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Abstract

Pyrolysis enablgslastic waste to be utiliseds a resource to produce useful raw materials for
further downstream processing. Light olefin gases, oils and waxes are major products of
plastic pyrolysis that havapplications inthe manufacture of petroleum products (e.g.
gasoline, diesedndparaffin wax) and polymer®yrolysisderived waxepossess undesirable

colour and odour properties that must be improveproduce a useful raw material.

It has been the aim of this worto remove colour and odour inducing impurities from
pyrolysisderived waxesising suitable refining method&iquid chromatographysolvent de
oiling using ethyl acetateand urea clathrate formatiorwere investigated as method®
separae impurities fromcrude waxes Crude wags, refined waxesand extracts/fractions
containingimpurities were comprehensivelgnalysedto determine chemical functionality

by FTIR and NMR, molecular weight distribution by GPC, heavy metals content by ICP and the
identification of volatiles by G®IS. Headspace @@S was used to analyse volatile
componentsto identify possible odour inducing contaminar@siitted by crude waxesJV-

vis spectroscopy was introduced in this research as a method to adsessilk colour
characterisicsof waxto identify wavelengths in whicbolourcontaminated waxabsortsand
refined wax does notfTwo suitable wax refining procedures have been proposed based on
methods of separation known to be effective: solventalkng and hydrogenation. Silica
adsorption was used as a pneatment for both refining procedures to remove polar

components whichmay be harder to remove by solvent-dding or hydrogenation alone.

Separation of impurities was most effective using liquid chromatography #iodlad a wax

with the most desirable colour and odour characteristics at high mass receyevigle
solventde-oiling and urea clathrate extraction afforded a hard wax and an oil. The hard waxes
obtained by solvent deiling exhibited the least favourable colour characteristics and had a
high oil content. Urea clathrate extraction of waxes was not possible &rAy however,
waxes B and C exhibited desirable colour characteristics after the procedure had been carried
out. Themaindisadvantag®f solvent deoiling and urea clathrate extraction processethes

low recovery of waxiue to thehigh oil contentof pyrolysis derived waxe3hecombination

of solvent deoiling using ethyl acetat@nd silica adsorptiordemonstrated that the removal

of polar components bydsorpton prior tosolvent deoiling improves the colour properties



significantly compared tosolvent deoiling alone Similarly, thecombination of silica
adsorption and hydrogenation was highly effective at decolourising the waxes
Hydrogenationsuccessfully convertetthe yellow/orange oilextract(obtained by solvent de
oiling of wax Bijnto colourless soft waxThs is advantageous comparedgolvent deoiling,
however, the requirement of hydrogen gasatalyst and catalyst regenerativacycling

process ardound to lead to increased monetary expenditure
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Abbreviations
ABS; acrylonitrile butadiene

ASTMc American Standards for Testing Materials

BTX¢ benzene, toluene and xylene
CSBR conical spouted bed reactor

DCMc Dichloromethane
EAC ethyl acetate

FCQ; fluid catalytic cracking

FID¢ flame ionisation detector

GCc gas chromatography

GPQ; gel permeation chromatography
LC¢ liquid chromatography

MS¢ mass spectrometry

NIST¢ National Institute of Standards and Technology

PAHg polyaromatic hydrocarbos
PC¢ polycarbonate

PDI¢ Polydispersity Index

PEC polyethylene

PETc polyethylene terephthalate
PMMAC( polymethyl methacrylate
PP¢ polypropylene

PS¢ polystyrene



PTFE, polytetraflouroethylene
PURL, polyurethane

PV polyvinylchloride

D ¢ Solvent deoiling

THR¢ Tetrahydrofuran

UCEg Ureaclathrate extraction

Glossary of Term@s they relate to the thesis)

Clathrateg an inclusion compound formed between urea and straight chain hydrocarbons or

n-paraffins.

Clathrate oil; oil content recovered by urea clathrate extraction.
Clathrate waxg wax separated by urea clathrate extraction.
De-oiled waxg wax recovered by solvent egling experiments.

High polarity fractiong components separated by liquid chromatography by eluivith a

polar solvent such as methanol.

Medium polarity fractiong components separated by liquid chromatography by eluting with

a slightly more polar solvent than hexane (such as toluene or 15% ethyl acetate/hexane).
Non-polar fraction¢ wax purified byiuid chromatography.
Oil extractc oil extracted by the solvent deiling of wax.

Solvent Deniling ¢ the extraction of impurities in a solvent in which impurities are soluble

and the wax is not

Urea Clathrate Extractiogthe formation of urea inclusiosompounds (clathrates) with-

paraffins and their decomposition to extractparaffins
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1. Introduction

Packaging plastic accounts for the largest contribution of plastic waste sent to landfill sites in
the Europearinion.In 2016 tke European Union sent 20.4% of packaging plastic was sent to
landfill sites, while 40.8% was recycled and 38.8% was used for energy recovery. Since 2006
the amount of packaging plastic sent to landfill has decreased by 53% and may continue to
decrease dueo an increasing demand in the modern climate for the valorisation of plastic

waste! The European demand of plastics by type is illustrateeignrel.

Plastic demand by type

6.6%
7.4% 19.3%

7.7%

10.2%
19.0%

12.3%

17.5%

= PP = Other = LDPE= HDPE = PVC = PUR = PET = PS

Figurel. European plastic demand by type (other: ABBT, PC, PMMA and P)ftFE

Commercial interessievergrowing for producing valuable petrochemicals from the pyrolysis
of plastic waste. The production of diesel, gasoline, wax and light ofedimsplastic waste
pyrolysishas been the subject of various studies aiming to improve the efficiency aaddgr
recovery for their processe’® Wax production during pyrolysis has high potential as a
feedstock in steam cracking and fluid catalytic cracking applications to producseable
olefins and gsoline®’However, waxes hae a more direct use as an alternatigav material

in the wax manufacturing industry.

Paraffin waxes consist of straight chain hydrocarbons with a typical carbon number between
Go and Go and are solid at room temperature. Currently, paraffin waxes@uced by
solvent refining crude oil distillates to produce refined lubricating oil and slack wax as a by

product as illustrated ifrigure2. Slack wax is a type of crude paraffin wax with a relatively
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high content of sulphur, aromatic and nitrogen compounds. Slack wax is further refined by
solventde-oilingto remove soluble imptities to acceptable levefsWaxesmay act asolid
matrices capable of retaining liguidmponentghrough Van der Waals interactior@ilsmay
contain impurities such as aromatics and sulphur and nitrogemtainingcompounds. A
solvent such as-Butanone or butyl acetate is used to dissolve the yakich is thercooled

to a low temperature i§elow -20 °C) to allow the wax to precipitafeOily components and
impurities are removed by filtration which affords a wax with low oil contéfigh grade

paraffin waxegypicallyhave an oil contentf less than 0.5 w1011

Crude oil

!

Fractional Petrochemicals
Distillation e.g. fuel
Lubricating
oil
Solvent Lubricating
Extraction base oil
(de-waxing)
Slack
wax
Solvent
Extraction 0oil
(de-oiling)

Paraffin wax

Figure2. Generabedprocessschemefor the manufacture of paraffin wax

Although simple in designthe solvent refining of wax suffers frompoor environmental

credentials the handling of large volumes of solvent and high operating and maintenance

13



costs. It is, therefore, a necessity to identify a more sustainable and environmenietigy
feedstock for the manufacture of wax. Plastic waste is akvelvn environmental issue with

no clear route to a practical solution. The pyrolysis of plastic waste breaks the polymers down
into crude wax for their potential use as a xvenanufactumg feedstock. Therude waxes
provided for the research project by Kerax Ltd (industry parteghibit undesirablecolour

and odour properties, which arechallengingto improve by conventional wax refining
procedures Reducing the odour and improving tleelour of pyrolysisderived wax igritical

to the success of this novel supply chain. Therefore, this research project aims to address
what the contaminant components angsing suitable analytical techniques and investigate
processes to decolourise andattorise these crude waxeshis will enable the development

of a largescale process to for the successful recycling of large quantities of waste into useful

raw material.

2. Literature Review
The aim of this review chapter is to provide a background on\wwaxes are formed by plastic
pyrolysis and what suitable analytical techniques can be used to determine their

characteristics.

2.1. PlasticPyrolysis
The pyrolysis of plastic wastéfordsa wide product distributiorowing to the complexity of
plastic waste compsition. Hastic waste pyrolysifeedstock may vary in composition,
resulting in uneven product distributionbetween batches Therefore, it is crucial to
assimilate how changes in plastic feedstock and process parameters influence the
composition of the product. Furthermore, the characterisation of pyrolgsisved wax
provides vital feedback on how processes can be developeafford the desired product

distribution.

2.1.1. Thermal Degradation dflyethylene and Polypropylene
The type of plastic used as pyrolysis feedstock is a nrdjoencer ofproduct distribution.
High density polyethylengHDPEis a linear polymer known fotsi high strength and is widely
used for manufacturing disposable containers such as milk bottles, fuel tanks, piping and
more.Low density polyethylend DPIis less dense owing to the increased branching of the

polymeric chain and is more suited to useisere flexibility is favoured over robustness e.g.

14



carrier bags, wrapping foil, squeebettles and more. Polypropylen@P) like HDPE, is also
known for its high tensile strength and is often found use in applications asichntainer

caps, living hingg piping, plastic furniture and more.

