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Abstract

Polycyclic aromatic hydrocarbons (PAHs), compouhds are produced during the
combustion of fuelsjs one example of contaminants found in automotive lubricants.
PAHs can aggregate and form solid deposits. The deposits can be dispersed by the
inclusion @ oil-soluble additives into the lubricant. However, these additives can have
negative effects on the lubricant performance. Unfortunately, current technologies do
not remove contaminantgather, they serve to minimise any damage caused by them.

It is prgposed that supplementing current technologies with suitable sphdse,
polymeric additives may be of benefit. It is hypothesised that contaminaatsbe
removed from hydrocarbon fluids using polyrsarpported chemistries in the sohd

phase.

Precipitation polymerisation (PP) and ragueous dispersion (NAD) polymerisation
were investigated to synthesise a library of aromdiased, crosslinked polymer
particles. Hypercrosslinking chemistry was also utilised to impart high specific surface
areas into some materials. To test the applicability of removing PAHs from a hydrocarbon

fluid, each polymer was contacted with a solution of PAHs in heptane.

These investigations proved fruitful, showing that upwards of 90% of certain PAHs could

be removed fom a heptane solution using crosslinked polymers.

The synthesis of polymer resins by suspension polymerisation was investigated, with an
aim of producing polymer particles that were of an appropriate size for containment
within an engine lubricant systemA library of resins was successfully designed,
synthesised and characterised. @gbe, macroreticular and hypercrosslinked materials

were synthesised to give a breadth of specific surface areas bearing varied functionality.

Finally, contamination remova&rom an engine lubricanin situ using some of the
synthesised materials, was undertaken. It was concluded that using solid-pbseers

as contaminant removal devices was effective.

Some of the work presented in this thesis forms the basis for tiert application

W02017178593A2 (Removal of aromatic compounds from a hydrocarbon fluid).



Abbreviations

4-VP¢ 4-Vinylpyridiene

ABDV H Z-Az€bis(2,4imethylvaleronitrile)

AIBNg H Z-Az@bisisobutyronitrile

BET¢ BrunauegEmmetigTeller

BJH Barrett-JoynerHalenda

CV¢ coefficient of variation

B _ average diameter

DVBg Divinylbenzene

EGDMA; Ethylene glycol dimethacrylate
FTFIR¢ Fourier Transform Infreed

HXLg Hypercrosslinked

mbar ¢ millibar

NAD¢ Non-aqueous dispersion

PAHc Polycyclic Aromatic Hydrocarbon
PP¢ Precipitation polymerisation

ppm ¢ parts per million

psi¢ pounds per square inch

PV polyvinylpyrrolidone

SEM Scanning Electron Microscopy

VB Vinylbenzyl chloride
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1. Introduction

Polymers are ubiquitouand affect our daily lives in a profound way. They range from
the relatively mundane (polyethylene plastics used in food packaging and polyamide
fibres used in the textile industry) through to more advanced and exotic applications
(extremely high strength polyaramidsuch as Kevl8r used in the ballistics and
motorspott industry)! The vast array of polymers employed in the lubricant inddstry

some of which will be expled laterg are also very much part of thiory.

Deriving from two ancient Greek wordspolisY S YAy 3 WY | y & @érad NJ WY dz
YS I yAY X pdyimiraNdieQarge molecules comprising of many simpler repeating

units.

Tounderstand polymers fullyone can begin by looking gtolymer synthesisThere are
numerous possible synthetic routas well as many polymerisatidé@chniques that can

be used to transform monomer into polymrse

In 1929 W.H Carothers proposed that polymers which had been prep@éaedstepwise
reaction of monomers be distinguished from those which are fornwea chain

reactions® Thus, the classical subdivision of polymers came to be:

Condensation polymerg Formed by reactions #t involve the elimination of a small

molecule, usually water, at each step.

Addition polymers; Formed in a reaction where no such loss of a small molecule takes

place.

While at the time these definitions worked, it did not take long before notable exoept
began toappear,and a more reliable description was required. In 1953 P.J Flory argued
GKFdG GKS GSNY w02y RSy AN GN KR ByichlbisfieakO S R

(@]]

of stepgrowth polymerisation rather than condeason polymerisation as there are
polymers which grow in a stepise fashion without the elimination of a small molecule.
Polyurethanes are one such example, being synthesised typically from a diisocyanate and

diaol (Schemel).
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Schemel ¢ Step-growth synthesis of polyurethane

For two mutually reactive functional groups, there are two distinct ways in which linear

step-growth polymers can be synthesised:

1 - Both functional groups can be in the same molecule, for example the

synthesis of a polyester from a hydroxyacid molec8ieheme2).*

o o)
m /©)‘\OH - + nHO
HO 0 n

Scheme2: Synthesis of a polyester from an AB monomer

2 ¢ Polyesters can also be produced using twdubictional monomers, a dibasic
acid and a diol§chemes).®

OH
OH + m OH/\/ I 0 + 2n H,0
"o ~"o ’

Scheme3: Synthesis of a polyester using-hinctional monomers

In both cases the esterification can occur anywhere throughout the monomer matrix
where two monomer molecules are orientated correctly and possess the correct collision
energy. After the ester forms (with loss of water), the reactive end of the growing

polymer can continue to reactiaeither the hydroxyl or carboxylic acid group. The overall



effect is that the reaction consumes monomer rapidly but there is no corresponding large
increase in molecular weight. This phenomenon is exemplified schematically below for

12 monomer wits containing functional groups A andmBgurel).

A A A A A A A A A AA A
/ e 4
P 7 e
’ , ,
B B B B B B B B B g8 B B
E— B A A A A A
A A A /A A A .
. LI
4 ’
B B BB B B B B B B Bl B B
Unreacted monomer Monomer 1/3 reactedO (= 1.2
A A A A A A A A A A A /A
| | | |/ %
//
B B B B B B B B B B B B
B A A A A A B A AL A AL A
|/| |/ /|/| v |/|/| %
/’ //
B 8 8 8 B B B B B B B B
Full monomer conversiof® ¢, = 3 2/3monomer reactedO (,= 1.7

Figurel - Schematic representation of a stegrowth polymerisation

When one third of the monomer has been converted to polymer (polymer is represented
by boxes, and the dashed lines represent species which are reacting) it can be seen that
the number average degree of polymerisati@fh (the number of molecules present
initially divided by the number of molecules that remain), is low. In fact, even at 100%
monomer conversion the number average degree of polymerisation is still very low. The
rate of polymerisation will decrease as the functional groups are consumedein th
polymerisation. In turn, this means that even at high levels of monomer conversion the

molecular weight of the polymer will increase rather slowly.

In 1935 Carothers developed a simplistic set of equations which related the number

average degree of polyanisation,O () to the extent of monomer conversiop,®



With these equationsCarothers was able testablishone of the fundamental facets of
step-growth polymerisation, namely that exceptionally high conversion of monomer is
required if usablénighmolecular weight polymers are to be produced. For example, the
aliphatic polyamide Nylo®6,6, Figure2), can be used to make fibres. However, ifhhig
strength fibres are to be produced then the molecular weight of the polymer has to be
in the range of 1200 to 13000 g mot which corresponds to ® &, of 106 to 116 For

a polymerisation that has reached 99% completion}, = 100, showing that to get high
quality polymer, the polymerisation must proceed beyond 99% monomer conversion.
This demands that efficient polymerisation protocols are used as well as very high purity

monomers and reagents.

0
H
N\/\/\/\
N
H n
0

Figure2: Nylon6,6

Ashas beenshown, in steggrowth polymerisation polymer chains are built in a step
wise fashion through the union of monomers to form dimers, trimers and higpecies
throughout the monomer matrix. There is, however, another way in which polymer can

be formed, and this is through chagrowth polymerisation.

1.1. ChainGrowth Polymerisation

Chaingrowth polymerisation is the process by which monomer is convertgubtpmer

by the successive linkage of monomer molecules to the end of a propagating Thain.
process begins with the formation ofraactive species (often a free radical or charged
moiety) in a process called initiation. This active speasesontinuously regenerated
during each monomer additionNext, is the propagation stephé end groups of the
propagating chain react with a monomer unit and transfer the reactive species onto the
next monomer unitRounding off the polymerisation the termination step. This step
stops the formation of the reactive species on the growing polymer chain, effectively

bringing the polymerisation to an endypically, the polymer which is formed has



similar structure as the parent monomer that formed it,cainere is also usually no loss
of a small moleculeSchemed). However, when polymerising vinyl monomers such as

styrene, a loss of unsaturation canaur. The same is true of dienes.

N n
m
Schemed: Chaingrowth polymerisation of styrene

Chaingrowth polymerisation has one vital difference when compared to -gpepwth
polymerisation; in stegrowth polymerisatiormolecular weight increases slowly while
monomer is consumed swiftly. In chagnowth polymerisation, however, high molecular
weight polymer chains are attained even at low monomer convergiogure3). The
main differences between step growth aobaingrowth polymerisatiorare highlighted
in Tablel.
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(@) Unreacted monomer; (b) 50% monomer reactédy = 1.7; (c) 75% monomer

reacted,O &, = 3; (d) 100% monomer reacte@,’y = 12 (boxes represent polymer and

dashed lines represent species which are reacting)

Figure3: Schematic representation of chaigrowth polymerisation



Stepcgrowth polymerisation

Chairgrowth polymerisation

Reaction will proceed without the use

catalysts or initiators.

Initiator (or catalyst) is generally require

to start reaction.

Polymer chains and monomers wi
appropriate end groups will act as tf

reacting species.

Onlyreactive species, such as radicals
ions, can propagate the reaction b
addition of monomer to the growing

polymer chain.

Polymer is formed late in the proces

Oligomeric material is created first.

Polymer is formed very early in th

reaction process.

The average molecular weight of t
polymer increases with reaction timg

Longer reaction times generally gi

The average molecular weight of the fir]
polymer remains, with excepti@nlargely

unchanged by extending theeaction

time.

higher molecular weight polymer.

Tablel- Common differences between stegrowth and chaingrowth polymerisation

1.2 Free Radical Polymerisation

Free radical polymerisation is a type of chgnowth polymerisation that is of academic
and industrialimportance. Free radical polymerisation also encompasses all materials
that were synthesised as part of the body of reseapchesented in this thesis. Long
polymerchains can be obtained readily from monomers thahtain a vinyl functional
group. Industrally, vinyl polymers are the most import of all polymer typasth
polyethylene, poly(vinyl chloride), polypropylene and polystyrene all being prodaced
this wayon a several million tonrsscale annuall§? This method is exploited widely in
industry for a number of reasons: the vinyl monomer types that can be used in free
radical polymerisatiorare manyand varied; it is both safe and relatively easy to carry
out, even aon multitonne scale; due to the very nature in which the polymerisation
proceeds high yielding reactions are typical; the reaction is generally tolerant of

impurities that are present within the systent is costeffective.



A free radical polymerisatip asis the casemost other types of changrowth
polymerisation, can be broken down into three distinct steps;ititiation, where the
reactive centre icreated,and this is normally achieved by using a radical initiatay; 2
propagation, this stagefdhe polymerisation is where the macromolecular chain grows
viaa kinetic chain mechanism. This stage sees the repeated addition of monomer onto a
propagating polymer chain; andgermination, where thegrowth of thekinetic chain

is stopped. This is achieved in one of two ways, either the active centre present at the

end of the chain is terminated or it is transferred to a new polymer chain.

The initiation process is instigated using a radical initiator, with @ropounds and

peroxides being the most common. This can be achieved either thermally or
LIK2G2Ff @GA0I T &d ¢ KaShisHsSoM@ovitrid)S(AIBN) & yhowdnT H I H Q
Schemeb. Homolytic scission dfvo GN single bondsesults in two 2cyanoisopropyl

radical species and a mole of nitrogen:gas

N /% hu/A "X
X (\\N/,QN ¢ S P e 2 TN N ()
Schemeb: Decomposition of AIBN

The 2cyanoisopropyl radical is theavailable to react with a monomer. In the

polymerisation of styrene (or indeed of any vinyl monomaer) electron pair is held

0SG6SSy G(GKS (g2 OFNb2ya Ay | °~ 062YyRP ¢KS 2
dzaSa Iy St SOUNRYy TtdleYbondiviEhore ofihetwdRinylcgtborF 2 NIY |
atomsP ¢ KS 20GKSNJ - St SOvinyRafbonddrd $as pivdicing KS 2

another carborcentred radical that can react with another monomer unit.

The polymerisation process is rounded off with terntioa. This is a process that can
happen in a number of different ways, depending on which monomer is being used, or
more specifically on the structure of the chand radicaP” Combination can occur,
where two polymer radicals simply joiogether to form one long chain. Polystyryl
radicals interact almost exclusively in this manner. Another form of termination is radical
disproportionation; a radical from one chain abstracts a hydrogen atom from the end of

anotherpolymer radical This poduces a polymer with a terminal unsaturated group and



another polymer chain that has a saturated terminal group; poly(methyl methacrylate)
radicals are more prone to this type of termination. An active clesud can react with

an initiator radical, rendeng the chain inactive. Some impurities which are present in
the system can end the polymerisation prematurely or greatly retard its progress. One
such example is oxygewhere the growing chakend will react with molecular oxygen,

Oy, thus producing a dgmer chain with an oxygen centred radical on the end, a radical
that is far less reactive than a carboantred one. The polymerisation of styrene to form
polystyrene with each step (initiation, propagation and termination) highlightisd

shown inSchemeb.
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Schemeb: Polymerisation of styrene

1.3 Molecular weights of polymer chains

What has been discussed thus far are lir@artheticpolymers. Theseglymers are quite

different to their small molecule counterparts, especially when it comes to describing the

10



molecularweight ofa polymer This is becausether than containing molecules which
are all the same molecular weighttypically a given polymersample contains a
distribution of chains of differing length. In the chain termination step of a egesmwth
polymerisation, the lengthof the two combining chainare likely to be dissimilarThis
therefore results inchains of differing length anthus different molecular weight. The
same is tre of stepgrowth polymerisation;upon oligomers of different molecular
weight reacting together, polymer chains of different moleculgight are produced.
This thenraises the questionWhen describing a polymgwhich molecular weight
should be quoted? The highesbwest, or perhaps a range of masse®gfhat is often
done isthat the spread of mizcular weightsd obtained and a distribution graph of

molecular weighg can be produceftom this data’

Carrying this out, however, cdre rather monotonous andriie consumingOne would
have to obtairall the data for all the different molecular weights that may be present in
a polymer sample and arrgethem according to how much of the polymer each of those
molecular weights is made up of. However, with the didipe exclusion chromatography
(where analytes are separated based loydrodynamic volumgthis can be carried out

as a matter of routine.

In terms of investigating the molecular weight ranges present in a polymer, what is often
quoted is an average vauThe most straightorward methodcountsthe number of
molecules of gparticular moleculaweight and then sums them all together, before
dividing this by the total number of molecules in the sampke, the arithmetic mean
value. For exampldf a polymer sample containeti0O moleculeshaving a molecular
weight of 400000 g mol and 100 having a molecular weight of 000 g mof,
intuitively the average molecular weight would be 30@0 g mot. This average is known

as thenumber average mecular weightand has the symbal

Mathematically, the number average molecular weight is calculated using the following

formula:
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BO

Equationl - Equation used to calculate the number average molecular weight ) of
a polymer, whereN; is the number of molecules (polymer chains) which have a

molecular weight of;

A method such as that described above which counts the number of molecules is known

Fa | WwO2ftA3IFGABS YSUIK2RQ®D / téabukeld faid S Y S

polymerinclude: lowering of vapar pressure or freezing poinas well as the elevain

of osmotic pressure or boiling poitt.However, it should & noted that in a polymer
sample the actual number of molecules will be smaller when compared to a-small
molecule sample. This, in turn, means that the observed effect in the lowering of freezing
point or rising of osmotipressure,etc., will be much smaller ahtherefore harder to

measuret!

The other most commonly quoted averagga polymer sample is the mass (or weight)
average molecular weight, . Just as the number average molecular weight took the
average based on the number of molecules (polymer chains), the weight average
molecular weight calculas the average based time weight of the polymer chains using
the following formula:
Bw t0

W
Equation2 - Equation used to calculate the weight average molecular weigha

polymer, whereWi; is the mass of polymer chains (molecules) which have a molecular

weight M;

Theweight average molecular weigig a weighted average and accounts for the fact
that larger molecules have more mass that smaller ofidgs equation can also be
written in terms of the numbers of molecules being counted rather than the mass of
those molecules, wher®V is equal toN; (the number of polymer chainshultiplied by

Mi (molecular mass of polymer chains), as follows:
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Equation3 - Expressing . in terms of number of molecules

The ratio ofd 70 is called thepolydispersity indexwhich is used to measure the
dispersity of a system. The cloghbis ratio is to 1, the closer all the polymer chains in the
sample areto one molecular weightThis can be aesirable trait in a polymer as the
experimenter can have greater control over the physara mechanical properties of

the polymer*t

This brief sectiomescribingmolecular weights has been used to highligie factthat
polymers are quite different to their small molecule counterpardd that when
characterising moleculaweight it is not as simple as quoting just one value as would
happen with a small moleculeNumerous polymer textbools contain adetailed
explanation and analysis of polymer molecular weight distribution and how it is

calculated*®711

1.4 Crosslinked polymers

Thus farthe polymers discussed have been linear. If, however, one of the monomers to
be polymerised has two or more reactive moieties then these linear polymers can be
chemically linked together to form crosslinked polynseains Such materials consist of

an ininite network ofinterconnected linear polymers, making it effectively one single
molecule.This means thathe polymer effectively has an infinite molecular weigimd

there will no longer be a distribution of molecular weights as all the chains aredjoine
together. One example of a crosslinker is divinylbenzene (DM8)re4 exemplifiesthe

incorporation of DVB (highlighted in red) into two polystye polymer chains
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Figure4: Covalently crosslinked polystyrene

Some other famous examples of crosslinked polymers include: Bakelieenot
formaldehyde polymer) and vulcanised rubber (natural rubber treated with sulfur and
heat to crosslink linearhains together}3 Only a small number of crosslinks are required
to produce a material that is useful. Howeveigler degrees of crosslinking cay
mechanical strength to the polymer as well as thermal stabiityosslinking will also
render the material insoluble. Nevertheless, the presence of a solvent crosslinked
polymers will tend to swell as the solvent is taken up by polymer!* The extentto
whichthe polymer will swell is dependent on the affinity of the solvent for the polymer
in question and indeed on the degree of crosslinkimpis swellable nature of the

polymer makes them very attractive for use as functional materials.

1.5 Gehtype andmacroreticular polymer particles

The amount of crosslinker antypes of solventshat are included in the polymer
synthesis will have a bearing on the morphology of the resulting polymer partilen

the amount of crosslinker is low (<20% of thenomer feed}*the resulting polymer will

be an amorphous, infinite network of polymer chains which interpenetrate one another.
The material will also be devoid of any fine structure in the dry state. All the polymer
chains will be in contact with one another and tinaterial will therefore have a very low

specific surface area. These materials are knowgeat/pe polymersWhen contacted
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with an appropriate solventd solvent with a solubility parameter similar to that of the
polymer) gel type polymers will swelind expose porosity within the polymer that can

be accessed and utilised for a number of different purposes (some of these will be
reviewed later). Unlike linear polymers, crosslinked polymer chains are attached to all
the other chains creating an infiniteetwork. This means that the polymer will swell up

to a limitbut will not dissolve. The amount of crosslinker that is used to create gel type
polymers is very important. If too little is used (<1%) the resulting polymer will be weak
when swollen and thexfore easily damaged. If, however, too much crosslinker is used
the material will not swell enough in an appropriate solvent; all the polymer chains will
be bound together too tightly to allow penetration of the polymer network by solvent.
These highly cslinked materials would be of little use as the interior network would
be inaccessible. This swelling phenomenon is only accomplished when an appropriate
solvent is used. G#ype polymers will not swell in solvents which have a solubility
parameter whichssignificantlydifferent to the polymer. Also, swollen, ggfpe polymer
beads tend to be soft and compressible which does not make theited to certain

applications!4

Macroreticularpolymers can address some of these issddwe morphology of a
macroreticular material is quite different tothat of the geltype materials
discussed previouslyhe porosity in the macroreticular polymers is known to arise
from micro-phase separation during the course of free radical polymerisation in
the presence of a ceolvent, usually described as a porogén.If a
thermodynamically goodatvent for thepolymer is used, this will heljp solvate

and swell the growing polymer chains. This allows the mitrase separation of

the polymer to occur at a relatively later stage in the polymerisation proddss.
causes some of the porogén2 NB Y I Ay GNIF LILISR Ay GKS 3N
primary particles. As these primary particles collide and aggregate together, they
form the final polymeric material. Upon drying, the trappeorogenis removed,
leaving behind voids which are all intermected, creating a permanently porous
architecture This means that, unlike gslpe polymers, macroreticulgvolymers
havea permanent and weltlefined pore structure, even in the dstate, with

typical specific surface areas ranging from ~50 to ~10%9.*
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Non-solvents for the polymer can also be usesporogens One good example being the
use ofn-heptane in the synthesis of poly(styrexge-divinyloenzene$® Thisnon-solvent

for the polymerleads to early phase separation of the growing micrsgéthin the
monomer dropletsGenerally, albeitwith some exception$! thisleads to materials that
have much lowespecificsurface areas but higher overall pore volume when compared

to the same material prepared with a thermodynamically good solvent as the pofdgen.

Linear polymes and short oligomers have also been utilised porogens.
Polymethacrylates, polystyrene and poly(dimethylsiloxa(fefDMS) amongst others,

hawe all been shown to be effective porogens for the formation of macroreticular
materialsi®?2 The mechanism by which porosity is imparted when using polymers and
oligomers as porogens is similar to that observed whenoa-solvent is used as a
porogen?® Due to this mechanism, these materials will typically display low overall
specific surface areas buhigher pore volume$? Interestingly, Macintyre and
Sherringtonreported?! that a bi-modal size distribution of pores was attainable in the
polymerisation of DVB, whilst retaining modest specific surface areA.
thermodynamically good solvent for DVB (toluene) was used along with PDMS as the
porogen system. The toluene produced much smaller pores while the PDMS was able to

produce much larger pores.

Unlike geltype polymers, permanently poroumaterials do notrequire swelling for
access to the porous interior of the particles. Therefore, as long as the polymer particles
are suitably wetted with an appropriate solvent, the interior structure of a macroreticular

polymer can be accessed by almost any solvent

1.6 Polymermicrospheresand their synthesis

Polymermicrosphees are, as the name suggests, polymers that when synthesised take
the form of very small beads or particles. The exact dimensions of the particles are
dictated by the synthesis method that is used to make thé&wor. clarity, some of the
methods by whiclcrosdinked polymer particles can be synthesised will now be briefly
reviewed. Suspension, precipitation and dispersion polymerisation are all considered to

be conventional polymerisation techniques, and are used routinely in academia and in
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industry?* They also form the three niva synthetic routes that wer@mployed in the

preparation of the materials presented inishwork.

1.6.1 Suspension Polymerisation

Suspension polymerisation is an important procésat is used to produce many
industrially significant polymers, includinigpter alia polystyrene, poly(vinyl chloride)

(PVC), poly(vinyl acetatgyplyacrylates anciumerousion-exchange resink2%28

Producing polymerusing a heterogeneous suspension of monomer droplets in a
polymerisation mediumthe latteroften called thecontinuous phasecan trace its roots

to the work of Hofman and Delbriik in the early 1969%3! In most suspension
polymerisations, polymer is formedia a chaingrowth mechanism, as has been
discussed previously¥he process begins with the addition of an initiator to the monomer
(induding crosslinkerg the initiator should be solublen the monomer A porogen may

also be included in the monomer phase if the desired polymer is to be macroreticular.
This solution (omonomer phasgis then added tahe polymerisation mediunmn which

it is insoluble. The monomer phase is suspended as stable droplets in the continuous
phase by stirring the mixture. The stability of the droplets is aided by the addition of
suspension stabilisersThe polymerisation is then initiated, usually hgating. The
monomer droplets are then converted directly into polymer microbeads of
approximately the same dinmsions as the mmomer droplets. In suspension
polymerisations, each monomer droplet can be viewed as an individual, small bulk or
solution reador. It istherefore presumedthat the polymerisation kinetics are similar to

the corresponding bulk polymerisation or, in cases where a porogen is included, solution
polymerisation. This presumption is based upon seminal work investigating the
polymerisaton chemistry and reaction kinetics that occurs within the monomer
droplets?® It has been notetf that polymer pregitation within the droplets may
produce chemistry thia is not observed in bulk polymerisation. Also, another
complication that may cause the kinetics and mechanism to deviate from those observed
in the bulk is radical desorption. If the monomer droplets are small enough, radical

species (produced from theitrator) may desorb into the continuous phase. It has been
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suggested thatin these cases, the reaction mechanism will become similar to that

observed in microemulsion polymerisatiofts.

1.6.1.1 The continuous phase

In most suspensiorpolymerisations, the continuous phase uwgater. Due to most
polymerisatiors being exothermic, the water allows for efficient heat transfer adfvayn

the polymerisation.These polymerisations are termed -oitwater (O/W). If water
soluble monomers are to be used to produce polyntee suspension polymerisation
can be catied out in the opposite way,e., a waterin-oil (W/O) suspension. Aagueous
solution which contains the monomer and initiator is suspended in a continuous phase
that is usually a paraffin or silicon &tlSome examples of polymers produced by this
method include polyacrylates, as well as-pmlymerisations of acrylamide and

bisacrylamide to produce acrylamide polgr supports?>33

1.6.1.2 Suspension Stabiliser

A suspension stabiliser is included in the continuous phase to help avoid coalescence and
agglomeration of the polymer particles dgl form. The stabilisers are initially dispersed

in the continuous phase where they quickly move to the sudamfethe monomer
droplets. However, stability may not be achieved immediately as the stabiliser molecules
rearrange on the surface of the monomer droplét©ne way in which stabilisers work

is to lower the interfacial tension of the monomer droplets and therefore lower the
amount of energy that is needed for the droplet to form.. Work by Borwaeke. has
shown that by increasing the amount of stabiliser the elastic prosrtof the forming
beads can be improved and therefore improube overall stability of the monomer
droplets3® The stabilises act to produce a protective film at the interface of the
monomer droplets This can help to stop polymer beadsom coalescing ah
agglomerating togetherCommon stabilisers that are used in O/W susp®ns are
natural and synthetic water soluble polymers, including: polyvinylpyrrolidone (PVP),

poly(vinyl alcohol),poly(vinyl acetate),as well as wmerous natural gums and
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cellulose?®>2% Some insoluble inorganic salts, including calcium phosphatee also
been wsed as stabilisers in suspension polymerisation. When inorganic molecules are
used as suspension stabilisersome surfactants may be necessary to aid

stabilisation36-37

1.6.1.3 Particle szeand bead morphology

Polymer particles produced by suspension polymerisation are usually in the size range of
about 1 um to 1 mmwith the particles that are produced usually being polydisperse
However, there are numerous factors that can affect the size of the monomer droplets
and therefore thesize of theresultant polymer beads, as well as the size distribution of
these beadsThe size of monomer droplet can be altered by changing the s8peed,
the stirrer shapethe shape and dimensions of the reaction vessealvell as theolume
ratio of monomer to continuous phasélt hasbeen shown that the concentration and
chemical nature of the stabiliser used can have an effect on the polymer bead¥Silte.
has also been reported that the morphology (including porosity) and polymer particle
size distribution can also be affected by the type of stabilisat is used®*? The effects
that all of the above have on the particle size can be seen in the relatiosbbipn in
Equation4.

0 R

ST

Equation4: Relationship between describing how suspension polymerisation
parameters can affect average particle diametevhere®is the average polymer
particle diameter; K represents the reactor deign, stirrer type, any ssHbilisation
that may occur etc.dis the interfacial tension of the monomer droplet$; is the
volume fraction of the monomer droplets? is the diameter of the stirrerd is the
stirrer speed and|} is the density of the monomer droplets

Reports have also shown that the conditions within the reactor can have a large effect
on the size and size distribution of the monomer droplets anddfare the resultant
polymer beads. Due to the agitation of suspension polymerisatiexsessive friction

(viscous shear) or turbulence within the reactor can also cause monomer droplets to
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break apart (see referenéefor more details on viscous shear and turbulent flow in

suspension polymerisation)

It can therefore be seen hat producing high quality materialsvia suspension
polymerisation is governed by numerous factors and can be incredibly difficult to do
reliably and reproducibly. It is for this reason that suspension polymerisation is often
described as an art form rather than an exact sciefi¢éIn certain applicationé? it is

of the utmost importance to have particles that are all monodispeirse,particles that

are all the same size. Wiithis can be seen as quite an obvious drawback to suspension
polymerisation, suspension polymerisation is used routinely in industry nevertheless due
to the low costs versatilityand the possibilities for upscaling. If particles of a specific size
rangeare required,then the resultant polymer particles are simply sieved to obtain the

size range of interest.

1.7 Precipitation Polymerisation

Precipitation polymerisation was first reported by Stéver angvookers®™in 1993 as an
improvement on amethod reported previously by Bamfordet al*® Precipitation
polymerisation begins with initiator and monomer (including crosslinker) dissolved in a
solutionof aneay & 2 f & 8 ¢gedired-ayidRogen (the continuous phase), to create

a homogenous solution.

Ad a 2tfoSgien polymeris one thatcan negate theeffects of excluded volume
expansionln a dilute solution, the conformation of a polymer chain is dependent upon
interactions between different sections of the polymer chain, as well as between the
polymer chain and solvent moleculdifferent sections bthe polymer chain cannot
physically occupy the same space at the same time. This excluded volume causes the
polymer to expand, in attempts to minimise polymgolymer interactions.In a
thermodynamically goodolvent,the polymer chain will extentb maxmise polymer
solvent interactions. In a thermodynamically bad solvgralymerpolymer interactions
dominate, and the polymer coil will contract to maximise these interactidmssolvent

is just thermodynamically poor enough to cancet the excluded slume effect, but not
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SO poor as to cause polympolymer interactions to dominate and cause contraction of

the polymer chains.

Precipitationpolymerisation is often stilconsidered a heterogeneous techniquigke
suspension polymerisatioras polymer aclei begin precipitatingrom the reaction
mixture at a very early stage of the polymerisatiorlowever, precipitation
polymerisation is a nucleation and growth process, whereas the monomer droplets in
suspension polymerisation are converted directly to polymoth oligomers and
polymer nuclei are formed as the synthesis begins. The nuclei begietipitate out of
solution while the oligomers remain soluble in the continuous phase. The nuclevgaow
the addition of fresh monomer and oligomers that are still dissolved in solutioa.
porogenis included in the polymerisation, as in suspengiatymerisation the phase
separation of the particles happens slightly lafierthe case of thermodynamically good
solventsyand some of the cgolvent is trapped within the growing polymer particles and

upon drying a permanent porous structure is left, giving a macroreticular morphology

The lack of stabilisers in precipitation polymerisation has led to some discourse within
the academic community as to how stable particles are forwiadhis method. In 1991
Downey and cavorkers proposetf that the surfaces of the polymer particles were
composed of a artially crosslinked gel layer, which is swollen by the solvent, and is able
to stabilise the particles as they form. The sHored gel layer will desolvate and collapse

in a decomposition that is both driven and curtailed by crosslinking. In 1999,e$laiim
proposed?® that the particles produced were very mn dependant on the level of
crosslinker that is used. It was suggested that by increasing the levels of crosslinker
greater degree of hardness is imparted into the polymer beads. This hardness helps to

prevent discrete particles from fusing with oneadher.

