalsocaused many wind turbine blades to be landfilled.

The EU Commission has set out Direc2008/98/EC[9], whichsubjects wind turbines to the
waste management hierarchyzrom high to low gority, it is as followsprevention, reuse, recycle,
recovery, and disposaDnly Germany, Finland, Austria, and the Netherlands have banned composites
from landfills or incineators [7]. This has boosted research for cost effective and sudbéengecycling
methods. Some companies, suchMsocomp(Germany), Roth Intertimnal (Germany), and Demacq
Recycling (Netherlandsye already processing aged bladé&eygrind or shred the bladesdown to be
used as an additive for cement or constructimaterial The UK has applied a landfilktavhich means
that bladescan still end up in landfillsThis is not enoughand it is important thatresearchersand

manufacturerscome togethetto find asustainablesolution to recycle wind turbine blades



2 WindTurbine Blades

2.1Bladedesign andstructure

The blade of the wind turbine is designedextractthe maximum amount of kinetic energy from

the wind. They experience a wide range of loads at a high frequency of leadingding cycles.

The blade is subjettd two main loads: flapwise load and edgewiload, as seen iFigure3. The
flapwise load is a result of the wind (aerodynamic forces), which act perpendicular to the rotor plane. Itis
supportedby an innerboxo beam. The edgewise | oad is caused
from torsionalforceswhichdrive the turbine. The edgewise load is supported by the leading and trailing

edge of the blade.

Ps
(Pressure Side)

railing edge

Leading edg

SS
(Suction Side)

Internal beam

Figure3: Modified blade stuctureimagetaken from Liwet al.[10] showing flapwise (red arrow) and

edgewise (blue arrow) loads

The blade design involves two shells, the gucside, which faces downwind and the pressure
side, vhich faces upwind. The shell is bonded to an inner bodbeam via adhesive joints. The
aerodynamicgeometry of the shell is attributed to the resistance to torsion and high buckling, and to
minimize he weight. Because the blade is subjected to many tgbésads in various locations, different

materials are employed throughout the structure.

by



2.2Materials

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

core, coatings, and metals.

1 Reinforced fibresan bemadeof 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 lighithey are flexible so they can be easily madettthé shape.
Fibres makeup to 75% of the blades maf.

2 The polymer matrixs composed of thermoset resins (crdsked polymer chainshese can be
epoxiesunsaturatedpolyesters(UP) thermoplastics, vinyl esters, or polyurethangnsaturated
polyesterwill be discussed in more detail in the next section because it is within the scope of this
project. Thermoset resins are problematic ¢ause they cannot be remelted or remoulded after
the curing processnaking them difficult to recycl@hey 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 oating is made from polyethylene or polyurethare pirotect the blade from atmospheric
conditions.

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

The combination of these materials into one blade would clkasie blade material as a
composite A composites a combination of at least two different materials which have different physical
and chemical propertiesigue 4 showswhere each component issed in the bladetsucture. Figure 4a
is the overall blade. Figure 4b is a cresstion of the blade, where reinforcemefziebra stripesjs located
at the leading and trailing edges. Figure 4c shows thas@melwichcorematerialsits betweentwo faces.

In these faces he fibres lay unilaterally and are embedded within the polymer mdFigure 4d)Figure

10



4e shows an individual fiboreompletely surrounded by the polymer matrix, and Figure 4f shdtes

interfacial debonding between the fibre and polgmmatrix.
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Figue 4. In-depth illustration of the blade materigdken from[11], where it shows the (a) overall blade,
(b) crosssection, (c) cored) fibres arranged in polymer matrix, (e) individual fibre in masing
() fibre debonding from matrix

2.2.1Unsaturated Polyester (UP)

Unsaturaed polyester makeup to 80% of all thermoset resins used in composite matgtijl
Polyester contaisan ester link {COG) per moleculeUnsaturated polyesteis differentfrom saturated

polyester in thathere are manysites for crosdinking availablenormally with styreneCommonly used

11



raw materials include maleic anhydridghthalic anhydride and propylene glycolThe reaction

mechanism of UP crodisiked with styrene is shown Figure5.
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Figureb: UP resin crosinked with styrene reaction taken from Sokoli et[aB]

UP is a thermoset materiagdnd therefore, it cannot be remolded and is nbiodegradable. This
poses a problem in trying to recycle the witbine bladesbecause here is no easy atosteffective
solution that can separatthe fibres from the polymer matrixwhile still maintaih ng t he compone
(nearly) original propertiesSeparating the fibres from the matrix wouhdean having to fincg solution
that could breakdown the polymer matrix and remove any residn the fibres. This would make
possible for each component to beused independently for the same or different applicatiofisere are

currentlyvarious methods being employed msearched to achieve this goal.
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3 Recycling Technologies

There are three main processes that exist for recycling the thermos@posites: mechanical

thermal, andthermo-chemical recycling. They can be classified as showigumre 6.

Recycling Processes for Thermoset Composi

Mechanical Recycling Thermal Processes Thermo-Chemical recycling
(Solvolys)
Combustion with Fluidized bed Pyrolysis
energy and material process
utilization

Figure6: Classification of the recycling processes foefil@inforced plastic composites

3.1Mechanical recycling technologies

The aim othis process is to reduce the size of the fibeinforced plastic (FRP) scrap composite
components using mechanical comminuti@ng(,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 classifymgcess where the particles are sorted accoglto their
size occurFigure 7shows the mechanical process where the scrap composite is treated in a grinding

machine in order to reduce the sig4].
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Matrix Rich Powder
Grinding machine

Scrap FRP

Fiber Ribh Powder

Waste material

Figure7: Diagram of the mechanitaecycling process

Various applications of recycles are based on their shape. Powder recycles caedas a
substitute for calcium carbonate filler. However, if the mechanical properties are reduced by more than

10%, problems can occur since the reeywlll absorb more resifi4].

Mechanical recycling is a good process because it can recover fragmented fibreitiesut any
use of chemical solvents or hazardous materials. Moreover, it is an efficient process with high throughput

rates.

This process cannot recoveret individual fibres and long fibres of the material. The fibres that
can be recovered are small, unsttured, coarse, and nonuniforrfi3]. Moreover, to convert the
composite to powder particled is necessario usea considerable amount @hergy.Dedicated facities
with a closed protective environmeate 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 commorgrades of thermoset glass fibicompositeused by companies are bulk
moulding compound (BMC) and sheet moulding compound ($MI)These new composite materials

are formed by recycles and contain a higher proportion of filler (calcium carbonate or threttrelant

14



alumina trihydrate) and polymehan the original composite. Typical applications for these materials are

electrical applications, corrosion resistant neeaisg automotive,among others.