A n

Figure3. Repeating units for polyethylene (left) and polypropylene (right)

It is wellknown that the thermal degradation opolyethylene and polypropylengroceeds

via random chain scission of the polymeric chain and results in a wide distribution of
products!?%16 The thermal decomposition mechanism that takes place duthiegyrolysis of
polyethyleneis represented inFigure4. Initiation of the radical mechanism proceeds by
random scission of thgolymer chain to produce primary radicals. Propagation of the
YSOKFYyAaY 200dzNB o0& AYONI Y2f SOdzf | Nbcibsipl® Ay (S
Primary radicals are stabilised by radical hydrogen transfer, resulting in the formation of a
secondary radicaliyscission may occur on the primary radical to formother primary radical

and ethylene, as shown Figure5, while midO K I Jafssion on secondargdicals produces
larger olefinst’ It is noteworthy that ethylene formation during pyrolysitays a role in the
formation of aromatic compoundsyhich is &terillustrated inFigure9. Terminatiorreactions
proceedby radical recombination, resulting in the formation of long chain paraffins; or by

radical disproportionation, which results in the forntiof a paraffin an@n olefin.

15
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The formation of lower molecular weight hydrocarbons is promoted at higher temperatures
resultingby y AYONBF &S Ay AYGNIY2fSOdzZ F NJ KERNRISY
scission reaction¥. An increase in mig¢hain and enéD K | #sgission, therfore, increases

the formation of low molecular weight hydrocarbons and light gaseous sléfiwould make

sense thatlower residence times gbyrolysisvolatiles in the reactoreduces the extent of

these propagating reactiongesulting in the formation of higher molecular weight
hydrocarbonsThis conclusion summarises the formation of waxes during pyrolysis and that

wax production is favoured at lower temperaturégabiourrutia et al. confirm this to be the

case from their study on the pyrolysis of &kl PP in a conical spouted bed reactor (CSBR)
operating at 456600 °C.

Thermal degradation of PP proceeds in the same manner as PE, as slroguref. A higher
proportion of branched products can be expected, owing to the higher branching of the PP
chain. Predel and Kaminsky carried out an experiment to compare the product distribution of
PE, PP and BSrolysisusing different mixtures of the plastias varying proportions They

found that the trimer of propene (2 dimethylheptene) is formed in very high amounts when

PP is present in the feedstock. Increasing the amount of PP in the feedstock was found to
increasethe oil content (b.pt < 300 °C) as a result of the formation of higher branched
compounds such as 2dimethylheptene. Compoundsuch as 2 4limethylheptene possess

a high cetane numbeowing to their higher degree of branching, which increases the energy
densityand, therefore,would beof commercial interest téuel companies seeking to convert

plastic waste intauseful raw materials

Yan et al. observed a similar treimdtheir results in which an exceptionally high yield of 2,4
dimethylheptene (18.3 w%) was obtained® The formation of this compound can be
attributed to the thermal degradation of polypropyleneesulting in the formation of a 1
alkene (2,4dimethyt1-heptene) and a primary radicalhe increased ability of the tertiary
radicalwould seento be the driving force for the formation of this compound. An increased
yield of branched € G and G: isc-alkenes and isalkanes was also observétEvidently,

these results demonstrate that these branched compounds are a result of successive losses

of repeating units from the polymeric chain.
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Figure6. Thermal degradation of polypropyletfe

The review by Pilusa et al. adequately summarises aromatisatioyclid compounds formed
by DielsAlder reactions arising from high temperature pyrolysis of scrap &frdshis
mechanism is also described in detail by Afitls and Williams in their study on the pyrolysis
of LDPE? The general mechanism of the formation of dienksading to the formation of

benzeneis illustrated inFigure7 and Figure8.
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Figure7. A mechanism for the formation of dienés

DielsAldertype reactions between ethylene and tputadiene produces cyclohexene, which
undergoes aromatisation at high temperatures (above 700*E)yrthermore, polyaromatic
hydrocabon (PAH) formatioduring polyolefin pyrolysis thought to bea result of multiple
cyclisation reactions, followed by aromatisati®hPAH compounds may be present in the

solid residue (char) formed during pyrolysis and can be attributed to long residence times.
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Figure8. DielsAlder nmechanism for the formation of aromatic compoundisring pyrolysi¥

2.1.2. PyrolysiProcesses
The temperature, type of reactor and catalysts are very important factors that can determine
the product distribution. Pyrolysis catalysts can be used to selectively produce more of the
desired product e.g. the production of light olefins, gasoline andealiasing a suitable acid
catalyst. Acid catalystiecreasehe activation energy of higher cracking reaatso favouring
the production of lower molecular weight hydrocarbons (liquids and gases) at lower
temperatures In their review, Lopez et al. providemore indepth evaluation ofcatalytic
plasticpyrolysis?! In contrast, he production of wax by pyrolysis can be achieved without the
use of catalysts and is optimisable by varyimggrumentparameterssuch as temperature and

residence timeb;7:12.13.22

Fixed bed reactors arthe simplest in design and are usually operated in batch mode,
incorporating a suitable temperature program. Fixed bed processes are easily scalable due to

their simplicity indesign;however, the processing of largguantities of materiagenerally
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suffers fom poor heat and mass transfer and therefore, is less energy efficient than other

processes

Fluidised bed pyrolysis has advantages over fixed bed pyrdysis as increased heat and
mass transfer and lower residence time of volatiles in the gr@s@. However, this process is
not without problems and can be affected by bed-ftlédisation and the segregation of

particles that are difficult to fluidise These limitations are a result of the irregular, sticky

nature of plastics under pyrolysis conditions, making them difficult to handle.

The conical spouted bed reactor (CSBR) is a type of fluidised bed reactor that has advantages
over the more traditional fluidised bed reactors used in pyrolysis. t€blmology haseen a

lot of development in plastic pyrolysis processes due to its endmapability of handling

sticky solids with wide size distributioh8/>High yields of wax havesbn reported in the
literature (seeTablel) and can be attributed to the low residence timewafiatiles in the gas

phase which minimises higher craolg reactions and produces lower molecular weight
products such as aromatics and light olefii@espite the more complex design, the-spaling

of pyrolysis in a CSBR was successfully implemented by Elordi et al. in the pyrolysis of HDPE;

carried out at 506700°C in continuous mode at a production rate of 25 Kgth

The recovery of pyrolysiderived wax obtained by various authors is representedable
1.46.71218 Their results are in good accordance and demonstrate that increasing the
temperature decreases the recovery of wax and that the content of liquid (oils) and gases
increasesThe short residence times dow temperatures produce higher molecular weight
hydrocarbons, owing to the reduced severity of radical propagation reactions such as radical

hydrogen transfer and-scission
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Tablel. Mass Recovery of Wax from Plastic Pyrolysis

Plastic Reactor Temperature (°C)| Mass recovery of Reference
wax (%)
HDPE CSBR 500 67 Elordi et af
HDPE CSBR 700 12 Elordi et al*
HDPE CSBR 450 80 Arabiourrutia et af.
HDPE CSBR 500 68 Arabiourrutia et af.
HDPE CSBR 600 49 Arabiourrutiaet al.’
LDPE CSBR 450 80 Arabiourrutia et af.
LDPE CSBR 500 69 Arabiourrutia et af.
LDPE CSBR 600 51 Arabiourrutia et af.
PP CSBR 450 92 Arabiourrutia et af.
PP CSBR 500 75 Arabiourrutia et af.
PP CSBR 600 50 Arabiourrutia et af.
LDPE | Fluidised bed 450 75 Hajekova and Bajus.
PP Fludised bed 450 88 Hajekova and Bajfs.
PE/PP/PS Fluidised bed 510 85-88 Predel and Kaminsky.
LDPE | Fluidised bed 500 89 Williams and William&?
LDPE | Fluidised bed 700 29 Williams and William&?

It can be expected that afhe temperature is lowered the recovery of wax increasEsis
trend confirms that thermal cracking is less severe at lower temperatures, affording higher

molecular weight productshiat can be classified as waxes.
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2.2.Methods ofCharacterisation
Bulk characterisation by infrared and NMR spectroscopy enables the ichitfication of
major constituets based orfunctionality. Molecular weight distribution can be determined
by GPGndworks well as a comparative tool to draw trends from different procesiaiR
AES is a highly sensitivethodfor the determination of heavy metal concentrations.-GIS
is a highly sensitive for the separation and identification of volatiel @emivolatile
compounds The characterisation of contaminants is of high importance to the wax
manufacturing industries to ensure that levels of harmful chemicals such as PAHs and heavy
metals are below required specification§he analytical procedure will incorpae a
combination of methods tgroducea chemical profile of pyrolysierived waxesand is

illustrated inFigure9.