Most polymers produced by precipitation polymerisation have some common features:
for example, highly monodisperse particles are not uncommon, and with tailoring of
reaction conditions the experimenter can expect beads in thecOlD um size range
Precipitation polymerisation is normally carried out using high levels of crosslinker, with
instances of crosslinker being the only monomer present being reported commonly in
the literature#%° The process of precipitation polymerisation is performed under highly

dilute monomer concentrations (<5 % w/v monomer in relation to the total solvent
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volume) in order to avoid coagulation of the polymer partid®Ehe problem with this
method is that a lot of solvent is needealproducea small mass of polymer, for example

if one wantedto synthesige 2 kgof polymer upwardsof 40 litres of solvent would be
required which is ot very attractive to the industrial polymer chemist. However,
repeated usage of solvent with monodisperse patrticles still being attainable has been
reported in the literature*® This high dilution of monomer tends to result in precipitation
polymerisations being rathesluggistwhen compared to suspension polymerisatidhe
overall yieldsin precipitation are often modest when compared to suspension
polymerisation. However, precipitation polymerisation can be usedinelyto produce
near monadisperse polymer particle§*> Havng micron size particles that are
monodisperse make materials that are prepangd precipitation polymerisation very
attractive for use in numerous applications. One particular example is chromatography
monodisperse particlesan aid mass transfer of analyte on the coluihhas also been
found that column performance, in liquid chromatographygncbe improved by

redudions in the particle size distribution of particles used in the colidfmn

Precipitation polymerisations an attractive synthetic strategy as material can be
produced quickly, efficiently and easily. This simplicity is highlighted by the fact that it
does not require any additives or stabilisers and that low micron sized disperseor

near monodisperse parles can be produced as a matter of routine.

As well as chromatography, precipitation polymerisation has been used to produce
YEGSNRAIFIf&a 6A0GK AyiSNBaldAy3d 2N dzydi@dBsStQ
microsphere®®, polymer supports for use in oxidative orgarfiow chemistry®, the
synthesis of molecularly imprinted polymers (MfBs)as well as precusrsors to

hypercrosslinked polymetg>&6L,
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1.8 Dispersion Polymerisation

Dispersion polymerisation, like precipitation polymerisation, begins as a homogeneous
solution. This method is usually used to prodlioear orlightly crosslinked materials

and polymers that are neporous in the dry state.

Monomer, initiator, and a polymeric stabiliser (such as polyvinylpyrrolidone) are
dissolved in solvent, usually an alcohol, for example ethanol or methanol. Upon heating,
oligomers begin to form, all of which are still soluble in the reaction medium. As the
oligomers growthey begin to precipitate from solution, thus forming the nuclei of the
polymer particles. These nuclei are stabilised by the polymeric species added at th
0SIAAYYAYI 2F GKS NBFOGA2yd ! ILAYyS LRf&ayYSN
monomer/oligomer from the solution. If crosslinker is to be added to the reaction it
should preferably only be done so after the nucleation stage of the reaction,
correspondng to ~ 1 % monomer conversion. Winrgk al. have investigated and
explained why the addition of crosslinker and certaimeonomers must be delaye:53

It wasthought that the crosslinker and emonomers were interfering with the highly
sensitive nucleation phase of the reaction. If these reagents were added after the
nucleation phase had occurrei was found that they were incorporated into the final
polymer without disturbing the size or the size distribution of the polymer particles.
Extensive work in this area has also been carried out within the Cormack research group
here at Strathclydé? This body of work ab highlighted the very sensitive nature of the
nucleation phase, with very small changes to the reaction parameters having drastic
effects on the resultant particles. Initial monomer concentratisalvent composition,

the type of stirrer and even the matial the stirrer is made afrere all shown to influence

particle size and patrticle size distribution.

1.9 Hypercrosslinking

In the early 197QsDavankowet al. patentec?® a method for the formation oéxtensive

crosslinking between the aromatic rings fiear polystyrenes. This was achieved

23



through a FriedeCrafts reaction using an external elexghile as a crosslinking agent,

in the presence of an appropriate Lewis acid. Originally, this processamaed out using
external crosslinkers such as, chloromethyl ether (CMEnd carbon tetrachloridé&.°
However, due to botlreagentsbeing acutely toxic and carbon tetrachloride being an
ozonedepleting agenttheir use in this regard has all but ceased. Molecules such as
monochlorodimethyl ethef’ and 1,4bis(chloromethyl)’*:"Zas shown inScheme7, are

therefore more commonlyused as external crosslinkers

Cl

FeCl,

1,2-DCE

Cl

m

Schemer: Hypercrossliking of polystyrene using the externa
electrophile 1,4bis(chloromethyl)benzene

51 @Fy1200Qa KeLISNONRAafAY|{AYy3I &I aprodiBed | NJ I o f
can have specific surface areas greater than 1089.M

For polymers containing an appropriate comonorguch as 4chloromethyl)styrene
(vinylbenzyl chloridehypercrosslinking is also possible. The polymer particles are simply

swollen in a thermodynamically good solvent, such as dichloroethane, and heated in the

presence of a Lewis agisuch as iron tridoride (SchemeB).
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SchemeB: Hypercrosslinking opoly(vinylbenzyl chloride)

This intramolecular hypercrosslinking reaction has been shown to be highly efficient. Ahn
et al.”® reported that a getype resin prepared by suspension polymerisation could be
almostexhaustively hypercrosslinked after only 15 minutes. This was evident by a drastic
decrease in Cl content, falling from nearly 20% to less than 2%. This marked drop in
chlorine content was also accompanied by a considerable increase in the dry state
specifc surface area of the sample, rising from almost no surface area whatsaetes

dry state,to more than 1000 rfig. The first materials to be hypercrosslinked were
derived from linear polymer precurser However, more recently, hypercrosslinked
materids that were produced from lightly crosslinked polymer particles have also been
synthesisedNon-porous, getype particles produced by either precipitatiosuspension

or dispesion polymerisation can be hypercrosslinkéd?’+">with the non-aqueous
dispersion (NADpolymers tending to produce the most uniform and monodisperse
hypercrosslinked polymer particles. Dispersion polymerisation routes tend to yield
hypercrosslinked particles that areegular in size and show a tendency to agglomerate.
This is of importance due to the end applications of such materials, such as
chromatographyand solidphase extraction where the uniformity of particles is of
importance.As previously discussetieaded mlymers ratherthan irregulaty shaped
particles (such as those obtained when hypercrosslinking linear polymers) are usually
better in these applications.Abdulla®* reported a novel method to produce
monodisperse hypercrosslinked polymers where the precursor particles had been
produced by dispersion polymerisation. This method involved partially hypercrosslinking

the particles in a noiswelling solvent, such as heptane, in a bid &bgise the particles.
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This was followed by exhaustive hypercrosslinking in a swelling solvent. The need for this
stabilisation step was proposed to be due to the precursor particles containing some
soluble polymer. Upon swelling in solvent this solublgipa would be released and free

to react with the polymer particles as they were hypercrosslinkithgis producing

particles with rough and uneven surface

Hypercrosslinkd polymers can also be synthesised through the-satidensation of
certain molecles. This works in much the same way as the internal or external
electrophilesdescribed above. However, in the setfindensation examples Friedel
Crafts chemistry is used to create methylene bridges between small molecules until a
networkis produced, rater than joining two polymer chains togeth&avankov and co
workers showed that a microporous polymer could be produced from the- self
condensationof 1,4-bigchloromethyl)benzené® However, the resultant microporous
polymer had only a modest specific surface afdare recently, this body of work was
investigated more thoroughly by Cooper al.”>’” They found that by using théarger

n Z-mis@hloromethyl)biphenyl, much higher specific surface areas couldchéved,

with valuesupwards of 1800 rfig being reported. Porosity and specific surface area
could be enhanced or suppressed by tailoring of the reaction condit@mstinuing the
theme of producing porous polymers directly from small molecules ratiem the post
polymerisation  chemical modification of polymersby utilizing 1,4
bigchloromethyl)benzee and carbazole and reacting thesa FriedetCrafts alkylation,
Buhniaet al. were able to produce a hightyicroporous hypercrosslinked polym&This
material exhibited a BET specific surface area of nearly 16@0 bpon sulfonation, this
materialwas shown to be a highly efficient solid acid catalyst that was used to produce

biodiesels from fatty acids and esters.

Hypercrosslinking chemistry has alseen shown to bea successful strategy in the
production of somewhat more exotic hybrid materiddenzykchlorideterminated cubic
siloxane cages can, through setindensation, give an organitorganic hybrid material
exhibiting an ultrahigh specific surface area of 2506/g1"° With a pore volume of 3.3
cmq/g, this material was of particular interest. Such high pore volumes are unheard of in
porous siloxandased material§$®? Carboranes have also been exploited in a similar

fashion. By grafting two benzyl chloride moieties onto taborane and then self
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polymerising this material,0an and ceworkersproduced a material thathad a specific
surface area of 864 ffy.8° While this may seem like a rather modest surface area when
compared to some other hypercrosslinked materials, this material was of particular note
because it posssses a highly electron deficient architecture. This eleetheiiciency was
shown to enhance hydrogepolymer interactions and therefore this material exhibited

very high Hadsorption.

Research towards the synthesis of high surface areatemals usingmore facile
chemistry,that utilisesmilder reaction conditiors and lesexpensive starting materigls

has been exhibited. In 2014 new synthetic approach was proposed by &gal.8! Using
straightforward FriedelCraftschemistry they were able tauseformaldehydedimethyl

acetal (FDA) to link together simple small molecules, such as benzene and bifzhenol
produce hypercrosslinked materigls ¢ KS  (USANKY3 QW gyrAal dzA SR (2 R
process. By varying the ratio of FDA to benzspecific surface areas of up to 130&/m

could be achievedResearchers have applied KA & W1 y A (tdilarge8panaa G N> G S
aromatic molecules, such as triphenyl benzene as well as 3D building blocks such as
tetraphenyl methaneand triptycene®®8s This later molecule, with an optimal FDA to
monomer ratio, could exhibit a specific surface area as high as 134 Tetraphenyl

methane containing knitted, hypercrosslinked polymers have shown promise as
methane and carbon dioxide adsorptivés. Linear polystyrenes have also been
crosslinked to produce hypercrosslinked materials using FDA as a crosslinker, with
surface areas of 974 #y being achieved® Using FDA as an external crosslinker,
hyperaosslinked polymers from a gslpe precursr have also been produced. Maga

al. demonstrated this using a poly(styrene-DVB) getype resin®” It can be seen,
0KSNBFTF2NB> GKIG GKAa W{IyAdGaGAy e daigh i I OK |
starting materials. Also,\busing FDA as a crtisking agent, the use of chlorinated
crosslinkers and emonomers such as 1-fischloromethyl) benzene or vinylbenzyl

chloride can be avoided. This is of benefit due to the vast cost differential, with FDA being
significantly cheape Also, removing chlorinated species has obvious environmental as

well as health and safety benefits.

Computational chemistritasbecome an invaluable tool for synthettbemistsand this

is starting to see some use in the polymer chemistry sphere, specifically in the area of
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hypercrosslinked materials. Using computer programs, suétobsnatic®® chemists are
attempting to use molecular ismulations to gain insight into both polymerisation and
hypercrosslinking process&s. Colina and cavorkers have simulated the
hypercrosslinking of a linear poly(styrene-VBCtilising the VBC moiety as an internal
crosslinker® In varying the VBC content of the simulated polymers, they were able to
demonstrate similar trends in surface araahad been observed experimentallye.
higherlevelsof VBC will produce a material that displaysigher specific surface area.
Further to this work, they have also simulated the hypercrosslinking process in a
poly(styreneco-VBCGco-DVB)In this work Colinaet al. were able to show that by varying
the DVB content in the precurs@olymer, the pore size of the final hypercroskéd
polymer could be tuned* This work was also shown to match previous experimental
work by Li and cevorkers®® Utilising computational chemistry in this manpen
conjunction with a synthetic approachas aided experimerdliststo gain much better
insight into hypecrosslinking at the molecular level and reveal details about the process
of pore formation that could not be obtained with experimentation alone. Also, by using
computational chemistry to guide the synthesigotentially more effective and efficient

approach can be taken to investigating these fascinating, high surface area materials.

One rather interesting feature of notir all hypercrosslinked materials their ability to

uptake not only thermodynamically compatible solvents, but also thermodynamically
dzy T @2dzN>F 6f S 2NJ Wol RQ az2f @Sy iaod3@Rand KI &
means that the ptymers that can act, as Cormack andvearkers described in 2008, as

W YLIKALI GKAO LIRfEYSNI aLRy3a3SaQd ¢KAA& dzy/dza dz
swelling of the polymer particles during théypercrosslinking processAfter
hypercrosslinking the $eent is removed, and this results in a partial collapse of the
polymer network, leaving behind a now dry hypercrosslinked polymer that contains a

great deal of strain. When the polymer is contacted with a solvent, either hydrophobic

or indeed hydrophilicthe polymer is able tewell to some extentrelieving some of the

stress. This solvent uptake, even of solvents that are thermodynamically unfavourable,

is preferred over the strain expienced when the polymer is dry.
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1.10 Crosslinked Polymer Particles afidheir Applications

Attaching or installing a functional group into a polymer can be achieved in a number of
different ways. The main motivation for doing this is that it allows the polymers to be
tailored for a specific applicatios well as synthesigj copolymers of functionalised
monomers, it is also possible tdunctionali® polymers postpolymerisation.
Modifications or chemical reactions can be carried out on pendent functional groups, to
impart a particular functional moiety, or to alter the physical properties of the polymer

in some waye.g, though hypercrosslinking.

Polystyrem is the polymer most often used as a bearer of functionality. Polystyrene has
high compatibility with many organic solvents, is relatively inexpensive and can undergo
electrophilic aromatic substitution reactions giving a wide access to many different
possible functionalities. Chloromethylstyrene is routinely used as a monomer instead of
or in combination withstyrene, and this installs a functional handle through which one
can attach functional groups to the polymdrhiscan be achieved rather simply thugh
either electrophilic or nucleophic substitution reactions. Functionalised porous polymers

have found applications in a wide variety of fields.

1.11 SolidPhase Peptide Synthesis

In 1963 Robert Bruce Merrifield report&da new method of peptide syhesis which
involved the stepwise addition of protected amino acids to a growing peptide chain
which was covalently attached to a sefitiase (polymeresin)viathe Gterminus. Due

to the growing peptide being in the solid state at all times, he usedeéhm solidphase
peptide synthesis (SPPS) to describe this pro€&stsert Bruce Merrifield won the Nobel
Prize in chemistry in 1984 for this wowk.generalised reaction schme for this method

is shown iNrSchemeo.
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Schemed ¢ SolidPhase Peptide 3yhesis (SPPS)

A chloromethylated polymer support was used to provide an attachment point for the
first amino acid in the peptide chain. The need for nitration of this polymerrepsrted

to be becausehe HBr/acetic acid used in the cleavage of the peptide protecting group
also caused cleavage of the ester linkage holding the peptide chain to the polymer. This
method of peptide synthesis had many advantages over the usual (Sehiti@ase)
peptide synthesis methods of the time. By immobilising the peptide polymer,it is in

a form that can be easily washed and filtered to free it from any contaminants-or by
products after each of the steps in the reaction. It was also advantag@o that it
shortened the amount of time taken to synthesise the peptidasd the methodology

lends itself well to automation.

Ly G4KS AYyGSNBSyAy3a pn 2N a2 &SI NaA aiyos
leaps in SPPS, with more recent wdghowing that coupling of amino acids onto resins

which have amine functionality can be completed in less than an hour at ambient
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temperatures. This is due in no small part to the extensive development of coupling
reagents and catalysts over the years. These have been required asno@eulesare
discovered that can have very highly functionalised amino acids that cannot be

synthessed as easily using more traditional synthesis mettds.

Geltype polymers are the polymer type most commonly encountered in SPPS. Due to
their low levels of crosslinking, they aréla to swell in an appropriate solvent. In his
groundbreaking work Merrifield discussed the swelling of the polymer and the
importance of solvent choice in this regard. He noted that a swellable polymer was
required to allow the penetration of reagentsto the polymer network. Merrifield also
observed that for the solvent to be effective it needed to possess not only an ability to
swell the polymer but also have a high dielectric constant. This works well for a solvent
that can swell the polymer, but whavould happen if a noisolvent was required to
complete the transformation? It is here that permanently porous polymers can be more
appropriate. Sinigoét al. have reporte@” the use of Synbeadsrigid, macroporous
methacrylate polymersin solidphase peptide synthesis. These novel materials showed
not only ease of handling and high chemical stability, bub digyher degrees of
productivity when compared to géype swellable polymers. It was also noted that space
restrictions can cause problems when the desit@gjet molecule is quite large (such as

a peptide). Macroporous polymers can be useful as they peovide room to
accommodate the growing peptide chain. Generally speaking, small polymer particles
can cause filters to clog duringashing step, and it is for this reason that much larger
particles are preferred for this particular application, X0800>Y o6 SAy 3 (& LA Ol f c
shape and indeed monodispersity are mairmally a critical characteristic with sokld
phase synthesis, therefore suspension polymeris&fiois considered to be an

appropriate method for the synthesis of particles to be used in gul@se synthesis.

1.12 Chromatography

. Sy Al discussed?® at length, the manufacture and use of methacrylat@ntaining
polymers in different types of chromatography. They opined that small (gdneral
0SG6SSYy H YR p >Y0O 0SIFIRa&a GKIG IINB Y2y 2RA:
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are reproducible from a packed chromatography column. Whilst silica packed columns
are the norm in HPLC, porous polymers have found use in certain types-ekesiason
chromatography (SEC). SEC separation of polymers is based on the premise that smaller
polymer chains will spend a longer time within the pores of the packed beads in the
column as compared to larger chain polymers. In 200&vankov eloquently
demonstraed the use of microporous hypercrosslinked polystyrene as a medium for the
selective separation of pairs of electrolyt®sit was found that the selectivity in
separation was based upon the larger ion in each pair. It was also notedathdhe
concerration of the solutions was increased the selectivity of the separation also
improved. The electrolyte solution was the mobile phase, and as it became more
concentrated more small ions were excluded into the smaller pores of the polymer

column that the lager ions were not able to access.

1.13 lon-Exchange and Sorption

lon-exchange resins were one of the first porous polymers to yield a viable commercial
product®® Many ionexchange resins are based on crosslinked poly(stycer2VB)
which has been imparted with chemical functionality which digpl#onic character
(Figureb). This allows the combination of a hydrophobic network with a high specific
surface area, typically between 500 and 80&gnThe incorporation of ioexchange
functionality results in a matél which will have a mixethode retention mechanism.
That is, organic molecules have the ability to interact with the hydrophobic backbone of
the polymer through hydrophobic effects, whilst any analytes with ionic functionality can
interact with the ionc functionalities that have been installed into the polynmqvided

that their functionalities are complementary.
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Where X and Y are: SO;”and H¥, CO,"
and Na* or NH;" and HO" etc.

Figure5 - Typical structure of an iofexchange resin

One example of particular note is the sulfonated catexchange resin first synthesised

in the early 1950s byPepper?’ Poly(styreneco-divinylbenzene) wa preparedvia
suspension polymerisation and the resultant material was subsequently treated with
excess concentrated sulfuric acid in the presence of a silver sulfate catalyst. This
particular material has received much attention due to its ability tchexge ions such

as calcium and magnesium, which has been of great use in softening Wajarg6)

G KSNB (KS a dz-idndsyekchaSgedifor e caoiisdiedent in hard water.
The uncrosslinked variaritg., poly(styrene sulfonate), has also found use in the medical
field for mae than 50 yearswhere it has been used to scavenge potassium ions in
patients suffering from hyperkalaemt& A patent filed in 1951 by the Monsanto
Chemical Company makes claim to a method of producingcnosslinked, water
soluble, poly(styrene sulfonatéj? Polystyrene was sulfonated in a chlorinated solvent
utilising a combination of sulphur trioxide anectiloro-2-(2-chloroethoxy)ethane as a
sulfonating agent. The inventors explained that this method was developed as attempts
to apply methods that had been used to produce crosslinked sulfonated polystyrenes in
the manufacture of uncrosslinked variants had been unsuccessful. Sulfonating agents
such assulfuricacid, such as was described by Peppaylfurtrioxide or chlorosulfonic

acid were all found to be unusable as the resultant polystyrene sulfonate could not be
readily removed from the sulfonating reagent. Since then there have been disclosures of
proprietary methods for producing poly(styrene suléte), using bothsulfuric acid-?

and chlorosulfonic aci¢f3
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Figure6: Water-softening cation exchange

The example presenteth Figure6 is of a catiorexchanger, but the opposite is also
possible where instead of a cationic functionality the polymer has been functionalised
with moieties that exhibit anioexchanging abilitiesin 1999 Xu and ceworkers
presented a novel method for the preparation of anion exchangers accesadte

reductive amination of acetylated crosslinked polystyreBehemel0).1%

n m
)J\CI or \[( E%‘k
co
co —
AlCl, '>=o NHR,R,-HX
; NaBH,CN

(R;and R, = H or CH,,
X =Cl or CH;C00)
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Scheméel0- Preparation ofpolystyrenebased anion exchanger
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The convention at that time for the preparation of anierchange resins was to react
the unfunctionalised polystyrene with a chloromethylating agerguch as
chlorodimethylether orbis-chlorodimethylether, both ofvhich are known to be highly
carcinogenic, followed by treatment with an amine fiastall anion- exchang
functionality. By introducing acetyl groups instead, using either acetyl chloride or acetic
anhydride, in the presence of a Fried&lafts catalyst, Xet al. were able to avoid the

use of rather toxic chloromethylating agents. This acetylated intermediate was then
reacted further with an amine in the presence of a reducing agent, and the product could
then be further reacted with methyliodide to furnish thenian-exchange moiety. Xu
reported that secondary amines prepareda this method were as good as their
commercially available counterpart@nd that quaternised exchange resins also showed

high levels of exchange capacity.

lon-exchange resins based uponpeycrosslinked polymers have also received much
attention with regards to sorption and ieexchange chemistry; one such application

where they have beeantilised widelyis in solidphase extraction (SPE).

SPE is a method of removing and enriching, foptmposes othemicaknalysis, a solute
from solution. Sorbent particles are packed into a cartridge which will adsorb (most often
hydrophobic) solutes. The solutes can then be rinsed (eluted) from the sqriealy to

be analysed. As one can envisatigg interaction time between the sorbent and the
analyte is very short, therefore a very high demand is placed on the sorbent material. It
is for this reason that hypercrosslinked polymers, with their high specific surface areas,

have found extensive apphtions in this area.

Fontanals and cworkers presenteef a successful modification of hypercrosslidke
polymers. After hypercrosslinking in the usual manner, as previously discussed, it was
found that not all of the chloromethyl moieties had undergone hypercrosslinking. This
allowed the now hypercrosslinked polymers to be subjected to -posgmerisation
chemical modification reactions which exploited pendent (unreacted) chloromethyl
groups. The sorbents were reacted with both piperazine anddibghinoethane to
delivermaterials that exhibited anioexchanging capabilities. It was reported than the
performance of these materials in the scjithase extraction of analytes from real water

samples was superior to that of commercially available sorbents. This was opined to be
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due to the commercial examples having lower specific surface areas and thereforg havin

poorer analyte retention.

Following on from this work, in 2010 the sorbents that had been produced were
evaluated in oHdine solidphase extraction. This allowed for a degree of automated
determination to be involved in the proce$sLarge volumes of water (purified, river
water and effluent sewage water were all investigated) were introduced to the sorbent
materials and it was reported that astonishingly high levels of acidic congants of

interest could be recovered; recoveries were reported to be 100% in some cases.

Work by Cormaclet al. has also highlighted the ability to produce hypercrosslinked
polymers that exhibit cationiexchange abilities!’4 Carboxylic moieties present in
methacrylic acid used as a comonomer resulted in polymers with \wwaaén exchange
character. It was also reported that by reacting hypercrosslinked polymers with either
acetyl sulfonate or lauroyl sulphate a sulfonatedatarial yielding strong catien

exchange character could be producgd.

Simila sorbents, albeit nothypercrosslinked, have been commercialised by different
companies foruse i@ 2 f AR LIKI a8 SEGNI OdxiRayidP and kh&y 2 Y Sy &
Oasid range of products from Waterare two such examples. Strata, a poly(styrene
codivinylbenzene) copolymer modified with pyrolidone moieties, has been
functionalised with sulfonic acids and quaternary ammonium groups to produce
materials exhibiting strong ieexchange character. Carboxylic acid groups and
piperazine functionality have also been used, imparting weakeiahange character.

Waters, in a similar vein, have produced-exchang materials that are made from a
specificratio of hydrophobic divinylbenzene and hydrophiNwinyl pyrrolidone which is

a neutral polar moiety giving enhanced retention of polar analytes. The different
functionalities allow for different analytes to be adsorbed by the polymer depending on

the application in mind and the molecules to be analysed. Hydrogen bonding,
hydrophobic interactions, dipol® A L2 £ S A y i § NIaQid A2 yAdy A VAR S NI O
be exploited using polymers of this type. The companies highlighted above are just two
commacial examples, with polymeric sorbents for use in SPE being commercialised by

more than 50 companie¥”’
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1.14 Sorption of Polycyat Aromatic Hydrocarbons (PAHS)

Polymeric materialsuch as those discussed above for use in SPE were used in the
extraction of pharmaceuticals from both standard solutiomsl aeal water samples.
Porous polymer particles and other macromolecular materials can also be used to sorb
other analytes of interest. A group of analytes that are pertinent togtesentstudyare

polycyclic aromatic hydrocarbons (PAKSEgure?).

Naphthalene Acenaphthene Phenanthrene

Anthracene
Pyrene

Figure7 - Structure of various PAHs

Hypercrosslinked polymers have been usethis regard, in the removal of PAHs from
aquatic sourced?® This work investigated the kinetics of PAH removal using
hypercrosslinked poly(styrereo-DVB) instead of the usually employed activated
carbon. It has been shown that hypercriisked poly(styreneco-DVB) can be more

easily regenerated thathe more commonly used activated carbéf.

Reports of porous poly@dinylpyridineco-divinylbenzene) beag used as sorption media

for PAHs have also been made in the literattif

Not only are PAHs of interest from an environmental point of view, they are also of
interest to engine lubricant manufacturers; when presémiubricants PAHs have the

potential to cause a great deal of harm to the internal components of engines.
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1.15 Engine Lubricants

Soot is particulate in nature and is formed as a result of the incomplete combustion of
fuel and any engine oil that has made its way to the combustion chamber, usually by
passing by the piston ring, as described by Patterson and Henéie iearly 1970%!!

Soot is formed throulg a nucleation and growth proceganalogusto the nucleation

and growth process observed in precipitation polymerisatioh)polycyclic aromatic

hydrocarbons (PAHS).

1.16 Soot Formation and its Growth from Polycyclic Aromatic
HydrocarbongPAHS)

PAHs are@rganic molecules which are composed of multiple fused rings. The properties
and aromaticity of PAHs has long intrigued chentisti recent years there has been a
resurgence in the interest of PAHs from different fields within academia and industry.
There has been interesbo from the medical field as PAHs have thatential to do
catastrophic damage to the human body, with more than 10 PAHs being proven to be
either carcinogenic, mutagenic or teratogefté and numerous others being classed as
probably cancer causing? There has also been a revived interest from the automotive

industry, where PAHsave the potential to cause a great deal of damage to car engines.

PAHSs are the precursors to sagthe particulate matter that results from the incomplete
combustion of hydrocarbon fuels. One way in which soot is manifest is as the black smoke
seen conmg from the exhausts of many automobiles, especially those that have diesel
engines. Of particular interest to the research presented herein is the presence of PAHs
and soot within the lubricating oil of diesel engines. As they grow, soot particles will
aggregate together. This is of major concern as it can cause oil thickening, and this is a
very typical problem observed in heasiyty diesel engines. If left untreateduinous

engine failure can occut>116

In recent years there has been a great deal of investigation into understanding PAHs and

soot (and particulate matterformationt%120 Due to the high rergy environment in
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which soot is formed, there are still significant details of its formation that are not wholly
understood*?! However, there is considerabl@agreement within the academic
community on some of the general features of soot formation from PAHs. Five commonly
identified  processes are pyrolysis, nucleation, surface growth and

agglomeration/coalescence

1.16.1 Pyrolysis

Pyrolysis is the process by whimtganic compounds change their molecular structure at
high temperature without significant oxidation. Tree and Svensson Aétedat the
same species are produced in almost all caaestylenes, unsaturated hydrocarbons
and PAHs. Smith also statétthat if there is oxygen present in sufficient quantities these

precursors can become oxidiseth radical species.

1.16.2 Nucleation

The nucleation process sees the inception of the particulate soot system. That is, heavy
PAH molecules begin to form the emerging soot particles. These soot particles generally
have molecular masses of approximately 2000 amu and are usually about 1i» nm
size?! Through studies carried out by Glassman anavodkers}?? it was found that

the smaller first and second ring structures are formed slowly, while the processes of
growth to larger PAHs is much quicker. Therefore, the slow formation of the smaller
aromdic rings controls the soot formation rate, which therefore determines the overall
amount of soot formed. It has been suggested that soot is formed initially by two
propynyl radicals, which form the first ring. This then adds alkyl groups and eventually
forms a PAH structure. This PAH structure will eventually become big enough to form a

particle nucleuswhich will provide sites for surface growii.
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1.16.3 Surface Growth

Surface growth is the process by which mass is added to the nucleated soot particle. Tree
and Svensson, in a review article published in Z0®npted that there are no clear
distinctions between when nucleation ends and when surface growth begins. It was
reported that the consensus is that both processes occur simultaneously. Throughout
the surface growth process the surface of the soot nuclei are hot and accephgas
hydrocarbons. This leads to an increase in soot mass, but the actual number of soot
particles does not increase. Bartok and Sarofim, whilst studying the surface growth
process, recounted that the residence time of the surface growth process had a large
bearing on the total soot mass/volume fraction becauses during this time that the

soot gans the majority of its mas¥3 They also noted that smaller soot nuclei have more
reactive radical sites that larger pizles, therefore smaller particles ta higher surface

growth rates.

1.16.4 Coalescence and Agglomeration

Coalescence and agglomeration are routes by which soot particles combine together.
Coalescence (sometimes referred to as coagulation) occurs wasitles collide and
coalesce. During coalescence, two particles which are spherical in shape combine to
produce one larger spherical particle.This process decreases the number of particles

but holds the combined mass constant.