3.2Thermal processes

Thermal processes use heat to break the polymetriralown and recover the files. This
technology can béurther broken down tacombustion with energy and material utilisatidifyre

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

3.2.1 Combustion with energy and material utilisatio

The aim of this processtis 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 3000 kJ/kg). However, if theomposite is reinforced withidfres and fillers which
are incombustible, the calorific value decreases considerably, depending on the components of the
composite. For example, if there is alumina trinydrate who has a lower calorific value (1000 kJ/kg), the
calorific value of the compdse 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 dextrg&8¢[15].

This process has the disadvantage that a lot of composites have a high ratio of fibres and fillers.
Oneexample ighe wind turbine bladelt has a big percentage dibres and fillers which makes this
process inefficientAfter the combustion, large quaities 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 sustainaliy and the efficiency of the process.

However, the sustainabilitof 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 8shows thecombustion in a cement kiln reactofhe scrapFRPis made by glss

15



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 thapsEiRRnd the cement

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

Scrap FRP

Heat (energy)
Cement Kiln Reactor

Clinker cement

Cement

Figure8: Combustion process using#n reactor

This process requires specific conditiémsthe composite, like design size, no toxic materials, no
heavy metals, etc. Furthermore, & estimated that 1 kg of waste has a price of 1 EUR since the cement

industry charges a fee for recycling the composite w§kéé

3.2.2 Fibre recovery using a fluidised bed therpracess

The aim of this process is to recover the fibres using a fluidised bed madeataid. Té FRP
composites are fed with the silica sgraohd then the mixturas thermally heated and fluidized by hot air
at elevated temperatures (45850°C) During this heating, the polymer matris degraded, and it
volatilises from the composite.dw, the fibres and fillers are separated from the compasiige mixture
of silica, fillers, and fibres moves to a hot air stream and the recovered fibres amatzbom the other

solid particles in a cyclone. The process is shoviigiare 9
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Fluidised Bed Process

Clean flue gas

i

Scrap FRP
Afterbumer Cyclone
—1"to zeparate fibws)
Recovered
Fiores
Air Preheating Elements —Air distributor
_ \ plate

Airinlet - o
e —

Figure9: Fluidised bed recycling procgd$]

In this process, the recovery of the carbon fibres lose only 20% of its original tensile strength.
Glass fibres have ane difficulties since the environment in the fluidized bed is harsh, and treeynare
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 caimt the individual fibre filaments with a length

from 6 to over 10 mnjl5].

3.2.3 Pyrolysis process

This process consists of heating a combustible mategigl &rap FRP) to 45000°C wittout
oxygen and in an inert atmosphere in order to break down the E&RRposites into lower molecular
weight substances. The polymer is converted into liquid and gaseous produetguia 10the pyrolysis
process can be seen. The gaseous products akkasa fuel to provide heat for the process. There is also
a solid cabon char byproduct. The final liquid productglso known as the oilgontain a mixture of

organic materials which have a good potential to be used as a fuel or chemical feedstock.

17



Combustible gases

ReactorVessel Condenser

Scrap FRP Hot Gases

Fibres, Fillers and Char Hydrocarbon products
(solid) (liquid)

FigurelO: Diagram of thepyrolysis process

The mechanical properties of the carbon fibres can be recovered w24 loss irthe tensile

strength. However, due to the high temperatures, the glass fibres lose 8p-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 ande@ulloreover, energy for the process can be
obtained from the solid product. Since theeahanical 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 Higinperature.These high temperaturedso affect the
number of monomers recovered. Higher temperatuteadto more monomers since they decompose

into smaller products.

3.3Thermoachemical recycling

Thermocheamicalrecycling also known as solvolysis a process that useslventsand possibly
heatto decompose the polymer matriXhis category is often classified as chemical recycling, but the use

of elevated temperatures in several studids3, 17, 18] would make it better suited to be classified a

18



‘'t hecrhreomi c al . differanhkindseof salvemts: alcohols, water, glycols, and ketones, among
others. Sometimes catalysts and additives are usdddrease the efficiency of the process. The objective
is to break down the crodinked chemicabonds that form the thermoset polymer matrix. The process
diagram can be observed Figure 11 The test conditions determine the extent of degradation, \uhic
can either produce monomers (through total depolymerization) or oligomers and others industrial
chemicals (through partial depolymerizatigiP]. Depending on the conditions, solvolysis can bé&ddid

into two categories: near and supercritical temperature solvolgaid low temperatures solvgsis

Resin depolymerized or degraded
(liquid or gas)

ScrapFRP

Reactor

Solvents

Figurell: 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 ababhe critical point othe solvent used for the experiment. This
means that the fluid is a supercritical fluieds shown in Figur&2. Supercritical fluids have different
properties than the liquid at ambient conditions. When a fluid works above crjiiesisure 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.

Supercriticallfiids are really good atissolving materials like liquids or sol[@8)].
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Figurel2 Phase diagram & fluid[21]

A lot of research has been conducted on alcohols and water in their sitpsaktregion as they
are excellent reaction media for depolymerization or decomposition of plastics since the reaction
proceedsrapidly and selectivelf20]. At standard conditions (25°C and 1 bar), they are not very effective,
so they are used at high pressure {800 bar) and temperatures (26800°C) around the supercritical

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

Sokoli et al. used nearitical water and supercritical acetone for the degradation of hybrid
composites[22]. It was found that superitical acetone used as a solvent at 26@f@1 60 barnearly

achieved complete degradation of the resin {@%%6).

Piiero-Hernanz et al. analysed the chemical recydesgtions of carbon fibre reinforced epoxy
with acetone, ethanol, propanol, and methol as solventeagents at respective subcritical temperatures
(ranged from 200 to 450°Q)8]. Acetone was the most effective at lower temperatures, achigthe
degradation of the resinproducing fibres that retain 899% of the strength The other alcohols

experiencel a minor degradation

20



Water has been shown to be the most detrimental solvent by Sokoli et al. since it reduces the
tensile strength of theglass fibes by 4070%[22]. This degradation is temperature depende@oto
found that the decomposition of condensation polymers, suclpalgethylene terephthalatPET), to

their monomers is easily achieved at neaitical water using a chemical recyclimgpcesg20].

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

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

3.3.2 Low temperatures solvolysis

This process works at temperatures below the supercritical temperatamne the pressure is
normally at atmospheric pressuréhese means that theodvents, such as acids and glycaotsed for this

process are ithe liquid phase during the whole reaction

Acics can dissolve the resin without any added pressDang et aldissolved epoxy resin using
nitric acid at 80°C at atmosphenzessureg23]. Feraboli et alused sulfuric acid at 180°C at atmospheric
pressure to dissolve carbon fiber/epoxy laminaj24]. Both studies required high concentrations of acid
and several hours to decompose the material. Long reaction times raducé high energy costs.