FTIR Functionality
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Figure9. Analytical proceduréor the research project

2.2.1. Infrared Spectroscopy
Infrared spectroscopy is a versatile and rapid technique that requires little to no sample
preparation. The sorting plastics of plastic waste based on ttemicalfunctionality is an
example of how infrared spectroscopy is used in indu&t?yIn a similar manner, infrared
can be used to determine thehemicalfunctionality of waxes derived from pyrolysis to

identify major constituents and indicate what plastic/s may have been used in the pyrolysis

23



process to produce the wax. Peak assignments for waxes are based on the correlations

provided by Williams and Fléng and have been provided Table 226

Table2. Characteristiénfrared absorbances expected for waxes derived from plastic

pyrolysig®
Functionality Band Peak assignment
Methyl, Methylene 2960-2850(s) GH Symmetric and Asymmetric Stretch
Methine 2890-2880(w) GH Symmetric and Asymmetric Stretch
Alkene(conjugated and | 1680-1620(v) C=C stretch
unconjugated)
Methyl, Methylene 14701430(m) GH Asymmetric and Symmetric deformations
(rocking and scissoring)
Allyl 995985(s) and GH Out of plane deformation
940-900(s)
Allyl (trans) 970-960(s) GH Out ofplane deformation
Allyl (terminal) 895-885(s) GH Out of plane deformation
Allyl (trisubstituted) 840-790(m) GH Out of plane deformation
Allyl (cis) 730-675(m) GH Out of plane deformation
Long chain alkanes 720(w) Long chairCH- rocking

The infrared results obtained from studies that carried out pyrolysis on individual and mixed
plastics in waste are in good accordance with the correlatiofiglile 271%142227\jlliams

and Williams reported the presence of the aromatic groups (33000 cmt, 1500 cmt and
900675 cmt).1?2 The band at 3108000 cm' was reported to begenerally weak and may be
obscurel by methyl and methylene peakshile the bands around 1500 chtan be variable,
therefore, making it difficult to analyse aromatics. The intensityaromatic peaksvere
reported to increase for samples in which pyrolysis was carried out at increasingly higher
temperatures (60Q; 700 °C). Their results are in good accordance with the mechanism for

aromatic famation at higher temperature$®

The results obtained by Cit et al. on the pyrolysis of LDPE at 700 °C demonstrated less clarity

with respect to aromatic formatio.'* The trends from other studies in the literature were
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generally in good agreement with each other and report high olefin content low

aromaticity /1322

2.2.2. Nuclear Magnetic Resonance Spectroscopy
Solution state NMR has an array of useful experiments that can be set up in didorfa
the analysis of various sample typés. NMR is the most routinely used experiment for the
rapid determination othemicalfunctionality. Peak integrals are proportional to the number
of protons and sample concentration and can be used to meathweconcentration of
analytes using internal standards. Waxes have a wide distribution of hydrocarbons with the
same or very similar functionality and generate peaks with very similar chemical shifts that
overlap, therefore, individual concentrations cane determined in the same way. Relative
proportions of functional groups can be determined by the integrating peak regions

corresponding to known functional groups based on their known chemical shift ranges.

Correlationstables producedby Myers et al.have been deployed in several studies to
characterise pyrolysiderived materials byH NMR and have beesummarised inTable
3.13.22.27.29.3By 15ing their equationgseeEquationl, Equation2, Equation3 and Equation4
below), other information such as the igmaraffin index (ratio between Grnd CH peaks)

can be determined. More highly branched compounds such gsasaffins contain more GH
groups than Cigroups;therefore, the index value is andicator of the degree of branching
between samples. To ensure the error is minimised, inversion recovery experiaTeatite

the measurenent ofthe T; relaxation. The relaxation delay is a delay in the pulse sequence
to allowH nuclei to fully relax. Thefore, setting the relaxation delay on the NMR instrument

to 5 times the longest1lis recommended for optimal results.

Although the correlations provided above generate some useful data for a comparison, the
correction factors were determined for gaswi samples; therefore, it should not be assumed
that the same values can be determined fwaxes owing to differerces in theirphysical
properties.For this reason, the correction factors were not used in this study in the analysis

of any of the wax sames.
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Table3 *H NMR Chemical shift assignmeintditerature®®

Assignment Proton type Chemical shift range (ppm

A Aromatic 6.6-8.0

B Olefin 45-6.0

C h-methyl 2.0-3.0

D Methine (paraffins) 1.5-2.0

E Methylene(paraffins) 1.0-15

F Methyl (paraffins) 0.6-1.0
Equationl.t I NJ- ¥ A~y 2e _¥J_8_ —
Equation2.h £ S F A& 52 op —
Equation3.! N2 Y I ( Czés e ?_ —

Equationd.L & 2 LIt NJ ¥ F AYY H/mggF‘z SE ' /1

The results from two different studies have been tabulated for comparisorable4. The

overall trend demonstrates that differences in the product distribution can be mostly
attributed to the feedstock and temperature. This would suggest that a higher content of PP
was usedas feedstock. Higher igmaraffin index values can be observed for the pyrolysis of

PP compared to that of HDPE and LDPE. These values are indicative of the higher branched
products which are derived from PP pyrolysis. Furthermore, the higher aromatierdaoit

mixed plastic waste indicates the presence of other plastics in the feedstock with aromatic

functionality such as polystyrene and PET.
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Tabled. *H NMR % composition

Feedstock | Paraffin % | Olefin % | Aromatic % | CH/CH Reference
LDPE 65.6 30.1 3.7 0.16 Das and Tiwar?
HDPE 72.1 25 2.8 0.19 Das and Tiwar?

PP 62.1 35.9 2 1.34 Das and Tiwar?
Waste (mix) 65.6 28.9 7.4 0.19 Das and Tiwaf?
LDPE 93.15 5.71 1.14 0.14 Yan et al®

PP 92.21 5.33 2.46 0.53 Yan et al?
Waste LDPE  93.18 6.14 0.68 0.22 Yan et al®
Waste PP 90.8 7.66 1.53 0.49 Yan et al®®

Yan et al. reported a lower content of olefins from the pyrolysis @dmREPP, which contrasts
with the results from Das and Tiwari who reported a much higher olefin content for the
pyrolysis of the same plasti¢3??Das and Tiwari reported that the maximum paraffin content
was achieved by increasing the pyrolysis reaction time, indicHtatghe reaction times used

in their experiment must have been short&??

2.2.3. Gel Permeation Chromatography
Gel permeation chromatography (GPC) separates molecular components in a sample based
on their size. Samples are dissolved an appropriate solvent such as chloroform or
tetrahydrofuran and then eluted through a column packed with microporous gel. Molecules
that flow through the column can enter the pores at varying degrees of ease based on their
size; whereby larger moleculedute first and smaller molecules elute later. Refractive index
detectors are most commonly used for GPC, since peaks are directly proportional to the
sample concentration owing to the relatively constant refractive index that polymers above

1000 g mot possess.

Molecular weight averagean be defined aslt) the numberaverage molecular weight (1
which isthe total weight of a polymer divided by the number of molecules and 2) the weight
average molecular weight (W, whichis the total weight dividedby number of molecules
times by molecular weighSince M, takes into account the molecular weight, it gives more

of an indication of the contribution of each molecule has on the average i.e. the larger the
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molecule, the more it contributes to M These vlues can be determined by GPC and used
to calculate the polydispersitywdex (PDI) which is defined as the ratio WM n. APDIvalue
equal to one would indicate that all the molecules within a sample have the same molecular
weight, with larger values inditing an increasingly broader digtution of molecular
weights. The equations to determine the molecular weight average and the polydispersity

index values are given beldsee equations § 7).

Equation 5D &

Equation 60 0 2

Equation 70 ¢ & @ Q'Qi HON O I0HO—

The table below enables a comparison between two studies on how the molecular weight of

wax is affected by pyrolysis temperature. Sexble5 .”12

Table5. Molecular weight distribution of waxes produced from LDPE

Feedstock Pyrolysis Mn (Da) | Mw (Da) | PDI Reference
temperature (°C)
LDPE 450 1118 1734 1.55 Arabiourrutia etal.’
LDPE 500 1045 1577 151 Arabiourrutia et af.
LDPE 600 1000 1460 1.46 Arabiourrutia et af.
LDPE 500 494 968 1.96 | Williams and Williams
LDPE 550 556 959 1.72 | Williams and Williami3
LDPE 600 498 893 1.79 | Williams and Williams
LDPE 650 388 736 1.90 | Williams and Williami3
LDPE 700 341 842 2.47 | Williams and William's

The results from Arabiorrutia et al. on waxes derived from the pyrolysis of LDPE between 400
and 600 °C demonstrate th#tte PDIldecreasess the temperature increases as a result of
the formation of smaller, more uniformly sized products at higheropysis temperaturesg.
Although Williams and Williams obtained higl®DIvaluesfor their waxes the same trend

can be observed for waxes produced from LDPE betweerg 800 °C2 A further increase
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in the PDImay be expected as the temperature is increased beyond 600 °C. However, the
observed increase irthe PDIcould be explained by the formation of aromatic and

polyaromatic hydrocarbons at higher pyrolysis temperatures.

2.2.4. Gas ChromatgraphyMass Spectrometry
Gas chromatography is a highly sensitive routine method for the separation and
characterisation and volatile and semvlatile compounds that are present in complex
mixtures. The two most commonly used types of detectors are: Flamegation detection
(FID) and mass spectrometry (MS).-I8E€ is routinely used for the identification of
compounds used in conjunction with the NISNat{onal Institute of Sandards and
Technology) library of compounds to match known retention times anass spectral
fragmentation patterns. GEID is routinely used to determine the concentration of analytes
using internal and calibration standards owing to the more constant proportionality of signal
intensity relative to the concentration of analytes. Anher use of G@®AS is simulated
distillation, which is an industry standard method of testing (ASTM) to determine the boiling
point range, which can be correlated to the carbon number distribution using calibration

standards’-22

The gas chromatogphic analysisf pyrolysis waxes conductdry Williams and Williamas
well asPredel and Kaminsky bottemonstrate thata series ofriplet peakscorrespondingo
hydrocarbons with the same carbon number the order of: alkadiene, alkene and alkane
can be observed?'Similarly, Yan et aleported a series of double peaks that correspond

to 1-olefins andn-paraffins!3

Williams and Williams report no detection of aromatic compounds after being separated by
sequential elution on a columi.Their preparative separation step is particularly important
for analysing contaminants so that interference from intensely overlapping peaks such as
those from paraffins can be minimised. Kferent method of preparative separation was
employed by Nyiri et al. to separate fatty acid methyl esters (FAME) from infant foffula.
They used urea to fornmclusion compoundsvith the straight chain FAMEs to make them
easier to separate from the analytmixture. Their results validated the method for the

detection of trace PAH using a triple quadrupole-I@&€ operating in multiple reaction
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monitoring (MRM) modé! Both methods of separation are examples of efficient baseline

separation, which enables the trace analysis of impurities.