The agglomeration route slightly different. This process sees individual, discrete soot
particles join together to form large chains of individual soot particles, which are
reported to maintain their shap&® In some cases it has been shown that the primary

soot particles clump togethebut they usually form chatfike structures.
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1.17 Ways in whichPAH and sootormation is supressed oavoided

Diesel engines are amongst the most common type of combustion entfit@snerally
exhibiting higher fuel efficiencies compared to gasoline engines, diesel engines also
produce higher torque at lower engine speeds which makes them very useful in heavy
duty and commercial vehiclé$>1?6 However, with technological and engineering
advances, diesel engines have found usgmaller cars. Alongside the usual combustion
products of C@ and water, diesel engines also produdater aliaz CO, unburnt
hydrocarbons (HC), oxides of nitrogen ¢N@s well as particulate matter (PM). PM
encompasses soot (and PAHSs) as well as HGthaidhered to the soot surfack*!28
Legislation is in place to govern these emissions, with the European Union and others
putting ever lower limits on the acceptable exhaust emissions of these pollutants. The
most recent European emission stand#&od passenger cars and light duty vehig(@&gr
Euro6/VI), released in 2014 and updated in 20%6t the permissible limit of PM for new
vehicles at 0.005 g/kri?®130This is a reduction of over 96% since the introduction of the
emission standards in 1992 (Euro Tier).1l should benoted that heavy duty diesel
vehicles are held to different but equally strict emission standaiidsese staged,
increasingly stringentemission limits were introduced with the aim of reducing diesel
emissionsnot only due to the longerm health effects of diesel emissions (especially PM
and NQ) but also due to damage that greenhougasesand soot emissions hawon the
environment.These negative effects of diesel engihase also come to the attention of

the wider public, not only thragh the current geopoliticadrena- in relation to global
warming - but also through accusations of thedzd S 2 F WRSHBySehgihe RSPA O
manufacturers irattemptsto circumvent emission test$! Reducing emissions is also in
the best interest of engine and lubricant manufacturers as certain emissiarh as soot

and PM can create many problems within the lubricant system as aseihside the
engine With these stringent standarda place engine and lubricant manufacturers have
had to continuouslyimplement technological and mechanical advances into their
products to be able to meet the legal requirememtkile also engringthat the engines

run as efficiently an@seconomically as possible

Generallycombating the problem of PAHs and sdait into two categories:
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1. Measures that tackle soot formatiowithin the engine these technologies
usually aim to stop PAHs and sootrfrdorming).

2. Measures that tackle soot, PAHs and PM external to the endgihesd
technologies are put in place to limit the damage that soot can do to the engine

and the environment after it has formed, by removing it from the system).

1.17.1 In-engine technologes

Over the past quarter of a century or so, engine technology has been developed and
advanced due to both legislative and environmental demands to address the problem of
soot, PAHs, particulate and other emissidffsin the past engine control was a
mechanically controlled processhereasmore recently control of engine parameters
has been achieved with the use of an engine control unit (ECU). This allows for much
more precise control over areas such as fuel injectiod injection pressuresPrecise

fuel injection parameters have been sho to greatly influence particulate emissions in
diesel engine$®? In conjunction with these electronidevelopments, direct injection
technology has been utilisedvhereby the diesel fuel is injected directly into the
combustion chamber rather than into a poembustion chamber as was carried out in
the past. Direct ifection allows for lower fuel consumption as well as higher fuel
injection pressures. The result of this is smaller fuel dropbatdithis in turn results in a
reduction of particulate (soot) emissio#8.Post injection (a smaller injection of fuel
after the main injection) has also been successfully utilised to reduce soot and PAH
formation within the engine. Enhanced mixing of the fuel air mixture has been proposed

as the reason for post injection lieving reduced soot formatiot??

Another area of engine technaly that has been explored ixgaust gas recirculation
(EGR}J* This technology has long been known to reduce &issions. EGRiorks by
introducingwaste exhaust gdsack irio the combustion chamber. This gas mixture when
mixed with air in the next combustion cycle acts tbsarb some of the heat of
combustion, thereby lowering the peak combustion temperattife This process
reduces oxygen in the combustion chamber thus, Bifissions are lowered. However,

due to the lower oxygen concentration®&GR generally increases soot formatitm.
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attempts to address the high levels of particulamissions observed in EGR, engine
manufacturers have usetHigh pressure EGE® By removing exhaust gdsom the
exhaust (pstream of the turbochargé@and readmitting it downstream of the charge air
cooler, the exhaust gass at a higher temperature andressure.This allows for the
comhustion air ratio to be increased, which hesenshownto aid soot oxidtion and

lower soot emission§?®

Utilising exhaust gas in other ways to aid reduction in soot and PAH emissions has also
been demonstrated. Most modern diesel engines are turbocharged. In this scenario, a
portion of the exhaust gas used to drive a compressor. Before entering the combustion
chamber, fresh air is run through this compressor. This means that a higher air mass per
working cycle of the engine is supplied, allowing the engine output to be increased.
While, intuitively, this might siggest an increase in emissioitsallows for the engine to

be downsized,.e, a smaller turbocharged engine (producing less soot and other

emissions) will have the same power output darger nonturbocharged engine.

Refinements of engineesign have been used to gain more control over the air/fuel
mixture (charge), which has been shown to reduce emissions, especially soot and
particulate matter. Redesign of the cylinder to enhance air flow around the cylitider
arrangement and geometrgf inlet ports and thegeometry of the piston itself havelal

beenshown to help in this regartf®

1.17.2 After-treatments to reduce soot and PM emissions

No matter how hard technologists may try, some soot and particulate matter will form
as a result of combustion. While the technologies described ahtieenpt to subdue or
retard the formation of PAHs, soot and eventually PMthi#y do form, remedhl
technologies have been developed to try and reduce the damagsetispeciesan do

within the engine and to avoid them being released to the atmosphere.

Diesel partulate filters (DPF) have been mandatory diesel powered vehicles in the
EU sincehe Euro 5emission standards have been in pldéeDPF are located in the

exhaust system and act to remove particulate matter from exhaust gas before it is
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released to the atmosphere. To aid capture of PM and do@F generally have very large
surface areas (honeycomb structures are used to achieve this) and are made of very
durable ceramic materials such as silicon @eband cordierite gn aluminium
silicate)'*® However,if soot and PM buildip in DPHRs not regularly removechigh back
pressures within the exhaust system can occur, which can result in higher fuel
consumption. While this is seen as a major drawback of DPF, they are nonetheless highly
efficient, with nearly 100% removal of soot being readily attaind¥l&.should be nogd

that DPF technology only servés remove soot from the exhaust stream, thereby
stopping it from being released to the atmosphere. Will not stop soot and
contamination from making its way into the lubricant system, whemaatly do a great

deal of damagé?®

Before making its way to the exhaust systétAHSs, soot and PM can also be found in the
lubricant system of theengine. Small amounts of PAHs and soot formed in the
combustion chamber can be transported to the lubricant systeathe piston ring. Once

in the lubricant soot has the potential to cause large amounts of damage. If it is not in
solution with the oiland it is abrasive andwill scratch surfaces and create excess wear
on metal parts. It can also cause the oil to thicken, which can block vital pathways within
the lubricant system. A blocked lubricant system leads to the engine being starved of oll
which will result in a greadeal of damage to the engineubricant manufacturers have
addressed this problem in a number of ways. One very simple solution to the problem is
to filter the soot and PM out of the oil. This is achieved by using an oil filter. Qil filters are
fairly primitive, mostly being a concertinaed cellulosic paper that acts to physically filter
out the soot, PMandother contaminants from the lubricant. Generafipeaking these
filters will only sequester soot for so longjnceupon build-up of soot on the filte the
pressure required to transport the lubricant through the filter will become too high.
When this happensa relief valve wilbpen,and the lubricant will be free to Ipassthe

filter. This occurs to avoid the engine being devoid of oil. The obviawgback to this is

dirty oil is then allowed to flow around the engine where soot and other contaminants

may cause damage.

Another line of defence against the problems associated with PAHs, soot and PM is the

lubricant itself. Lubricant manufactunes have developed additives that can be
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introduced into the base oil, to avoid the negative consequences of soot and other
harmful species. One such additive which can be used is a dispersant. There are a number
of reports that describe dispersants in great défg” 38139 but for clarity a brief

overview of their purpose, features and most common structures will bengiere.

1.18 Engine Qil Dispersants

Engine lubricants are comprised of a base fludost commonly, this is a petroleum
derived (mineral) oif and additives. Lubricating oils have a number of functions; not
only isthe lubricant oilpresent to prevent machinery parts from rubbing together, but it
also helps cooling and in the prevention of corrosion. It also has the task of keeping
engine components clean by suspending insoluble contamirdhtsiich as soot
Additives are present inhe oil to enhance properties, such as viscosity or indeed to
impart a new property that it would not possess otherwise, such as the ability to disperse

insoluble contaminant$3’

Soot and other fuel and lubricant degradati products have a very low solubility in olil
and therefore will have a tendency to fall out of solution in oil. The size of soot particles
has a great influence on whether or not the soot will remain in solution, with smaller soot
particles having a propssity to remain in solutiod®’ The larger soot particles are forme

as a result of agglomeratioand dispersants interfere with this agglomeration process
by associating with discrete soot particles. This results inetrmmot particles being
unable to interact and agglomerate with other soot particles, therefore they remain
small and in the solution phase. Rizvi and others have suggested that both steric and
electronic factors are responsible for stopping soot partithed have interacted with a

dispersant molecule from agglomeratif.

1.18.1 Properties of a Dispersant

The main function of a dispersant is to disperse soot to stop it from causing damage to

the engine. To perform efficiently and effectivetlispersants need to have some key
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features: thermaktability, resistance to oxidation and the ability to work adequately at
both low and high temperature$’ If the thermal stability is poor, at elevated
temperatures the dispersant will break down and may be unableetidopm at all. If a
dispersant is poorly resistant to oxidation it can actually lend itself to the production of
soot and other species that are harmful to the engine. Unsaturated olefins, highly
branched aliphatics and aromatic species are all presenligsel fuel and are highly
susceptible to degradation during the combustion process to form highly reactive
peroxides, hydroperoxides and free radickfsThese combustion products bypass the
piston rings and can end up in the lubricating oil where they are able to attack the
aliphatic hydrocarbon oil and, if it does not have oxidative resistance, the dispersants
that are present. Cochrac, Rizvi and Ingalldreported that the harmful peroxide and
hydroperoxide species, when in the lubricant cén break down thermally or oxidatively

to form aldehydes, ketones and carboxylic acfds#3

A lubricant possessing a dispersant that is able to work at low temperatures is also of
benefit. When an engine is first started it remains cold for some time and this can make

it difficult for a lubricant to be circulated around the engine pedy.

1.18.2 Dispersant structure

Dispersants possess a typical surfactant structure, and as such have a long hydrocarbon

group, a functional tip and a connecting group to link the two togetRéyre8).

Nitrogen/Oxygen

containing moiety Polar 'head'
f_)%

b\/\/\/\/\/\/\/\/\

T |

Connecting group Hydrocarbon 'Tail'

Figure8: Typical dispersant molecule
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1.18.3 The Hydrocarbon Tall

The most commonly encountered hydrocarbon tail is polyisobutylene (PIB). An acid
catalysed polymerisation of isobutylemetypical in the manufacture of polyisobutylene
(Schemell).

L e——
UL YL

Schemel l: Acidcatalysed polymerisation of isobutylene

Schemell shows the formation of a polyisobutylene with a terminal olefin. In practice,
numerous isomers are formednith vinylidene, trisubstituted and tetrasubstituted

olefinsare all formed, depending on the catalyst usétiThe reactivity of these olefins

towards the connecting groups can vary. More highly substituted olefins have lower
reactivity owing to steric effects. Also, when the rioen of isobutyl groups is increased,

e, 0 KS LRfeaYSNRa Y2fS0dz I NJ 6SAIKG A& AYyONSBI
reactivity. Polyisobutylene is extensively branched, which gives it very good oil solubility,

and it is for this reason that it issed extensively in this area. Oil solubility can be
compromised if the alkyl chain is too short, so low molecular weight polymer chains are
undesirable. To overcome this, lubricant manufacturers can use distillation to remove

lower molecular weight polynre's’

A new class of dispersants has been reported in the patent literature by technologists at
Exxon. Dispersants that are produced from an ethylenee#irf copolymer have been

patented!4+14These dispersads are claimed to have enhancecosities at both high
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and low temperature$®”:14¢j.e, the viscosity does not change much with variation in

temperature.

1.18.4 The Conecting Group and Polar Moieties

The connecting group is required due to the fact that attaching the polar group directly
to the hydrocarbon tail can be rather difficult. The most common connecting groups
which are employed in industry are sugc anhydride and phenol, although

phosphonate connecting groups can also be uséd.

The formation of the succinic anhydride connectgr@up is achieved by reacting the
polyisobutylene (PIB) hydrocarbon tail with maleic anhydride. This can be carried out
thermally, such as was reported by Stuatrial. and the Chevron Research Company in
the 1960s, with the two reactants being heated in excess of 200 °C to yield the desired
alkenyl succinic anhydridé’ It has been postulated that this reaction proceeda an

ene reaction $chemel2).

Reaction 1

Reaction 2

Schemel2: Mechanism of alkenyl succinic anhydride formation
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If the double bond in the product internalises as is showreaction 1 thenthe product
cannot react with another molecule of maleic anhydride. However, if the double bond is
external in the product, as shown feaction 2 this can potentially react wwh another
molecule of maleic anhydride. This was highlighted by Rense and the Lubrizol
Corporation in 196%% The major drawback of the thermal transformation is that it is
not very energy efficient; high temperatures are required for it to proceed. Also, the
reaction relies on the polyisobutylene having a high terminal olefin content, whereas
work by Harrisoret al. found that the choice of Lewis acid used during the polymerisation
of isobutylene had a dramatic effect on the major isomer produéédhey reported

that when using boron trifluoride one could produce a polyisobutylene that contained
mainly terminal olefins, whereas if aluminium chloride was used then internal olefins
predominated. This shows that the reliance on high tewhiolefin contents can be
overcome by tailoring the synthesis to use a catalyst that produce a polyisobutylene with

predominantly terminal olefins.

The drawbacks of this transformation can also be overcome by using chlorine.
Technologists from Lubrizol dnthe French Institute of Petroleum reported that a
chlorinemediated process required lower temperature and took less time for conversion
to be completet*®150.151 This process is also tolerant of internal olefins within the
polyisobutylene. Weill, and others, have postulated that the chlorine assists in the
formation of two possible dienesn the end of the polyisobutylenéollowed by a facile

DielsAlder reaction $chemel 3).138:152.153
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R= polyisobutylene

or

O
:
\

Schemel3: DielsAlder formation ofalkenyl succinianhydride

This process is far more economical because it can be carried out at much lower
temperatures and can be completdd 30 minutes in some cas&$.However, the
resulting dispersants produced by this method have been reported to contain lingering
chlorine in the form of organic chlorides which are of great environmental concern. In
the late 1990s there was a push to produce dispersants with a lawvicblcontent!>%

157 Baumaniset al. claimed®’ a process of treating the chlorireontaining product (in

this case the polyisobutylene succinic anhydridagh either bromine or iodine, but
preferably iodine, to remove any residual chlorine. The patent makes reference to a wide
range of iodinecontaining compounds which could be utilised, including but not limited
to elemental iodine,sl, I and organic idides such asbutyl iodide. Pudelski reported a
method for removing chlorine from engine oil dispersants by reacting them with
elementalsulfurat elevated temperature$>*While this reduced the chlorine content, it
tended to lead to sulfubased crosslinking of the polymer backbones which led to a
detrimental increase in dispersanviscosity. Pleasingly, they reported that an
amalgamation of the two processes outlined above produced succinic anhydrides with

very low chlorine content indeed, with levels less than 100 ppm being reported.
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The resultant alkenylsuccinic anhydrides canréacted in different ways to impart
functionality that produces the final dispersant. One may react them with polyamines to

produce succinimides or react them with polyols to produce succinic esters.

1.19 Polyisobutlyene Succinicimides

By far the mostcommon dispersants used in engine lubricants are those based on
succinimides?® The PIB hydrocarbon tail with the succimithydride now in place is
reacted with a polyamine. The polyamines most commonly encountered are produced
via the reaction of chlorinated ethylenedsed species that have been reactedther

with ammonial38.153.158

The first report of using succinimides as dispersants was disclosed by La Suer and his
colleagues at The Lubrizol Corporation in 1963 he PIBuccinicanhydride was reacted

with an ethylene polyamine, ethylendiamine being one such example, in toluene.
Water is produced as a fproduct, this being distilled off to drive the reaction to

completion, affording the desired sucaimde, as shown isSchemel4.

0
toluene NH
PIB reflux— pig
0

0]

Schemel4: Polyisobutylene succinimide formation

More recently higher molecular weight amines have been prepared for the use in engine
oil dispersants. Steckel al. disclosed thereparation and use of polyalkylene amines
such as triethylenetetramine as dispersati$it was claimed that amines such as the
tetramine produced dispersants that have a higher total base number than those

prepared with more traditional polyamineslhetotal base numbe or TBNis a measure
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of the dispersar® basicity and therefore its ability to neutralise harmful acidic species

within the engine.

Researchers at Texaco also found fladier synthesis, PIB succinimides could be treated
with borate esters in a driveotproduce dispersants with improved performanééThe
borate ester containing succinimides patented by Texaco were claimed to have improved
dispersant baracter and were also reported to inhibit engine weag, metal on metal

contact.

1.20 Succinic Esters

Succini¢ estersbased dispersants are synthesised by reacting the polyisobutylene
succinic anhydride with an alcohol. This was first patented by LeeSakatthe Lubrizol
Corporation in 1968% It was disclosed that by varying the equivalents of anlugdand
alcohol either the mondreaction 1)or diester ¢eaction 3 or indeed the coupled

producteaction 3, all exemplifiedn Schemel5 could beformed.

0 0
OH
07 Reaction 1
0o + Ho/\/OH —_— OH
PIB PIB
0 o)
0 0]
0O + 2 Ho/\/OH _— N Reaction 2
PIB PIB ~"0oH
0 0
0]
0 0]
O/\/O .
2 0 4+ HO/\/OH oH Hoj;\pm Reaction 3
PIB PIB
0] o) 0}

Schemel5: Succinic ester formation
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It was also noted that monohydric alcohols and other, much larger, polyols could be used
in place ofethylene glycol. This was also demonstrated in the art some years later by

researchers at the same compahy.

1.21 Mannich Dispesants

¢KS flradg Ofllaa 2F RAALISNERIYG GKIG gAff 0S5
so named due to their being synthesiseda Mannich reaction. The firgtention of this

in the art was made in 1968 by a researcher at Mobil Oil CorporétfdPolypropylene

was reacted with phenol to afford an alkyl phenbhe phenoivas then reacted with an

amine, dimethylamine was the first one to be used, and formaldehyde in xylene to

produce the Mannich dispersafchemel6).

OH j\ OH

N, H H™ H o AN N
|/ NS Tylene, 100°c | |

/ V 7 //

Scheméel6: Mannich dispersant synthesis

Otto also reported the use of longer chaamines in the synthesis of these Mannich
dispersants, asvell as using diamines farepare Mannich dispersants based on a long

chain amine with an alkylphenol on either etfd.

adzOK NBaSIFNOK KIFa 0SSy OF NNASR &Withasy (KA 3
been reported in the literature that Mannich dispersants can be modifigst-pynthesis

in afashion similato the succinimide dispersants discussed previously. Researchers at
Standard Oil Company (since acquired by BP) reported the treatment of Mannich
dispersants with boric acid to improve dispersant properties and viscometri

properties?6®

Dispersants have been a matay of engine lubricants for more than half a century and

notwithstanding the fact that dispersants can make up nearly 10% of the lubricant that
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is present in the oil sump of an enginé®it can be seen that they are of the utmost
importance in allowing the engine to perform efficiently and in some case for extended
periods of timeHowever, while lubricarddditivesare incredible useful at dispersing oll
and minimising the negative effects of it, they do not remove it completely. The soot and
contaminants are still in contact with the oil where thean cause damage. Alseith

fossil fuel reserves dwindling, mordvanced engine hardware being produced and
engine manufacturss pressing fohighermileages between oil changes, it is clear that
new, innovative technologies will be needetlhe result of this is that engine and
lubricant technologists are investigagimew engine lubricant paradigrttsat will isolate
PAHSs and other contaminants from the lubricant in an effort to better minimiséémm

that they can cause

1.22 ExBox: A PAH scavenger

Extensive work byobel laureateSir Fraser Stoddadnd hisgroup at Northwestern
University in lllinois has produced serigid cyclophanes that can be used as very high

affinity scavengeref PAHdrom crude oil samples.

First reported in 2012 was a tetracationic cyclophane salt célidabf* (Figure9), and
this was reported to be a high affinity scavenger of PAHs in both aqueous and organic
medial®® It was also shown to be highly effective in the sorption of PAHs from a real

crude oil sample.

+/— — \t+

Ny 7 NN
4 PF,

+N\ / \ /N+

ExBox e 4PF,

Phenanthrene Anthracene Pyrene

Figure9: Electron deficient tetracationic cyclophane ExBbdx
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Shown below theExBoxstructure in Figure9 are three PAHs that it can bind. It was
discovered that not only do the PAHSs sit inside Exboialso on top and underneath it.

It was noted that when the cyclophane was introduced to Pfidse was a dramatic
colour changeindicative of a charge transfer reaction. Charge transfer bands appearing

in the optical adsorption spectra confirmed this.

Stoddartet al. have also reported the synthesis of larger Exbox moleculeere the
number ofparaphenylene rings inserted between the pyridinium rings can be as high as

three 19 These allow for much larger PAHSs to be bound.

Due to the rather complicated synthetiprocedure and the costassociaté with
producing these materials, they will probably never be used within an engine to remove
PAHSs. However, it does highlight that favourable molecular interactions can be exploited

to remove PAHSs from a hydrocarbon fluid.

1.23 In SituSoot and PAH Sorption

While dispersargare considered the norm in dealing with the problems that soot and
PAHSs can cause @amengine, the soot and PAHs are only dispersed, thigiparticles
moleculesare still present in the lubricatingland still able to cause harm. It should also

be noted that dispersants will only work for a finite amount of time before the PAH and
soot concentration becomes too high and the dispersant can no longer cope. In attempts
to improve engine oil longevityna efficiencyBrownawellet al. at Exxon Research began

to investigate using solid phase additives in the oil sump as sorption devices to remove
soot and PAHs from the oil permanently. In the seminal work in this area they disclosed
a lubrication devicehat embodied activated carbon as the sorption metfalt was
noted that between 50 and 150 g of activated carbon removed substantial amounts of
the PAH content in an engine lubricant, with up to 90% removal being achievable.
Lamentably, the activated charcoal, while working well as a sorbéhhot show agreat

deal ofselectivity The same patent also disclosed that the activated charcoal could be

impregnated with lubricant additives, such as the dispersants discussed earlier. These
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additives are able tteach slowlyout of the carbon over time and replesii and replace

additives in the lubricant as they are consumed.

In extendingto this woik, Brownawell disclosed an situfiltration device that was able

to rejuvenate engine lubricants? The patent describes a solid phase additive that
contains both an oil insoluble chemalty active filter media and a physically active filter
media. The chemically active filter media, one example being calcium carboeatts
chemically with the lubricant to neutralise harmful acidic species. The physically active
filter mediais an actvated carbon, and was claimed as before to show great promise in

physically adsorbing PAHs and soot.

Brownawell has also patented lubricating systems that encompass a binder impregnated
with oil additives, including but not limited to dispersants, antiwaad anticorrosion
additives, which are allowed to desorb from the binder into the lubricant over time to

allow the lubricant to possess these beneficial properties for loAger?

Suppressing the formation of PAHs, soot and other contaminants continues to be
thoroughly researcheas does the removal of soot from the engine and lubricant system
if it does form. It can be seen that there are a number of strategies #airtologists
have implemented that help in this regarftdom engine control parametarto filtration.
Somethingwhich, to the best obur knowledge, has never been attertagl beforeis the
use ofpolymer particlegboth geltype and macroreticulatp sorboPAHs sootand other

potential contaminants fromanengine lubricantn situ
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1.24 Hypothesis and project aims

Within the CormaclkGroup,and elsewhere porous polymer particles hayeen shown
to be highlyuseful in numerous applicationscluding sorption and capture of analytes
of interest. Chemical modifications have also shown to enhdneeselectivityof these

materials when a particular analyte of interest is to be investigated.

Oneareaof applicationwhere materials of this type have remained largely unexplored

is in the sorption of soot and PAHs from an apolar media, such as engine oil.

Engine lubricants thatre in use currently a incredibly complex mixtures. Lubricants
containan additive packagthat can makeup more that 20% of a lubricantontaining
numerous compounds, including: dispersgntietergents and surfactants, afbam

agents, antwear agents angour-point depressantsamongst others.

It ispropsedthat by using polymer paidles (both getype and macroreticulgrcould be

used as sequestration devices to remove, initially, PAHs frorpotar solvent. It was
thoughtthat these polymeric materials could be exploited further and usesitu, within

an engine lubdant system. to remove soot precursors, soot and other potential
contaminants from the lubricantlt is further believed that by including solid phase
polymeric sorbents within engine db sequester harmful soot and PAH®mMe of the
compounds from theadditive package may become obsolete and therefore can be
removed. This could potentially have cost savings, as a less complicated lubricant needs
to be formulated. It may also make recycling of lubricants, at the end of their useful life,

a much simplerdsk as the lubricant would be a simpler mixture of compounds.

It may be the case that, in the future, solid phase polymeric sorbents could be utilised in
conjunction with currently employed technologies to create a system that could aid
sequestration of hamful contaminants within engine oil more effectively and efficiently

than currenty employed technologies alone.

It is therefore the aim of thistudy to investigate the synthesis and utilisation of solid
phase polymeric additives to sequester harh¥pecies from lubricating ol situ where

the undesirable species are soot particles or other harmful chemicals such as acids
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The overarching objective of thogrammewasto investigate whether the removal of
PAHSs and possibly soot frarhydracarbon fluid (and potentially thiibricant of a diesel
enging using crosslinked, insoluble polymers was possible. To this end, the main aims

have been:

1. To prepare a range of aromatic based polymers, with variations in functionality that
are designedii 2 SELX 2A 0 Tl @2dz2NI 6t S AYy(iSNI-OiGA2Z2ya

stacking, hydrophobic interactions and charge transfer interactiwhgre appropriate).

2. To chemically modify, pepblymerisation, a selection of these polymers to prepare

hypercrossliked polymers to explore their potential in this area.

3 To investigate the polymeric materials potential as sorbents for polyaromatic
hydrocarbon capture. Itis proposed that GC should be utilised in these studies, with stock

solutions of mixtures of PAHelmg dissolved in an apolar oil surrogate such as heptane.

4. Using the information gained in these sorption studies, prepare a range of analogous
polymeric materials that would be appropriate for use in sorption studies of PAHs and

soot from the lubricansystem of a diesel engine.

5. Analyse these materials, post engine st investigate their applicability as sorbents

within a diesel engine lubricant.
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2.0 Experimental

2.1 General

The reagents used for polymer synthesizinylbenzene80 (DVEB0) (80% grade) and
Agry et oSyl et vfesupiidd ByFlula §Steihheim (Germany) and purified
before use by passing through a short column of neutral alumianyl pyridine (96%)

was supplied by Alfa Aesar (Heysham, UK) and purified by distillation prior to use unless
stated otherwise Styrene (99%) and ethylene glycol dimethacrylate (EGDMA) (98%)
were supplied by Sigrmaldrich (Steinheim, Germany) and purifieefore use by passing
through a short column of neutral aluminghe $abilisers polyil-vinylpyrrolidone) (PVP)

360 (Mw 360,000) and Triton-405 (a proprietary name fopolyethylene glycotert-
octylphenyl ethey were syplied by Sigma Aldrich (Steinhei@ermany) and used as
NEB O S A @AzBbigisobuty¥oritfde) (AIBN) (97%) was supplied by BDH (Poole, UK) and
was recrystallised from acetone at low temperature before dryingvacuoat room
temerature prior to use. HPLC grade acetonitrile was supptigdRathburn Chemicals
(Walkerburn, Scotland) and used as received. Iron(lll) trichloride, (97%), anhydreus 1,2
dichloromethane (DCE) (99.8%) and nitric acid (Ridelélaén, 65%) were supplied by

SigmaAldrich (Steinheim, Germany) and used as received.

All other solvents used were of at least standard laboratory reagent grade, and were

supplied by SigmAldrich.

The analytes used in the PAH sorption studies presented herein: @eeaapthene,
anthracene, Imethylnaphthalene, ditropyrene and pyrene. Theseere all supplied by
SigmaAldrich (Steinheim, Germany) and were of GC grade and used as reaeived.

| SLIGFYS oxdd:0 dzaASR Ay (GKS&aS aiddzRASE | a

Aldrich (Steinheim, Germany) and used as received.

59



2.2 Equipment

Optical microscopyvas carried out on an Olympus VANOX optical microscope (Olympus

Corporation, Tokyo, Japan)

Elemental Microanalysisvas performed by the University of Strathclyde Elemental
Microanalysis Service. C, H and N elemental microanalyses weméed out
simultaneously on a Perkin Elmer 2400 Series Il analyser. Halogen sowniermet

determined using standard titration method$

Scanning Electron Microscog$EM) was carried out on a Cambridge Instruments

Stereoscan 90. Samples were sputter coated with mg@latinum)prior to imaging.

IR spectrawere obtained on a Shimadzu IRAffinitySpectrophotometer machinby
ATR

BETand Langmuir surface areaand pore size were measural using a Micromeritics
ASAP 2000 analyser. The methods for determining surface area, pore size and pore size
distributions wee based on procedures given by IUPA@nd the relevant British

standardst’"17° as follows:

Approximately 300 mg of polymer sample was diiegdacuo(60 mbar, 40 °C) overnight.
Prior to analysis the sample was degassed under vacuum at 100 °C until a constant

pressure of < 0.006 mbar was achieved.

The specific surface areatbie polymers was measured using nitrogen sorption at 77 K.

The saturation vapour pressurBy, of the adsorptive was determined and monitored
RANBOGE& dzaAy3a I LINBaaddzaNBE YIy2YSGSN® ¢KS
measured with helium before theample was immersed in liquid nitrogen. The static
volumetric method was used for assessing how much gas was adsorbed. TPaB&ET
Langmuit®* models were then applied to the data to determine specific surface areas. In

the experimental data, the most appropriate specific surface area has been quoted based

upon the calculated BET constant and isotherm data that was obtained for each polymer.