Moreover, acids are dangerous, corrosive, and taxid¢He environment.

A combination of solvestcan be advantageous, both kinetically and economicxildirir et al.
found that an ethylene glycol/water mixture removed a higt@mount of resin compared to pure
ethylene glycol at the same high temperature (400Z5)]. Sokoli et al. used a 50/5@®lume percent
mixture of acetone and water witpotassium hydroxidas the catalyst at near critical conditiofis]. It
was found that the addition of the catalyst yielded a higher amount of product oil, which potentially could
be used as fuel. Sevemather studies have reported that #haddition of a catalyst can reduce reaction

times, which would reduce processing times and save m{&\26, 27].
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Ore strategy for using multiple solvents includes one solvent to swell the resin and another
solvent (and/or catalyst) to dissolve the resilanget al.used a combination adcetic acid to swethe
unsaturated polymer about 25% and Al@ decompose theunsaturated polymef28]. However, full
degradation still took up to 12 hosirXu et alalso used acetic acid to swell carbon fiber epoxy composite,
but as a prdreatment at 120°C for 30 minutg®9]. The composite was then immersedaicombination
of hydrogen peroxide (oxidant) and,N-dimethylformamide(dissolve the product further and increase
the rate of decomposition) from 8050 °C for up to 120 minutes to recover clean fibé¢sang et al.
dissolved 95% of CFRP at 170°C at antlpeessure in 70 minutes usid¢smethyl2-pyrrolidone (NMP)
to swell CFRP, ethylene glycol to dissolve, BBd-triazabicyclo[4,4,0]deB-ene(TBD)s a catalysi30].

In the same study, Kuang also found that both NMP dingethyl sulfoxide DMSQ were capable of

swellingepoxy thermosetting polymers and composites.

Although NMP is a common solvdnt several industrief31, 32, 33], its hazardous properties
have caused theeindustiesto look for alternative solutiondMSO has been suggested as a
replacement for NMP. It is not hazardous and can be used as a solvent at low temperature (<200°C) and
atmospheric pressurf30, 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 polksaramary of ppers

and their test conditions are shown ifablel.

Acetone is the second solvent chosen to dissolve unsaturate@gtely Thecompositematerial
received for this research c¢ o mg¢l8], wheareshdocusececons ame b a

using acetone and acetone mixtures.

Supercritical carbon dioxide will be usedarease the pressuref the gystem Supercritical
CQ has high diffusivity, solubility, and zero surface tension among other prop3tédHan et al.

investigated the swelling effects of supercritical.©® polyester. Han found that as the temperature
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Tablel: Summary of test conditions that have been researched

Resin

Bromine
epoxy
Bromine
epoxy
Epoxy

Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy

Epoxy
Epoxy
Epoxy
Epoxy
Epoxy

Polyben
zoxazime

Fiber

None
None

Carbon

Glass
Glass
Glass
Glass
Glass
Glass
Glass

Hybrid
glass/carbon
Hybrid
glass/carbon
None
None

None

Carbon

Solvent

NMP
DMSO

Acetic acid
pre-
treatment/
H202, DMF
Acetone

Methanol
Ethanol
1-Propanol
Acetone
Water
Nitric acid

Water
Acetone

NMP, EG,
TBD
Nitric acid

Methanol,
KOH
Ethylene

glycol

Temp, °C

70-100

70-100

80-150

235
300-450
300450
300-450
300450
300-350

80

280-300

240-280

170

80

170250

300-400

Pressure,
bar

ambient
ambient

ambient

40-80
59-106
47-81
72-147
77-153
85-170
ambient

80-300
55-300
ambient
ambient
1990

~42

Reaction

Time, mins

180
180

5-120

30
15,5
15,5
15,5
15,5

0-45 mins
up to 400

hours
0-60

30
70
up to 150
hours

30-240

0-10 mins

Ratio

5 g/(1025 mL)
5 g/(1025 mL)

0.2 g /(630) mL

0.230.93 g/mL
0.5¢g/3mL
0.5¢g/3mL
0.5¢g/3mL
0.5¢g/3mL

0.13 g/g

3000 mm3/70 mL
0.290.70 g/mL
0.32.1 g/mL
5 wt% sample

3000 mm3/70 mL

5 g/50 mL

2.5 g/60 mL

Max Efficiency

~99%

60,2
78,8
73,4
78,7
98,8

100
100

95%

100

92,1

Reference

[34]
[34]

[29]

[36]
[18]
[18]
[18]
[18]
[37]
[23]

[36]
[22]
[30]
[23][38]
[27]

[25]
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Polyben
zoxazine
UP

uUP
upP

upP

upP
UP

UP

Carbon

Glass

Glass
Glass

Glass

Glass
Glass

Glass

Ethylene
glycol, Water
Ethanol

1-Prgpanol
Acetone,
Water, KOH
Acetone,
Water, KOH
Water
AICI3,
CH3COOH
DGMM, BZA,
K3PO4

380420

245

265
250-325

200-325

350
160-190

190-350

130

110120
300

30-300

122
1-3 bar

ambient

30

30
30

30

15
<12 hours

1-8 hours

2.5 g/60 mL 97,6
0.17 g/mL 25%
0.17 g/mL 38%

~0.33 g/mL
0.17-1.25 g/mL 91
0.13 g/g 96,7
<10 wt% of solid 100
1.1-3.3 w/w ~96%

[25]

[39][13][13][13
1[23][13][13][1
3|[13][13][13]

13][14]
[39]
[17]
[37]

[37]
[28]

[26]
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increased, more Cnolecules were able to diffuse into the polyesthre to the increased

chain flexibility of the polyestdB5]. Dubois et alhas also found thaas pressure increases,

the sorbtion of C@also increases in polymej40].

This project wilbuild onS o k adsdarchswith acetone by using it in combination with

a swelling agent (DMS@hd supercriticalCQ to see if his mixture is more effective at

dissolving unsaturated padgterat low temperatures and qgssures.

3.4Summary of recycling methods

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

different classifications can be donEable 2shows the main positive and negative aspects of

the different processes.