2.2.5. Inductively Coupled Plasmftomic Emission Spectroscopy
ICRAES is a highly sensitive technique for determining concentrationsogjanic ions at
levels of 10 ppb or lower in most cases. The ionisation source produces a highly stable plasma
using argon gas at extreme temperatures which produces a characteristic emission spectrum
for each element. Thienablesthe simultaneous analysiof multiple elements in a complex
matrix with low spectral interferences. Concentrations are determined by the standard
addition calibration method using an internal standard which reduces the error introduced

by matrix effects and spectral interferencés

For complex samples that do not dissolve well in aqueous solution, samples must be digested
in a concentrated acid or mixture of acids such as nitric acid, hydrochloric acid or sulphuric
acid. Some elements are unstable in certain matrixes ssctitanium dioxide (Ti£) which

forms a white precipitate in nitric acid. Titanium dioxide is commonly used to increase opacity
in plastics and as a whifggment;therefore, it is highly likely to be present in plastierived
samples. This was confirméd be the case by Sakurai et al. for the determination of toxic
metals in household PE and P¥@®@lthoughthe formation of awhite precipitatemay prove

to be a hindrance to analytical resulis can be separated by filtration @entrifuging and
analysed separatelio determine its elemental identityA solution to eliminate the white
precipitate is to use hydrofluoric acid in a mixture with nitric acid, since titanium dioxide is

known to be more soluble in hydrofluoric acid.

2.3. Semrationsand Refining Processes
Traditional wax refining methods exploit differences in physical characteristics between
waxes and impurities, enabling the selective removal of impurities by methods like solvent
de-oiling (summarised in Section 1, Introdian) or adsorption. Furthermore, waxes are less
reactive than certain compounds suchasfins, halogenated alkanesd aromatics, which
can be converted by hydrogenatiosylphonation and oxidation into compouws that are

easier to separate.
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2.3.1. Adsorption and Liquid Chromatography

Hydrocarbons by type can be determineddiljca column chromatographgnd eluting with
increasingly polar solven.In this way, aturates can be eluted using a npolar solvent

(e.g. heptang and aromaticzan beeluted using an aromatic solvent (e.g. xylene, toluene
and benzene). Polar compounds are either determined by difference or by eluting with a polar

solvent.

Fixed bed adsorption tgpically used aa wax finishing process that remes/colourinducing
contaminantsusing fixed bedsf alumina/bauxite/silica/clay. The fixed bedtygpically part
of a swing system whereby the spent bed is replaced with a fresh one and then regenerated

by steam treating or roasting in a3’

2.3.2. Ureaand Thioure&Clathrate Extraction
In the presence of methanol at the correct temperature, urea can form statakeision
compounds(clathrates) with long chaim-paraffins by adopting a hexagonal crystalline
structure with an internal diameter of 5 A, which corresponds to the diameter of
hydrocarbons with a straight chaffi The driving force behind urea clathrate formation is the
stabilisationof hydrogen bonds between urea molecules through Van der Waals interactions
between the channel walls and the adducted paraffin cliaiSimilarly, thiourea may also
form clathrates with branched and polychlorinated alkanes, owing to the slightly larger
internal diameter (7 A) of the adduct crystdfsThe general procedure for the extraction of

straightchain compounds by CHs provided inFigurel10 below.
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Figurel0. General scheme for urea and thiourea clathrate extracfion

Further investigation and optimisation afea clathrate extractioias seen a remergence

in recent years!#42yamazaki et al. studied the role of methanol on clathrate formation and
concluded that methanol is not always required, however, it plays a role in decreasing the
equilibrium temperature of kathrate formation# However, the solubility of urea in methanol
destabilises the clathrate at armént temperatures and as a result may lead to a lower mass

recovery of lower molecular weight straigbhain hydrocarbons.

The procedure could be made scalable due to the cheap reagents required and may be able
to be carried out without the use of a solvdny adding crystalline urea directly to a wax melt
maintained at a suitable temperature (e.g. 50°C). However, the lack of a requirement to
develop scalable processes based on this method can be rationalised by the already popular
method of solvent depiling; which produces a similar result with respect to the separation of

impurities from crude wax.
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2.3.3. Hydrogenation

Hydrogenation is a widely used industrial process for the conversion of unsaturated oil into
saturated fatsor waxin the presence of &eterogereous solidsupportedcatalyst such as
palladiumon carboror nickelon alumina®2 A § K NB3IF NR (G2 KAIKie& 2ftS¥
to saturateolefinswith a melting pointbelow that of the corresponding paraffire. olefins

that are liquids at room temperature can be converted into saturated solids by
hydrogenation.In addition to this, hydrogenation is used a%ax finishingprocess in the
manufacturing industrywherebycomponents such as fatty ketones and aldehydestow

undesirable colour propertiesn crude waxand are subsequentlyconveried into their

corresponding paraffiney hydrogenatior?

2.3.4. Oxidation
Pyrolysisderived waxes are suspected of having a high olefin content; therefore, the oxidising
reagent must not be reactive with double bondxone®s acommercially availablexidant
with high stability, selectivity antias alow cod. AlthoughOxone®is used in epoxidation
reactions, catalysts are usually required to generate idimes in situ, which are highly

reactive with alkeneé?

Oxone®@s alsoused in many oxidation reactions to convert thids|phdes and diulphdes
into sulphoxides andsulphones?® The oxidation of @lphur containing compounds enables
them to be more easily separated by ligdiquid extraction or by adsorption onto silickn
this way oxidation may be used to oxidise impurities present in crude wax such @susul
and nitrogencontaining, which may then be subsequently removed by

adsorption/chromatography or liquitlquid extraction.

Kropp et aldemonstratedthe adsorptionmediatedoxidationof sulphides andulphoxides

using silicasupported Oxone®as a reagent® Furthermore, Silva et aldescribe a highly
versatile flow oxidation system using a fixed bed@fone®’ Fixed bed processes are
desirable for commercially scalable processes owing to their simplicity in design and can be
operated continuously. Furthermore, fixed beplacking materials are usually cheap,

commercially available and can easily be regeneratedashing with solvents e.g. DCM
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3. Results and Discussion

Pyrolysisderived waxes often smell and are coloured which is not desirable for direct use.
Three different waxeswax A, wax B andwax C were provided for the project with the
objective of developing a process to decolourise and deodorise these wiaxtse first
instance, characterisation ofcrude waxes was carried out to provide thdollowing
information on chemical propertiedunctionality, molecular weight distribution and heavy
metal content Separationmethods were carried out toecover purified vax andextractor
fractionate the waxes to determintghe properties of contaminant componentssing the
following methodsliquid chromatographysolvent deoilingandurea clathrate extractiom
combination with the analytical proceduréhe final aim was to develop a process to
decolourise andleodorisecrude waxes usingimple and effectivavax refining techniques

such as: adsorption, solvent aéing and hydrogenation.

Please refer to the appendices, bound as a separate document sothbsis, to refer to
sample massegappendix A) GCMS chromatogram@ppendix B) GPC chromatograms
(appendix B)JGCMSlata tablegappendix Cand ICP data tabldsppendix C)

3.1. Methods of Separation and Characterisation

Each fraction and extract obtainéadm the procedures outlined in this sectioraganalysed

by ATRFTIR, NMR and GPC. ICP analysis was carried out only on wax samples to assess the
removal of heavy metals by each separation method. Liquid injectioMS&®as carried out

only on fractions and extracts containing impurities since lilgh abundancef long chain
hydrocarbons majnterfere with the identification of impuritiesWax A was filtered through

celite prior to the solvent extraction procedure beiogrried out to remove insoluble residue.

3.1.1. Characterisation of Crude Waxes
The appearance of each wax is shownFigure 11. Wax Aexhibits ablack colour, an
undesirable odour antas atar-like texture. Wax B is a brown wax witrsafter texture and
is not associated with a strong odour. Wax C is an orange wax witfieatexture than wax

B and also does not have a strong odour.
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Figurell. Crudewax A (left), wax B (middle) and wax C (right)

3.1.1.1. Solubility

The slubility of wax A, B and @astested in a range of solvents to determine the most
effective solvent to use foanalytical methods and separations. The solvents used were:
benzene, toluene, chloroform, hexane, cyclohexane, dichloromethane, ethyl acetate, THF,

acetone, acetonitrile and methanol.

Wax A wagpartiallyinsoluble in the tested solvents due to the preseraf insoluble residue

and elevating the temperature appeared to have no effect. The mass of insoluble residue
from filtering waxes in toluenas given inTable6. There was very little insoluble content
presentin wax Band C g¢eeentries 2 and 3)Wax B appeared to be slightly cloudy in toluene,
chloroform and benzenean indication of immiscibilityimmiscibility may arise due to the
presence of polar compounds in a nrpolar medium and vice versa, tine caseof waxest@

the former.When the temperature was elevated, wax B dissolved in all of the tested solvents
except methanol, acetone and aceitiie. Wax C was soluble in chloroform, toluene and
benzene at room temperature and dissolved in all other solvents when the temperature was

elevated, with the exception of acetone, methanol and acetonitrile.