The men pore size of the polymers was measured using nitrogen sorption. This method

was conducted using the stepwise static method to obtain pore size data. 55 points were
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recorded in total for the adsorption and desorption portions of the isotherm curve. Using
data from the adsorption branch, theplot method, as proposed by Lippens and
deBoert®%184 was used for calculating micropore volume and surface area. Mesopore
size distribution was also calculated from the agiéion branch of the isotherm, using
the BJH method®®

Gas Chromatographgnalyses wre carried out on an Agilent 7820Gas Chromatograph

fitted with a flame ionising detector (FIDJhe optimised GC conditions are presented

below:
Gas Chromatograph Agilent 7890A
Analytical Column 30 m x 0.32 mm, 0.2&6m
Injection Temp (°C) 320 °C
Carrier Gas Helium (6.5 mL/min)
OvenProgram 90 °C held for 4 mins

90¢ 250 °C at 20 °C/min held for 10 mins
250¢ 320 °C at 30 °C/min held for 0 mins
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2.3 Synthesis of 1 generation materials via precipitation
polymerisationand NAD polymerisation and the hypercrosslinking of
materials thereof

2.3.1 General Procedures

General Procedure &Preparation of polymer particles via Precipitation Polymerisation
(PP)3

All of the monomer (including any comonomers if required) was added to a N&lgene
bottle, followed by the solvent (and any-solvent if required) and initiator (AIBN unless
stated otherwis@¢. The bottle contents were ultrasonicated for 15 minutes. After
ultrasonication, nitrogen gas was bubbled through the reaction mixture for 15 minutes
at ice-bath temperature. After degassing, the Nalg&bettle was sealed under nitrogen
and placed on a lowrofile roller (Stovall Life Sciences Inc., North Carolina, U.S.A)
contained within an incubator (Stuart Scientific, Stone, U.K) and rotadtedtats long

axis. The temperature inside the incubator was ramped from ambient temperature to 60
°C over a period of around two hours. The polymerisation was allowed to proceed for a
further forty-six hours to give a milky suspension of polymer particles. &heltmg
particles were viewedia optical microscopy prior to filtration. The product was filtered
by vacuum on a 0.22 um nylon membrane filter. The particles were then washed with
solvent to remove any unreacted monomer or initiator (~100 mL of acettanfollowed

by ~100 mL of toluene, methanol and finally acetone) before being dried ovelinight
vacuo(60 mbar, 40 °C).

General Procedure @Preparation of polymer particles via a T"\Btage NormAqueous

Dispersion (NAD) Polymerisatitn.

To a 150 mL-Becked roundbottomed flask, fitted withan overhead stirrer (2 bladed
CSTE2yun adANNBND > <afdédRstliliEed (RYPBB0O,R g)Jtibaiserd y £ S (i
(Triton X405, 0.35 g), all of the monomer, half of the functionalhsonomer, half of the

total solvent (ethanol in each case) and all of the initiator. The contents of the flask were

stirred at 100 rpm andonce homogeneouyshe resultant solution was degassed under
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N2 by bubbling nitrogen through the solution for 30 minutes (thereaftbe reaction was
carried out under a blanket of nitrogen). The reaction was then heated teCrfor 1

hour. A solution ofhe crosslinker dissolved in the remaining functionaheonomer and

the remaining solvent, heated to PC was then added. The polymerisation was allowed

to proceed for 24 hours. The resultant particles were centrifuged at 9000 rpm for 10
minutes. The uid supernatant was then removednd the particles were resuspended

in ethanol and centrifuged again. This process was repeated once more in ethanol and a
further twice in methanol. The particles were finally filtered by vacuum on a 0.22 pm
nylon membrae filter before being dried to constant magssvacuoovernight (60 mbar,

40°C).

General Procedure Hypercrosslinking of precursor polymer partiéfes.

To a 150 mL-Beckedround-bottomedflask, fitted with overhead stirrer, condenser and
gas inlet was added precursor Ipmer particles and 1;8ichlororethane (40 mL). The
particles were left to swell for 1 hour at room temperature while the system was purged
with No. Ferric chloride (1:1 mole ratio with respect to pendent chloromethyl groups
present in the precursor padies) dissolved in 1;@ichloroethane (40 mL) was added to
the swollen polymer particles and the reaction heated t&¢8Gor 18 hours. The particles
were filtered by vacuum on a 0.22 um nylorembrane filterthen extracted overnight
with acetone in a SoXét extractor. The particles were once again filtered as described
above and washed with methanol and diethyl ether before dryingacuo(60 mbar, 40

°C) to constant mass.

General Procedure ©@Partial hypercrosslinking followed by exhaustiypercrosslinikg

of polymer particle$?

First StageTo a 150 mL-Beckedround bottomedflask, fitted withanoverhead stirrer,
condenser and gas inlet was added precursor particles and hexane (40 mtheand
particlesleft to wet for 2 hours at ambient temperatures whithe system was purged

with Np. The resultant mixture was cooled td °Cin an ice/brine slurrly and ferric
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chloride was added (11 mol % with respect to pendent chloromethyl groups present in
the precursor particles) which was allowed to disperse foodré before the mixture
was heated to 80 °C and allowed to react for 18 hours. Mechanical stiwigngn
overhead stirrer was carried out for the duration of the reaction. The product was filtered
by vacuum on a 0.22 pm nylon membrane filter and washel methanol and aqueous
HNQ (pH 1). The particles were then extracted overnight with acetone in a Soxhlet
extractor. The particles were once again filterad described aboveand washed with
methanol and diethyl ether before drying vaccuooven (60 mhr, 40°C) to constant
mass.Second StageThese particles were then fully hypercrosslinked as @eneral

Procedure C

2.3.2 Preparation of Polymer Particles

Preparation of Poly(DV&80) via Precipitation Polymerisation

S

FollowingGeneral Procedure résults are reported as: a) amount of D8®&, b) amount

of AIBN; c) total volume of solvent (acetonitrile/toluene (75:25)); d) product yield
a) 2.0 g, 15.3 mmol; b) 0.045 g, 0.2 oint)100 mL; d) 0.54 g, 27%
Appearance of produciVhite powder

FFIR’ [cm? (ATR): 3082 (aromatickT stretch), 3043 (unreacted vinyl grougHC

stretch), 2920, 2358, 1975, 1602 (aromatic ring stretch), 1510 (aromatic ring stretch),
1487, 1444, 987, 902 (unreacted vinyH®utof-plane stretch), 835 (1;4

disubstitution), 749 (1,8lisubstitution).
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Elemental microanalysis: Expected 91.2% C, 8.1% H and 0.7% N; Found 89.6% C, 7.7% H
and 0.5% N

Langmuir Specific Surface Aré&3 nt/g, Average pore diameter: 2.2 nm, Total pore

volume (at saturation pressu)e0.2 cni/g

Preparation ® Poly(DVEBO-co-4-VP) via Precipitation Polymerisation

n m

=
co

NS
X N
h

FollowingGeneral Procedure rasults are reported as: a) amount of D88, b) Amount
of 4-VP; ¢) amount of initiator (ABDV); d) total volume of solvent (acetonitrile/toluene

(75:25); e) product yield

a) 90 mol%, 0.9245 g, 7.1 mmol; b)10 mol% 0.075 g, 0.7 mmol; c) 0.066 g, 0.4mmol;
25 mL; e) 0.7 g, 66%

Appearance of produciVhite powder

FFIR’ [cm™ (ATR): 3020 (aromatickT stretch), 2918, 1598 (pyridine ring stretch), 1510
(aromatic ring stretch) 1487, 1444, 1415 (aromatic C=N stretch), 989, 902, 827.

Elemental microanalys: Expected 90.2% C, 8.1% H and 1.7% N; Found 90.1% C, 7.6% H
and 1.4% N

Langmuir Specific Surface Aré&i4 nt/g, Average pore diameter: 2.1 nm, Total pore

volume (at saturation): 0.3 cffy.

FollowingGeneral Procedure rasults are reported as: a) amouof DVB80; b) Amount
of 4-VP; c) amount of initiator AIBN; d) total volume of solvent (acetonitrile/toluene

(75:25); e) product yield
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a) 0.9258 g, 7.1 mmol; b) 0.0745g, 0.7 mmol; c) 0.0663 g, 0.4 mmol; d) 25 mL; e) 0.64 g,
86%

Appearance of produciVhite powder

FFIR’ [cm™ (ATR): 3020 (aromatick stretch), 2920, 1597 (pyridine ring stretch), 1510
(aromatic ring stretch), 1446, 1415 (aromatic C=N stretch), 1016, 989.

Elemental microanalysis: Expected 90.0 % C, 8.0% H and 2.0% N; Found 89.%41C, 7.6
and 1.9% N

Langmuir Specific Surface Ar@29 n¥/g, Average pore diameter: 2.4nm, Total pore
volume (at saturation): 0.33 cify.

Preparation of Poly(DV&80-co-VBC) via Precipitation Polymerisation.

Cl

FollowingGeneral Procedure r&sults are reported as: a) amount of D8@&, b) amount

of VBC; c) amount of initiator AIBN; d) volume of acetonitrile; e) product yield

a) 25 mol%, 0.889 g, 6.7 mmol; b) 70 mgl%2 g, 20.3 mmol; ¢) 0.107 g, 0.6 mmol; d)
200mL; e) 1.81 g, 47%

Appearance of product: pale yellow solid

FFIR' [cm? (ATR): 3020, 3012, 2920, 2850, 1703, 1604, 1510, 1442, 126WQ of
CH-CI) 825, 709(CiI str.)

Elemental microanalysis: Expectéd.4% C, 6.4% H, 0.5% N and 17.7% CI; Found 77.0%
C,6.5%H, 0.7% N and 14.0 % ClI
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BET Specific Surface Area: <%gm

Preparation ohypercrosslinked poly(D\@8-co-VBC).

v

co

FollowingGeneral Procedure 1€sults are reported as: a) amount of precursor polymer

particles (Poly(DVB0-co-VBC); b) mass of FeC€) Roduct yield
a) 0.5 g; b) 0.405 g, 2.5 mmol; c) 0.40 g, 93%

Appearance of product: Light brown powder

FFIR' [cm™ (ATR): 3026, 2920, 1700, 1599, 1491, 818, 756

Elemental microanalysis: Expected 91.8% C, 7.3% H, 0.9% N and 0% CI; Found 85.5% C,
6.8% H, 0.9% N and 2.7% ClI

Langmuir specific surface area: 2084/g, Average pore diameter: 2.2 nm, Total pore

volume (at saturation): 0.84 city.

Preparation of Poly(gteneco-EGDMA) via NAD polymerisation
ot
oH 0
m
/

n
co
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FollowingGeneral Procedure isults are reported as: a) total amount of styrene; b)

amount of EGDMA, c) amount of AIBN; d) total volumetb&nol; e) product yield

a) 99 wt%l2.5 g, 0.12 mol; b) 1 wt%, 0.125 g, 0.63 mmol; ¢) 0.25 g, 1.5 mmol; d) 47.5
mL; e) 9.51 g, 77%

Appearance of product: white solid
FFIR' [cm™ (ATR): 3059, 3026, 2920, 1720 (C=0, ester str.), 1600, 1492, 1452, 756, 696

Elemental microanalysis: Expected 91.6% C, 7.8% H and trace N; found 91.7% C, 7.6% H

and trace N

BET specific surface area: < 3gn

Preparation of Poly(styrersn-4-VRco-EGDMAYia NAD polymerisation

)

/

FollowingGeneral ProcedurerBsults are reported as: a) total amount of styrene; b) total
amount of 4VP; c¢) amount of EGDMA,; d) amount of AIBN; e) total volume of ethanol; f)

product yield

a) 9.45 g, 0.09 mpb) 0.55 g, 5.2 mmol; ¢) 1 wt %, 0.1 g, 0.5 mmol; d) 0.201 g, 1.2 mmol;
e) 47.5 mL; f) 6.7 g, 68%

Appearance of product: Pale yellow solid

FFIR [cm™ (ATR): 3024, 2920, 2848, 1720 (C=0, ester str.), 1580 (pyridine ring, str.),
1560 (pyridine ring, st), 1492, 1452756, 696
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Elemental microanalysis: Expected 90.9% C, 7.7% H and 1.1% N; Found 90.8% C, 7.7% H
and 1.2% N

BET specific surface area: < 3gn

Preparation of Poly(styrerso-VBCGco-EGDMA) via NAD polymerisation.

o

m
co co O O

0.0
!

FollowingGeneral ProcedurerBsults are reported as: a) total amount of styrene; b) total

—

amount of VBC; c) amount of EGDMA; d) amount of AIBN; e) total volume of ethanol; f)

product yield

a) 49.5 wt%, 5.025 g, 48 mmol; b) 49.5 wt%, 5.025 g, 33 mmol; & Dvitg, 0.5 mmol;
d) 0201 g, 1.2 mmol; e) 47.5 mL;f) 7.1 g, 72%

Appearance of product: Pale yellow powder

FFIRe/cm™ (ATR): 3024, 2922, 1724 (C=0, ester str.), 1600, 1492, 1452, 12653
of CH-CI) 830, 699 (ClI str.)

Elemental microanalysis: Expected 81.2% C, 6.99@%, N and 11.3% CI; Found 85.3%
C, 7.0% H, 0.4% N and 9.4% ClI

BET specific surface area: < 3gn

Preparation of hypercrosslinked poly(styraxteVBCco-EGDMA) via a one stage process.

o

m /
co co O O
N

00O
/
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FollowingGeneral Procedure r€sults are reported as: a) amount of precursor polymer

particles; b) amount of Fe€[c) Product yield
a)2g;b)1.03 g, 6.35 mmol; c) 1.62 g, 89 %
Appearance of product: Light brown powder

FFIR' [cm™ (ATR): 2920, 1722 (C=0, ester str.), 1508, 1494, 1452, 812, 758, 710 (weak.
GCl str.) There appears to be no band at ~1265 corresponding to the €1 wag of
Ch-Cl

Elemental microanalysis: Expected 92.2% C, 7.38% H, 0.4% N and 0% CI; Found 89.2% C,
7.1% H, 0.7% N and 1.2% C

Langmuir specific surface area: 788/g, Average pore diameter: 2.5 nm, Total pore

volume (at saturation): 0.36 cify.

Preparation of hypercrosslinked poly(styrameVBCco-EGDMA) via a twetage

o

m

co co O
(6] (6]

) %

/

FollowingGeneralProcedure Desults are reported as: a) mass of precursor polymer

process.

o —

particles; b) mass of Fe@l first stage; c) mass of Fe@l second stage; d) Product yield
a) 1.5 g; b) 0.071 g, 0.3 mmol; c) 0.429 g, 2.64 mmol; d) 0.86 g, 63%
Appearance of productidght brown powder

FFIRw/cm™ (ATR): 2920, 1722 (C=0, ester str.), 1508, 1494, 1452, 812, 758, 710 (weak.
GClI str.) There appears to be no band at ~1265 corresponding to the €1 wag of
Ch-Cl
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Elemental microanalysis: Expected 92.2% C, 7.3% H, Oafb 08 CI; Found 90.2% C,
7.4% H, 0.4% N and 0.5% ClI

Langmuir specific surface area: 5a#/g, Average pore diameter: 2.1 nm, Total pore

volume (at saturation): 0.16 cify.

Preparation of Poly(VB&>-4-VRco-EGDMA) via NAD Polymerisation
- T
co = | co O 0

S N

N

al 00O

Iy

FollowingGeneral Procedure f8sults are reported as: a) Total amount of VBC; b) total

n

amount of 4VP; c) amount of EGDMA; d) amount of AIBN; e) volume of ethanol; f)

product yield

a) 93 wt%, B6 g, 61.3 mmol; b) 6 wt%, 0.65 g, 6.1 mmol; a)t%, 0.1 g, 0.5 mmol; d)
0.201 g, 1.2 mmol; e) 47.5 mL; f) 8.17 g, 81%

Appearance of product: Dull white powder

FFIRw/cm™ (ATR): 2924, 2854, 1720 (C=0, ester str.), 1635, 1560 (pyridine ring, str.),
1580 (pyridine ring, str.), 1265 {€wag of CHCI) 817, 707 (CI str.)

Elemental microanalysis: Expected 71.3% C, 6.0% H, 1.2% N and 21.2% CI; Found 71.3%
C, 6.5% HL.4% N and 20.4% ClI

BET specific surface area: /g, Average pore diameter: 16.2 nifiptal pore volume

(at saturation): 0.06 cAfg.
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Preparation of hypercrosslinked Poly(M#4-VRco-EGDMA) via a one stage process
- Tt
co = | co 0O °0
; N
N

Cl Jnmr
/

FollowingGeneral Procedure r€sults are reported as: a) amount of precursor polymer

n

particles; b) amount of Fe{k) Product yield
a)1.5g; b) 1.45 g, 8.9 mmol; ¢) 1.24 g, 96%
Appearance of product: Light brown powder

FFIRg/cm™? (ATR): 2922, 172(C=0, ester str.), 1683, 1550 (pyridine ring sfr4¢6,
1265 (very weak), 902, 796

Elemental microanalysis: Expected 91.5% C, 7.0%%, N.and 0% CI; Found 80.0% C,
6.6% H, 1.4% N and 6% CI

Langmuir specific surface area: 7808/g, Average pore diameter: 3.6 nm, Total pore

volume (at saturation): 0.70 cify.

Preparation of hypercrosslinked Poly(M#-VRco-EGDMA) via a twetage proess

CH,
/ /|
o\o

N
—
0.0 /
cl | P

/ CH,

FollowingGeneral Procedure Esults are reported as: a) mass of precursor polymer

n

AN

m
co = | co
NS
N

particles; b) mass dfedin first stage; c) mass of Fe®@ second stage; d) Product yield
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a) 1.5 g; b) 0.098 g, 0.6 mmol; c) 0.429 g, 2.64 mmol; d) 1.14 g, 95%
Appearance of product: Light brown powder

FFIR [cm? (ATR): 2922, 172(C=0, ester str.), 1683, 15%pyridine ring str.) 1446,
1265 (very weak), 902, 796

Elemental microanalysis: Expected 90.6% C, 7.6% H, 1.8% N and 0% CI; Found 79.7% C,
6.5% H, 1.6% N and 7.6% CI

BET specific surface area: 503g, Average pore diameter: 3.1 nm, Total pore volume

(at saturation): 0.4 cr¥g.

2.3.3 PAH Sorption Experiments usind ieneration materials

Smallscale sorption experiments

'y WSI|jdZAf AONAdZY 6AYRAYIQ GeLlS SELSNAYSYy(d ¢
was placed in a separate, closed syringe barrel. To each syringe barrel was adgéd 500

of a heptane solution containing acenapthene, anthracene and pyrene, each at a
concentration of 30>g/mL. This solution was left in contact with the polymer particles

for a period of 24 hourat room temperature After this time, a sample of the liquid

portion was removed and analysed by.GQ@e percentage of each PAH removed from

soll A2y gl ad GKSYy NBLER2NISR® !f2y3 gAGK (KS L
also carried out, in which no polymer was included with the PAH/heptane solution. All

sorption experiments were performed in triplicate.
Largescale sorption experiments

The largescale sorption experiments took a similar form as the ssedle sorption
experiments. 250 mg of each polymer was placed into a glass jar. To the jar was added
20 mL of a heptane solution containing acenapthene, anthracene, pyrene, nitropyrene
and methylnapthalene, each at a concentration of 289mL.The jar was then sealed.

The solution was left in contact with the polymer for a period of 24 hairsoom

temperature After this time,a sample of the liquid portion was removedd analysed
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by GCThe percentage of each PAH that was removed from solution was then reported.
lf2y3 gAOK GKS LRfEYSNI Al YLX Sax | WotlylQ
polymer was included with the PAH/heptane solution. All sorption experiments were

performed in triplicate.

2.4 Synthesis of 2 generation materials via suspension
polymerisation and the hypercrosslinking of materials thereof

2.4.1 General Procedures

A. General procedure for the synthesis of -porous polymers by suspension

polymerisatioft

All polymerisations were carried out on a 40 g monomer scaieg a comran aqueous
phase. The aqueous phase was prepared by dissolving PVA (7.5 g, 88% hydrolysed,
125000) in doubly distilled water (1000 mL). Some heat and stirring was required to fully
dissolve the PVA. Once dissolved, NaCl (33 g) was then added anedaitodissolve
also. 700 mL of this solutiomas thenused as the aqueous phase. This was added to a 1
litre, jacketed, paralletided, baffled, flangéopped reactor fitted with condenser,

nitrogen inlet and a mechanical stirrer which possessed a daotgeller.

The organic phase was prepared in a separate rehsitbmed flask, as follows: To a
mixture of all monomers and crosslinker, was added 0.5 wt% of AIBN (0.2 g, 1.21 mmol).
Nitrogen gas was then bubbled through this solution for 10 minutes to renoxygen.

The organic phase was then added to the reaction vessel containing the aqueous phase
and suspended as spherical droplets by stirring at 425 r.p.mrddstion mixturewas
heated to 80 °C for 6 houraffording a white milky suspension of produ@he reaction
mixture was then cooled to room temperature and decanted onto a 25 um sieve and
washed with deionised water and methanol. The resultant particles were swollen in
acetone for 10; 15 mins and then Soxhlet extracted overnight with acetonealBiinthe
polymer was filtered on a 0.45 pum nylon membratfiieer. The polymer sample was

sieved and the fraction greater than 106 um was used in sorption tests.
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B. General procedure to produce fully hypercrosslinked polymer patficles.

To a flangeopped, 1 litre roungbottomed reactor fitted with a condenser, gas inlet and

a 4 bladed PTFE stirrer was added the precursor polymer particles (all particles were >106
pm). n-Heptane (250 mL) was added and allowed to disperse among the polymer
particles br 2 hous, with stirring at 200 r.p.m. Iron trichloride was then added to
reaction mixture at 11 mol% relative to the chlorine that was expected to be present in
the precursor particles. The reaction mixture was then heated rapidly to 60 °C for 18
hours.The partially hypercrosslinked polymer particles were filtered on a &dHylon
membrane filter and washed with methanol and 2M HRl@nd then washed with
acetone overnight in a Soxhlet extractor. The particles were then filtered once more and
then driedovernightin vaccuo(60 mbar, 40 °C). The resultant light brown particles were
then fully hypercrosslinked: To a flang®pped, 1 litre roundbottomed reactor fitted

with a condenser, gas inlet and a 4 bladed PTFE stirrer was added the precursor polymer
particles (all particles were >106 pum). IRchlororethane (125 mL) was added and
allowed to swell the polymer particles for 1 hour, with stirring at 200 r.p.m. Iron
trichloride was then added to the mixture in a 1:1 mol ratio of chloromethyl groups that
were expected to be present in the nédrypercrosslinked precursor particles. The
reaction mixture was therheated rapidly ® 80°C for 18 hours. The resultant fully
hypercrosslinked polymer particles were filtered on a GzAbnylonmembrane filterand
washedwith methanol and 2M HN§then washed with acetone overnight in a Soxhlet
extractor. The particles were then filtered for the last time on a Gdfylonmembrane

filter with acetone and diethyl ether before dryimgvaccuo(60 mbar, 40 °C) overnight.

2.4.2 Preparation of Polymer Particles

Preparation of Poly(VB&-DVB80) via suspension polymerisation
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FollowingGeneralProcedure Aresults are reported as: a) Amount of VBC; b) Amount of

DVRB80; c) Total Product Yield
a) 98 wt%, 39.2 g, 257 mmol; B wt%, 0.8 g, 6 mmol; c) 29.0 g, 72%
Appearance of product: White beads

FFIR’ [cm™(ATR): 3304 (broad-B stretch), 3014 (aromatic-& stretch), 2920 (aliphatic
GH stretch), 2914, 1512, 1419, 1265HGvag of CCI), 1209, 1174, 1070, 1030, 810,
709 (GCl bond stretch)

Elemental microanalysis: Expected 71.3% C, 6.0% H, <0.3% N and 22.7% ClI; Found 73.6% C,
6.8% H, <0.3% N and 11.8% ClI.

BET surface area: < S/m

Preparationof hypercrosslinked poly(VEBG-DVB80)

cl

FollowingGeneral Pocedure Bresults are reported as: a) Amount of polymer precursor
particles; b) Amount of Fe(h the first step; c) Amounvf Fedin the second step; d)
Total Product Yield

a) 19 g, expected to contain 120 mmol of chlorine; b) 2.17 g, 13.4 mmol; c) 19.46 g, 120
mmol; d) 15.12 g, 92%

Appearance of product: Datkown beads
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FFIR’ [cm™ (ATR): 3014 (aromatick stretch), 2920 (aliphatic-& stretch), 2906, 1703,
1442, 1261 Kroad, weak,GH wag of C{CI), 1168, 1085, 812, 7(veak, GCl bond
stretch)

Elemental microanalysis: Expected 84.9% C, 7.1% H, <0.3% N and 0% CI; Found 84.8% C,
6.6% H, <0.3% N and 2.3% ClI.

Langmuir Specific Surface area: 1320gm
Average pore diameter: 2.2 nm

Total pore volume (at saturation): 0.54 &g
Preparation of Poly(Styrerm-VBCco-EGDMA) via suspension polymerisation
of
oH 0
O%O/
I

FollowingGeneralProcedure Aresults are reported as: a) Amount of Styrene; b) Amount

of VBC; c) Amount of EGDMA, d) Total Product Yield

n

m
co co
Cl

a) 49.5 wt%, 20.0 g, 192 mmol; b) 49.5 wt%, 20.0 g, 131 mmol; c) 1 wifpDdmmol;
d) 32.9 g, 82%

Appearance of product: White beads

FFIR' [cm? (ATR): 3330 (broad-B stretch), 3023 (aromatic-B& stretch), 1710ester
C=0 stretch), 1266 {&€ wag of CkCl), 1214 dster CO stretch), 1113, 1098, 1015, 814,
760, 699 (&€lbond stretch).

Elemental microanalysis: Expected 81.3% C, 6.9% H, <0.3% N and 11.5% CI; Found 81.2% C,
7.1% H, <0.3% N and 6.1% CI.

Specific Surface area: <5/m
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Preparation of HXL Poly(StyreceVBCGco-EGDMA)
m +ﬁ/ n m +ﬁl
0~ "o 0~ "o
co co H E— co O co H
/ /

m

FollowingGeneralProcedure Bresults are reported as: a) Amount of polymer precursor

n

particles; b) Amount of Fe{h the first step; c) Amount of Fe@h the second step; d)
Total Product Yield

a) 9 g, expected to contain 27 mmol of chlorine; b) 0.52 g, 3.2 mmol; c) 4.45 g, 27 mmol;
d) 7.7 g, 95%

Appearance of product: Dark Brown Beads

FFIR' [cm™ (ATR): 3021 (aromaticik stretch), 2917 (aliphatic-i& stretch), 1710 (ester
C=0 stretch), 16024511, 1452, 1435, 1184, 1113, 1020, 812, 758.

Elemental microanalysis: Expected 86.7% C, 7.4% H, <0.3% N and <0.3% ClI; Found 89.2%
C, 6.9% H, <0.3% N and <0.3% Cl.

Langmuir Specific Surface area: 54%gm
Average pore diameter: 2.4 nm

Total pore volume (asaturation): 0.24 crig.

Preparation of Poly(VB&-4-VRco-EGDMA) via Suspension Polymerisation

I
= (0] O
co || co
NS
N
0.0
CI hS
/

n
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FollowingGeneralProcedure Aresults are reported as: a) Amount of VBC; b) Amount of

4-VP; c) Amount of EGDMA d) Total Product Yield

a) 93 wt%, 37.4 g, 245 mmol; b) 6 wt%, 2.5 g, 25 mmol; c) 1 wt%, 0.4 g, 2ap2eK
g, 65%

Appearance of product: White beads

FFIR’ [cm™ (ATR): 3330 (broad-B stretch), 2917 (aliphatic-& bond stretch), 1705
(ester C=0 stretch), 1422-{Chbond stretch), 1208eéter GO bond stretch), 1250 (8
wag of CkCl), 1009 and 814.

Elemental microanalysis: Expected 71.3% C, 6.0% H, 0.9% N and 21.5% CI; Found 69.7%
C, 6.8% H, 0.8% N and 12.2% CI.

Specific Surface Area: <5/m

Preparation of XL Poly(VB&r4-VRco-EGDMA)

= o O
co \N | co
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o

FollowingGeneralProcedure Bresults are reported as: a) Amount of polymer precursor

=
X
N

particles; b) Amount of Fefh the first step; c) Amount dfe in the second step; d)
Total Product Yield

a) 20 g, expected to contain 115 mmol of chlorine; b) 2.2 g, 13.3 mmol c¢) 18.54 g, 115
mmol; d) 16.2 g, 98%

Appearance of product: Dark Brown Beads

FFIR' [cm™ (ATR): 3056 (aromatick stretch), 2919 (adhatic GH stretch), 2322, 1710
(ester C=0 stretch), 1418 (pyridindNond stretch), 1067, 1019, 812, 747.
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Elemental microanalysis: Expected 81.7% C, 7.1% H, 0.8% N and <0.3% CI; Found 80.6%
C,6.1% H1.1% N and 2.4% CI.

Langmuir Specific Surface Are892 m?/g.
Adsorption average pore diameter: 2.2 nm.
Total pore volume (at saturation): 0.56 &

Preparation of Poly(DV&80)-co-4-VP) via Suspension Polymerisafigh.

The polymer beads were synthesised using a suspension polymerisation rhigtlzod

litre jacketed, parallesided, baffled, flangéopped reactor fitted with condenser,
nitrogen inlet and a mechanical stirrer which possessed a double impeller. At room
temperature, the reactor was charged with an aqueous phase consisting of 130 mL of
distilled water and 2 wt% (2.6 g) of PVA.

The organic phase was prepared separately in a reéaottbmed flask. An 80:20 mol

ratio of DVB30 (33.29 g, 254.9 mmol) to-MP (6.70 g, 63.7 mmol) was mixed with
toluene (87 mL) as porogen. To this was added AIBN (0.67 g, 4.1 mmol) (1.3 mol% relative
to moles of monomer). The total volume of the organic ghavas 130 mL, therefore the

ratio of organic phase to aqueous phase was 1:1. Nitrogen gas was then bubbled through

this solution for 10 minutes to remowdissolved moleculaoxygen.

This organic phase was then added to the aqueous phase and suspendediny at
425 r.p.m. The polymer suspension was heated to 80 °C for 24 hours affording a white
milky suspension of product. The reaction mixture was tleeonled, and the beads

decanted onto a 25 pum sieve and washed with deionised water and methanol before
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dryingin vacuo(60 mbar, 40 °C) to constant mass. After drying, the beads were sieved

and the fraction larger than 106 um used in sorption tests.
Product yield39.5 g, 98%
Appearance of product: White beads

FFIR Ncm-1 (ATR): 2909 (aliphatickCstretch), 1693, 1597, 1558, 1416 (pyridindl C
stretch), 1260, 1071, 825, 795.