Table2 Advantages and disadvantages of the main recycling processes

Process
Mechanical Recycling

Thermal processes

Thermo-chemical
(solvolysis)

Recycling

= =4

= =

E

Advantages

Fragmented fibres are
recovered

Resin is recovered

No chemical solvents or
hazardous material used
No chemical solvents used
Product can be recovered
and reused

Energy can be obtained fron
the resin

Recovery otlean fibres in
their full-lengthwith almost
retained mechanical
properties

Resin can be reused
Solvent can be reused

Disadvantages

9 High investment wh
low return

9 Cannot recover
individual fibres and lonc

fibres

M Can beauneconomical
and notunsustainable

1 Recovey of glass fibres
and moromersnot

possible
Long reaction times
Large amount of solvent

=A =

is required
1 Solventscan be
dangerous or aggressive

There exist different processes to recycle the waste fileiaforced composite plastic

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

technol ogy

devel opment " .

S

nce it i s t

he

Thi s means

t hat

onl

t

y

he

oneableg hat

monomer s
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materials used in the originallyofymer. With this process, no extra resources from the
environment are usegtl]. Chemical recycling has the potential to be the solutionaf@ircular

economy for wind turbine blades.
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4 Solubility

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

solubility of a polymer in a solvent. |t is

parameters are a match, then there wikk no change in the noneobinatorial free energy (G)

for the mixture. This results in a positigatropy change (the combinatorial entropy change, S),
which then means an interaction is thermodynamically possible. When the noncombinatorial
free energy change is equated to the camdiorial entropy change as showmEquation 1the
maximum differencen 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.

v v

YO WY Equationl

The total cohesivenergy (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 hased to make up the total cohesive energy. The dispersion
cohesiveenergy (E) are nonpolar interactions. The polar cohesive energy die permanent
dipole-permanent dipole interactions. The final parameter is the cohesive energy related to
hydrogen bonthg (E) between the molecules. The total cohesive energy candimed by

Equation 2

O O O © Equation2

By dividing Equation By the molar volumgEquation3) and squaring each component
(Equation4), the =lubility parameters can be defined. The Hildebrand paeters © )are

defined as E/\unit®9 for each component.
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- - - — Equation3

1 1 1 1 Equation4

For a mixture, the Hildeland parameters for each solvent would need to be known.
Then, it can be plugged intBquation5, 6 and 7, where x is the volumetric fraction of the

solvent, to find the Hildebrand parameters ofvaa solvent mixture.

1 ] ] Equation5
1 o) ] Equation6
1 &) o) Equation7

The HSP method éenteredaround asolubility sphere, shown as the large green sphere
in Figurel3. In this case, it would be the solubility of k#8in. The radius of the solubility sphere
(Ro) can only be determined experimentally. Other solubdjiheres 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 thmlymer. If the solvent sphere exists on the boundary, then a
partial solubility occurs. When ¢hsolvent sphere is outside the polymer sphere, then no

dissolution will occur.
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Figurel3:l mage of Hansent askesnolfurba n i H . Sepraissrewe bsi t e
t he par amed adThe ge@n sphere reprases the solute. The other spheres are
solvents.

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

Equation8, where'-M 'refers to the mixture and-P refers to the polymer.
YO T 1 1 1 1 1 Equation8

The ratio between the solubility parameter distance (Ra) and the solubility sphere (Ro)
is defined as the relative energy difference (RED), as shown in Eq8alibe REDan be used
to determine the affinity of the solvent to the polymer. If RED < 1, there would befavorable
interactions between the polymer and solvent and dissolution would occur. If RED = 1, then

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

YOO — Equation9
A limitation with the HSP method is the lack of information available for the parameters
at temperaturesother than 25C. There has been one notable study performed by Will[d&is
which looks into the solubility of G@ other solvents at different temperatures and pressures.
Williams was able teormulate equations for each Hiébrand parameter, as shown Eguation

10,11, and 12.A1 | vari abl es wi drdthetrefeencevaniablesy typicatlyatpt * r e f ’
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25°C. It can be seen that the only unknown is the molar volume at a given temperature and

pressure.

1 _ — Equation10
8
1 _— — Equationl1
Al \ Al hY hl 8 .
1 — Qownpdepm Y Y o oEe— Equation12
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5 Problem Formulation

The first objectivef this project is to find a solvent that can dissolvesaturated polyester
resins (UPRat 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 solvehbsen, itis important

to understand how the solvent affexthe composite under varying test conditis.

The second objective is to investigate whether the degradation products could be used as
platform chemicals. By looking at the degradation products, there wowdd ab better
understanding of how temperature and pressure affect the breakdown mechamdm/aether

these test conditions were able to fully breakdown the resin.
These objectives can be achieved by:

1 Conducting literature research for an untested solvent.

I Using a pressure reactor to test UPRaatemperature range from 18@-300°C and
pressureat atmospheric and 80 bar

1 Usinggaschromatographymassspectrometry (GGMS) to investigate the degradation

products at the varying temperatures and pressures
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6 Materials and Methods

6.1Experimental Design

In this studya total of 5 runs have been successful. T@saowsthe test conditions of
the experiment and the solvents used. Experiment 1 was run with pure DMSO to investigate
how DMSO solely affected the congite. Experiments-8 used a 50% DMSO and 50% acetone

mixture as the solvent. Experimentsb3vere pressurised at 80 bar with £0

While running the experiments, there were several setbacks and a limited number of
experimental runs due to leaks and tectali issues. The reasons are listed in the comment
column, and a more thorough explanation will be presented in SectidnAlso, in trying to

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

Talle 3: Experimental conditions for each run

Exp. DMSO Ace. Temp. Added Reaction Comments
Pres. Time
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 depressurisatio
15 15 180 80 60 Fal, leak at the ring closure
15 15 180 80 Fail,leak atthe ring closure
3 15 15 180 80 60 Successful
4 15 15 250 80 60 Successful
5 15 15 300 80 60 Quccessful
6.2Materials

6.2.1 Composite

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

unsaturated polyester (UP) resin. It was manufacturedngjustrial partners so information
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about the precise weight percent of each monontamnot be providedThe same batt of
composite was also used for other pap§t3]. It should be notedhat this material has never
been exposed outdoar and there iso gel coat or any kindf protection on the surface of the

resin.

Ananalysiof the composite is shown in Tableltinvolved several different rethods,
including elemental analysis, the inductively coupled plasma (#DB)a calorimeter. Carbon
hydrogen nitrogen,oxygen and sulphuporiginate from the polymer. According to ChayA8]
the composition of glass fibres consists of:SKbO;, CaO, MgO, N@, kO, and LO. The other
metal elements like iron,may also bepart of the fibreglass compaosition. Silicon is not listed
because it is not easily detected by &R It can also be seethat the fibreglass makes up 72.85
wt. % of the composite material, while the resin makes up 2wiL3% which is inihe 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 Figure4. Along the height of the sample, subtle horizontal lines can be

seen, which are the densely packed layersheffibre.