Table6. Determinationof insoluble residue

Entry | Wax | Solvent| Wax to solventratio | % Mass of insoluble
(wt %) residue
1 A | Toluene 10 34.3
2 B | Toluene 10 0.2
3 C | Toluene 10 0.4

Increasing the temperature increases the solubility of waxe®mpolar solvents even with

more polar solvents such as ethyl acetate and THF. This fits with the conclusions by Provost
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et al. on the solubility of longhain alkanes in nepolar solvents 1) solubility increases as

temperatureis increasednd 2) solubility decreases as chéngh increases?

It is noteworthy that a white precipitate formed whenaw B and C werdissolved in ethyl
acetateandcooled to room temperature.fie procedure was ineffective for waxd@ie to the
high content of insoluble material that remained in the solid phase. The mass rgauve
white precipitate (entries 1 and 2for waxes B and C are providedTiable7. The white
precipitate wassequestered by filtrationhowever, the colour deteriorated when the solvent
was removed under reduced pressuk&hen the filtrate(entries 3 and %was evaporated
under reduced pressure a brown and orarogdoured soft waxvas affordedor waxes B and
C, both possessing ampleasantsmell This discovery was the basis of carrying out the

solvent deoiling experiments in ethyl acetate (see section 3.1.3).

Table7. Mass recovery oprecipitate and filtrate obtained by precipitating wax in ethyl

acetate
Entry | Wax Solubility in ethyl| % Mass recovery
acetate
1 B Precipitate 21.5
2 C Precipitate 11.9
3 B Filtrate 70.5
4 C Filtrate 78.3

Chloroform was the solvent of choice for GPC andMS@&xperimentd-or NMR experiments,
the solubility of wax A, B and C was testeteinachloroethaned?2, owing to the positioning
of the solvent peak away from the aromatic regid#owever, he solubiliy of wax was
improved in chloroform, therefore, tetrachloroethard? was not used for any further

experiments.
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3.1.1.2. AcidBase Extraction

Acidbase extraction of crude waxegas carried out to determinéhe mass percentages of
acidc and bag commnents in cude waxes. The mass recovery of acidnd basc
componentss shownin Table8. The colour of waxes did not appear to improve following the

extraction procedure andeither did the odour

Table8. Acidbase extraction of waxes

Entry | Wax | Sample % Mass
recovery

1 A Recovered wax 56.5

2 A Basic components | 0.4

3 A Acidic components| 0.1

4 B Recovered wax 92.4

5 B Basic components | 0.7

6 B Acidic components| 1.0

7 C Recovered wax 77.8

8 C Basic components | 0.5

9 C Acidic components| 0.0

3.1.1.3. GPC

The GPC results indicate the differences in sample composition by their molecular weight
distribution. This enables the differentiation of heavy and light waxes, which is beneficial to
know since heavy and light waxes have different uses in the wax iydustr paraffin wax

and microcrystalline wax are examples of light and heavy waxes, respecBdlyalues are

a good indication of how complex (or contaminated) a given sample is, considering that a PDI
of 1.0 corresponds to the molecular weight distrilon of a single compound. For example,
samples with a higfPDlcould indicate how contaminated a sample is. The number average
and weighted average molecular weight values (relative to the molecular weight of the

polystyrene calibration standards) for@asample and their PDI values are displayed in

Table9 and the chromatograms are displayed in the Appendix B section 1.1
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Table9. Molecular weight distributiorof crude wars determined by GPC

Entry Sample Number average Weight average PDI
molecular weight molecular weight
Mhn (Da) Mw (Da)
1 Crude wax A 1106 2212 2.00
2 Crude wax B 494 596 1.21
3 Crude wax G 299 456 1.53

It has beeralluded to in the literature that lower molecular weight averages can be expected
to decrease the PDI owing to the formation of smaller and more uniformly sized compounds
as a result of higher pyrolysis temperatufesi?However the trend observed for waxes A, B
and Gn this study possibly indicatelfferent levels of contaminationContaminants include

any components that contribute to colour and ododihe crude waxes used in this project
are derived from ral plastic wasteand canbe expected to possesslydisperse nature
owing to thedifferent types of plastic and plastic additives present in mixed plastic waste.
Therefore, one might expect a highly contaminated wax sample to have a IR@Heralue

than a less contaminated one.

Based on the GPC dgteesented abovewax A (entry 1) appears to be the densest wax and

the PDI obtained for this wax also indicates that it is the most complex sample. Wax B (entry
2) is the leaspolydispersesample and possess a considerably lower average molecular
weight than wax A. Wax C (entry 3) is the lightest wax and possesses a PDI value that is higher

than wax Bpossiblyindicating that wax @ more highly contaminatethan wax B.

GPC has demonstrated good applitibfor comparing waxes derived from plastic pyrolysis,
enabling the differentiation between heavy and light waxes and the degree of contamination
between samples. Furthermore, the data afforded by GPC is good feedback on how pyrolysis
processes might beptimised in the future to produce the desired product specification.
Waxes derived from the pyrolysis of mixed plastic waste can be expected to be more
contaminated, therefore, possessing higher PDI values than waxegedefrom sorted

plastic.
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3.1.1.4. FTIR

In the first instancethe chemicalfunctionality of major constituents wasried out byFTIR
A summary of all of the peaks dhaterised for all three waxes provided inTablel10. The

peak assignments are based known infrared absorbances in thieerature 28

Tablel0. FTIR peak assignment

Wavenumber (crmt) Assignment

2952 (m) Asymmetric methyl ¢

2917 (s) Asymmetric methylene €

2849 (s) Symmetric methylene-€

1640 (w) C=C stretch

1461 (m) Asymmetric €H deformation

1375 (m) Symmetric €H deformaion

997 (w) A H

I

Out of plane deformatior. "

970 (w) R H

I

Out of plane deformatior. "

909 (W) R H

Out of plane deformatior. "

887 (W)

e
T

R
Out of plane deformatior.

720 (m) Long chain @1 rocking

Thespectrafor wax A, B and @re given inFigurel2. The peaks between 29602840 cmt
correspond to the @ vibrations of-Ch- and -CH groups. Asymmetric and symmetric

deformations of methyl and methylene groups are observetheregions; 147@ 1430 cm
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Land 1390¢ 1370 cm' respectively. The peak at 720 @ns characteristic of the rocking ef

CH- groups present in long chain hydrocarbons. Vinyl and atyk@etching vibrations in the
general region of 30953010 cmt cannot be observed on the spectrum. The vinyl C=C stretch
may be observed at 1640 chfor all three waxes; however, it has a very weak intensity. There
are three variablearomatic C=C stretching vibrations whiahe usuallyabsent at ~1500,
~1580 and ~160@n!. The most likely explanation for the lack of aromatic stretching
vibrations is the low abundance of these compounds in the crude waxes. Although the vinyl
stretching vibrations cannot be observed, they can be characterised by their out of plane

deformations between 1009 880 cmt.
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Figurel2. Infrared spectraof crude waxes

The infrared spectrum obtained for waxes A, B and C do not greatly differ and confirm that
paraffins are the major constitueat The C=C stretch at 1640 2¢nand the out of plane
deformations between 88¢ 997 cm' confirm defins to be present, which is consistent with
the thermal degradation mechanism, in which the betzssion of secondary radicals leads
to their formationduring pyrolysis’ The infrared spectrum provides little clarity regarding
the presence of aromatic compounds, which is consistent with the observations fitoen o

studies!®?227Cit et al. and Williams and Williams both confirm the presence of the aromatic
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Ar-H stretch in theirstudy on thepyrolysis of LDPE at 700 °C, which is consistent with the
formation of aromatic and PAKHompounds by Dielélder reactionsthat occurat highe
pyrolysis temperature$?1428The absence of thiseak indicates that the aromatic content of
waxes is very smalllhe infrared data obtained for waxes A, B and C apgteabe most
consistent with the results obtained by Arabiourrutia et al. for wax derived ftddiPE
pyrolysis at 450C/ All things considered, inay be speculatedthat waxes A, B and C were
obtained bylow temperature pyrolysigbelow 600°C) of plastic waste containing a high

composition of polyethylenand polypropylenén the pyrolysisfeedstock.
3.1.1.5. NMR

The NMR spectrum of wax A, B and C can be characterised by the peak regionsTaza in
11 below. The assignment of peaks was carried out based on known literature valt{dhe
equations provided by Myers et al. were not used to generate any data for this study, since

their correction factors apply toils (such as diesel and gasoline) and could introduce error.