Elemental microanalysis: Expected 89.8% C, 7.8% H and 2.5% N; Found 87.8% C, 7.8% H,
2.2% N

Specific surface area (BET): 5%gnm

Adsorption Average pore width: 7.8 nm

2.4.3 PAH sorption experiments

Sorption experiments of "2 generation polymers synthesised via suspension

polymerisation and the hypercrosslinked variants thereof

250 mg of eachpolymer was placed into a glass jar. To the jar was added 20 mL of a
heptane solution containing acenapthene, anthracene, pyrene, nitropyrene and 1
methylnapthalene, each at a concentration of 28§/mL. The jar was then sealedlhe

solution was left in contact with the polymer for a period of 24 houwrith constant

mixing by placing the jars on leprofile roller. After this time,a sample of the liquid

portion was taken andnalysed by GC. The percentage of each PAH thatemasved

FNRBY a2fdziAaz2y ¢l ad GKSY NBLRNISR® !'f2y3a gAi
was also carried out, in which no polymer was included with the PAH/heptane solution.

All sorption experiments were performed in triplicate.
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2.5 Experimental forengine tests

The surface area analysiSFIR analysis, elemental microanalysis and SEM analysis were

carried out at Strathclyde University.

2.5.1 Equipment

Enginetests SNE OF NNA SR 2dzi |4 .t Qa t NRBRdzOG ¢Said
Spragg, Thoas Peirsorbmith, AlistaiDrury,and Mark Coakley.

I wAOFNR2 RASASt WIBRNIQ GSad Sy3aiaysS 4l a dz
0.5 L, single cylinder, lighiuty engine is a bespoke research engine. It is of a modular
designandasl Y2 LYSYy 9/ ! Q 09y 3IAYS [/ 2yiINRE ' yAGOUD ¢F
inter alia, fuel/air mixture, ignition timing and engine idle speed to bentrolled
independently This allows for specific soot loading in the engine lubricant to be
achieved. The emge was fitted with an external oil circuit, as shownHRigure 10.

Associated analytical analyses of the lubricants from the engine tests were carried out by

.t Q& C2NXNdzZ F SR t NPRdzOGAa ¢SOKy2ft23& Ly@gSal
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Figurel0- Engine lubricant system circuit diagram

GCMS/NDP/FPIvas carried out on an Agilent 7890B Ghsomatograph fitted with a

mass spectrometer (MS), a nitrogen detector (ND) or a sulfur detector (FPD). Prior to the

GC analysis the polymsamples were either thermally desorbed (heated to 350 °C) or
pyrolysed (heated to 600 °C to break bonds) The polymers were analysed both neat and
after washing with pentane. The pentane washing was to remove excess engine lubricant

from the polymer samplet KS &S |yl feasSa 6SNB OF NNASR 2dzi

Technology Investigational Analysis facility by Chrissie Wicking and Sam Whitmarsh.

The elemental microanalysis, SEM analysis surface area analy#s,aRalysis and

surface area analyswerecarried out at Strathclyde University.
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Procedures
Nong fired engine test

The nonfired engine test utilised only the oil pump to flow hot oil around the engine and

lubricant circuit, without any engine combustion. The engine was flushed with the
candidate lubricant for 30 minutes at 6C. The flushing lubricant was then removed,

and the sump filled with more of the candidate lubricant, before heating to the test
temperature (60°C). For the nofired engine test, the candidate lubricant was a dise
heavyduty diesel engine lubricant that had been used in a field test. The polymer to be
0§SAaGSR ¢l a GKSy f 2 RSFRuredsf (aX&NildorkandbndSfilieR F A f
filter). The hot lubricant was then pumped round the circuit for a total of 10 hours. A 100

mL sample of lubricant was taken every hour for analysis. To achieyéhthisil pump

had to be stopped each time lubricant was toreenoved.
Fired engine test

The fired engine test was run in much the same way as thefineth engine test. The
engine and lubricant circuit were flushed for 30 minutes with a strong detergent
lubricant. The oil pump was used to perform this task. Tubsidant was then removed

and replaced with the candidate lubricant. For the fired engine test, the candidate
lubricant was a bespoke diesel engine lubricant that did not contain any dispersant. The
L2f&@YSN) 6SIFRaA ¢SNB f 2 RaRplebfenginkidricthovias R T A f
then taken forFFIR and TGAoot analyses to provide a base line.

The engine was then started. The engine was then run for either 8 hours or 16 hours,
depending on the test being carried out. The engine was stopped every h@d mL of

oil was then sampled for anaigsbefore the engine was restarted. To ensure a higher
than normal soot loading in the lubricgrthe test engine was run under the following

conditions:

Injection pressurei800 bar
Number of fuel injections: @
Start of main injection: 10.5° Crank angle, beyond top dead centre.

Duration of main injection: 0.5 ms.
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3.0 Results and Discussion

3.1 Synthesis ofpolymer microspheres by precipitation and nen
aqueous dispersion polymesation.

Porouspolymer microsphereshave found use in many sorption applicatipmsth the
sorption of contaminants from engine oaiih situ, being the focus of the work presented
in this thesis Methodologies that have beeresearched thoroughlyithin our group,
and elsewhere, are utiksl and built upon to synthes materials that are envisaged to
be of use within this area. The synthesis of a range of poaodsnorporouspolymer
particles, preparedvia both precipitation polymerisation (PP) and nagueous
dispersion (NAD) polymerigah, to yield polymers containing varying ratios of
comonomershas been investigated.he investigation of ultrhighspecificsurface area
materials has also been undertak@hese materials were produced using the previously

discussed Friedelrafts chenistry developed by Davankaat al%®

3.1.1 Synthesis of Poly(D\B0)

Precipitation polymerisation is a robust and facile method of producing porous polymer
microspheres. As a general ruilee higher the amount of crosslinker included the higher
the yield of the polymerisatiorCrosslinkealso imparts more mechanical strength into
the particles. Microspheres comprised entirely of crosslinkex, divinylbenzene30,
were prepared in a usable yiel®S¢hemel6). The reaction was carried out on a 2 g
monomer scale, using 100 mL of acetonitrila. precipitation polymerisation, the
growing microspheres capture growing oligomers and monomers onto their surface but
due to the low mmomer concentration, do not agglomerate with other growing
microspheres. In more concentrated polymerisation systems these growing
micropsheres woulthergetogether andform one interconnected polymer network.Q.
suspension polymerisation).v&ry low monomer concentration is therefore required in
precipitation polymerisation, to avoid agglomeration of the polymer particles as they

form. Acetonitrile is used as the polymerisation medium in precipitation polymerisation
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asitisanealr & 2 foip8lyDVB)In precipitation polymerisation, if mordisperse

polymer particles are to be produced, néar a 2 f @Sy (0 &% CaNythg B¢ dzA NB R
polymerisation of divinylbenzene allowethe author to gain experience in the
methodology of precipitation polymerisation, it also allowed for the preparation of a

material that hadno functionalitybesides vinyaromatic and hydrophobic character,
whichitwashopdg 2 dz2f R F ARGAY]IAYy 3T AYUSNIOQUA2Yya HAGK

Z4 n
| AN AIBN =
/ﬁ CH4CN, 60 °C, N
| 48 hrs

Schemel6: Synthesis of Poly(D\VV80) microspheres

AnFTIRspectrum of the producshowed stretches at 3082, 835 and 749dmdicative
of: aromatic GH stretching, ¥ - and 13 disubstitution of the aromatic ring,

respectively. Elemental microanalysis corroboraBadB being preserih the product

Nitrogen sorption analysis was used to investigate the surface area and pororsity of the
poly(DVB80) particles. The specific surface area was found to be 41§, with an
average pore diameter of 2.2 nm. A high surface area such am#ysat first seem
unusual as ngpotent pore forming solvent (such as toluene) was included in the
synthesis. Indeed, when Li ando@&r carried out similar polymerisations of D'GB
(which contains a mixture of 55% divinyl benzene and 45% ethylvinyl benzbey
found that when only acetonitrile was used as a solvent the resultant polymer beads had
specific surface areas of less than &grf° However, in the above synthesis D8&
which contains 80% divinylbenzen@as used.By increasing the amouraf divinyl
species in the crosslinkea permanently porous materiavas produceddue to an
increase in crosslink density when compared to a poly(B&)BBy increasing the number

of crosslinks, upon removal of the sottdrom the polymer, the material is more rigid

and therefore able to retain a porous structure.
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SEM was used to analyse the shape and size of the resultant particleSEM

micrograph islsownin Figurell.

25KV WD:11MM

3
( %1.15“ )

Figurell-SEM micrograph of poly(DV80)

The SEMimage shows smooth spherical particles. As can be seen in the ,nege

particles are also discrete, that is they are a collection of individual partities is due

to the very high level of crosslinkesedwhich results in particles that do not aggregate

together upon collision with one another. Most of the particlpsoduced in this

LRt e@YSNRalF GA2Y ¢S NadafeSldadypolydispeyse.H >Y Ay aAl §

With proficiency in precipitationpolymerisation now gained, attention turned to
including cemonomers into themonomerfeed to produce polymers that possasseful
chemicalfunctionality. It was believed that the inclusion of functional moieties may
enhance the polymersapabilities in PAH sorption and captuas well as allowing higher

specific surface areas to be imparted through hypercrosslinking chemistr

3.1.2 Synthesis of Poly(D\tBo-4-vinylpyridine)

Vinypyridine has been used as a -omnomer in materials that are used in

chromatographic colummfor the separationof PAHs, specifically benafpyrene and
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anthracenet!® With this information in hand it was deemed pertinent to this study to

produce materials that were of a similar character.

In an analogous fashion tdhe poly(DVB80) discussed abovepoly(DVBco-4-
vinylpyridine) was synthesised from a 10:1 mole ratimohomers §chemel?) in a 66%

yield.

= = n
m
N, X ABDV = %
| @ | _ > A co |
m N CH3CN/Toluene (75:25), SN

60 °C, 48 hrs

S

Schemel7- Synthesis of poly(DVB0-co-4-VP)

Toluene was used as a solvent in this polymerisatioti acetonitrile usually employed

in addition Toluene is considered a good solvent for aromatic polymers such as DVB. By
including toluenethe solvency othe reaction medium is improved. This causes ghas
separation of the growing polymeo occur at a later stage. Some of the toluene will
become trapped in the growing polymer patrticles, thereby forming small pores within

the polymer particles.

To ensure bth monomers were incorporated into the final polymer elemental
microanalysis was employed and the values gained from this were compared with values

expectedfor the elements presenfl{able?2).

Elemental microanalysis (%)

C H N
Expected based on 10:1 mole ratio D8®4VP 90.2 8.1 1.7
Observed for poly(DVB0-co-4-VP) 90.1 7.6 1.4

Table2: Elemental microanalysis fguoly(DVBco-4-VP)
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For context, elemental microanalysis has an approximate error-@&.3%.Theobserved
nitrogen content of 1.%showsthe incorporation of vinylpyridine intdie polyme, with
nitrogen being present only inrdinlypyridine and thénitiator. The initiatior, ABDYdoes
account for a small amount of the nitrogen present as it is combined into the polymer,

but this was calculated as being in the region of 0.3%.

While the amount of 4inylpyridine in the polymer was rather low in conmgan to the

amount of divinylbenzenghe aromatic GN bond stretch was visible at 14 &6,

In efforts to ensure the reswdnt material was indeed porous and of higpecificsurface

area nitrogen sorptiomnalysisvas used to investigate the pore netvk of the resultant
polymer particlesThe ply(DVBco-4-VP) wasleterminedto have aratherhighersurface

area at 814m?/g with an average pore diameter of 2 nm indicating a microporous
network. Stover suggested that the growth mechanismpofous polymer particles in
precipitation polymerisation (where a solvent is used as the porogen), is unlikely to form
larger pores’® The isotherm produced, as seenHigure12, was aWype Q Langmuir
isotherm This indicateshe presence of microporgsredominantly'’® The surface area

is attributable to both the large amount of crosslinker present and the use of toluene as

a porogenic solvent in the synthesis.
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Figurel3- SEM micrograph of poly(DV&>-4-VP)

It is clear from this image that the particles are polydisperse, however while this may
make the particles look somewhat unsightly, it should not hinder them in the intended
application.As with the poly(DVB) discussed eatltbe high level of crosslinker present

in this polymer would have imparted robustness into the particleading to

agglomeration of particles not being observed.

ABDV was used as an initiator in error. While this material was entirely suitable for the
intended applications, the experiment was repeated using AIBN as this was the initiator
of choice for all the other polymerisations presented herdihe material wagproduced

in an otherwise identical precipitation polymerisation as detailed abpwnd was
synthesised in a good 86% vyield. As expectedFIH® data and elemental analysis data
for the AIBN initiated polymer were very similar to the ABDV initiated rpety(see

experimental section for details)

The nitrogen sorption analysigsults for the AIBN initiated polymer showed a slightly
lower specific surface area at 72%/gn (compared to 814 g for the ABDV initiated
poly(DVB30-co-4-VP). lewever, the aveage pore size, pore volume and isotherm shape
were very similar to the ABDV initiated polymexicating a pore structure domated

by micropores, as shown kigurel4.
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Figurel4 - Nitrogen sorption isotherm for AIBN initiated
poly(DVB80-co-4-VP)

CKERLYE LQ A a2 FiguseNdfor th&ABNyhitidted poly(DVE-co-4-VP) is

very similar to that of the ABDV initiated poly(D8®co-4-VP) shown irrigurel2. This
indicates a very similar pore structure, with micropores (those less than 2nm)
dominating. The main difference is in the region of .8.0 relative pressre. For the

AIBN initiated polymerthe amount of nitrogen adsorbed in this region shows a large
increase over a small change in pressure. This isotherm shape is commonly encountered
in materials that contain macropores (those between 2 and 50'ffrapd is caused by a

LINE OSaa OIF f f SR WChplldkytohdensdionddcirgoRIGiy mdsdiahd® y Q ®
macroporesviaa process of monand multilayer adsorption of gas. When analysthg

surface of the material, analysis gas is admitted to the sample. It will fill the micropores

first at lower partial pressures. Upon the micropores being filled with gp@sisotherm
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will reach a plateau as no more gas is able to be admitted to the polyimenaterials

that contain a mixture of micraand mesopres, the micropores will beompletelyfilled

with gas butthe gasin the mesoporesvill be one molecule thickstatistically As more

gas molecules enter the porethey interact withthe layer of gas molecules already
present and produce a multilayer of adsorbed gas molec@lsshe pore becomes filled

with gas molecules, the Van der Waals forces between gas molecules increases due to
the increasingly confined space of the pprausing the gas t@ondense. This is
accompanied by a rapid increase in the amount of gas adsorbed, as seen in the isotherm
in Figurel4 at an approximate partial pressure of 0.9the AlBNnitiated poly(DVEBO-
co4-VP) had a lowespecificsurface areaand this would indicate aslightly higher

number of larger diameter pores.

3.1.3 Synthesis of Poly(DVB0-co-VBC)

Porous polymer particlexontaining vinylbenzyl chloride (VBC) were prepared by
precipitation polymerisation. Derived from a monomer mole ratio76t25 (VBC:DVB
the polymer was synthesised in a 47% ¢i@chemel8). This relatively low yield is not
uncommon for polymers of this type and is generally attributetbgses in the filtration
stage due to the formation of soluble polymehich was not recowed (in part due to

the relatively low level of crosslinker that was used)

AIBN

—

- co
CH,CN, 60 °C, 48 h N

cl cl N

Schemel8 - Synthesis of poly(VB€o-DVB380)
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Elemental analysis was employed to probe the resultant polyaretagain these results
were compared to expected values to ensumeorporation of both monomers into the

resultant polymer Table3).

Elemental microanalysis (%)

C H N Cl

Expected for 25:75 mole ratio DVB:VE 75.4 6.4 0.5 17.7

Observed 77.0 6.5 0.7 14.0

Table3: Elemental microanalysis fguoly(DVBco-VBC)

The inclusion of VBC into the final polymer is confirmed by its presence in the elemental
microanalysis results. While the chlorioentent was lower than expected,could only

have arisen due to VBC. When the observed values were tosealculate the actual
composition of the polymerit was found that the mole ratio of DVB to VBC was 41:59.
Using the reactivity ratios of the two monomers, DVB and VBC, the distribution of
monomers in the polymer can be describ€dWith a mixture of two monomers, there

are four different reactions that can occur at the reactive chain end. In the case of DVB
and VBC. A propagating chain with a DVB radical can réact WBC monomer or a DVB
monomer. A propagating chain with a VBC radical can react with a DVB monomer unit,
or a VBC unit. Each reaction has reaction rate constanEor each chain end, the
reactivity ratio is the ratio of the rate constants for thedatibn of the same monomer

as the reactive species already present on the chain to the rate constant for the addition

of the other monomer preseng~igurel5).
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rp=kylky;
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Ml + MZ —_— Mle
Mz* + M2 % MzMz*
ry=kjolky)
M * M kz[ *
2 + 1] MzM]

Figurel5- Reaction schemes describing the propagation of polymer chains w

two monmers present. Where Mis monmer 1. M" is a reactive chain ending in

M1. Mz is monomer 2. M’ is a reactive chain ending in Mrais the reactivity ratio
of monomer 1.r; is thereactivity of monomer 2.

The reactivity ratios for VBC and DVB are 0.27 and 1.24, respectively. What this indicates
is, that propagating chains terminating éither VBC or DVB are more inclined to react
with DVB monomers than they are with VBC monomers. This may explain why the mole
ratio of DVB to VBundin the polymer wasigher that the mole ratio of DVB to VBC

in the monomer feed.

The small amount of nitrogepresent was attributed to incorporation of the nitrogen

containing initiator into the polymer.

FFIR analysisf the polymershowed bands at265cn?, indicative of the &1 wag of
the chloromethyl moiety, and 708m?, indicative of a carboghlorine bad stretch. A
band at 1018 cmwas attributed to unreacte@pendent)vinyl bondsderived fromdivinyl

benzene.

The polymerisation vyieldedspherical particles that had a relatively narrow size
RAGGOGNROdzOA2Y S6AGK Y2ad LI NIlza Bdud® shovsay 3
typical SEM micrograph of poly(\\B&DVB80).
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Figurel6- SEM micrograph of poly(VB&-DVB80)

M-313umCV =26%

Nitrogen sorption analysis was employed to probe the surface area of this material. Due
to low levels of crosslinker (25%) and a lack of a porogenic sotiemqoly(VB@&o-DVB

80) was foungas expectedo have a very low specific surface area of less thart/§.m
When the solvent is removed from the polymer particles at the end of the synthesis, the
polymer chains have enough crosslinks to create an insoluble, infinite network. However,

the number of crosslinks is not high enough to produeesi-definedpore structure

VBC containing polymers were of particular inter@sthe current work sinceot only
doesit yield polymers that contain a functional handle thande reactedfurther to
install usefulfunctionality into the polymerbut it also allows for pospolymerisation,
Davankovtype, hypercrosslinking reactions to be performed on the materials, to yield

ultra-high specific surface area polymers.

3.1.4 Synthesis of hypercrosslinke@HXL)poly(VBCGco-DVB80)

The poly(VB€0o-DVB80) was modifiedviaa FridelCrafts reaction tontroduce porosity
into the polymer By reacting chloromethyl groups thate located close to one another,
methylene bridging (crosslinks) betweemomatic rings within the polymer an be

achieved. By introducing many crosslinks between polymer ciraithe swollen statea

96



highly porous architecture can be created. The introduction of these crosslinks is

I O02YLI YASR 06& | RNJI YI (ekific sukfac@rdaSin sbrfe casgs (1 K S
this can be from only a few #g to over 1000 rYg. Due to high surface aregsolymers

of this type were hypothesised to be appropriate and work vietl the sorption of
contaminants from engine lubricants. It was also hypothesised that the high surface area
could potentially reduce the contact time required between the polymer and the

contaminated engine lubricant for sorption to occur.

Microporosity wasntroduced into the polymer microspheres by reacting them with a
suitable FriedeCrafts reagent, Fe{h this case §chemel9). The polymer beads are
allowed to swell in an appropriate solvent to allow access to the pendant chloromethyl
groups to create methylene bridges between adjacar@maticrings. Iron trichloride is
used to catalyse the reaction in a 1:1 molar ratio with respect to the chla@oméent of

the polymer. These reactions are generallyywbigh yielding. The hypercrosslinking of
poly(VB&o-DVB80) was completed in a 92% vyield (based on conversion of

chloromethyl groups to methylene groups).

o
FeCl,, DCE
80 °C

(J_a

Schemel9 - Hypercrosslinking of poly(VBE-DVB80)

Y

It should be noted thaBchemel 9is ahighlyschematiaepresentationof the crosslinking
of two adjacent chlorormethyl moieties. In reality, theypercrosslinking occurs
throughout the swollen polymer bead between chlororhgk groups that are located

near each other in spacandnot justat the bead surface.
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Elemental microanalysis was used moonitor the hypercrosslinking reactionThe
elemental content of both the hypercrosslinked polymer (HXL) and the duella

precursa are shown inrable4.

Elemental microanalysis (%)

Polymer
C H N Cl
Poly(DVE:0-VBC) 77.0 6.5 0.7 14.0
HXL poly(DVEo-VBC) 85.5 6.8 0.9 2.7

Table4 - Elementd microanalysis foHXL poly(VB€o-DVB80) and the swellable
precursor poly/BGco-DVB80)

Being highly strained in the dry state made polymers of this type very hygroscopic
therefore they readilysorb any solvent they came into contact with, be it moisture
present in the air or any residual solvent from the hypercrosslinking reaction itself. This
can make analysis of these polymera elemental microanalysis somewhat tricky and
can lead to disciqgancies in the observed elemtal content. In spite of thist was clearly
evident that there was a significant reduction in the chlorine content of the
hypercrosslinked polymer as compared torite+hypercrosslinked precursor, indicative

of successful ypercrosslinking. The small amount of chloriwbich remainedis not
necessarily a bad thin@his indicates that there are a small number of chloromethyl
groups that remain. Thesehloromethyl groups can be utilised for further chemical

modification, suchas the inclusion of different functionality.”

Nitrogen sorptioranalysisvas used to analyse the surface area and pore morphology of

the beads after having been hypercrosslink&de data obtained is shown Trable5
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Specific surface arez Specific pore Average pore

BET ¢ ,
Polymer (m?/g) volume diameter
Value
BET  Langmuir (cm?/g) (nm)
HXL poly(VB€o
549 1488 2034 0.843 2.26
DVB80)

Table5 - Nitrogen sorgion analysis data for HXpoly(VBCGco-DVB30)

CKS W.9¢ O @GIfdzSQ A& | ydzyoSNJ gKAOKt @ NAS
relates to the heat of adsorption of nitrogen gas onto the solid surface and the heat of
fAljdzSTFlFOGA2Y 2F GKS | Ra2NbIl GSo -wméreeptdfty 685
GKS fAYSFENI .9¢ LX20Gd LT GKS . Juewilddsgtie Aa Yy ¢
negativeand is considered to beut with the valid range of the BET equatjon these

cases the Langmuir value is more plausdne should therefore be usedn the above

case, the BET value is positive, however it is considered very high and should not be used

in this casewith the Langmuir valudeing more appropriate. Also, the adsorption
Aa20KSNY gl & WeellS LQ Ay &aKlogds gas toligvirng O (A O
Langmuir rather than BET theory. W¢&LJS LQ FFRa2NLIIA2y Aazi
materials wheremicroporesdominate which wascorroborated by the average pore

diameter measurement. In any event, it was clear that the hypercrosstinkias

successful as the specific surface area of the HXL polymer had incdsaseatically to

over 2000 rv/g.

FFIR data showedhe disappearance of the chloromethyl band at 1265¢rfurther
evidence of successful hypercrosslinking due to the transtion of the chloromethyl

groups into methylene bridges.

SEM analysis was utilised to investigate the morphology of the hypercrosslinked polymer
microspheresAn SEM image is shown kigure17 (right), with an SEM image of the

polymer before hypercrosslinking shown on the left for comparison.
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Figurel7 - SEM micrographs of poly(VB&-DVB80) before(left) and after (right)
hypercrosslinking

Despite high temperatures (80 °C) and very powerful Lewis acidig¢ bea@y present

the particle® appearance remained relatively airanged by hypercrosslinkin§mall
deposits on the surfaseof the hypercrosslinked particles was noticed, possibly being
residual catalyst that was left behind during the reactidhese deposits may also have
been oligomeric material which was trapped within the polymer network. When the
polymer particles were vgollen in 1,2-dichloroethane, at the beginning of the
hypercrosslinking reaction, this may have allowed some of the oligomeric material to be

released and it mathen have deposited onto the polymer beads.

With a firm grasp on synthesising materials ugangcipitation polymerisation and the
hypercrosslinking of appropriately functionalised polymers, attention turned to utilising

non-aqueous dispersion polymerisation to produce polymer microspheres.

3.2 Non-Aqueous dispersion (NAD) polymerisation

NAD polymerisation was investigated for the synthesis of materials that were to be

applied in the sorption of contaminants from engine lubricants.

NAD polymerisations, like precipitation polymerisations, begin as homogenous nsixture

but are usually class# as a heterogeneous polymerisatias polymer begins to fall out
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of solution rather edy in the synthesis. Mechanistically, NADlymerisationis very
similar to precipitationpolymerisation with both processes following a nucleation and
growth pathwayWhere NADpolymerisationdiffers from precipitation polymerisation is

in the use ofpolymeric stabilisers. In NAWlymerisation becauseao crosslinkers dow
levels of crosslinker are usdtypically as low as 1% of the monomer fe¢gwmlymeric
stabilieers must be used to ensure that stable microspheres are synthesised. This
contrasts with precipitation polymerisations which do not require stabilisers and
surfactantsln precipitation polymerisationshe growing polymer microspheres possess

a solventswollen layer which aids steric stabilisation of the polymer microspheres. Also,
the rather dilute systems in precipitation polymerisations help with stabilisation. In
contrast, NAD polymerisations are carried out in a far more concentrated reaction

system.

3.2.1 Synthesis of Poly(Styrenreo-ethylene glycol dimetacrylate
(EGMDA))

In order for the experimenter to gain proficiency inon-aqueous dispersion
polymerisation procedurg(which is outlined in detail in thExperimental of thighesig

it was decided toprepare poly(styren&eo-EGDMA) in the same fashion as had been
reported by Winnilet al, Scheme20.5? In this proces half of the styrene monomer was
allowed to nucleateand after the vey short nucleation stage (~ 1)ithe other half of
styrene wasmixed with the crosslinking agefEGDMA and thiswas added to the
polymerisation mixture. Winnik and eaorkersfound that by delaying the addition of
crosslinker until after the highly sensitive nucleation phase, very narrow stzbuli®ns
could still beprepared If monomer and crosslinker were added togetla¢the outset,

it was reported that flocculation and coagulation occurredth little control over

particle size or indeed the formation of polymer particles at all.
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Scheme20 - Synthesis of poly(styrenec-EGDMA)

Carried out on a 12.875rgonomerscale, as Winnink and aworkers had described, the
synthesigproceededsuccessfully in a 77% yielelemental microanalysdf the product
Table6, showed very good correlation to the expected values for tloiymer, with the

trace nitrogen presentoming from AIBN which was used as the initiator.

Elemental microanalysis
(%)
C H N

Expected based on 99/1 (w/w) styrene/EGDMA 91.6 7.8 <0.3

Observed for poly(styrenec-EGDMA) 91.7 7.6 <0.3

Table6 - Elemental microanalysis data for poly(styrere-EGDMA)

FTFIR analysis was employed to investigate the composition of the polyrherband at
~ 1725 cmmt was the most significant, indicative ofGeO stretch of the ester moiety

contained within the crosslinker, confirming its presence in the polymer.

The polymer incorporated very small amount of crosslinker, approximateiyt%. This
very low amount of crosslinkeéogether with the fact that no porogenic solvent was
used, meant that in the dry state the polymer chains would have collapsed and there
would be no discernible specific surface area confirmed byhe nitrogen sorption

analysiqSSA < 5 fig).
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SEM imagery showed a highly medisperg polymer with most particles being
approximately 1.5 pum in diameter. Interestingly, the polymer also exhibited some

hexagonal packindrigure18 shows a typical micrograph of poly(styrece EGDMA).

7. 13KK 25KV WD:1@MH

Figurel8- SEM micrograph of poly(styrenec-EGDMA)

W-150umCV=71%

3.2.2 Synthesis opoly(styreneco-VBGCco-EGDMA)

Winnink and ceworkers also described the synthesig NAD polymerisatioof other
styrenebased polymers with the inclusion of other functional monomers, namely VBC.
The NAD polymerisation of poly(styrene-VBGco-EGDMAyvas carried out as outlined

by Winnink in 20052

The particles were derived from a 50/50 (w/k&}io of styrene/VB@n the monomerfeed
together with 1 wt% of EGDMAThe same delayed addition procedure as for the
poly(styreneco-EGDMA) was used, where half of the styrene and VBC was allowed to
nucleate for approximately one hour. After this, the remaining monomer and all the
crosslinler was then added.The particles were synthesised in a gratifying 72% yield

(Scheme21). The amount of VBC relative to styrene was kept high to ensure that the
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resultant particles possessed a sufficiently high chloromethyl content so that the

particles could be further reactefrther in hypercrosslinking reactions.

X N :/Qo /fﬁm
n n
(0]
PVP, Triton X-405, AIBN Q 0
+ + - co co H
EtOH, 70°C, 24 h
0]
cl o:§:

Scheme21 - Synthesis of poly(styreneo-VBCco-EGDMA)

Elemental microanalysis resultsr the productshowed very close agreement to the

expected values for this polyméFable?.

Elemental microanalysis (%)

C H N Cl

Expected for 50/50 (w/w) styrene/VB  81.2 6.9 03 11.3

Observed 85.3 7.0 04 9.4

Table7 - Elemental microanalysis results for poly(styrefo®-VBCco-EGDMA)

The successful incorporation of VBC into the polymer was also confirmed
spectroscopically. Bands in the -FR spectrum at~1265 cmt and ~700 cm were
indicative ofthe GH wag andthe GCI stretch of the chloromethyl group

As with all the NAD polymers synthesis#tk very low crosslink density resulted in a
specific surface of less tham®/g being observed for poly(styrere-VBGCco-EGDMA)
in the dry state.

SEM microscopy revealed aesthetically pleasing, highly monodisperse, spherical

particles,Figure19. Due to the use of small amounts of crosslinker, the NAD polymer

104



microspheres tended to be less robust and more malleable than microspheres with
increased crosslinker density. This was evident from the slight deformations observed in

the micrograph below.