6.2.2 Solvents

Acebne 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 fetitg wasHiPerSolv CHROMIORM®
for HPLCwith a purity of> 9 9 .a®d%btained from VWR. Dimethyl sulfoxide\{BQ is an
organosulfur compound. The DMSO used for testingdveesl (vith amax.of0 . 0 3 % had, O)
a=9 9 .plritg labelledAnalaR NORMAPUR® for analyesimsl was prodced by MerckThe

physical propgies of each chemical are shown in Table
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Table4: Elemental composition of GFR UP using different techniques takeq Xm

Analysis of composite

Ultimate analysis {%wt.)

Carbon 42.7
Hydrogen 49
Nitrogen 29
Oxygen =0.1
Sulphur 0.4
Metal analysis {mg/g composite)
Aluminium 4.0
Boron 0.44
Copper =01
lron 1.96
Potassium 03
Phosphor 0.03
Zinc =0.1
Strontium 0.05
Calcium 9.8
Cadmium =01
Cobalt =01
Chromium =01
Vanadium =01
Proximate analysis
Higher heating value (M]/kg) 7.9
Density (g/mL) 117
Fiber content (Rwt.) 72.85
Resin content (%wtL) 2715

Figurel4: Composite material prior to testing

Carbon dioxide (Cpwas used to increase the pressimside the reactor. C{s an inert
colourless gas. The gas tank was obtained from Air lecandclassified as UN 1013. Because
the temperature and pressure of the experiment exceeded the critical values (as s&able

5), CQ was in a supercritical phase.
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Table5: Physical properties of the solvents used in the experiment.

Name Dimethyl
Acetone Sulfoxide Carbon Dioxide
Molecular Formula GHsO GHsOS CcQ
O 0]

Molecular Structure{44] )J\ g O0=C=0

N
Boiling Point 56.08°C 189°C -57°C
Melting Point -95.4°C 16-19°C -78°C
Critical Pressure 46.9 bar 57 bar 73.8 bar
Critical Emperature 234.98°C 447 °C 31.1°C

Data obtainedrom [44, 45, 46, 47]

6.3Methods

6.3.1 Pressure Vessel

A sealed 316 stainless steel pressure vessel (PARR Series 4650, model 4653 high
pressure/high temperature vessel, 500 mL volummeanufactured by PARR Instrument
Company) was used to perform tlelvolysis, as seen kigurel5. The composite was weighed
on an analytical scale (Sartorius BP21aDy 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 sphig closure aroundhe junction with 8 cap
screws. Each screw was tightened with a torque wrench up to 4G.G7ive whole reactor was
carefully placed in the ceramic heating jacket (PARR model 4926, manufactured by PARR
Instrument Company). The heating jacket was attacteé 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 thmcoouple 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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Figurel5: 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. Tke high heat rate operated at up tb0’C/min and the low heat rate operated up to

5°C/min.

The experiments had either no pressure added (pogssurised) or was pressurised up
to 80 bar with Ce(pressurised.fFor nonpressurised runghe reactor was heaig at a high rate
until 2050° C b tedselested 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 iaig the composite was exposed to the

solution at the set temperature and pressure.

During pressurised runs, the reactor heated at a high rate until60 b e Iselegtedt h e
temperature was reached. A pressure pump (Thar High Press8ezi€s Pump) was usé¢al
pump liquid carbon dioxide (Gdnto the reactor to pressurise the reactor to ~57 bar (maximum
pressure of the supply tankgigurel6 shows the oerall system. The temperature rate was then
switched to low. Once the set temperature was reaché@, €Qwas pumped into the reactor

again until 80 bar was reached. These conditions were held for a reaction time of one hour.
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Figurel6: Diagram of the reactor system with heating and pressurising

After the reaction time, theegmperature controller was turned off and the reactor was
allowed to cool overnight. When the reactor was at room temperature, it wasedspirised and
dismantled. The composite and oil were removed and stored separately at room temperature.
To removethe solvent residue the compositewasswirled in a total o200 mL o&cetonefor
5-10 minutes until it ran clearFor experiment 4 and Shese composites were additionally
soaked in acetone overnight as the washings were inadeqéditeomposites were thedried
in an overat 80 Cfor 2days and then weighednd measuredThe percent resin degraded was

calculatedusingEquation 13

PYOQOQQ »QQQ op 1t T P Equationl3

6.3.2 Gas ChromatograplgyMass Spectrometer (G@S)

The solventresidue was in a liquid phase (oil). In order to analyse this oil,-M&C
instrument has been usedhe GEMS use in this study is a Perkin EImer Clarus Model 680

coupled with a Perkin ElImer Clarus Model SQ8T mass spectrometer.

Thegas chromatographynass spectrometry is an analytical method to identififelient
substances using a test sampléis methodcombinesthe features of gashromatography and

mass spectrometrin order to analyse the sample
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6.3.2.1 Sample preparation

It is a good method for small anablatile molecules. The sample can be a liquid, gas or
solid. There are a lot of advantages to using theMECsieh 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

andacetone was analysed to calibrateet equipment.

The oil obtained after the reaction was prepared by filtering it through a pmSilter.
Then, 5Qu lof the oil was placethto test tubes using an air displacement pipetExperiment
5 was diluted by adding a mixture of fresh DMSO and acetone (50/50) since the sample was too

viscous.

6.3.2.2 GCGMS procedure

The GEMIS methodology startsith the gas chromatogiph 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 zés and different weigh. 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 ionizedho | ecul es ar e accelerated through t
In this acceleration, the ions are separated based on their different#iwaskarge (m/z) ratios.

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

Different peaks can be @erved in the final resulFgure 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 differekd f@epends on the
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compexity 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 jusgaess. However, othg¢imes the peaks of the

sample and the peaks of the data in the computer coincide and the substance can be identified.
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Figurel7: Image of the analysis &xperiment 3n the GEMS
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7 ResultsandDiscussion

7.1ResinDegradation

7.1.1 Swelling

The composites after the experiment are shownFigure18. For Experiments 14,
swelling of the material occurred, most notabiythe height. The horizontal layers are easily
distingushable. InFigure18b-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 eriment 4 and 5 were particularly sticky and diffidolremove, which is
apparent inFigure Be. In Experiment 5, the resin was nearly fully degraded leaving behind
individual fibres, which appeared to be gregloredhairs Figure Bf). There arestill groups of
fibres covered in oil, but most of the oil waemoved 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.