Tablell NMR peak assignmest

Proton type Chemical shift range (ppm)
Aromatic ArH 6.70-8.00
VinylH.C=CEi-, H.C=CR-HC=CEi- 4.50¢ 6.00
Allyl HC=CHXH,-, -HC=CHH>-, Ar-CHz, Ar 1.62¢ 3.00

O-R,

Methine RCH 1.49¢ 1.90
Methylene-CH;- 1.03-1.49
Methyl ¢CHs 0.60-1.03

Thespectrafor wax A, B and @reillustrated below inFigurel?7. As expected, methylene and
methyl groups produce the most intense signals, while olefinic signals are relatively weak and
aromatic peaks are very weak on the NMR spectriinispeak at 5.84 pmis highly resolved

and enables a first order approximation of the splitting pattern, where the obsetoedblet

of doublet of triplets(ddt) is characteristic oferminal allyl groups. A tertiary substituted allyl
proton (CH=CHHR-) would appear as doublet of doublet of doublets (ddd&nd would be
shifted slightly further downfield of where the ddt multiplet appears. Since this cannot be
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observed on the spectrum, haybe concluded that tertiary substituted allyl groups are not

present.
4.98 2.00 1.28
0.88
(A)
541 1.28
R\/\/\
N 0.88
541 2.00
(B)

Figurel3. General overview of peaks identified by NMR. Values correspond to chemical shift

(ppm). (A) aliphatic and terminal alkene. (B) aliphatic andahaln alkene.
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Figureld. Wax A (bottom blue), wax B (middlered) and wax C (topgreer) NMR spectra

There are werlapping signals in the 1.6 1.9 ppm region which correspond to allyl and
methine protons. This does not seem to be accounted for in the literature and this peak region
has usually beeassigned taorrespond taonly methine carbon$32227The correlation tables
developedby Myers ¢ al. do notinclude allyl protons since their correlatiorse based

around characterisinggasoline samples, which contain famaller quantities ofolefinic
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compounds®® The values iable 10 for allyl and methine protons were determined by the

COSY experiment and the proton couplings can be seen in the exampleibé&ligurel5.

D1 3, doubled resolution

U

1 F1 [ppm]

Olefin proton couplings|

" — - I
= w’ g W g .
X e 1 N L
- . o : ",
] ] “ o | o
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6 4 2 0 F2 [ppm]

Figurel5. COSY spectrum of waxc@entifying allyl peaks in the aliphatic region between
1.62¢ 1.90 ppm

3.1.1.6. ICP

The possible origins of heavy metals detected in waxes A, B and C have been summarised in
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Table12. The presence of heavy metals in plasterived wax can be attributed to the
inorganic additives in plastic waste, catalysts used in the pyrolysis process and metals leached
from the reactor (iron, nickel, chromium ah manganese from steel alloys). Although
inorganic plastic additives make up a small concentration of plastics, the concentration of
heavy metals present in the wax is likely a result of bugdver time of residual heavy metals

during the pyrolysis process.
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Tablel2. Possiblesources oheavy meta present in plastiderived wag®

Function Substances w/w in plastic (range)
Flame Retardant Zincborate, aluminium oxide 0.70¢ 3.00%
trinydrate
Antioxidants and UV Cadmium and lead 0.05¢ 3.00 %
stabilisers compounds
Heat Stabilisers Cadmium and lead 0.50¢ 3.00%

compounds, barium and

calciumsalts of nonylphenol

Slip additives Zinc Stearate 0.10¢3%

Inorganic pigments Zinc sulphide, iron oxide, 0.01¢10.00%
cadmiumbased, manganese
based, chromiurrbased,

titanium dioxide

Filler Calcium carbonate, clay, zin Up to 5000 %
oxide,magnesium sulphate,

barium sulphate

The concentratiorof heavy metals present in waxes A, B avda8 determined bypy ICRand

the valuesare provided below ifrigurel?, Figurel8 and Figurel9. Waxes have widespread
commercial applications, therefore, it is importaontmonitor the content of potentially toxic
metals. The detection of heavy metals is particularly important since Cadmium, chromium,
lead and nickel are known to be toxic at low concentratieflithe ICP experiment carried out

in this research was for the purpose of determining the mdjeavy metalcomponents

present.
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Concentration (mg/Kg)

Concentration (mg/Kg)

Crude Wax A
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Figurel6. Wax Aheavy metal concentrations determined by ICP
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Figurel?7. Wax Bheavy metal concentrations determined by ICP
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Figurel8. Wax Cheavy metal concentrations determined bgP

3.1.1.7. Headspace GUIS

The dentification ofvolatiles was carried odty headspace GMS The odour of waxes B and

I FNB FIN fSaa Ay.iTRswasrefldcted by thé @IS chto@atogranis2 dzNJ
obtained for each wain which the split ratio had tbe decreased from 100 to X0r waxes

B and CThe detected wlatile components are predominantly hydrarbons; however, none

of the components detectedre known to have particularly unpleasant odours. Most odour
inducing compoundR 2 y Qi NB Kodzanhidionska\ (@dduce a noticeable odour
Sulphur, nitrogen and oxygenated compounds can produce noticeable odours at sub ppm
(mg/kg) level$! However, thedetection of sulphur and oxygesompoundsis hindered due

to the co-elution of these compoundsvith hydrocarbon peakdJsuallyspecialised detectors

are requiredto enable the detectiorof sulphur and oxygen containing compour¥ds
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3.1.2. Liquid Chromatography
Crude waxesvere separated into fractions on a silica colurbased on theiaffinity for the
stationary phase (silicd)y sequentially eluting the sample with increasingly polar solvents

(100% hexane to 81:15 hexane to 100% methanol)

(A)

A -v‘ "v—\." - v '

(B)\MW

Figurel9. (A) Crude wax A (left), crude wax B (middle), crude wax C (rid@)tNon polar

fractions of wax A (left), ax B (middle) and wax C (right)

Three distinct fractions can be defined: a colourless-polar fraction comprised ofvax, a
yellow/orange medium polarity fraction, and a high polarity fraction with the appearance of

a brown residue. The brown residue adsorbs strongly onto silica and elutes rapidly using high
polarity solvents such as methanol or isopropy! alcohol (IPiA¢. yellowcoloured fraction
appeared as a broad yellow band on the column and rapidly eluted when 15% ethyl
acetate/hexane was used as an eluent. The-potar fractiors recovered from waxes B and

C did not have any noticeable odour and exhibit favourableur properties, as illustrated

in Figurel9. There was a slight odour noticeable in the case of wax A, however, it was far less
intense than thecrude wax A. The downside to this method is the poor solubility of wax in
hexane, which can result in practical issues such as; high volumes of solvent required and
blockage of the column and sinter funnel. This method proved to be the most effective

method of separation for acquiring a quality set of data from the analytical procedures.

Mases of fractions recoverely liquid chromatography are provided able13. The mass
of wax recovered was high for waxegddtry 4)and C(entry 7)and was lowest for wax A
(entry 1)owing tothe high content of insoluble residue. This procedure has demonstrated

that the impurities thatproduce unpleasant odours andhdesirablecolours in crude waxes
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can be separated by their increased affinity of the stationary phase (in this caseasiticag

present in small quantities.

Tablel3. Massrecovery of fractions separated by liquitdromatography

Entry Wax Fraction % Mass Recovery
1 A Non-polar 75.7
2 A Medium polarity 3.5
3 A High polarity 0.6
4 B Non-polar 95.2
5 B Medium polarity 2.7
6 B High polarity 0.7
7 C Non-polar 93.1
8 C Medium polarity 6.5
9 C High polarity 1.0

3.1.2.1. GPQnalysis ofractions

GPC data for fractions separated by liquid chromatogragreydisplayedbelow inTablel4.
Medium and high polarity fractions obtained frolmuid chromatographyexhibit relatively
highPDIvalues and lower number average molecular weight values compared to waxes. This
supports theconclusion from the previous section, regarding the GPC data of crude waxes
(section3.1.1.3: that as the complexity of a sample increasiee PDI value increasesntries

5 and 6possess higher molecular weight averages and PDI values compaatties 8, 9,

11 and 12¢confirmingthat wax Ais the most contaminated sampl&ntries 5 and 6 possess
higherPDIvalues than the recovered wagr(try 4), confirming the removal of impurities. The
impurities (entries 5 and 6) possess high molecular weight averages, which confirm the
impurities to consist of high molecular weight components, in contrastinbpurities
fractionated from waxes B and(éntries 8, 9, 11 and 12), whicbnfirms than the impurities

to consist offlow molecular weight impurities
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Table14. Molecular weight distributiorof liquid chromatographyfractions determined by

GPC
Entry | Wax Fraction Number  average| Weight  average| PDI
molecular  weight| molecular weight
Mn (Da) Mw (Da)
1 Crude wax A n/a 1106 2212 2.00
2 Crude wax B| n/a 494 596 1.21
3 Crude wax C n/a 299 456 1.53
4 | A Non-polar 1235 2224 1.80
5 A Medium polarity| 1124 2836 2.52
6 A Highpolarity 558 1475 2.64
7 B Non-polar 487 602 1.24
8 B Medium polarity| 168 391 2.32
9 B High polarity 246 458 1.86
10 | C Non-polar 429 530 1.23
11 | C Medium polarity| 142 236 1.67
12 | C High polarity 176 322 1.82
3.1.2.2. FTIR

The FTIRspectraobtained for wax A, B and @on-polar fractionsexhibited the same
properties to that of the crud wax and no further elucidation of structures could be provided.