Figure19- SEM micrograph of poly(styreneo-VBGco-EGDMA)

M-13umCV=59%

3.2.3 Synthesis of hypercrosslinked (HXL) poly(styreseVBCGco-
EGDMA

The poly(styreneo-VBCco-EGDMA) was synthesised with tlobjective to react it
further through postpolymerisation chemical modification, namely hypercrosslinking. It
was hypothesised that the increase in specific surface area would increase the potential
for sorption of PAHs and potentially other contaminamtsilubricant. Through a Friedel
Crafts reactionthe chloromethyl groupgresent in the polymemvere reacted with
appropriately le¢atedaromaticrings. This reaction was carried autccessfullyn an 89%

yield. Scheme2?2)
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Scheme22 - Synthesis of HXL poly(styrerm-VBCco-EGDMA)

The main indicator of successful hypercrosslinking is the large increase in specific surface
area that occurs during the reaction. The nitrogen sorption analysis data is presented in

Table8

Specific surface Average pore
BET c Specific pore
Polymer area (nt/g) diameter
Value volume (cn¥/g)
BET Langmuir (nm)
Poly(styreneco-
129 4 6 0.0058 5.39
VBGCco-EGDMA)
HXL poly(styrene
549 576 788 0.355 2.47

co-VBCGco-EGDMA)

Table8 - Nitrogen sorption analysis for HXL poly(styreme-VBCco-EGDMA) and its

precursor

¢KS Aa20KSNXY GKIFG 61 & LINERdzihSHapepsaggasthg | - [
the Langmuir specific surfaeeeto bethe more appropriate value for this materidlhe

GSNE fFNES .9¢ WwWOQ @I tdzS dGKIFd ¢ & LINRRdzOSF
theory is not appropriate for this material. The adsorption of a monolayer of nitrogen
molecules, on which Langmmiheory is baseds entirely plausible for this material given

the fact that it has a small average pore diameter, nearing the micropore range. With

smaller pores, it may be more difficult for more nitrogen molecules to access these pores.

106



In any eventthe success of the hypercrosslinking was clearly evident, with a very large

increase in specific surface area to 788gwpost hypercrosslinking.

Evidence of successful hypercrosslinking alasprovided by elemental microanalysis.
As the chloromethyl mieties are transformed into methylene bridgekere is a large
drop in the chlorine content of the polymer. The chlorine content dropped from nearly
10% before hypercrosslinking, to 1.2% aftEal§le9).

Elemental microanalysis (%)

Polymer
C H N Cl
Poly(styreneco-VBGCco-EGDMA) 85.3 7.0 0.4 9.4
HXL poly(styreneo-VBCGco-
89.2 7.1 0.7 1.2
EGDMA)

Table9 - Elemental microanalysis of HXL poly(styrene-VBCco-EGDMA)

It is not unusual to observe some remaining chlorine in the HXL polymers. This may be
due to some chloromethyl groups not being in an appropriate location for
hypercrosslinking to occur. Fexample, some VBC units may be located in very small
pores where it is not possible for them to freely move when solvated or for the reagents

to access these sites.

TheFTFIR data showed thband attributed to the €+ wag of the choromethyl group at
1265cnt was no longer present in the spectrum. The band at 716, adune to GCI
stretching was also greatly whuced. The FIR data thereforefurther supportedthe

successful hypercrosslinking reaction.

SEM data showed thahs expectedthe hypercrossliking process had not disrupted the
integrity of the particles, despit¢he rather harsh temperatures and reagents used,

(Figure20).
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Figure20- SEM micropgraphs of poly(styreren-VBGco-EGDMA]left) and the
HXL productright)

¢KS LINBEOdzZNE2NJ aK2gSR aY220KI adignfeieral®aada ONB( S
very narrow particle size distribution. Upon hypercrosslinking, the particles were
observed to not change a great deal, despitecing reaction conditions. While the

particles did not appear to be damaged in any way, it was noted that the
hypercrosslinked product particles appeared to have roughened, contaminated suirface

This phenomenon has been encountered by other researchers within our research group

in the hypercrosslinking of geype, non-porous particles, with it beingroposedthat it

was due to the precursor particles containing some soluble polymer wiitigin pore

networks. Upon swelling in solvent, this soluble portisreleased andree to interact

with the polymer particles as theare hypercrosslinkd creating a roughened surface.

In order to address this issue, the hypercrosslinking reaction was repeated using the

same precursor particlasut using a modified protocol reported bybdullah®*
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3.2.3 Synthesis of HXL poly(styrerm-VBCco-EGDMAvia a two-
stage hypercrosslinking process

The geltype polymer precursor particles were contacted with a fswelling sovent,
heptanein this case, and a stdioichiometric amount of Friedelrafts catalyst @ded
(10 mol% relative to the chlorine content) and allowed to disperse throughout the
polymer. This allowed for the particles to be partially hypercrosslinked and thus add
stability to the particles. These partially hypercrosslinked were then fully
hyperaosslinked in a thermodynamically good solvent using a 1:1 molar ratio of FeCl

relative to the chlorine of the precursor particlescheme23.

z
0 o) FeCl;, Heptane
co co 80°C, 16 h

0.0
z

FeCl,, DCE
80°C, 16 h

Scheme23 - Partial hypercrosslinking followed by exhaustive hypercrosslinking
poly(styreneco-VBCco-EGDMA)

This reaction was completed in68% yieldwhich wasslightly lower than theone-step

HXL reactionreported earlier The lower yielding reaction can be attributed to losses in
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the transferof material due toadditionaldrying andiransfersteps being involved in the

two-step synthesis.

Pleasingly, the twstage reaction was shown to be successiuth a large increase in
specific surface area being obseryeiticreasing fromless than 5m?%g before

hypercrosslinking to 512 #fy afterwards.

The elemental microanalysis and-lRTdata wee bothvery similarfor the two-step HXL
polymerwere very similar to the data reported for the product fothe onestep HXL
synthesis In the FIIRspectrum the bands indicative of the \Bunitswere no longer
present and in the elemental microanalysis, the chlorine level had dropped significantly

from 9.2% beforénypercrosslinkingo 0.5% post hypercrosslinking.

SEMwas utilised to investigate whether or not the twatage HXL process helped to
prevent contaminationof the surfaceof the polymer beads. Shownkigure21are SEM

images of the polymer beads after the erad two-stage HXL processes.

Figure21- SEM micrographs of HXL poly(styrene-VBGco-EGDMA) after the

one-step (left) and two-step (right) hypercrosslinking process

Itis ckarly evident that after the twestage hypercrosslinking, (image shown on the right
of Figure21) the polymer microspheres surfazappeared much less rough and there

appeared to be less contaminatipoompared to the product frorthe onestep process.
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3.2.5 Synthesis of poly(styreneo-4-VP-co-EGDMA

Withthe NS LI A OF GA2Y 2F 2AYyYyA]lQa 62 Nlpregatg y 3 a dz
NAD polymers that included some other useful functionality. To this4mthylpyridine

was utilised as a functional monomier other NAD polymesations(Scheme24). It has

been reported thatpyridine-based polymers have been used in the adsorption of PAHs

from aqueous sample$® Due to the sensitive nucleation stageV® and half of the

styrene were allowed to nucleate for 1 hour before adding the remaining styrene and

the crosslinker (Wwt% of monomer feed) and allowing the polymerisation to progress to
completion The polymerisation, being carried out on a 10.Ingnomer scale, was

successful and gave the desired produnca 68% vyield.

X X :/Qo /ft\ﬁ/z
N o . n m o0 Xo
o ] . 2 PVP, Triton X-405, AIBN _
N co | Il co
0
<

EtOH, 70 °C, 24 h

Scheme24 - Synthesis of poly(styreneo-4-VP-co-EGDMA)

Due to very sensitive nucleation stage in NAD polymerisations, ami%o6of 4VPcould
be incorporated into the final polymer. When attempts were made to include higher
amounts of 4VP into the polymer, the polymerisation product would coagulate and

agglomerate

Successful incorporation @VPwas confirmedvia elemental microanalysjSable 10,

with the observed nitrogen content of the polymer being as expected.
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Elemental microanalysis (%)

C H N
Expected 90.9 7.7 1.1
Observedor poly(styreneco-4-VRco-EGDMA) 90.8 7.7 1.2

Table10- Hemental microanalysis data for poly(styrereo-4-VP-coEGDMA)

The presence of bands in the-FR spectrum at 1580 and 1560 ¢éwere indicative of
pyridyl ring stretching. A band was also observed at ~ 1426, amd this was attributed
to a CN bond stretch. This infrared data confirmed the successful incorporationVéf 4
into the polymer microspheres. A very small C=0 bond streqgbearing at ~1700 ct

indicated the successful incorporatia the crosslinker into the polymer.

As before, low levels of crosslinking within the polymer resulted in a network that was
expected to collapse upon drying and exhibit no discernible surface area. This was
confrmed experimentallyvia nitrogen sorption analysis, which indicated a specific

surface area of < ®/g.

SEM was used to analyse the morphology and susfaicie polymer particles. A typical
SEMmicrograph is shown iRigure22.
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Figure22- SEM micrograph of poly(styrereo-4-VR-co-EGDMA)
BM-55umCV=58%
The particls appeared somewhat potiisperse, with some particles being much larger
in diameter than others. It #hough tthat the inclusion of small amounts of\P into the
polymer has disrupted the nucleation of some of the growing partitdsrk byWinnik
et al®26318and work carriedbut in the Cormackab at Strathclyd® has indicated that
even very small changes to the NAD polymerisation process can have very large effects

on the outcome of the polymerisation and the resultant particles.

This polymerwhile having some functionality that was expectedcteate favourable
interactions with the target analytes was ofvery low specific surface area. It was
proposedthat by increasing the specific surface aréaher levels of sorption of PAH

from lubricants and hydrocarbon fluids would be possible. To this end, a polymer that
included 4vinyl pyridine and VBC was synthesised. The inclusion of VBC would allow for
hypercrosslinking chemistry to be utilised delivera polymer that exhibitedery high

specific surface areaand functionality that would maximise PAH/polymer interactions.
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3.2.4 Synthesis of poly(VB€o-4-VRco-EGDMA)ia NAD
polymerisation

Non-porous particles comprising a 10:1 mole ratio of VB@P#h the monomer feed and
1 wt% of crosslinking agent, EGDMA, were synthesigs@®AD polymerisation in a
gratifying 81% yieldScheme25). Following a similar protocalo that which had been
adopted for all the other NAD polymers discussed, half of the VBC and alMRenas
reacted forapproximatelyone hour. After tle nucleation step the remaining VBC and all
the crosslinker were added to the reactisassebndthe polymerisatiorwas allowed to

proceed for the allotted time.

= h :/QO n m /Fﬁz
o]
| A PVP, Triton X-405, AIBN = o0
+ _ + > co | co H
N EtOH, 70 °C, 24 h SN
0 0._0

Ba z

Scheme25- Synthesis opoly(VBCGco-4-VRco-EGDMA)

Elemental microanalysis showed very close correlation between the expected values for

the NADpolymer and those that were found experimentallyaplel11).

Elemental microanalysis (%)
C H N Cl

Expected 71.3 6.0 1.2 21.2

Observed for poly(VB€o-4-VR
cO-EGDMA)

71.3 6.5 1.4 20.4

Tablell - Elemental microanalysis data for poly(VB©-4-VRco-EGDMA)
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The FFIR dataalso provided evidence of incorporation ofV# and VBC into the final
polymer. GN bond stretching was apparent at ~1420%ras well as €I and the ¢
wag of the chloromethyl groups @00 and 1265 crh respectively.

As with the other NAD polymergrgthesised, poly(VB&o-4-VRco-EGDMA) exhibited a
very lowdry-state specific surface area of 18%g, as determined by nitrogen sorption
analysis¢ KS A&a20KSNY 41 a 2F | W[ IFIy3YdANDR 2N ¥¢

porosity, or indeed nofporous, materials.

Unfortunately, when this polymer was examingd SEM microscopy it became apparent
that severe polymer agglomeration had occurred. Agglomeration and coagulation had
been experienced by other researchers when the systemdigaapted®* It was believed

that by replacing all the styrene with other monomers, the nucleation of the polymer had
been disturbed to the extent that agglomeration and coagulation occurFegure23
shows an image afuch apoly(VB&o4-VRco-EGDMA) where the agglomeration is
clearly apparent Some polymer microspheres thatucleated siccessfully are also

shown.

Figure23- SEM micrograph of poly(VB&-4-VR-co-EGDMA

While this polymer had agglomerated and coagulated together, and the formation of

microspheres had been somewhat unsuccessful, the spectroscopic and elemental
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analysis provide corroborating evidence of tineorporation of 4vP, VBC and EGDMA
into the polymer. It was therefore believed that this polymer would still be of vsilee

it possessed the correct functionality. This polymer was taken onwards to
hypercrosslinking, tinstall permanenporosity to ncrease the sorption capabilitiésr

the potential capture of PAHs and other contaminants from a hydrocarbon fluid.

3.2.5 Hypercrosslinking of poly(VBCo-4-VR-co-EGDMA)

As per other hypercrosslinking reactions presented herein, poly(¢84VRco-
EGDMA) ws reacted in a FrideCrafts alkylation in the presence of stoichiometric
amounts of Fe@las a catalyst. This is exemplified schematicallscheme26. The
polymer was swollen in DCE for one hour before the addition ot F&f@ir this addition
the hypercrosslinking was allowed torecursor for 18 hours. The synthesis was
completed in ayield of 96% based on the transformation of chloromethyl groups to

methylene bridges.

N

n m
U 0" "0 Fecl,, DCE
0 I« | co H 80°C, 16 h

00O
-
z
Scheme26 - Hypercrosslinking of poly(VBEo-4-VR-co-EGDMA)
Scheme26 suggeststhat only VBC unitare involved in the formation of methylene
bridges It may be envisaged that hypercrosslinkirgan occur and create methylene

bridges between VB@nits and the nitrogen on 4/P residues creatingn-akylated

pyridinium iors. FFIR data, shown iigure24, suggested that this was not the case.
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Figure24 - FFIR spectra of HXL poly(VBG-4-VRco-EGDMA) (bottom) anc
gektype precursor polymer (top)

FTIR bands which are characteristictbé GN bond stretching of a quaternary nitrogen
atom in a hetrocyclic ring have beegportedto bein the region of 1631625 cmt. 190192

It was clearly evident that in this region of the speatrthere wadlittle change after the
hypercrosslinking reaction, indicating that the formation of quaternary pyridium
moieties hadnot occurred. It may also be the case thakle to a large excess

(approximately 10 times as much) of VBC being present comparetf®) the likelihood
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of a hypercrosslink forming between a chloromethyl group and the pyridine nitrogen was

greatly reduced.

The FIIR spectra did show that the band$aracteristic of VBC had changed after
hypercrosslinking. The band at 1265 t6GH wag of CKHCI) had become reduced
intensityand the band at 700 ci(GCI bond stretch) was no longer visible.

Elemental microanalysis showed a drastic reduction ha thlorine content after

hypercrosslinking, indicating a successful reacfi@hle12.

Elemental microanalysis (%)

Polymer
C H N Cl
Poly(VB&o-4-VRco-EGDMA) 71.3 6.5 14 20.4
HXL poly(VB€o-4-VR-co-
89.2 6.6 1.4 6.0
EGDMA)

Tablel2 - Elemental microanalysis data for HXL poly(\\8&4-VP-co-EGDMA)

Successful hypercrosslinking was also corroboratedhbynitrogen sorption analysis

data, shown infablel3.

Specific surface area  Specific Average

BET ¢ (m?/g) pore pore
Polymer
Value volume diameter
BET Langmuir
(cm?/g) (nm)
Poly(VB&o4-VR
83 14 19 0.0 16.2
Cco0-EGDMA)
HXL poly(VB€o-4-
549 780 1069 0.70 3.5
VRCco-EGDMA)

Tablel3- Nitrogen sorption analysis data for HXL poly(\\B&4-VR.co-EGDMA)
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HXL poly(VB€o-4-VRco-EGDMA), exhibited a Langmashaped isotherm and an
unusually high BETvalue,suggestinghat the application of Langmuir theory over BET
theory was most appropriate in this cas®ue to the pore network of all the
hypercrosslinked polymers symsised being either predominantly made up of
micropores or, in the case of HXL poly(M®d@-VRco-EGDMA), being very close to the
micropore region (3.5 nm) BET theory (which generally applies to materials that contain

a large proportion of pores in the@so pore range) was not applied in any case.

It can benoted from Tablel13that upon hypercrosslinking the Langmuir specific surface
area increased to over 1000 2fg indicating successful application of the

hypercrosslinking chemistry.

SEM microscopseveded that hypercrosslinking appeared to have olviouseffect on
the morphology of the polymer. The overall agglomeration observed in the precursor
material was observed in the hypercrosslinked material. Shoviguare25 are typical

SEMmicrographs of the polymer before and after hypercrosslinking.

Figure25- SEM micrograph of gdg(VBCco-4-VRco-EGDMA) (left)

andits HXL varianfright).
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Even though HXL poly(ViB&4-VRco-EGDMA) ands precursor polymer exhibited very
high levels of agglomeration and coagulatidgrwas decided to investigate the twstep

hypercrosslinking process with poly(VB&4-VRco-EGIMA).

3.2.6 Hypercrosslinking of poly(VBEo>-4-VRco-EGDMAVia a two-
stage hypercrosslinking process

As before, the precursor particles were treated with a-stdichiometric amount of Feg€l

in a nonswelling solvent and allowed to react for 18 hours. Timstalled some
methylene bridgsbetween adjacenaromaticrings, in a drive to add stability into the
polymer particles. The now partially hypercrosslinked material was then treated with
stoichiometric amounts of FeClcatalyst in 1,2-dichloroethane to eld fully

hypercrosslinked poly(VB&-4-VRco-EGDMA)Nn a 95 % yieldscheme27.

_ 0 0 FeCl;, Hexane‘
co \N| co H 80°C,16h
0] 0]
; P’

m

FeCl,, DCE
80°C, 16 h

Scheme27 - Partial hypercrosslinking followed by exhaustive hypercrosslinking
poly(VBCco-4-VP-co-EGDMA)
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Utilising the usual suite of analytical techniques that hiagen used on all the polymers
presented namely: FHIR spectroscopy elemental microanalysis, nitrogen sorption
analysis and SENM was evident that the HXL poly(VB&4-VRco-EGDMA)roduced
viathe two-step hypercrosslinking process was very similath®polymer synthesised

by theone-step process.

Upon exhaustive hypercrosslinking, the chlorine content was observed tdmno® 1%
to below 8% Similarly,the FFIR data indicated a dramatic reductiontire intensity of
the bandsassociated with thés-Cl bond stretch at 700 chandthe CH-Cl wag at 1265

cm?,

Nitrogen sorpion analysis showed a very large increase in specific surface area, after
exhaustive hypercrosslinking, to 513/m The increase in specific surface area was not
as large as the increase obsenfedthe HXL polymer that was synthesisadthe one

step hypercrosslinkingn the material synthesiseda a onestep process, there was a
lower amount of chlorine (6%emaining in the polymer postypercrosslinking when

compared to the material produced in the twatep synthesis.

3.3 Application of Polymers in Sorption and Capture of PAHs

3.3.1 Smalkr-scale sorption study

With a small suite of polymeric materigisepared successfullyattentions moved to
utilising these materials in the sorption and capture of contaminants, namely PAHs, from
a hydrocarbon fluid. The materials were prepared with a range of functionalities and
specific surface areas, to gain insight into éfect that thesevariablesnay have on the
removal of PAHs.tAhese early stages of the investigation, it was deemed appropriate
to make the sorption tests as simple as possilil&vas envisaged thaeventually the
hydrocarbon fluid of choice wouldeba lubricant from a diesel engine. However, for the
initial lab-based experiments, in the interesof simplicity, the hydrocarbon fluid that
was chosen was heptane. As model contaminatmige of the simplest PAHs, pyrene,

anthracene and acenaphthene gve selected These are shown ifable 14.
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Compound Structure

Acenaphthene O

Anthracene OOO
Pyrene ‘O

Table 14 - PAHSs to be used in the initial sorption experiments

Thethree PAHs were dissolved in heptanedive a solutionwhere the concentration

concentration ofthe PAHsvas30 pg/imL.

A simple and reproducible method of gdion and analysis was requiretb achievethis,

a method somewhat similar to solghase atraction was used. 250 naf polymer was
packed into a small tube called a cadgewhichresembles a syringe barra shovn in
Figure26. The heptane solution was then contactetith the polymer and the solution
allowed to mix for 24 hours with continuous agitation of the cartridges to ensure
equilibration. The liquid was then removed from the polymdrsy drawing the liquid
through a syringe filter using vacuunThe filtrate was then analysed by gas

chromatography and the percentage of each PAH removed from solcdilcnlated
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Figure26 - SPE cartridge used for tremallerscalesorption and

capture of PAHs

3.3.2 PAH Sorptiorusing NonPorous Polymers

The nonporous polymers prepared by neaqueous dispersion polymerisation were the

first polymers to be applied to the sorption and capture of PAHs. Due to their very low
specificsurface areait was expected that these materials would not perform particularly

well in thisregard, but were tested anyway. 250 mg of polymer was pthoe the

cartridge as described above arndcubated for 24 hours with a hgtane solution

containing the PAHat a @ Y OSY (N GA2Y 2F on SligudWhsd ! T34 S
separated from the polymer by filtration and the filtraa@alysed by GThe results were

reported as the percentage of PAH that was removed from the solution. Alongside each
polymer being analysedaartridge containing no polymer was also put through the same

regime to ensurehat the cartridge or filtration method was having no effect on the

123



apparentsorption capability of the polymers. The results for the sorption experisient
using the norporouspolymersis shownin Table15. N.B.All figures are presented as

the percentage of PAH that has beemovedfrom solution

Acenaphthene Anthracene Pyrene
Polymer
(% removed) (% removed) (% removed)
Control¢ no
0 0 0
polymer
Poly(styrene
cOEGDMA) 6+2 543 1543
Poly(styrene
co-VBGCo- 7+0 5 +5 2141
EGDMA)
Poly(styrene
co4-VRco- 8+4 343 2046
EGDMA)
Poly(VB&o-
4-VVRco- 100 3010 407
EGDMA

Tablel5- Sorption of PAHs using ngporous polymers n=3
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Sorption of PAHs using nquorous polymers

50
45
40

35
30 m poly(styrene-co-EGDMA)

% removal

il

Acenaphthene Anthracene Pyrene

25 poly(styrene-co-VBC-co-EGDMA
I 1 poly(styrene-co-4-VP-co-EGDMA

poly(VBC-co-4-VP-co-EGDMA)

Graph1l ¢ Sorption of PAHsISINg norporous polymers

Pleasingly, when no polymer was included it appeared that no PAHs were removed. As
expected with materials of very lospecific surface area, the sorption capabilities were
rather low ¢ with less than 10% of each PAH being remoiredanost caseslt was
observed that pyrene was sorbed more readily than acenaphthene or anthracene.
Pyrene idess soluble in heptane than theher two PAHsand thismay explain why

higher levels of sorption were observéat this PAH

The polymemith functionality were observed to remove a greag@oportion of PAHS
than the materials that were mainly styrefmsed. Of particular note was the\/P
containing polymer, which was able to sorb much higher amounts osBéHpared to
the other polymersThis was a rather surprising result given the low specific surface area

of these materials.

Modest PAH removal using n@orous polymers was not unpected as heptane, the
medium used in this study, is a nanlvent for polystyrendased polymers. This would
mean that none of the polymers presentedTiablel5would swell to any extent in the
presence of heptane. Therefore, very little of the inner surface of the polymer

microspheres would be available for PAH capture. By moving to permanently porous
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polymers, which do not require swelling in appropriate solvent to reveal their inner

surface, it was hoped that higher levels of PAH removal could be realised.

3.3.3 PAH Sorption Using Porous Polymers

The nonporous polymers showed positive signs that thepgion of PAHs from a
hydrocarbon fluid was possible. In this regard, the permanently porous materials were
expected to perform even better. Due to havihggher specific surface areas, ére is
more surfaceavailable orwhich to capture PAHs. The regime@oyed to examine the
porous materials was the same as that used for the examination of theponoous

materials. The % of each PAH removed by each polymer is shdable16.

p Acenaphthene Anthracene Pyrene
olymer
(% removed) (% removed) (% removed)
Control¢ no
0 0 0
polymer
Poly(DVEBO) 17+3 16 +4 34+2
Poly(DVBBO-co-
4-VP)(Initiated 22+4 26+4 40+2
with ABDV)
Poly(DVB30-co-
4-VP)(Initiated 2143 27+7 43+0
with AIBN)

Tablel6- Sorption of PAHs usingnacroreticularpolymers. n=3
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Sorption of PAHs using macroreticular polymers

50
45 —
40
- 35 m poly(DVB-80)
> 30
o
£ 25 m poly(DVB-co-4-VP) (ABD\
= 20 I initiated)
15 poly(DVB-co-4-VP) (AIBN
initiated)
10
5
0

Acenaphthene Anthracene Pyrene

Graph2 ¢ Sorption of PAHsISing macroreticular polymers

As with the norporous polymers, the sorption of PAHs by the porous materials exhibited
some obvious trendsThe sorption level of PAHs when using a material that was un
functionalised,.e, poly(DVBB0), were modest but not insignificant. This would gesy

that aswell asthe functionality possessed by the mater@hying a role the specific
surface area also has anfluence ofthe sorption capabilitiesFor example, poly(styrene
co-EGDMA)Table15), is a largely aromatic polymer which is somewhat comparable to
poly(DVBB0) with respect to functionalityThe biggest difference between these two
materials is thehigh specific surface areaxhibited by poly(DVEBO). Poly(styreneo-
EGDMA) removed only small amounts of PAH (generally less than 5%, with the exception
of pyrene, where 15% was removed), whereas poly(B®RBvas able to remove upwards

of 30% of pyrene.

Aswasobserved in the sorptioexperimentsusing the norporous materialswhen 4
VP was included, the amount of PAH remousateased It was also evident that when
different initiators were used, the overall sorption capability of the material was

unaffected as can be seen in the pd3¥B80-co-4-VP).
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3.3.4 PAH sorption Using UltrdighSpecific Surface Area
Hypercrosslinked Polymers

The removal of PAHs from heptane using the porous materials provieelétiective. It
was hypothesised that by using materials that exhibited ekaher specific surface
areas, higher levels of PAH removal could be achieVbd porous polymers discussed
above all have apecificsurface area of ~ 500%g, whereas the hypercrosslinked (HXL)
materials have a specific surfaitem ~ 800@?m?/g up to more han 1000 n¥g. Shown

in Table17isthe % of each PAH removed &gch hypercrosslinked polymer.

Acenaphthene  Anthracene Pyrene
Polymer
(% removed)  (%removed) (% removed)
Control¢ no
0 0 0
polymer
HXL poly(D\B
coVBC) 305 39+7 5813
HXL
poly(styreneco- 21+1 1946 4320
VBCco-EGDMA)
HXL
poly(styreneco-
VBGeo. 20+2 2315 40+2
EGDMA)*
HXL poly(VBC
co4-VRco 49+1 7447 87+3
EGDMA)
HXL poly(VBC
co-4-VRco- 52+1 68+13 86+4

EGDMA)*

Tablel7- Sorption of PAHs using hypercrosslinked polymers. n=3

W r @oteR hypercrosslinked polymers synthesiseid a two-stage hypercrosslinking
process
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Sorption of PAHs using hypercrosslinked polymers

100 = HXL poly(DVB-co-VBC)
90 I
80
{ m HXL poly(styrene-co-VBC-co-
0 EGDMA)
g 60
% 50 - HXL poly(styrene-co-VBC-co-
= EGDMA) (synthesised in two
S 40 I stages)
30 HXL poly(VBC-co-4-VP-co-EGDM.
20 T I
10
m HXL poly(VBC-co-4-VP-co-EGDNV
0 (synthesised in two stages

Acenaphthene Anthracene Pyrene

Graph3 ¢ Sorption of PAHsIsing hypercrosslinked polymers

As expected, the large increase in specific surface farethe HXL polymers resulted in
much higheramounts of PAHbeingremoved from the heptane solution. As had been
observed in the PAH sorptia@xperimentsusing materials of lower specific surface area
(Table 15 and Table 16), the hypercrosslinked polymers appeared to remaovere of
pyrene than the other PAHs. However, due to much increased specific surface areas the
HXL polymers were able to remove much more acétiame and anthracene than the

lower specific surface area materials.

The HXL poly(VB®-4-VRco-EGDMA) was the best performing thie HXL polymers,
being able to sorb nearly 90% of the pyrene present in the heptane solution. The
YFEGSNALFf a Y NipfeR7 werd thekHX Imatébiplxhatiwére prepareda

the two-step hypercrosslinking process. They proved just as effefttitbe removal of
PAHs from heptane as the equivalent material synthesised in a-stape
hypercrosslinkingreaction The HXL polymers synthesised thgbh a twostep
hypercrosslinking process had lower specifidate area and specific pore volume than
the corresponding polymer prepared through a esiage hypercrosslinking process
However,both polymers removed very similar amoumsPAHs. Thisuggest thawhile
increased specific surface area improves sorption afilityctionality of the polymer has

alarger influence. This was also demonstratedHXipoly(DVE80-co-VBC)which had
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the largest specific surface area (2034 ghin this study but performed less effectively
than the 4VP containing polymers which hagecific surface areas more than half that
of HXL poly(D\B0- co-VBQG.

While these early sorption studies proved to be both insightful and successful it was
deemed important tofurther investigate the removal of PAHs from a simple heptane
solution as the heptanesolutionswere both low volumeand low concentration. For
example, the best performing polymer, HXL poly(A¢B&-VRco-EGDMA), was able to
remove 52%, 68%, and 86% oéaafhthene, anthracene and pyreneespectively. This
correspondgo a total of 31ug of PAH removed from solutigthe total amount of PAH

in each sample was 45 ugyo, while provingthat PAHs could be removed from
hydrocarbon fluid,due to only very mall amounts of PAHs being presefiyther
investigation was deemed necessary. this end, a new set of sorpti@xperimentswvas
undertaken, with a more concentrated heptane solution to be used along with larger

volumes of the heptane solution being cacted with the polymers.

3.4 Largescale sorption study

After the successful application of the polymers in the removal of small amounts of PAHs
from a heptane solution, further investigation wiasjuired. It was proposed that, to fully
evaluate thesorption capabilities of the polymiermaterials,two functionalised PAHs
were to be included in this study, in addition to thbree PAHs studiecalready
Nitropyrene and methyl naphthalene were chosen as evidence sugtiegtboth are
formed in the exhast stream of heawguty diesel engine$’? 20 mLsamplesof a more
concentrated (200 ug/mL of each PAH) heptane solution was to be contacted with 250
mg of each polymer in the new larger scale sorption studys Wbuld mean that a total

of 4 mg of each PAH would be contacted with the polysnBue to the low solubility of
PAHs in heptane, 200 ug/ mL was reaching the upper limits of soluloititthese

compounds

The sorption study was carried out in a very simiteanner to the smalcale sorption

study, discussed previously. BiL of the heptane solution was contacted with 250 mg
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of each polymer in a glass jar, and allowedrtoubatefor 24 hours, with continuous
agitation of themixture. After this time, the slid was separated from liquid and the
liquid portion analysed by GC. The % of each PAH that the polymer removed was then
calculated.All sorption experiments were repeatdtiree times and an average value

reported.