@@ B o

Figurel8: Images of the height for (a) a neéested 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 asfosite
swelled, it was blocked in one area by the thermowell. Thepmsites 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 talegiore and after the test, as shown in
Table6. There were no measuregnts 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 fbilecan be seen that the initial area increased up
to 11.4%, whilehe height increased significantly more, up to 60.0%. This also corresponded to

the large expansion seen in the volume.

Table6: The percent change of dimensions and resin degraded for each experiment. Raw data
can be seen in Append

Exp Solvent Temp. Pres. w/v % Change % Resin
@  bar g/mL Area Height Volume Degraded
1 100 % DMSO 180 0 1.24 - - - 1.3%
2  50%DMSO/50% Act 180 0 1.14 105% 539% 70.0% -3.9%
3  50% DMSO/50% Ac 180 80 1.08 95% 25.0% 369% -6.1%
4  50% DMSO/50%ce 250 80 0.8 114% 60.0% 782%  15.5%
5 50% DMSO/50% Ac 300 80 1.00 N/A N/A N/A 104.1%
*N/A = not applicable

It appears thatess height expansion occurred when pressure was added (Experiment
3) versus no added pressure (Experiment 2), meaning tisatdeparation of layers occurred.
Introducing C@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 wasniied. Han et al. (2018) reported that at elevated
temperatures (100G140°C), an increase in the pressure led to a gradual rédnch swelling
of the polymer due to COSinceExperiment 3vas at 180C, perhaps CQvas unable to cause

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

An increase in temperature, from 18D to 250C, significantly inemased swelling. The
increase in temperature also allowed for better diffusion of the molecules into the composite,
which meantthere 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 Percentresindegraded

The percent of the resin degraded is shown in the last columfabfe 6 and Figure .
These values are not fieitive because not all oil was removed, as seenFigure B.
Experiments 2 and 3 showed a negative value in Tabkehich means that the resin gained
more weight. This slight weight gain is due to the oil residue still trapp#un the layers of the
composite The amount of oil within the oil seems to outweigh any resin ibany Experiments
1, 4, and 5 showed that the resin has degraded. However, these experiments also had oil trapped
infon the composite. Therefore, thesexperiments are expectetb have a higher percent of

resin degradation.

% Resin Degraded

- 120% 104.09%
2 100%
]
5 80%
()
Q 60%
c
£ 40%
8 .. 15.54%
x 20% 126% ]
S % — — —

-20% -3.91% 6.11%

1 2 3 4 5

Experiments

Figurel9: Percent of resin degraded

Experiment 5 showed loss over 100% because not all fibres were recoverable.
Experiment 5 produced a thick asticky oil, causing some of thibifes 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 supreritical CQ had little effect h 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.
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An increase in teperature has resulted in full degdation. Higher temperatures have
been shown to increase the degradation rate for the rgdiB]. Again, higher temperatures
increase the diffusion of molecules, which would have allowed an increased expbswetone

leading to degradatio.

Experiment 3 (18@) had no degradation whilBxperiment 4 (250C) had 15.5%
degradation. This can be attributed to acetone acting as a supercritical fluid. SoKadiso
showed an increase (of about 32%) for resin degradation when acetone was in the supercritical

region.

Acompar son with Sok@®hd’ ' 300 &®4assoiaetagd5>@Owater
mixture is shown in Tabl@ It should be noted that Sokoli used a reaction time of 30 minutes
and in this project, it was an hour. At Z&) Sokoli operated at a higher pressuised more
solvent comparedtot e composite’s mass, and resulted in ¢
Sokol i was able to achieve twice as much degr a
lower w/v ratio and a much higher pressure. She had ontydolvents in her system, wherga
there were three in this project’s system, whi
our project showed swelling capabilities, the

to be more effective at penetraig the composite at a much fasteate.

At300 C, Sokoli operated at a higher pressur .
composite’s mass, and resulted in a | ower perc:
seems that the swelling capability BMSO was more efficient than a higher pressiar¢he
system in allowing for the penetration of sol

longer, then perhaps a full degradation would also be achieved.
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Table7: Result comparison with Sok{ili7] The percent of resin degraded are approximate
values extracted from a graph.

Source Temp. Pres. Vol. solvent wiv Mass of % Resin
mixture composite Degraded
°C bar mL g/mL g
This 250 80 30 0.84 25.11 15.5%
report
Sokoli 250 300 242 0.33 79.57 ~40%
This 300 80 30 1.00 30.02 104.1%
report
Sokoli 300 130 45 1.25 56.36 ~80%

Overall, the swelling effect of DMSO alloasetoneto 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 wiex the swelling effects of DMSO is more
effective at allowing for solveérpenetration compared to increasing the pressure of the system

at a given temperature.

7.2Solubility

An attempt of calculating the theoretical solubility characteristics of the solwettte
composite was made in order to compare with experimental res#itxording toApplied
Thermodynamics of Fluif48], the Peng Robinson (PR) Equation of State is commonlyfoised
calculations in the gas and liquid phase. A more detailed explanation of PR is presented in
AppendixA. Upon the application of PR to calculate the molar volume, it became gmadiic.

Matlab was used to solve the ndimear equation for molar volumy 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 tReeQuation again to solve for the

pressure. The resulting pressure shotlidn equate to the original input pressure.

This statement was true only for acetone at 180and atmospheric pressure because
acetone was in the gaseous phase at “G80ONo molar iome could be calculated for any

elevated pressure or temperature, eithBMSO or acetone existed in the liquid phaskhough
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an equation of state may exist for the calculation of molar volume in the liquid state, it would
require extensive knowledge the properties of the solventDue 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 stepild be to calculate the Hildebrand
parameters for each solvent at théewated temperature and pressure using the molar volumes
in Equation 10, 11 and 1J0 find the Hildekand parameters for a mixture, the acetone and

DMSO parameters would be inputtéato 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 nealgulated Hildebrand
parameters, they can be inputted intBquation8, and then Equation9. Even though the
unsaturated polyester from Molina is not the same as the project, it watlldast havegiven
an idea of the solvency power of the DMSO/acetone mixtareain unsaturated polyester.
Moreover, different test conditions couldhén be inputted to see if better solvency would be

achieved.