FTIR spectra for wax A, B and @-polar fractions are provided iRigure20.
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Figure20. Nonpolar fraction FTIR spectra

Figure21 shows the infrared spectra obtained for the medium polarity fractions. The sharp
peak at 730 cr (s)ismost intense in the case of wax A and is less intense for waxes B and C
GPC data confns the molecular weight average of this fraction to be relatively high,
therefore, it is possible that this peak corresponds to lahgin hydrocarbon rocking. The
peak at 905 cri (s)for wax A is found in the region that corresponds to terminal olefiine

high intensity of this peak along with the lorbain rocking peak may be an indication that
terminal olefins are longhain compounds present in the sample. The tslarp peaks
identified at1185(m)and 1080 cm! (m) for wax B are present in the tieg in which theester

GO stretch is usually found (13@01050 cm'). Furthermore, the peak at 1718 cdrfw) may
correspond to the C=0 stretch, which would confirm the presence of an ester. There are few
identifiable characteristics in the fingerprintgmn for wax C. The two broad peaks present

at 1597 cmt (w)and 1701 cmi (w) are in the region in which aldehydes and ketones are
present; these peaks are also present for wax A. Ther@@ieroad GH peaks above 3000,
which confirms that the © and CO peaks identified do not correspond to carboxylic acids
or alcohos but compounds containing an-R group It has been reported thathte thermal
degradation ofpolyesters affordgarbon monoxide, carbon dioxide, water and hydrogen gas

at higher temperatures via a six membered ring rearrangemei7at°C5354 The presence
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of polyesters in wax B would indicatee incomplete thermal degradation of polyesteighe
possible preence of polyesters is supported by -GBS data obtained from liquid

chromatography fractionsséction3.1.2.4.
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Figure21. Medium polarity fractiorFTIR spectra

Figure22 shows the infrared spectrum obtained for the high polarity fractibine GH stretch
at 3600¢ 3100 cm! couldcorrespond to residual methanahdor water. Methanol was used
as the eluent toafford the high polarityfraction; therefore, inefficient removal of
methanol/water under reduced pressure is the likely source of this pEad tailing of the ©

H peak in wax C between 362300 cm' could correspond to a carboxylatetdpeak, with
the GO peaks appearingsabroad pealsaround1200¢ 900cnT?. The broadness of this peak
suggests that itpossibly correspond to multiple chemical speciesarboxylates,esters,
phenols and alcoholsThe broad peak at 750 ¢ 1500 cm? likely corresponds tanultiple
species: alkenes (C=C), aromatics (C=sigrs (C=0), aldehydes am®tones (C=0Q)wing to
the perceived high complexity of contaminant fractioi$e overlapping of weak signals

prevented any further elucidation of mole@ulspecies present in the high polarity fraction.
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Figure22. High polarity fractionFTIR spectra
3.1.2.3. NMR

NMR spectra of nopolar fractions exhibit much of the same characteristics as that of the
crude waxes. The NMR spectra for faolar fractions is illustrated ifigure23. Aromatics

give rise to wealand broadsignals between 6.¢ 8.5 ppmfor all three waxesThe same is

true for most of the aliphatic peaks between 0.6 ¢ 3.00 ppm for all three waxes
Inhomogeneity in the magnetic field caused by the presence of particulate matter in the
samples is the most likely reason for the broad peaks on the NMR spectrum. For this reason,
it made it very difficult to elucidate any further information from the N§lsectra of medium

and high polarity fractions. The NMR spectra for these fractions are illustrated befoguire
24 andFigure25.
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Figure24. NMR spectra of medium polarity fractions. Wax A (bottom, blue), wax B (middle,

red) and wax C (top, green)

Elucidation of peaks in the aliphatic region (@3&00 ppm) is difficult owing to the complexity

of spectra and theoverlapping of peaksAromatic and olefinic peaks are weaker in
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comparison tahe NMR spectra of crude waxes. The presence of pealgeen3.50¢ 4.50
ppm suggests the presenesters which is supported by the FTIR datawever,the further
elucidation ofstructures by NMRwas hindered by the overlapping of peakshere are no
peaks between 9.00 and 12.00 ppm, indicating that no carboxylic acidéddehydesare

present

The FTIR and NMR data obtained for the medium and high polarity fractions of waxes A, B
and C is too urlear to make any clear trends owing to the complexity of spectra and the

overlapping signals..
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Figure25. NMR spectra of high polarity fractions. Wax A (bottom, blue), wax B (middle, red)

and wax C (top, green)

3.1.2.4. GCMS

GCMS wastcarried out on wa A, B and @edium and high polarity fractiorts identify the
major contaminant components.Chromatographic peaks were referenced to mass
fragmentation patterns and retention indices of known compounds in the NIST library. Only
matches 90% were selected to identify analytes. Some analytes can be attributed to plastics

and plastic additives commonly found in plastic waste and are displayl@biel5andTable
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16. The full set of data and the chromatograms for each sample can be fotimel appendix.
Good peak separatioof non-hydrocarbon analytekom dominating hydrocarbon peaks was
achieved ly liquid chromatographyarious types of compounds were identified including:
PAHSs, plasticisers, nitrogen and oxygen containing compaamdigude to plastic types and
additives that may be presenThere were some peaks corresponding to residual paraffins

and olefins, however, their presence did not greatly affectittentification of other peaks.

Tablel5. Possibletiermal degradation products and their possible plastic waste origins

Detected compounds and | Waste aigin (type of Wax detected in
compound types polymer or additive)

Benzaldehyde PET A B,C

Benzyl alcohol PET A B,C
Ditert-butylphenol Polycarbonate AB,C
Isopropylphenol Polycarbonate A
Diisopropylnaphthalene Polycarbonate A

Methyl- and Polystyrene A

dimethylnapthelene

Pentamethylbenzene Polystyrene A
Triphenylbenzene Polystyrene C
Tetradecanamide Polyamide (e.g. nylon) A B,C
Hexadecanamide Polyamide (e.g. nylon) A B, C
Methyl Stearate Plastic additive (slip additive) A, C
Esters Polyester A
Alcohols Polyester, amides A B,C
Aldehydes Polyester, amides B
Phthalates Plastic additives (plasticiser)| A, B, C
Polychlorinated PVC B, C
hydrocarbons

Polyflourinated PTFE (Teflon) A, B,
hydrocarbons
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The presence of aromatic compounds and their alkylated derivatives may arise from
variations in plastic feedstock (e.g. PS, PET, PC) and from secondary Diels Alder reactions
occurring at higher @mperaturest#?¢° No PAH compounds were detected for wax A,
however, it is als@ossiblethat the sample preparation procedure (filtration through celite)
removed PAH compoundslnfortunately, this could not be avoideatle to the presence of
insoluble residue that had to be remes to prepare samples of wak. The polyaromatic
compounds detected imediumfractions ofwaxes B and C are given below ablel6. Peaks
corresponding toPAHhad very low intensityon the chromatogram, suggesting that the

concentration of these components is very small.

Tablel6. PossibleTracePAHdetected by GBS

Compound detected Wax detected in
Fluoranthene B, C
Perylene B, C
Indenopyrene B, C
Bis(bromomethyl)anthracen C
Dihydro4H C
benz[de]anthracene
Methylpyrene B, C
Dimethylpyrene C

Several compounds were identified that could @erived from polycarbonate 2,4-di-tert-
butylphenol 3-isopropylphenol and 2:@8iisopropylnaphthalene. In their review, Antonakou
and Achilias have ated that the pyrolysisof polycarbonateresults in the fomation of
isopropytsubstituted aromaticcompounds>® Furthermore, 2,4ditertbutylphenolis used in
the production of polycarbonateTherefore, the detection of these compoundsy GEMS
indicates thatpolycarbonatecould be presenin the feedstockMoreover, the detection of
amidesand carboxylates are likely to be derived from the thermal degradatigpolyamides

and polyesters.
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3.1.2.5. Silica Column Regeneration and Elution Volume

The elution volumecan be defined as the volume of wax solution (in hexane) that can be
eluted before the elution of yellow coloured compounds occurs and begins to contaminate
the purified wax.Initially, the mlumn regenerationprocedureinvolved flushingvith 15 %
ethyl acetate/hexaneand then neat methanol to remove impurities followed by
reconditioning by flushing again with 15 % ethyl acetate/hexane and then neat héxaing

1 and 3. The elution volumedf wax and number of column regenerations is illustrated in

Tablel?.

Tablel7. Determination of elution volume, experiment 1

Entry | Number of column| Mass of silica| Concentration of wax Elution
regenerations (9) solution in hexane Volume (mL)
(g/L)
1 1 20 35.7 175
2 2 20 35.7 0

From experiment 1, yellowoloured contaminants eluted straight away after the column was
regeneratedfor the first time (entry 2). This resuttould indicate that methanolwas not
efficiently removed byeconditioningthe column The presence of methanoh the column
increases the mobility of polar compounds the silica, which could explain this observation

It is also possible that eluting with methanol moves polar compounds further down the
column without fully removing them, resulting in the contamiion of any further fractions

collected after reconditioning the column.

For experiment 2, methanol was substituted for IB# the polar regeneration solvent
however, this also proved to be unsuitable faegenerating the columrowing to the
retention of polar solvents onto silicdPAis fully miscible withhexane;therefore, it was
thought that reconditioning the column would be more effective using this sol\¢oivever,

the same problem persisted (contamination of apalar fraction after reconditiomg) and it

can be concluded that other methods such as thermal treatment in an oven or vacuum oven

should be tried.
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Tablel8. Determination of elution volume, experiment 2

Entry Number of Mass of Concentration of wax Elution Volume
column silica (g) solution in hexane (g/L) (mL)
regenerations
1 1 20.07 21.28 250
2 2 20.07 21.28 0

Experiment 2 demonstrated that high polarity solvents (methanol and IPA) increase the

mobility of colourinducing impuritieson silica causingearly contaminaton of the purified

wax.