3.4.1 Large-scale PAH capture using ngogorous polymers

The first polymers to be examined in the sorption of PAHs from the more concentrated
heptane solution were the géype, nonporous materials. As had be@noposedin the
smaller scale study, these materials were not expected to prove as effdotivtbe
removal of PAHs when compared to thigherspecific surfacarea materials. Shown in
Tablel8 are the % removal of each PAH from the heptane solution by eacipokus

polymer.
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Methyl-

Acenaphthene Anthracene Pyrene Nitropyrene
Polymer naphthalene
(% removed) (% removed) (% removed) (% removed)
(% removed)
Control¢ no polymer 0 0 0 0 0
Poly(VB&0o-DVB80) 6+1 6+1 742 15+4 70+30
Poly(styreneco-
EGDMA) 4 +1 31 4+1 6+3 13 +6
Poly(styreneco-VBG
CoEGDMA) 32 3+2 3+1 712 23 +13
Poly(styreneco-4-VR
CoEGDMA) 4+1 543 6 +2 6 +2 1149
Poly(VB&o-4-VRco
3+1 3+1 6 +1 6 +2 55 +25
EGDMA

Tablel8- Large-scale sorption of PAHs using nquorous polymersn=3



Larger scale sorption of PAHs using-ponous polymers

100
90 m poly(VBC-co-DVB-80)
80
< 70 poly(styrene-co-EGDMA)
3 60
% 50 poly(styrene-co-VBC-co-EGDMA)
\Z 40
S 30 poly(styrene-co-4-VP-co-EGDMA
20 :[
10 I m poly(VBC-co-4-VP-co-EGDMA)
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Graph4 ¢ Larger scale sorption of PAKSing nonporous polymers

In this larger scale sorption studye overall trend was very similar to the smaller scale
sorption study; the nosporous materials removed low levels of PAH from the heptane
solution. While the overaéixtent ofremovalof PAHvas low for the largescale sorption
study Table18) when compared to the smaller scale sorption st(@gblel5), the actual
amount of PAH removed was rchulargerFor example, poly(styrereo-EGDMA)in the
smaller scale sorption study, this polymer was able to remé¥e 5%, and 15% of
acenaphthene anthracene and pyreneespectively. This amounts to 3¢<qy of PAH
removal in total. However, in the larger scale sorption study this polymer removed 3%,
4% and 6% of acenaphthene, anthracene and pyrene. This equates to a totalegf 640
PAHa much lager amount tharfor the smaler-scaé study. This increase in PAH removal
may be attributed to the fact that the heptane solution used in the laiggale sorption
study wasover sixtimes more concentrated than the solution used in the #erascale
study. An increase in concentration would mean there were more PAH molecules
available for removal. It was alsaoughtthat the removal of PAHs onto the surfaos

the polymer may have encouraged more PAH removal through favourable interactions

between PAHs removed and those still residing in solution.
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For the two other PAHs that were included in this sorption studgthylnaphthalene

and nitropyrene methylenaghthalene was poorly retained by all of the polymers, with

6% or less being removed in all cases. In heptane, methylnaphthalene is the most soluble
of all the PAHs which were studied, and it was believed that this led to increased
difficultly in removing itfrom the heptane solution. Converselyery highlevels of

removal of nitropyrene was observed. Nitropyrene was the least soluble PAH in heptane
and it wasbelievedthat this was aiding removal from the test solution. Alsowds
observed hat the functionalised polymers, containing VBC antP4esidues were able

to remove even greater amounts of nitropyrene. i#t thought that the relatively
electronegative VBC moiety and the lone pair-&fwere interacting favourablwith the
electronrR S ¥ A Qsys$eyh iof nitropyreneFavourable interactions betweenP and

nitrated PAHSs in studies investigating the separation of Riédtms chromatography has

been reported'!® Pyridine lone pairg ~ interactions have also been implicated in the
stabilisation of DNArotein interactions!®® Moreover, computational studies have
suggested thathe inclusion of electroms A 1| KRNJ ¢ A y 3 IdyReta|Bsultidg/ (1 2 (1 K
ina more electroAR S T A Gsysferfi,imay enhance lonepair Ay G ST OGA2yao

3.4.2 lLarger-scale sorption using macroreticulgrolymers

Thetwo permanently porousmacroreticulamaterials were alssubjected tothe same
testing regimeThe % removal of each PAH by poly(8@Band poly(DVB0-co-4-VP)is

shown inTablel9.
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Methyl-

| Acenaphthene Anthracene Pyrene Nitropyrene
Polymer naphthalene
(% removed) (% removed) (% removed) (% removed)
(% removed)
Control¢ no polymer 0 0 0 0 0
Poly(DVEBO) 8 +2 943 9+1 13 #1 74 +3
Poly(DVEBO-co-4-VP) 3 +2 3 £3 8 +7 6 +2 47 +15

Tablel9- Large-scalesorption of PAHausing macroreticular polymersn=3



Largerscale sorption of PAHs using macroreticular
polymers
100

70 = poly(DVB-80)

% removal
a1
o

m poly(DVB-80-co-4-VP)

Graph5 ¢LargerscalePAH removal using macroreticular polymers

Very similar trends were appearing when using macroreticular materials in the removal

of PAHs from heptane. Whitke overall % recovery of PAH was still rathev,la general

trend was still evident. The heavier, less soluble PAH, nitropyrene, was removed much
more readily than the other PAHs. The lighter and more soluble PAHs, were retained in

the heptane solution.

Poly(DVBB0) had a specific surface area of 553/gn slightly lower than that of
poly(DVB80-co-4-VP) at 729 r?ig. Table19 shows that both materials removed similar
amounts of each PAH from the heypie solution. The levels of sorption exhibited by both
polymers may be explained when the pore structure of each material is considered. Both
polymers showed similarly small poregearing 2nm in diameter, and similar pore size
distribution, displaying darger proportion of mesopores (between 2 and 50 nm in
diameter). It may be the case that due to the small size of the pores in these materials
once a small amount of PAH has been remottesl smaller pores become blocked
hindering the sorption of more PHs from solution (Note: measuring the pore size

distribution of pores less thanri2n and greag¢r than approx. 100 nm cannot be achieved
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using nitrogen sorption methods, therefore only the pore size distrislietween 2 and

100 nm has been analysed in this body of work

Only poly(DVEBO0-co-4-VP) which had been initiated with AIBN was included in this study.
Polymer initiated with ABDWasincluded in the smaller scale sorptistudy, but both
polymersshowed ery similarsorption efficacy in the removal of PAH®refore only

one was included in this larger scale study.

3.4.3 Large-scale sorption of PAHs using hypercrosslinked polymers

It was expected that by moving to materials with a miletreased specifisurface area,
the % removal of PAHs from heptane would increase. Showahte20 are the results

of the experimentdo remove thefive PAHs from heptane.
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Methyl-

Po| Acenaphthene Anthracene Pyrene Nitro-pyrene
olymer napthalene
(Y%removed) (% removed) (% removed) (% removed)
(% removed)

Control¢ no polymer 0 0 0 0 0
Poly(VB&0o-DVB80) 6 +1 6 +1 712 15 +4 70 +£30
HXLPoly(VB&o-DVB

10 £2 10 £2 18 +3 25 15 83 +23

80)

Poly(styreneco-VBG

3+2 3+2 3+1 712 23 +13

CO-EGDMA)
HXLPoly(styreneco-
VBGCo-EGDMA) 8 +2 8 +2 11 +1 15 10 66 +22

Poly(VB&o-4-VRco

3+1 3+1 6 +1 6 +2 55 +25

EGDMA)

HXLPoly(VB&o-4-VR

14 +1 11 +1 31+1 43 1 >95

co-EGDMA

Table20- Large-scalePAH sorption using HXL polymers. Includes-pygecrosslinked material for comparison. n==



Largerscale PAH removal using HXL polymers

m poly(VBC-co-DVB-80)
HXL poly(VBC-co-DVB-80)
poly(styrene-co-VBC-co-EGDMA)
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Graph6 ¢ LargerscalePAH removal using HXL polymers

The sorption of the corresponding phg/percrosslinked materials are also shown in
Table20 along with the results for the HXL material. In all casasncrease in sorption

of PAH was observed, especially the removal of anthracene, pyrene and nitropyrene. In
the case of HXL poly(VB&4-VRco-EGDMA)a marked increase in PAH removal was
noted. Graph 6éhighlights that while increasing specific surfatea does improve overall
PAH removal, the functionality of the material istjas important. HXL pgVBGco-4-
VRco-EGDMA) both had specific surface area of approximately 730gn one of the
lowest specific surface areas observed the hypercrosslinked materiglsand
significantly less thathat of HXL poly(VB€o-DVB80) which was approx. 2000%fg,

Yet, the4-VP containing polymer was able to remove as much as 25% more pyrene and
anthracene.. The differences in average pore size may affer insight into the
observed levels of PAH remova@he other HXL materials in this study, xly(DVEB30-
co-VBC) and HXL poly(styreceVBCco-EGDMA)both had very similar average pore
diameters of 2.2 and 2.4 nm, respectively, as measured by nitrogen sorpition analysis.
Both also possessed simifaore size distributions, witmostpores beindess than 5 nm.
However, HXL poly(VB©G-4-VRco-EGDMA) had an average pore diameter of 316 n
Pore size distribution data also highlighted that while a significant amount of the pore

structure was in the micropore region, there wassmall but significainamount of
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porosity that was in the mesopore region. It is suggested that by possessing
predominantly micropores and having a smaller pore diameter on average, both HXL
poly(DVB30-co-VBC) and poly(styrerm>-VBCco-EGDMA) were less effective at
removingPAHs from the heptane solution. The HXL poly{MB€VRco-EGDMA) was

able to remove more of each PAH duehiving larger diameter poret.is believed that

by possessing larger porasore PAH molecules would be accommodated within the
pore network. Tl materials possessing larger numbers of smaller pores may not have
been able to remove as much of the PAHs due to accessing the pore network being more
challenging. It may also be that the smaller pores become satumtbtbckedwith PAH
quicker and stp more PAH from being sorbedhis larger sda sorption study
highlighted that, while in general sorption will be increased with increpsipecific
surface area, there is some tuning that is required with these materials in terms of
functionality, pore &e, pore volume andpecific surface area. While there were some
materials that possessed very high specific surface areas, they tended to have smaller
average pore diameters, potentially hindering the adsorband@Aifi molecules. Alsby
including certain functionalities.e., 4VP, favourable interactions between this molecul

and nitrated PAHs could be realised.

3.5 Conclusion

In this chapter, the successful synthesis of a small library of polymers has been
demonstrated. This was achieved utilising facile polymerisation techniques, namely
precipitation polymerisation and noraqueous dispersion polymerisation. These
materials have ranged from simple homopolymers, such as poly@DY/Bo the more
complex terpolymers producedia NAD polymerisation Inclusion of more elaborate
functionalities was also included in these materials, with vinylbenzyl chloride and 4

vinylpyridine being used extensively.

The morphologyof the polymers wasvaried systematicallyBy avoiding porogenic
solvents,and using low levels of crosslinker during polymerisatadiihe NAD polymers
were geltype in nature and therefore had very low specific surface areas in the dry state.

Conversely, poly(DV&)) and poly(DVB0O-co-4-VP) prepared via precipitation
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polymerisation were marcroreticular and therefore hagpreciablespecific surface

areaseven in the dry state.

By including VBC in the ggpe materials, FriekCrafts akylation chemistry was

exploited to produce Davakeype materials that exhibit verlgigh specific surface areas

of 1000 nt/g, or more. By solvating the géfpe polymers in a suitable solvent,
methylene bridging (createdathe VBC moieties) between appropriately located phenyl
NAy3Ia WE201SR AyQ GKS & dgppsed tBeypore dititire 6fS O U dzNJ

these materialsleading to the high specific surface areas observed.

The main aim of this work was the investigation of the abilitthefsolidphase polymers

to aid in the capture and removal of soot and its precursors froenlibricant system of

a diesel engine. Before being used within an engine, the polymers described above were
elucidatedin asimplified, labbased test remove PAHs (the main precursors to soot) from

a hydrocarbon fluid. Indeed, the studisBowed thesuc@ssfulremoval offive candidate

PAHSs from a heptane solutiobnsurprisingly, the polymersith lower specific surface
area, such as the gétpe materials, generally removed less PABEblel5and Tablel8)

than the higher specific surface agnacroreticular materialsTiable16 and Table19).
Moving to the hypercrosslinked materiaighich had even higher specific surface areas,

the removal of PAHs from heptane was increhfether.

Thesorption studies highlighted not only thkesirability othigh specific surface arefs

the removal of PAHs but also the need for pores which were of an appropriate size to
remove contaminants. HXL poly{4rco-VBCco-EGDMA) provedhore successful ithe
removal of PAHs from heptane than the other HXL materiédg only didthis polymer

have a high specific surface area, it also possessed pores which were slightly larger in

diameter than theother HXL materials.

Lastly, the sorption studigsrovidedsome insighd into the effects of sorption of PAHs
from heptane using polymers with differinfunctionalities The inclusion of 4
vinylpyridine within the polymer appeared to assist in the removal of P&sfgcially
nitropyrene. This information was deem@seful for work in the future, where polymeric
materials could be tailored to interaetith contaminants that bear functional groups,

such as excess acids or bases within an engine.
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3.6 Synthesis opolymersvia suspension polymerisation

In the previouschapter, the synthesis of a small library of aromatinylpolymers and

the examination of these materials as potential sorbents for contaminants in
hydrocarbon fluids was described. These materials were synthesised by precipitation
polymerisationand NAD polymerisation processes, both of which are facile and relatively
easy to perform. This allowed for materials to be synthesised and screened in the
sorption studies in rather short time frames. Howeue polymer particles produced

via NAD polymerisaton and precipitation polymerisation are generally less bk
microns in diameter. Within the lubricant system of an engitiee filters involved
generally have a pore size of no less than 40 mict¥rishad been decided in the early
stages of thecurrent study hat the simplest way of screening any materiaithin the
lubricant system of an engine was to allow contact with the lubricaiatthe oil filter.

The oil filter povided alocuswhere the polymer particles could be held in place and the
lubricant would then be able to flow through, over and around the polymer, maximising
potential interactions between the two. Wén it came time to use the polymer
materials withinan enginejf the polymer bead diameter was too small, beads would be
able to pass through the olil filterausing damage to higbrecision engineered parts. In
order to ensure that the polymer particles had a large enough dianmsiehthat they
would be feld against the oil filteand not pass through, suspension polymerisation was
utilised as a synthetic strategy to produce materials which were similatructureto

the most successful candidate polymedentified inthe previous chapter, as well as

producing polymer particles with much larger diameters

3.6.1 Synthesis of poly(VB€o-DVB80)via suspension polymerisation

The poduction of polymeresinsby suspension polymerisationrche a difficult task. As
wasdiscussed in the introduction of this thesis, reactor design, stirrer type, monomer
concentration, continuous phase concentration and suspending agents used can all

influence the success, or failure, of a suspension polymerisation.

142



In the previous chapte poly(VB&o-DVB80) was one of the materials that was able to
remove some of the PAHs from a heptane solution. Pleasisghthesis ofsuch a
material by suspension polymerisationdaready beerstudiedextensively within both

the Sherrington and lagrly the Cormack research groups at Strathcl§d&his meant
that there was &eady a synthetic strategy in pkto be followed Due tofollowing a
synthetic protocol that was already in place, the ratio of monomers used in the
suspension polymerisation was different to that used in the precipitation polymerisation
discussed in té previous chapter. In the suspension polymerisation, . 2986 ratio of
VBC: DVBBO was usegdwhile in the precipitation polymerisation a Z% mol% ratio of
VBC:DVBO was used. While these materials were different, they were deemed to be
somewhat compaable and it wastherefore considered that this material could be

accessed more readily than if a new synthetic strategy was to be devised.

An aqueous phase of 1000 mL of water and 7.5g of &®W%Ag as a suspension stabiliser

was preparedand700 mL of tls solution was used as the aqueous phase. To this was

added 33g of NaCl to minimise any dissolution of the monomer phase into the aqueous
phase. The synthesis was carried out on g4Qonomer scale, with a @Bwt% ratio of

VBC to DVBBO. The reactor uskwas a 1 L flang®p, jacketed, baffled reactordentical

G2 0GKFG LINBASYGISR Ay { KSNNA y4ihepsg8GeR A 4 Odza &
DVB80) was synthesised in a high 72% yield (28¢)eme28.

N o H,0, PVA, NaCl, m n
- AIBN (1.5 wt%) w “
+ | >
X > 80°C, 8 h X
cl cl n

Scheme28 - Synthesis of poly(VB€o-DVB80) by suspension polymerisation

Elemental microanalysis was used to ensure the successful incorporation of both VBC
and DVB3O0 into the final polymerShownin Table21 is the elemental composition of

the polymer along with the expected composition for this méater
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Elemental microanalysis (%)

C H N Cl
Expected 71.3 6.0 <0.3 227
Observed for polyBCco-DVB80) 73.6 6.8 <0.3 118

Table21 - Elemental microanalysis for poly(VB£-DVB80) synthesised by
suspension polymerisation

The carbon, nitrogen and hydrogen conteuit poly(VB&o-DVB80) showed a close
correlation to the values that were expected. However, the chlorine contentmae

that 50% lower that the theoretical value for this polym&hisresultwas not surprising
since ithas been discussed in the literature, by Fontamalal®> The low levels of chlorine
were explained by the partial hydrolysis of the chloromethyl group of VBC. This would be
expected to proceedvia an {1 reaction through the generation of a highly stabilised
carbocation followed by nucleophilic attack by a water molecule. Given the fact that
suspension polymerisation involves elevated temperatures and large quantities of water, it

was not surprigg to observe this side reaction.

Spectroscopically, one would expect that this side reaction would be very easy to
identify. Indeed, the infraed spectum of poly(VB&o-DVB80) showed a very distinct,
broad peak at ~3300 chindicative ofOH bond setching. The bands indicative of the
chloromethyl grougthe GH wag of CkCland theGCl bond stretchwere clearly visible

at 1265 and 709 cr respectivelyShown inFigure27is a typical FIR spectrum ofhe
poly(VBE&0o-DVB80) prepared by suspension polymerisation
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Figure27 - FFIR spectrum of poly(VB€o-DVB80) synthesised by suspension
polymerisation

Thepolymer beadgroduced by suspension polymerisation are much larger in diameter

than those produced by either NAD or precipitation polymerisatidmerefore,

successful production of a beaded polymer in the above synthesis was edbisost

immediately, as the beads were visiliethe naked eye. SEM microscopy was used to

investigate the surfaceof the beads more closely. Shown kigure 28 is an SEM

micrograph of a typical polymdread from this batch
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Figure28- SEM micrograph of poly(VB&-DVB80) synthesised by
suspension polymerisation

The bead shown s diameter of 121 microngndthis allowed for much more detalil

of the surface to be observedJpon further, closer inspection the roughness observed
upon the surface was discerned to b@crogel(the large collection of much smaller
particles (approx. 1000 A, or so, in diameter) that constitute the overall bead presented

in Figure28). Figure29 showvsthe microgesin some detalil.
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Figure29- SEM micrograph showing detail ¢iie microgel particles ir
poly(VBCGco-DVB80)

Due to the very low levels (2 9§ of crosslinkeras well as the lack of any porogenic
solvents used in the synthesis of this material, it emgected that his material would be
gektype in nature and therefore have a very low specific surface area in the dry state.
Nitrogen sorption analysis confirmed shihe surface areavas measuredo be less than

5 n¥/g.

3.6.2 Synthesis of hypercrosslinke@HXL) poly(VBCo-DVB80)

The HXL variant of poly(VB&DVB80) having a very large specific surface area also
performed very well in the sorption studies discussed in the previous chapter. It was
therefore, also chosen to be used in the larger engiased sorption studies. The
hypercrosslinking reaction that was carried out on the polymers synthesised by

suspension polymerisation was very similar to that carried out both the precipitation and
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NAD polymerisation materials. The suspension polymerisgpanicles were partial
hypercrosslinked in heptaneusing 11 mol% (relative to chlorine present in the
precursor) of Fegto facilitate Fredel-Crafts alkylation, tstabilise the particles. These
particles were recovered then immediately taken forwardidully hypercrosslinked by
swelling in dichloroethane andbcking in the swollen structure by installatioof
methylene bridges between aromatic moietida this second step, 100 mol% (relative
to chlorine in the non-hypercrosslinked precursor) of FeGlkas used The full
hypercrosslinking of poly(VB©-DVB80) was successfully carried out in a high 92% (15
g) yield Scheme29.

FeCl;, Heptane

80°C, 16 h

co

7 N\

Cl n

FeCl,, DCE
80°C, 16 h

Scheme29 - Exhaustive hypercrosslinking of poly(VBG-DVB80)

Shown inTable22is the demental microanalysis of the fully hypercrosslinked polymer
The chlorine content was observed to fall, from 11.8% to 2iBéicative of successful

hypercroslinking.
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Elemental microanalysis (%)

Polymer
C H N Cl
Poly{vBCco-DVB80) 73.6 6.8 <0.3 11.8
HXL polyBCco-DVB80) 84.8 6.6 <0.3 2.3

Table22 - Elemental microanalysis data for HXL poly(M8&DVB80), produced from
a precursor synthesised by suspension polymerisation

FTIRspectroscopi@analyss also indicated a successful hypercrosslinking reaction. A drop
in intensity ofbandscorresponding to the VBC moieties was observed, with both the
chloromethyl GH wag band at 1265 chand the GCI bond stretching band at 709 &m

appearing lower in intensity.

Another major piece of evidence that provete success of the hypercrosslingi
reaction was nitrogen sorption analysis. The specific surface area of the HXL material was
noted to have increased from <5 ?fy, before hypercrosslinking, to 1320 %m
afterwards. As with many materials that exhibit such high specific surface aredsXthe
poly(VBE&0o-DVB80) possessed a small average pore diameter of 2.2Tim@ pesence

of a large number of pores very close to, or indeedthe micropore region was
O2NNRO2N}FGSR o0& GKS Aa20KSNXY RAALIX F&AyYy3

porous materials which have predominantly micropores.

SEM microsocopy wassedto inspect the surface morphology of the material after
hypercrosslinking. Shown Figure30is a micrograph of the HXL poly(V&EDVRB80),

both before and after hypercrosslinking.
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Figure30- SEM micrographs of poly(VB&©-DVB80) before (left) and after (right
hypercrosslinking.

N.B. The beads in both images aséapproximately the same diameter. The sca
bar in each image is differen

After hypercrosslinking, the polymer particles exhibited interesting surface features,
such as fractures. It has not been ascertaindtht the exact cause of thighenomenon

is. It may be related to the swelling of the presar particles in solvent before
hypercrosslinkig whichcauses the beads to fatigue and crack when dried. However, this
was not observed in the hypercrosslinking of the materials that were synthesiaed
either precipitation or NAD polymerisatiofVhile the hypercrosslinking reaction had
changed the particl&ppearanceit was still successful in producing robust, high surface

area materials that were usable in the engine based,-Rfhbval studies.

3.6.2 Synthesis of poly(DVMB0-co-4VP) via suspension polymerisation

In the smaller scal®AHsorption studies,the macroreticular poly(D\VB0-co-4-VP) was
shown to successfully remove PAHs from a heptane solufibis was therefore a
material that was to be carried forward to be studied within the engine based sorption
studies. Fortuitously,the synthesis of a maoreticular poly(DVEBO0-co-4-VP) by
suspension polymerisationad beenreported by Fontanalset al.®® This synthesis was
followed to produce golymer using 80:20mole ratioof DVB80:4-VPin the monomer
feed This compared to a 10:1 mole ratio of D&®to 4-VPin the monomer feedhat

was utilised in the preparation of this materiay precipitation polymerisationAswith
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the precipitation polymerisation, in the suspension polymerisation toluene was included
in the monomer phase, to induce the formati@f a porous network in the materidh

this way, gpoly(DVB80-co-4-VP) was successfully synthesised in a very high 98% (39.5 g)
yield, Scheme30.

H,0O, PVA, Toluene, n m
+ A AIBN (1.3 mol%) _ =
~ > | co |

N 80 °C, 24 hrs A \N
80 mol% 20 mol%
n

Scheme30 - Synthesis of poly(DViB0-co-4-VP) by suspension
polymerisation

Elemental microanalysis indicated a 2.2% nitrogen content (the theoretical value was 2.5%),
highlighting the successful incorporation ofviiylpyridine. Shown inTable 23 is the
elemental microanalysis data for poly(D'86&co-4-VP) along with the theoretical values for

this material.

Elemental microanalysis (%

C H N
Expected based o80:20monomermole ratio DVB
89.8 7.8 2.5
80:4VP
Observed for poly(DVB0-co-4-VP) 87.8 7.8 2.2

Table23 ¢ Elemental microanalysis data for poly(Dwa®-co-4-VP) synthesised by
suspension polymerisation

A clear indication of successful incorporation afidylpyridine in the polymer came frothe
FFIRspectroscopi@nalysis; the spectrum showed an intense peak at 1599 aettributed

to pyridine ring stretching. Also, a band at 1416%emas ascribed t@ C=N bond stretch.

bAGNRISY a2NLIiA2y Iyl { &Rgu@3liykieabot Perntanedtyi & LIS

porous, macroreticular material.
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Figure31 - Adsorption isotherm for poly(DVEO-co-4-VP)

The specific surface arezglculated by BET theory, was found to be 598mAt 7.8 nm,

this synthesis also produced pores that were much larger in diameter than those
observed in the HXL polymers. In this poly(E3@®80-4-VP) the average pore diameter

was found to besomewhatmisleading.Shown inFigure32, is the pore size distribution

of mesoporesi(e., those of diameter greater than 2m) within the material. As can be
noted from this distribution graphthe average diameter of 7.8 nm was found to sit in a
well between a larger number of smaller pores, and many pores of larger diameter. This
materialwas,therefore, btimodal in its pore size distribution, possessing pores that were
both small in diameter and large in diametddnfortunately, due to the physical
mechanism by which gas is adsorbed into micropores it is not possible to measure the
pore size dstribution of pores which are approximately less than 2nm in diameter.

Therefore, it was challenging to get a full view of the pore size distribution across all the
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pores present in this material. Indeed, this was true of all of the porous materials which

were encountered in thisvork.

1.1 = . T —
- I 1 T 1 1
4 | 1 Vo 1
] | 1 W 1
] | | |
- bFo—— - — [ it Hemm o e Ho—m—mmm - —
] | : [ |
] ! ! i |
B | I I I
e ;T CTTTTTTTTTT T N T
| 1 1 1
b I 1 I 1
] i i ! i i
08 fsmmmnnnmnnnoe oo bomeee deobonmee dronmmmeeee]
| 1 o 1
- | 1 " 1
1 : : b :
i i, S = m e L ——
ey e R
= 1 I 1 \ 1
1! | | oY
S U N |
= UEg- " H—— l -. 1
R | .y | |
% 7] 3"‘_\ | v | 1
S sl S SRS A — I ]
s ] T | |
(8 — 1 1 : 1
- | 1 | 1
Qifmnmmmmmemme e bonononeeee b oo demneeed SRR
. i ‘ | Lo
] i i i o
e e . o —
] | | | |
i : : :
02—f----mmmmmm - e bl Fmmmmmm oo = et
4 | 1 | 1
] i | i |
| 1 | 1
B B PrTTTTTTTT s R T 5
] 1 1 1 1

Figure32 - Pore size distribution data for poly(D\V80-co-4-VP) of poredetween 2
and 100 nm in diameter.

As withthe other materiak, the surface morphology dhe poly(DVB80-co-4-VP) was
examined using SEM microscopy. ShowRigure33is a typicaSEMmicrograph of the

polymer particles
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Figure33- SEM micrograph of poly(DV80-co-4-VP) synthesise
by suspension polymerisation

Smooth, spherical particles were shown to have been successfully synthesised. Most of
the particles inFigure33 are between approximately 195 and 32 in diameter. From

the micrograph, therés some evidence of particle breakageénich may have occurred

in the washing steps, post polymerisation. laynalso have occurred in preparing the

samples to be examined under the SEM.

3.6.3 Synthess of poly(styreneco-VBCGco-EGDMAVia suspension
polymerisation

Following the success in PAH removal from heptane by some of the materials that were
synthesised by NApolymerisation, suspension polymerisation was employed to
investigate the synthesis of similar materials. It was envisaged th#,the case foall

the suspension polymerisation polymers presentedthis chapter these materials
would also be studiedn the removal of PAHs from heptane and in engiased

contamination removal studies
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The synthesis of poly(styrere®-VBCco-EGDMAJyY suspension polymerisation utilised

the same ratio of monomers as the NADlymerisationsynthesis, namely 49.5 wit%
styrene, 49.5 wt% VBC, andwit% EGDMA acting as crosslinker. The aqueous phase
employed was the same as that used in the synthesis of poly¢¢BWB80): 700 mL

taken from a 1000 mL mixture of water, 7.5 g of PVA and 33 g of NaCl. The synthesis was
completed in a pleasing 89 % vyield (32.9 §¢tieme31).

N o io H,0, PVA, NaCl, /
0 AIBN (0.5 wt%) n m
+ + o~ o
80 °C, 6 hrs, co co
0

/

Scheme31 - Synthesis of poly(styreneo-VBCco-EGDMA)ia suspension
polymerisation

Elemental microanalysis data, showrlable24, indicatedclearlythe incorporation of VBC

into the final polymey from the Cl contentAs was observed in poly(\MB&DVB80) (Table

21), the amount of chlorine that was found to be present in the polymer was lower than the
expected value. Owing to the presence of water in the synthesis, the lower levels of chlorine
were hypothesised tde due to hydrolysis of perdt chloromethyl groups, as had been
observed previouslyThe surdtotal of all the elements analysed was noted to not equal

100%. This was believed to be due to the presence of oxygen in the hydroxyl groups.

Elemental microangysis (%)

C H N Cl
Expected 81.3 6.9 <0.3 11.3
Observed for polygtyrene-co-VBC
81.2 7.1 <0.3 6.3

co-EGDMA

Table24 - Elemental microanalysis data for poly(styreren-VBCGco-EGDMA)
synthesisedvia suspension polymerisation
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Further evidence of hydrolysis wakarin the FFIR spectrunof poly(styreneco-VBCco-
EGDMA)A broad band present at 3300 ¢mwas ascribed teOH stretching. The stretching
frequencies attributable to VBC were also present at 1266 (thiewizg of thechloromethyl
group) and 699 cm(GCI bond stretching). A very weak band was also present at 1710 cm
This was due to C=0 bond stretching and therefore indicated the successful incorporation of
the crosslinker, EGDMA.

As was expected for the gilpe material, nitrogen sorption analysis showed thatthe dry
state, poly(styreneco-VBGco-EGDMA) was neporous with a very low specific surface area
of less than 5 r#ig. The low surface area can be attributed to a lack of porogen used during
synthesis andhe very low levels of crosslinker that were employed. Upon remotéhe
reaction medium and drying, poegblymerisation, the polymer network would collapse upon

itself, therefore presenting a very low surface area devoid of pores.

SEM microscopyevealed interesting information about the polymer partic@surfaces

(Figure340 ® ¢ KS YAONRALIKSNBa | LIISEFNBR G2 0SS WRS
collapsed. This appearance somewhat corroborates the nitrogen sorption analysis data that
showed the material to be neporous. Itis believedthat what was observed in the SEM

image was this same phenomenon; upon dryitige low-crosslinking density of the material

means thatthe polymer chains are unable to support themselves and collapse, giving the

beads a deflated appearance.