7.30il Characteristics

7.3.1 Qualitative analysis of thelo
Dimethyl sulfoxide and acetone were the solvents used in the expersn&he analysis
using GEMS of the oil obtained in the experiments shdwe different molecules formed in the
reactions. Table3 shows the main compoundsnd their molecular structure obtained. Also
shown is the retention time (rt), which is the time thiée compound needs to pass through a
chromatography. The rt for a compod 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 somecontamination,amongothers.
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Table8: Degradation products

Molecular Molecular Experiment L . Source (DMSO/
Compourd Structure Formula Retention time, mins Ace/Resin) Area (x10)
Benzoic acid, methyl ester o GHsO: 1 3,87 Resin 8,63
)
\
Disulphide, methyl
(methylthio)methyl s N7 GHeS 1 4,2 DMSO 8,12
; 1 5,89 Resin 62,97
Phathalic anhydride @o GHiOs 2 5,88 Resin 46,59
) 3 5,86 Resin 86,86
Lo 1 6,98 Resin 30,20
Dimethyl phthalate - CioH1004 2 6,98 Resin 2252
3 6,94 Resin 25,82
1-Methyl-2.6-dioxo-3H . i 7,09 Resin 22,43
pyrimidin-5-yl) acetic acid | /L’ GHgN204 1
EEERTIE 7,18 Resin 2,97

46




10,53 Resin 16,24
1 10,67 Resin 11,53
10,72 Resin 15,66
: 10,53 Resin 11,78
BIS('L2 CiaH1806 ! - !
methoxyethyl)phthalate e 2 18% 265!” 181’9702
) esin ,

3 10,49 Resin 19,17
10,63 Resin 13,52

*
Thiophene, Amethylthio) GHS 2 3,56 DMSO 80,64
3 3,52 DMSO 18,048
Acetophenone GHsO 2 3,65 Acetone 4,24

3-(Methylthio)hexyl
hexanoate GiaH60.S 2 521 Acetone 19,57
o 2 6,51 Resin 15,55
7-1soquinolinol, 1,2,34 O NH
tetrahydro-6-methoxy-1- GiHiINGs
salicyt

y 4 6,49 Resin 9,59
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4-Dimethylsilyloxytridecane] GisHz30Si 2% 7,33 Resin 18,76
cis3-n-Butyl2-
ethylthiophane CioH20S 2 7,82 DMSO 26,02
Benzeneethanamine, 3,5
difluoro-4-hydroxy GHoNO 2 9,58 Resin 13,38
NH
Bis(2methoxyethyl) SN .
phthalate P CiaHhisOs 5 10,49 Resin 19,17
1H-2-benzopyranl,4(3H) i
dione C;@ GHeOs 3 10,69 Acetone 17,52
HO. 20 o, 4 5,87 Resin 110,65
1,2B dicarboxyli i
,2-Benzenedicarboxylic aci . GHO
5 5,86 Resin 53,30
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phenyl sulfoxide, tran

propanediyl)bis O GisHis 8,57 Resin 62,97
14,28 Resin 30,87
Benzene, 1,31-methyt1,3 O
propanediyl)bis
GieHhis 8,79 Resin 15,63
. : \
Allyl(2butoxy)dimethylsilang _~~_ CoHuOSi 731 Resin 5.30
8,58 Resin 2,81
Benzene, 1,%1,3 :J CoH
propamediyl)bis N noTHs _
8,57 Resin 62,97
2,3
Diphenyicyclopropymethy} GooHhoOS 14,44 Resin 3,61

*Possible compound that has been identified for the experiment
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The other parameter that appears is the area under the peak. Téa 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 consequentlythey cannot be ampared. 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 andUtheesin. A 180°C
and no added pressurghe main compounds werebenzoic aciddisulphide, phthalic anhydride,
dimethyl  phthalate,  imethyl-2.6-dioxo-3H-pyrimidin-5-yl)  acetic acid and Bis(2
methoxyethyl)phthalate The compound with less carbon atoms is thisulphide with just three

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

In the secondexperiment the temperature and pressure conditions were the same, but the
solvent was a mixture of DMSO and acetone. It can be obsehatddme 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 companed&cetophenongwith 8

carbons an@-(methylthio)hexyl hexanate with 13 carbons

Sokoliused acetone with water at 200°C and obtained compounds of up to 18 carbons
originated from the acetone aldol reactiof®9]. Figure20 showspart of the mechanism of and aldol
reaction. An aldol reaction is a reaction between two aldehydes (in this case acetonePBulityrdoxy
aldehyde (a molecule containiraghydroxyl group bonded to the beta carbon of an aldehyde) as a
product. Some of these compounds are: isophorone, isohyobunone,®6,8tetramethyl1-

tetralone. These products did not appear using DMSO andaeeds a solvents.
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http://web.chem.ucla.edu/~harding/IGOC/B/beta_hydroxy_aldehyde.html

~
o} “o* B ,)'-j ‘o :E)'.. /
H3C CH3 B C CH4, H:"C CH,

HaC CHp  HiC

Figure20: Fragment of one acetone aldol reaction

The third experiment carried out used the same mixture of DMSO and acetone at 180°C but
with added pressure (80 bar). In this case the same compounds that egghbgaExperiment 2 are

presents except foi H2-benzopyranl,4(3H)dionethat came from the adene.

Experiment 4 was carried out at 250°C. In this run, new compounds appear, which originated
from the resin, such asl,2,3,4tetrahydro-6-methoxy1-salicyl, 1,2-Benzenedicarboxylic agid
Benzene, 1,%1,3propanediyl)bisAllyl(2butoxy)dimethylsilae, Benzene, 1,31,3-propamediyl)bis
and (2,3-Diphenylcyclopropyl)methyl phenyl sulfoxidgan-. Except just for one compound’-(
Isoquinolinol, 1,2,34etrahydro-6-methoxy1-salicyt), all the others appear for the first time. The

smallest compound ha& carbons and the largest one has 22 carbons.

Experiment 5 was carried out at a higher temperature (300°C). Almost all the compounds that
appear at 250°C alsappear in this run. Howevethere arenew compoundsBis(2methoxyethyl)

phthalateandBenzene, 1,3(1-methy}1,3-propanediyl)bis All of them originate from the resin.

Some of the elements appear in more than one runkigure21, the dfferent compounds
analysed by the GNIS are shown and the relation between experiments and compounds can be seen.
With high temperature, moreompoundsare detected. That means with a higher temperature, the

resin degradation ibetter since more productare obtained in the final reaction.
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EXP

DMSO at
180°C

EXP 3

DMSO/Ace. at 180°C and 80 bar

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

EXP 4

DMSO/Aceat 250°C and 80 bar

Phthalic anhydride
o]

methoxyethyl)phth ©;<40
alate !

o
|

oI 00,
©¢02 é}to/
L

2,3
Diphenylcyclopropyl)me

hyl phenyl sulfoxide,
tran- @

Allyl(2butoxy)dimethylsilane

EXP 5

DMSO/Ace. at 300°C and 80

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

2

S —
; 7-Isoquinoling, 1,2,3,4 bar
" Thiophene, 2 hL2sS,
Dimethyl phthaléte ’
vip (methylthio) tetrahydro- -methoxy
‘l-sallcy4

Bis(2methoxyethyl)

Acetophenone
cis-3-n-Butyt2- Benzeneethanamine,
phthalate

©\”/ ethylthiophane 3,5-difluoro-4-hydroxy
OH
3-(Methylthio)hexyl F F

(0]
hexanoate

P

4-Dimethylsilyloxytridecane NH:

0,
DMSO/Ace. at 180°C Benzene, 1,3(1-methyt1,3

propanediyl)bis Q

Figure21: Venn diagram of the degradation products from the /@€ analysis.
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7.3.2 Quantitative analysis of the oll

Quantitative characterization ohe oil has been done by integrating the peaks to obtainpibak

area. The areas of each compound can be se@ialihe8.