The quality of wax produceualy removinghe high polarity solvent from the regeneration step

for experiment 3andusing only a medium polarity solverds % ethyl acetate/hexan(entry

1, 2 and 3) This proved to éeffective; however, due to blockage of the column, it was not

possible to continue the experiment gasntry 3. If the column is not dried fully before-re

use,then the residual solvent present on the columwil result in contamination opurified

wax. The poor solubilitgf waxin the eluting solvent (hexane) is a hindrance which cannot

easily be sercome in the laboratoryA temperaturemaintainedprocess would be ideal and

solve issues of solubility and blockage of the column, howelisrcannot easily be done in

the lab.Furthermore, increasing the volume of solvent used to dissolve the wax does not aid

in dissolution. Long experiment times and large volume of solvent are disadvantages that

hinder the scalability of the process.

Tablel9. Determination of elution volume, experiment 3

Entry Number of column| Mass of Mass of wax in | Elution volume
regenerations silica (g) hexane (g) (mL)
1 1 20.08 20.3 150 mL
2 2 20.08 20.3 150 mL
3 3 20.08 20.3 150 mL
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3.1.3. Solventde-oiling
Usually, Zoutanone and butyl acetate are used in industrial processes for thalog of wax
owing to the increased solubility of impurities and the decreased solubility of wax in these
solvents and other solvents with similar propertfe¥.The observations frorthe solubility
test (section3.1.1.]) experiment are the basis of why the solvent-giéng process was
developed using ethyl acetatedction3.3.1). Solvent deoilingis a method used to extract oll
(liquid) and solventsoluble impurities such as coleinmducing compounds and aromatics. The
purpose of this procedure was to decolourise and deodorise wax and separate impurities.
Wax A was filtered through celite remove insoluble conteryrior to the eyperiment being

carried out.

The appearance afe-oiled waxes is shown below Figure26. The appearance of aixtracts
is illustrated inFigure27. The oil extracts were viscous apdssesse@n unpleasant odour

and undesirable colour properties, indicating the successful removal of contaminants.

Cooling from an elevated temperature toam temperature produced a white precipitate

and further cooling to32 °C increased the mass of recovered white precipitate \vizes

oiled wax A possessed the least favourable colour properties, demonstrating that the
impurities present have poor solulyl in ethyl acetateWr E . Qa O2f 2 dzZNJ LINE LJ
improved slightly, howeverthe wax still exhibited undesirable colguitemonstrating that

wax Btoo contains impuritieghat are hard to remove by extraction with ethyl acetaléne

colour properties were significantly improved for waxadichexhibitedonly a slightrace of

colour after the procedure Overall, the separation method proved that there are hard to

remove impurities still present afteolvent deoiling, therefore, by combining the procedure

with another methodsuch as fixedbed adsorption the colour propertiesof wax can be

improved further aswith the solvent deoilingprocedure §ection3.3.1).
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(A)

(B)

Figure26. Comparison between cradwax and wax aftesolvent deoiling. (A) Crude wax A
(left), crude wax Bmiddle), crude wax C (righ{B) Recovered wax feft), recovered wax B

(middle) and recovered wax C (right) framlvent deoiling

Figure27. Wax A oil extract (left), wax B oil extract (middle) and wax C oil eXtight)

The mass recovgrfor oil extractexhibitsthe same trendas the average molecular weight
of the crude wax decreases (wax A > wax B > wax C) the oil content increlaisbscan be
attributed to the lower melting points of lower molecular weight hydrocarboRsese values
are provided in

Table20. The waxes recovered frosolvent deoiling (entries 1, 3 and Hre harder than the
crude waxes, howevemass losslue to the removal of oil contenis detrimental to the
recovery of waxThe nass loss from ax A was determinetb be 41.3 wt %after filtering

through celite
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Table20. Massrecoveryof de-oiled wax and oikextracts

Entry Wax Extract Mass recovery (%
1 A De-oiled wax 39.4
2 A Oil Extract 10.8
3 B De-oiled wax 52.4
4 B Oil Extract 37.7
5 C De-oiled wax 34.2
6 C Oil Extract 57.8
3.1.3.1. GPC

GPC data fatle-oiled waxes and oil extractse given below in

Table21. Oils (entries 5, 7 and @pssess a higher PMdicaing the removal of a complex
mixture comprised of lower molecular weight impurities. The average molecular weight
values obtained for oiéxtracts (entries 5, 7 and 9¢oupled with FTIR datdigure28 and
Figure29) indicate that the major componentould belong-chain unsaturated and branched
hydrocarbors. Thede-oiled waxes(entries 4, 6 and 8possess higher average molecular
weights than crude waxegntries 13) and confirm the removal of low molecular weight
impurities.PDI values for oilentries 5, 7 and Qre higher than for recovered waxémntries

4, 6 and 8).Overall, these results indicate the removal of lower molecular weight
hydrocarbons, affording a hard wax with a narrow molecular weight distribution and a low oil
content. It is also cleahat oil extracts(entries 5, 7 and 9nustconsst of a mixture of long
chain and short chain hydrocarbons most likely arising from the presence of branched and

unsaturated compounds.
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Table21. Molecularweight distributionof de-oiledwaxes and oiéxtracts determined by GPC

Wax Extract Number average Weight average PDI
molecular weight M | molecular weight My
(Da) (Da)
Crude wax A | n/a 1106 2212 2.00
Crude wax B | n/a 494 596 1.21
Crude wax C| n/a 299 456 1.53
A De-oiled wax 1688 2411 1.42
A Oil extract 663 953 1.44
B De-oiled wax 677 722 1.07
B Oil extract 323 436 1.35
C De-oiled wax 649 761 1.17
C Oil extract 213 359 1.69

3.1.3.2. FTIR

Infrared spectra fode-oiled waxes anail extractsexhibit similar characteristids the crude
wax with respect to the major constituents preserde-oiled waxespossess a more
pronounced longchain rocking band at 720 chthan that of the oil extract¢Figure28). The
peak at 720 criis still present for oil extracts, suggesting tisatmelong-chain compounds
are still presen{Figure29). The presence of the peak at 1750-¢im the oil extract of wax A
could suggest the presence of C=0 functionality relating to ketones or aldehydes. No broad
peaks present indicates that carkylates are not present, however, these peaks could be
obscured by the more intense-l€ peaks since they would be much lower intensity if they
were presentUnsaturation is confirmed by the presencetioé peak at 1650 crhalong with
peaks in the 100Q 880 cm! region. As with the wax product, the olefinic character of the oil
is confirmed by the presence of peaks in the 1Q@B0 cm! region. No further elucidation
was possibl@andthere were no other major differences in the spe@in comparison tothat

of crude wax.
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Figure28. Infrared spectra of solvent egiled waxes
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Figure29. Infrared spectra of solvent extracted oil
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3.1.3.3. GCMS

The GEMS chromatogram obtained for oil extracts suffers from ovgplag of peaks of
interest such as PAHSs by interference with hydrocarbon peaks. Therefore, the identification

of individual compounds was unsuccessful using this method of separation.

3.1.4. Investigation of Ureaand Thiourea Clathrate Extraction for Wax
Characterisation

The shape selective nature OfCEenables the extraction of compounds containing straight
long straighichain alkyl groups. Branched, unsaturated, polyhalogenated and aromatic
compoundsdo not form clathrates owing to their incomagibility with the hexagonal
structure of urea clathrate®® During the procedure, it wasnportant to enhancephase
transfer conditions by highrate ofstirring to enable the efficient contact between the urea
methanol phase and the waxtoluene phaseto maximise the formation of clathrates
However, mass recoveries of wax wéwes, owing to the high oil content of both waxekhe
oil that was left after the extraction of straiglthain compounds by CE(clathrate oil)
appeared to haveimilar properties to those obtained splvent deoiling;, a darkcoloured
viscous oil with unfavourable colour and odour propertiEgyure30). Wax B had improved
colour properties followingJCEextraction in contrast to wax B recovered aftsolvent de
oiling (Figure26), which was less effectiva removing colourWax A did not form clathrates
with ureawhich was indicated by unrecovered wiaxthe reaction flaslafter the procedure
had been carried out. e procedure wasstill carried out for waxes B andt@ assesghe

effectiveness of the separation methedth respect to colour and odour removal
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Figure30. Comparison between crude waxes and oils obtainetd 6 (A) Crude wax A (left),
crude wax B (middle), crude wax C (rigfB).Recovered wax Beft), recovered wax C (right).
(C)Wax Bclathrate oil(left), wax Gclathrate oil(right)

Mass recoveries are given irable22 for recovered waxes andlathrate ois. The colour
properties were most improved the case ofvax C; however, the oil content was higher.
Soft wax was also observable in the oil extract frarmx C,which may be a result of
thermodynamic instability of lower molecular weight urea clathrates at low
temperatures??>8Extraction of iseparaffins bythioureaclathrate formation was ieffective,
indicated by thelow mass recovery of extracted materiagdlthough thiourea clathrate
formation is well understood in the literature, the process has not been evaluated or
optimised in the way that urea clathrate formation h#s®4%42.58The |[ow mass recovery of
iso-paraffins may be a result of poor optimisation of parameters such as temperature and
solvents, therefore, may require further optimisation to improve the recovery epam@ffins.
However jt remains unclear as to whether this is the case, or that theran fact, a very small
quantity of iseparaffins present. The presence of 4saraffins would make sense, since
plastic feedstocks usually include polypropylene, which breaks down into lower molecular

weight iseparaffins owing to the presence of therdnched methyl group.The mass
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