There is no compound that appears in all the experiments. However, some of them appear in
more than one. One example is the phthalic anhydrideTéble9 (which is a fragment oTable §,
different areas of the phthalic anhydride are listed depending on the experiment. This area gives us an
idea of the qantity of the product. With a higher pressure, the area increases. In Experiment 2, there was
no addedpressure, and the area is lower than in Experiment 3, where pressure was added. The addition
of pressure increased the degradation of the resin sinciglagn amount of compound was detected at a

higher pressure.

Table9: Properties of the compound phthalic anhydride, extract froaile8: Degradation products

Compound Molecular Molecular Experiment Area (x10)
strucure formula
o 1 62,97
Phthalic anhydride o GH:O; 2 46,59
o 3 86,86

TablelOshowsBenzene, 1,%1,3propamediyl)bis this compound appears in Experiment 4 and
Experimen®. Both experiments fhere run at the same pressure but with different temperature. The area
is bgger 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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TablelO: Properties of the compound Benzene, (1, 3-propamediyl)bis, extract from Tabl&

Compound Molecular Molecular Experiment Area (x10)
strucure formula
Benz((in;, ¥ - 4 2,81
ropamediypis | & D Gishs
brop y . 5 62,97

In Table8, thistendency can be observed. There are more compounds that appear in more than
one experiment. Some examples a@imethyl phthalate 1,2-Berzenedicarboxylic acj®enzene, 1,1’
(1,3-propanediyl)bisamong others that showed thiincrease 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 notcause an increase in the component. This can be explained since the solvent ugsetim&nt
1 is different of the solvents used in the other runs. For exaniiil2methoxyethyl)phthalateappears
in Experiment 1, 2 and 3. The area is larger in Exjeetirh than in Experiment 2 due the difference of
solvents used. Another factor that maause 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 exceptiofsrikéhyt 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

Table8 showsthe origin of the compounds. A majority of them come from the resin since they
are degradation products of it. It can be seen that tharealso compounds that come from acetone or

DMSO
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To determine if the compound comes from the acetone, the DMSO, or dbhm,ra 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 DMSQthH same compounds appeared in experiments where

acetone was used, it 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 ¢hUP resin has 0.4 wt. % of sulpliseeTabled). Therefore, it is not

certain whether the product comes from DMSO or the resin.

7.4Experimental troubleshaiing

There were several setbacks when conducting experimental runs. Jaiblews the successful

and unsuccessful runs.

The configurabn of the head was changed a few times to accommodate the carbon dioxide tank.
Tightening the fittings in one aresometimes caused other fittings to loosen. It was only once the test
had started were these leaks discovered. Soapy water was used tofydspécific locations of leaks

during pressurization.

To find the leaks, it was important for the reactor to be m@s$sed. There was an attempt to
pressurise the reactor with nitrogen (prior to the arrival of the.@&hk). Unfortunately, the silicone
tubing that was connected from the gas supply to the reactor could not handle 5 bars of pressure of
nitrogen. So upopressurising the reactor, the tube expanded, almost to the point of bursting. When the
CQtank finally arrived, the reactor was fitted withore robust connections and proper tubing. The leak

was easily detected and fixed.
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A couple experimental runs wermsuccessful due to the lack of sealing provided by the graphite
gasket. The graphite gasket is a ring that fits between the headbadg 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 deemd that the graphite gasket was very fragile, and so required changing after every few runs.
The | eak wasn’'t obvious because there were no dir

was important to apply soapy water around the area whérettvo 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. Aitldnally, 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 expdaimian. 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 usingriban dioxide introduced a third solvent into the system which may have
l'imited the swelling ef flitdedons degrddatiBnMBeODMSO and &&cn€c a n d
mixture showedittled e gr adat i on at temper at urgedationbasactdeved8 0° C a

at 300° C.

Analysis of the degradation products showed thatower temperatures and no pressure added
less compounds were detected amdmajority of them @me from either the acetone or the DMSO.
However, with higher temperaturera the addition of pressuremore compoundsamefrom the resin

which resulted irmore 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 terajpre and pressure may still be needed to

fully break down the UP resin into monomers so it can be used as platform chemicals.
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9  Suggestions for Future Work

Duplicate runs would provide more confidence in the data provided. Full dissolution onlyestcu
at a high temperature of 300°C, but perhaps the

make it possible to achieve dissolution at a lower temperature.

Removal of residual degradation product from the glass fibres can be performed MEODr
another solvent since acetone washings were inadequate. Moreover, rese@@hshowed that used
solvent had increased solvenpgwer. 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 alevated 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 indjeistpr

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

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: Ra data of dimensions witbalculations 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 mm? | mm? | mm? mm3
1 - - - 41 | 39 17
2 | 36 | 40 | 13 | 37 | 43 20 1440 | 1591 | 18720 | 31820
3|31 |3 | 12| 33| 36 15 1085 | 1188| 13020 | 17820
4 | 39 | 28 | 12 1092 13104
5 |39.5| 27 | 125| 44 | 27 20 1066.5| 1188 | 133313 | 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

PengRobinson Equation of State

A cubic equation of statedEOS) for ainde-phase pure species is a mathematical relationship between

pressure(P) volume(V), and temperaturgT).

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

- YY ®
U - S
0w W W
WhereR is the ideal gas constabtis the cevolume andathe attractive constant.

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

<

. YY .
0 —s Y
W

I8!

whereAis a term that depends oaandV.

The PengRobinsorequationis an equation of state that issed to describe the state of thgas under

given conditions, relating pressure, temperature, and volume. It has the next structure:

Y Y Q|
W OO OO0 O

n
Vaiablesa, band| are described by:
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Tcis the criti@al temperature P is the critical pressure, arféi«is the saturation pressure.

The Pengrobinson equation of state can predict the model of some liquid as wedbhgase$50]
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