S:PRPER F:BBA14

Figure34 - SEM microgaph of suspension polymer
poly(styreneco-VBGco-EGDMA)
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3.6.4 Synthesis of HXL poly(styrers-VBCco-EGDMA)

As with other polymers studied in thigork, the presence of VBC in poly(styreceVBCco-
EGDMA) allowed for the material to be hypercrosslinked to induce porosity and install a very
highspecific surface area within the polymer. The HXL poly(stycenedBGco-EGDMA) was
synthesised in the usual twstep hypercrosslinking process, using th&\Boieties to install

methylene bridges between appropriately located aromatic groups. This was completed in a

high 95 % yieldScheme3?2).
/
+ﬁ FeCl;, Heptane
O\C’ ]
o) (]
%

n

80°C, 16 h

m
co co
Cl

FeCl,, DCE
80°C, 16 h

Scheme32- Hypercrosslinking of poly(styreneo-VBCco-EGDMAYia a two-stage
hypercrosslinkingorocess

As with all the HXL materials presented, theccess of the reaction was first investigated
using elemental microanalysiBable25 shows the elemental microanalysis data for the HXL
poly(styreneco-VBCco-EGDMA). Thedrop in chlorine content from 6.3% before

hypercrosslinkingo <0.3%after hypercrosslinking, was indicative of a successful reaction.

157



Elemental microanalysi§%)

Polymer
C H N Cl
Polyétyreneco-VBCco-EGDMA 81.2 7.1 <0.3 6.3
HXL poly(styreneco-VBCco-
89.2 6.9 <0.3 <03

EGDMA

Table25 - Elemental microanalysidata for HXL poly(styreneo-VBGco-EGDMA)
synthesised from a suspensiopolymer precursor

The lowering of chlorine content was also evident in thdFFdata.The two bands al266
(GH wag of CkCl)and 699 (CCl bond stretchgnt! that were present in the polymer
before hypercrosslinking were no longer present, due to¢basumption of almost all

the chloromethyl groups.

Nitrogen sorption analysis was utilised to demonstrate the specific surface area increase,
which is observed in HXL materials. Poly(styrest/BCco-EGDMA) exhibitedan
isotherm that was predominantly¢ ¢ & lidShapehdicative of a larger specific surface
area, predominated by pores which are around the micropore region (a diameter of less
than 2nm), Figure35. Indeed, the Langmuir specific surface area was calculated at 529
m?/g. The specific surface area of this material was lower when compared to some of the
other HXL materials synthesisddr examplethe poly(VB&o-DVB80),Scheme29, had

a specific surface area of 132G/m The disparity in specific surface areas is due to the
fact that HXL poly(styrereo-VBCco-EGDMA) had only 49.5 wt% VBC, whereas the HXL
poly(VB@0o-DVB80) had 98 wt% VBC, allowing for many more methylene bridges to be

installed and a larger specific surface ated®e achieved

The open hysteresisobservedon the desorption branch of the isotherms often
observed in hypercrosslinked matesand is possibly linked to the presence of pores
with very small diameters, whereupon the gas can be admitted to these pores with
greater ease than removing’it® Another possible explanation of trapen hysteresis is

the presence of an interconnected pore network. After the pores have filled gaghit

158



requires more vacuum to draw the gas out as it must meander through the network

before removal.
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Figure35- Nitrogen sorption isotherm for HXL poly(styrersno-VBCGco-EGDMA)

synthesised from a suspension polymerisation precursor

The sharp increase in adsorption, observed at saturation (at a relative pressure of 1), was

a particularly interesting feature of the isotherniThis sharp increase is often
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phenomenon by which pores in the mesopore region fill with gas. The presence of pore

condensation in the isotherm corroborated the presence of a small amount of

mesopores in the pore size distriboti graph Figure36).
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Figure36 - Pore size distribution for mesopores present in HXL poly(styreoe/BG
SEM microscopy was employed to study the morphology of the beads after
hypercrosslinking. Shown Figure37isatypical SEM image showing the polymer both

before and after hypercrosslinking.
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Figure37- SEM micrograph of HXL poly(styrese-VBCco-EGDMA) before (left) ar
after (right) hypercrosslinking

The beadsemained largely unchanged in appearance after hypercrosslinking. However,
as had been observed with HXL poly(MBOVB80), Figure30, there appeared to be a
fracturing of the surfacgof the polymer beadafter hypercrosslinking. It is still unclear

as to why this occurs. It may have been due to the swelling procedut@sapdlymer,
before hypercrosslinking, had a very low crosslinking density and it was therefore
expected to swelsignificantly in 1,2dichloroethane. Another possible cause may have

been that upon drying the polymer surfezleecome cracked.

3.6.5 Synthesis opoly(VBCGco-4-VR-co-EGDMA)Yia suspension
polymerisation

The other successfulb¥P containing polymer was alsosgnthesised using suspension
polymerisation to produce a material that would be usable in an potential engine based
sorption test. Using the same suspension polymerisation protocol that had been
employed for the synthesis of the other ggipe materialspresented in this chapte
poly(VB@0o-4-VRco-EGDMA (comprising 96 wt% VBC, 3 wt9%R and 1 wi% EGDMA

in the monomer feed) was produced in a usable 65 % (26.4 g) $ethdine33).
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Scheme33 - Synthesis of poly(VB€o-4-VR-co-EGDMAYia suspension
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Elemental microanalysis was particljausefulfor the analysis of the produets both of

the major monomersj.e. VBC and 4/P, contained an element that was not present
elsewhere in the monomdeed (the amount of nitrogercontributed by AIBN to the total
was negligible)Table26 shows the elemental microanalysis data for poly(\éB@-VR
co-EGDMA) as well as the expedtvalues for this materialThe presence of large
amounts of chlorine and nitrogen confirmed the incorporation of both VBC avid #hto

the polymer.As with other polymers which contained VBC and were synthesised by
suspension polymerisation, the lowehan expected amount of chlorine was due to

partial hydrolysis of the VBdLiring the preparation ofhe polymer.

Elemental microanalysis (%)

C H N Cl
Expected 71.3 6.0 0.9 21.5
Observed for poly¥BCco-4-VP -co-
69.7 6.8 0.8 12.2

EGDMA

Table26 - Elemental microanalysis data for poly(VB©-4-VR-co-EGDMA)

FTFIR analysis indicated the inclusion of both VBC ak@4The usual bands associated

with VBC were present 4250 cm! (GH wag of CHCl)and 702 cmt (GCI bond stretch).
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A band present at 1422 chwas ascribed to a C=N bond stretch due to the presence of
4-VP. As expected, due to the VBC content being much higher thdh 93 wt% and 6
wt% of the monomer feedrespectively, the barglassociated withvBC slightly more
pronounced than the band associated witkV®.Proof of the hydrolysis of VBC units
within the polymer was shown by a large OH stretching band at 3300 Aremall band
present at 1701 crh(C=0 bond stretch), indicated the successfalusion of the diester
crosslinkerThe spectrunFFIRof poly(VB&o-4-VRco-EGDMA) is shown Figure38.

201251 —
- 284886 —

L L e e B B T By B B By
4500 4250 4000 3780 3500 3250 3000 2750 2500 2250 2000 1750 1500
TM 91 polymer D (2)

Figure38- FTIR spectrum of poly(VB€o-4-VRco-EGDMA) synthesised by suspens
polymerisation

With only 1 wt% of crosslinker used in the monomer feed for this polymerisadiath

the lack of an porogenic solvent, poly(M8&4-VRco-EGDMA) was expected to be ron
porous in the dry state and exhibit a very low specific surface area. To corroborate this
theory nitrogen sorption analysis was undertaken. This ara$ygwedhat this material

had a specific surface area of less thanZgvand was noiporous in the dry state.

The use of SEM microscopy proved invaluable in the analysis of the morphology and
surfacesof all the materials that were synthesised throughout ttisdy. Shown irFigure
39 is a typical SEM micrograph of poly(M&et-VRco-EGDMA) The image shosv

spherical particles that exhibit roughened surfacand what appeared to be
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agglomerated material. This material mlag smaller particles that have coalesced onto

the surfacea of the larger particlesherby producing a rough surface to the beads.

129X 23KV WD:16MM 5:00000 P:600816
e

Figure39- SEM micrograph of poly(VB&>-4-VRco-EGDMA) synthesise:
by suspensiorpolymerisation

3.6.6 Synthesis of HXL poly(VBG-4-VRco-EGDMAVia a two-stage
hypercrosslinking process

Due to high levels of VBC being present within the polymer, poly¢@BS/Rco-
EGDMA) provided material that could also be put under the hypercrosslinking protocol
to produce ahigh specific surface area material. This material would allow for
comparison, as with previously discussed polymers, between materials that exhibited
similar chemistriesbut very different porous morphologies. Following the same
hypercrosslinking reaction as described previously, HXL pohd@B&Rco-EGDMA)
was successfully syntdsed in a high 98 % yie{8cheme34).
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Scheme34 - Hypercrosslinking of poly(VBE-4-VP-co-EGDMAVia a two-stage
hypercrosslinking process

The first evidence to indicate successfiypercrosslinking was the large decrease in
chlorine content of the material after hypercrosslinking. ShownTable 27 is the
elemental microanalysis data for HXL poly(\éB@-VRco-EGDMA)along with the

elemental composition of the precursor material for comparison

Elemental microanalysis (%)

Polymer
C H N Cl
Poly{/BCco-4-VRco-EGDMA 69.7 6.8 0.8 12.2
HXLpoly(VBCco-4-VR-co-EGDMA 80.6 6.1 1.1 2.4

Table27 - Elemental microanalysis datfor HXL poly(VB€o-4-VRco-EGDMA)
produced from a suspension polymerisation precursor
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FTIRspectroscopidata displayed the expected drop imtensity ofthe bands at 1263
and 702 crt as evidence of the consumption of VBC in the hypercrosslinking process.
Also, a band at 1408 chfC=N bond stretch) indicated that the nitrogen é¥/R hal been

unaffected by the reaction process.

Nitrogen sorption analysis was again undertaken to investigate the porosity and specific
surface area of the HXL polymer. Before hypercrosslingolg(VB&0-4-VRco-EGDMA)

had a specific surface area of lekarn 5 ni/g. Atter hypercrosslinking, this had increased

to 1392 ni/g. This ultrahigh specific surface area was explained due the VBC content of
the precusor material. As the hypercrosslinks are installed using the VBC moieties, the
larger VBC content itthe precursor would result in a higher specific surface area.
Pol(VBCco-4-VRco-EGDMA) contained 93 wt% of VBC in the monomer fEleerefore,

the hypercrosslinking of this material was expected to yield a very high specific surface

area, due to the largr proportion of VBC present in the precursdihe adsorption

isotherm(Figure40)> f A 1S Y2ad 2F GKS 20KSNJ I - [ YI

with a sharp increase in adsorption at lower partial pressure as the smallest pores filled
with adsorptive gas. As the partial pressure was increased towards 1, the rate of
adsorption was noted to slow down as there was room for gas to be admitted ¢hs all
smaller pores have been filled). The slower rate of adsorption in this region (between
approximately 0.2 and 0.9 partial pressure) was also attributed to gas adsorbing in a
much smaller number of mesopores that were present in the mateFiad presene of
mesopores was also observed in the isotherm at saturation where pore condensation
was observed. The large, open hysteresis observed upon desorption was attributed to
both a large number of micropores and an interconnected pore structure, creating an
environment where desorption of the nitrogen gas is more challenging that its

adsorption.
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Figure40 - Adsorption isotherm of HXL poly(VB&-4-VRco-EGDMA)

The presence ofmicropores predominantlywas noted from both the average pore

diameter, of 2.2 nm, as well as the pore size distribution of mesopores within the

polymer. The pore sizdistribution showed that there was a far greater number of

smaller pores of around 2 nm in diameter abelow. This data also corroborated the

evidence of pore condensation observed in the isotherm, with a small but not

insignificant amount of mesopores, especially at approximately 10 nm in diameter.

Shown inFigure41 is the pore size distribution data for mesopores present in HXL

poly(VB&o0-4-VRco-EGDMA)
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Figure41 - Pore size distribution of mesopores in HXL poly(V&e1-VR-co-EGDMA)

SEM was used to visually compare the polymer particles both before and after
hypercrosslinking. Shown Figure42is an SEM image of the polymer before (left) and
after (right) hypercosslinking. Interestinglythe HXL material, shown on the right of
Figure42, did not exhibit the same level of fracturiag appeared on the surface of other

HXL polymer beads.
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Figure42 - SEM micrographs of poly(VB&-4-VR-co-EGDMA) before (left) and afte
(right) hypercrosslinking

3.7 Large-scale sorption studies

By utilising suspension polymerisation, polymer microspheres of much larger diameters
could be produced, when compared to microspheres synthesiseithgr precipitation
polymerisationor NAD polymerisation. This was of the utmost importance, as it was
envisaged that the materials presented in this chapteuld then be investigated as
potential contaminant removal devices within a diesel engismce the polymer
microspheres need to be large enouglichthat they could be contained within one area

of the engine so as not to cause damage.

Having successfully synthesised a small library of polymers using suspension
polymerisation and, in some casea hypercrosslinking protocol, it was deemed
necessary to investigate the potential of these materials in the sorption and capture of
PAHSs from a hydrocarbon flyibefore testing within a diesel engine could commence
The materials synthesised in thisagiter were exposed ta sorption and capturéased
experiment which was the same #wat described in the previous chapter: 250 mg of
each polymer was contacted with a heptane solution contairfing PAHs(namely
methylnaphthalene, acenaphthene, anthraeen pyrene and nitropyrene), at a
concentration of 20@g/mL of each PAHHis gave a totaPAHconcentration of 100@g

/mL). By using the same sorption and capture experiment as before, the polymers
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presented in this chapter could be compared to the patysstudied in the previous

chapter andupon whichthe new polymers arbased.

3.7.1 PAH sorption usingektype polymers synthesisedby suspension
polymerisation

The first polymers to be tested were the ggbe, nonporous polymers that had been
synthesisedy suspension polymerisation. The gel type polymers tested were: poly(VBC
co-DVB80), which contained 98 wt% VBC and 2 wi?%®VB80 in the monomer feed,
poly(styreneco-VBCGCco-EGDMA), containing 49.5 wt% of both styrene and VBC in the
monomer feed, angholy(VB@0-4-VRco-EGDMA), containing 93 wt% VBC and 6 wt% of
4-VP in the monomer feed. EGDMA was present as 1 wt% of the monomer feed in both
EGDMA containing polymers. The sorption experiment was carried out in triplicate and

included a blank for referee.

Unfortunately, it was found thadll the geltype polymers were unsuccessful in removing
any of the PAHs from the heptane solutiohhe getype polymers synthesised by
precipitation polymerisationand NAD polymerisation were able to remove up to%4
(2.92 mg) of the total PAH content of a 20 mL sanigde poly(VBC€o-4-VRco-EGDMA)
synthesised by NAD polymerisationTiable 20) (five PAHs presat at a concentration
200eg /mLeach in a 20 méamplesneans there is 20 mg of PAH in total, in each sample).
Due to the getype polymer presented in the last chapter proving fruitful in the removal
of PAHsand the geltype materials synthesised by suspension polymerisation proving
less so, it was determined that the low specific surface area of these materials could not
be the reason for the low levels of sorption observed. However, all the materials that
were synthesised by suspension polymerisation did contain Y@olysis of some of

the VBC units within these polymers was evident fromralFEBpectraand has been
previously discussed in this chapt@iherefore, the suspension polymerisation polymers
were much more hydrophilic in characteneaning that failure in removing hydrophobic

PAHSs from a hydrophobic medium (heptane) wassurprising.
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3.7.2 PAH removal using porous polymers synthesised by suspension
polymerisation

The porous polymers described ingtchapter were also examined in the sorption and
capture of PAHs from heptane. Both a perraatty porous poly(DVB0-co-4-VP) which
hadan 80:20 mad ratio of DVB38O0 to 4VP in the monomer feed, and the Hxériantsof
the three geltype materials descrigd in the previous sectiorShown infable28is the
% of each PAH removed from a 20 mL solution of heptane containing each fofethe

PAHsachat a concentration of 208g/ mL.
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Methylnaphthalene  Acenaphthene Anthracene Pyrene Nitropyrene

Polymer
(% removed) (% removed) (% removed) (% removed) (% removed)
Control¢ no polymer 0 0 0 0 0

Poly(DVBB0-co-4-VP) 0(3+2 0813 3+3(817) 3+2(6 2 18+7 (47 £15

HXL poly(VB€o-DVB
80) 4+2 (10 +2 10+8 (10 £2 1544 (18 £3 18+4 (2515 62+8(83 £23

HXL Poly(styreneo-
VBGcoEGDMA) 4+ (312 3+2(312 7 +33 1) 17 £77 £2 37 +7(23 £13

HXL Poly(VB&4-VR
7 +4(3 1) 9 +3(311) 22+ 6(6 1) 24 +4(6 +2 75 + 8(55 +29

co-EGDMA

Table28 - Largescale sorption of PAHs from heptane using a perreatty porous polymer and HXL matersproduced from
gektype precursorsn=3



Largescale PAH removal using porous suspension
polymers
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Graph7 ¢ LargerscalePAH removal using porous suspension polymers

In Table28the bracketed values shown in italics are fireportion of each PAH that was
removed from heptane by a comparable material that was discussed in the previous
chapter. For the HXL materidlgs data is reproduced froniable20 and, in the case of
poly (DVB30-co-4-VP),Tablel9. These values are included to allow comparison between
the materials that were synthesised by precipitation polymerisation and NAD

polymerisation, and the materials which were synthesised by suspension polgtiaris

In general, the trend observed in the sorption studies discussed in the previous chapter
is noted again Namely, as the molecular weight (and hydrophobicity) of the PAH
increases the more of that PAH was retained by the polyfer.examplenitropyrene

wasremoved from the heptanéar more readily that the lighter methylnaphthalene.

The poly(DVB0-co-4VP) synthesised by suspension polymerisation was similar in
composition and specific surface area tbe material that was synthesised by
precipitation polymerisation The nitrogen content othese materials was 2.2% and
1.9% respectively, indicating very similar amounts e¥R in the polymer. This would

explain the similarities in sorption observed irefemateriak.
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In the case of HXLojy(styreneco-VBCco-EGDMA)both the material that had been
synthesised from a suspension polymerisation precursor and from a NAD polymerisation

precursor showed very similar levels of sorption acrostvalPAHSs.

From the data presented ifiable 28 it was observed that specific surface area has a
pronouncedbearing on the amount of PAH that is removed from heptane. For example,
both HXL poly(VB&-DVB80) and HXL poly(VBG-4-VRco-E@MA), synthesised from
precursors madeia suspension polymerisation, had specific surface areas of more than
1300 nt/g and removed far more of the PAHs from heptane than either poly{80/&>
4-VP) or HXL poly(styresoe-VBCco-EGDMA). Both poly(DW®-co-4-VP) and HXL
poly(styreneco-VBCGCco-EGDMA) had lower specific surface aredspproximately 500

m?/g, resulting in less PAH being removed

3.8 Conclusions

Using materials synthesised from NABlymerisationand precipitation polymerisation

in successfulsorption and capture of PAHs from a hydrocarbon fluid has been
demonstrated in the last chapter. Howevére format ofthese materials @sunsuitable

for usewithin a combustion engine as the microspheres possessed too small a diameter
to be contained dectively. Theefore, work in this chapter demonstrated the successful
synthesis of a small library of polymer microsphemsmthesised by suspension
polymerisation using previously disclosed protocdBy replicating the monomer
composition of the materis that were able to remove high levels of PAH from heptane
in the previous chapter, large polymer microspheres with similar chemistries were
obtained. Most of these materials were gé&lpe in nature and devoid of a porous
architecture in the dry state. Tmduce porosity and increase specific surface area, the
gektype materials weresubjected to hypercrosslinking chemistix. macroreticular
material, poly(DVB0-co-4VP) was also synthesised. This material possessed a high
specific surface area but had awverage pore diameter which was much higher than
those observedor microporous materials, such as the HXL polym@&réaving materials
which spanned a range of specific surface areas, porous structures as well as differing

chemistriesthe effect of theg properties on PAH removal could be investigated.
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To ensure that the suspension polymerisatibased materials and HXL derivatives were
effective in the removal of PAHs from heptane, as the previously discussed materials had
been, the same sorption and capture experimental procedure was used. The polymers
were exposed to a heptane solution containiiige PAHs of known concentration and
allowed to interact for 24 hours, after which time the total amount of PAH remded
each polymer was determined. From this study it was found that, unfortunately, the gel
type, nonporous materials were not effective in PAH removal. Partial hydrolysis of VBC
within the polymer had rendered the materials more hydrophilic in nature and therefore
the removal of hydrophobic PAHs within a hydrophobic environment (heptane) was no

achieved.

By increasing the specific surface area through hypercrosslinking, it was found that much
more PAH could be removed from the heptane. With respect to the HXL materials
produced from suspension polymerisation precursors, it was found that tleeifp
surface area of the material had the greatest bearing on the amount of PAH that could
be removed; the chemistry of the material appeared to have less of an effect on the
removal of PAH from heptane. Both HXL poly(¢80VB80) and HXL poly(VRG-4-
VRco-EGDMA) had specific surface areas of 138@ mnd were able to achieve much
higher levels of PAH removal than the other porous materials which had much lower

specific surface areas afound500 n¥/g..

3.9 Use of polymeric materials as soot amdntaminant sorbents
within a diesel engine

In the previous chapter, the hypothesis that sgbldase polymers could be used to
remove contaminants from a hydrocarbon fluilas demonstrated and a proof of
concept achieved With this information inhand, attention turned to evaluating the
viability of using these materials within the lubricant system of a diesel engine as

sequestration devices for PAHsd soot amongst other contaminants.

Currently, lubricant technology relies upon cellulosic fdtéo remove soot and larger

contaminants from the engine lubricant. To ensure smooth running of the engine,
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lubricants also contain additives, in the form of dispersants and detergents, to assist in
the suspension of small PAHs and soot particles withénlubricant. Not only is this
costly to achievebut the additives allow for the contaminants to build up within the

lubricant whereupon damage can still be done to the internal parts of the engine.

It is believed that by moving to solghase additivessuch as the polymers described
herein, that PAHs, soot and potentially other contaminants could be removed from the
lubricant system entirely. In the future these materials may supersede, or indeed work
in conjunction with currently employed technologiés provide a more cost effective
lubricant system that does not rely upon costly and complex additive packages, as well
as a more environmentally friendly one which could be recycled with greater ease and

more control than is currently available.

3.9.1 Initial engine test using a noffired, research engine

All of materialsdescribed inthe previous chapter, synthesisegther by suspension
polymerisation or through the hypercrosslinking of these materials, were to be used in

the enginebased studies.The logstics surrounding the implementation of this
investigation were not straightrward asall the enginebased studies were carried out

Fd /FadNRtQa ¢SOKy2f 2 heRobel FpliaygSThdmaAs Peisdi] & KA N
Smith, Alistair Drury and Mark Coeal

For the initial engindbased studies, it was decided that due to both practical and safety
concerns, the engine would not beed, and the lubricant would be heateid situand

circulated around the engine, simulating its flow in normal engine operati®hs.

wA Ol NR2> RASASE WI@RNIQ NBaSINOK Figuer yS (K
43.
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Figure43- Photograph of the Ricardo 'Hydra' diesel research engi

Before sendingo Castrol for testing, all of the polymer samples were sieved on a 100
em sieve to ensure that all particles were large enough to be contained within the
lubricant systemTo ensure the polymer particles were contained and not allowed to
flow around the lubicant system they were inserted against the filter element &=db Q
fuel filter (10 g of polymer was used in each engine teAtfuel filter was used as the
pores within the filter element are smaller than those found within an oil filter. Also, fuel
filters do not contain a bypass valvewhereasoil filters do have this feature. If an oll
filter was to be used and became blocked, thepags valve would open and allow
polymer particles to flow around the engine causing damage. These steps were ¢aken t
ensure the integrity of the engine, ensuring that the polymer particles were contained
and were not allowed to cause damage to the engiftee lubricant system design is
shown schematically iffigure44® ¢ KS Wo Sl Ra FTAfGSND g1 & 4K
were containedPressure transducers and thermocouples were placed at various points
throughout the system. This allowed the pressure acrosdittezs to bemonitored, to
ensure no blockages occurred. Thermocouples facilitated the control of lubricant

temperature throughout the experiments.
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Once the polymer particles were in place, the engine was flushed with the candidate
lubricant. As the engine was not running during these tests, a lubricant that had already
been used in a heawjuty diesel agine field trial was chosen. This lubricant was at the
end of its service life and therefore contained high levels of soot and contaminants. By
using a heavily sooted, contaminated lubricant it wlasught that this would provide

the best opportunity for the polymers to remove PAHs and soot as there were very high
levels of soot presentigure45 showsa photograph of the candidate lubrictbefore

use in the engindased sorption studies (a fresh sample of engine lubricant is shown in

the left of the image for reference).
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Figure45 - Photograph of the presooted engine lubrican{right) to be used
in initial enginebased sorption studiesg(sample of fresh lubricant is show
on the leftfor reference)

The candidate lubricant was used to flush the engine for 30 minutes to prepare the
lubricant system and engine for testingfter flushing, a new sample of psmoted

lubricant was introduced into the engine and the testing commenced.

The lubricant was circulated around the engine and contacted with the polymer for 10
hours at60 °C. A sample of lubricant was removed everyMduT 2 NJ 6§ S&a G Ay 3
testing facility. Upon completion of each tetbie polymer was removed from the filter
and returned to the Cormadlab for further analysi. The polymer particles were washed
with heptanein a Sohxlet extraction apparatus for Bdurs and drieadvernightin vacuo

at 40 °C Within the Cormackab the polymer particles returned from the engine test
were subjected to SEM analysis;IRTanalysis and nitrogen sorption analysis to allow
comparison with samples of the polymer before tieg. Shown inFigure 46 is an
example of polymer particles being prepared for testing within the lubricant system and
an image of the same filter element after the 10 hour engine tess dtearly evident

that the blackened and dirty oil had adhered to filter element and thiyper particles
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Figure46 - Photographs of filter element and polymer particles befor
(left) and after (right)engine based sorption test

Unfortunately, due to time constraints and limited availability of ttesearch engine
used in these studies, both poly(VMBE&DVB80) and its hypercrosslinked variant HXL
poly(VB@&o-DVB80) were not able to be tested.

3.9.2 Enginebased sorption study using poly(DV&E)-co-4-VP) as
sorption media

The first polymer to be analysqabstenginetest was the macroreticular poly(Dva®-
co4-VP). The blackened particles were first wasteldeptanefor 24 hours in a Sohxlet
extraction apparatus before drying overnight. The polymer particles were then imaged
using SE. Shown inFigure47 are micrographs of the polymer before the engine test

(left) and after Sohxlet extractiopostengine testing.
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Figure47- SEM images of poly(DV&8)-co-VBC) before (left) and after (right)
engine testing

After engine testing, it was evident that agglomeration of the polymer particles had
occurred. It was believed that this agglomeration may have been due to soot or other
contamination being captured on the surfeoef the microspheres. Thiemperatureof

the lubricant as it was flowing over the polymer was’60 20°C lower than the reawin
temperature at which the polymer was synthesised. Therefore, temperature was not
believedto be causing the agglomeratioR.FIR spectroscopi@nalysis of the polymer
beads after the engine testing waadertaken anccomparedto an infraed spectrum of

the material before the engine test to investigate any changes that may have occurred.
Spectra of poly(D\VB0-co-4-VP) before and after the engine testing are showRigure

48. FFIR spectroscopicanalysis of the lubricanthat was used in the engirleased
studies was also carried out. It waaticipatedthat this would allow for any potential
observations in the FIR spectra of the materials to be rationalised, by the observation
of bands in the lubricant, that were attributable to soot, PAHs or contaminants being
observed in the FIR spectrum of the glymer, postengine test. The FIRspectrumof

the lubricant is shown ifigure49.
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The presence of aliphatic hydrocarbons, which constitute rifegority of compounds
encountered in engine lubricantslominatedthe FFIR spectrum of the lubricant and
made the identification of any contaminants (PAHs, soot or otherwise) that were
present, in much smaller quantities, impossible. The §tretching bands at 2852050

cm! and GH bending bands at 1371458 cmt were clearly visible.

Analysing the polymer particles after the engine t@3gure48) was rather challenging,
especiallyvia infra-red spectroscopy. The species that wece be removed by the
polymers, PAHSs, were aromatic in nature. This aromatic character was very sirfiar to
structure of the polymers, which were almost entirely based on styrene and divinyl
benzene as the main constituent in each material. Therefore, looking for changes in the
aromatic region of the IR spectra provided no positive indications of succéxAfl
removal. However, in thepectralregion of approximately 2150 to 1900 cithere were
some notable differences between thgolymer before and after the enginbased
sorption test.The main family of compounds thabsorb in this region are acetylené¥
While PAHs are seen to be the beginnings of soot particle nfudhein PAHS are being
formed most often during the pyrolysis of the engineslfuacetylenes, polyacetylenes
and unsaturated hydrocarbons are also known to be formedng soot formationtt”11°

The surface growth of soot particles is known to proceed through the acceptance-of gas
phasemolecules, mainly acetylenes, onto the growing surfamfethe soot particle$®
Modelling using the premise of sootayvth via capture of acetylene species on growing

soot particleshave givergood correlation tdn situobservations of soot formatiot?’

With the presence of acetylerand polyacetylenebeing observed idifferent stages of
the soot growth processt was believed that the FIR data presented iRigure48 was
positive and indicated thepossibleremoval of acetylendased material from the

lubricant.

Nitrogen sorption analysis of the polymer particles allowed for specific surface area,
averagepore size and information regarding the pore size distribution present in the

material to be gained. It was believed that if the polymers had proved successful in the
removal of contaminants from the lubricant during the engine test, this may have

affected and changedhe specific surface area and the pore structure of the matesigl.

carrying out nitrogen sorption analysis of the materials after the engine tests it was

184



believedthat some indication of the removal of contaminants from the lubricant may be
possible. This sorption analysis data was then compared to sorption data for the same
material before the engine test to observe possible changes. Shokigume50 are the

isotherms of poly(DViB0-co-4VP) before and after the engifmsed sorption test.
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Figure50 - Nitrogen sorption isotherms of poly(D\WB0-co-4-VP) before (green
and after (red) the engindbasedsorption test

The overall shape of the isotherms, before and after the engine testing, were noted to
be the same with #arge increase in adsorption in the regibetweenapproximately 0.8

and 1.0 relative pressure being attributed to pore condensation of gas in larger
mesopores. The hysteresis loop, created by the adsorption and desorption of analysis gas
being admitted and removed from the sample at different pressuress moted to have
changed in the polymgrostengine test. In poly(D\V80-co-4-VP) before the engine test,

this hysteresis loop was noted to close in the region of 0.8 relative pressure. However, in
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the material that was tested after the engine test, thigsteresis loop was noted to

remain open until the end of the analysis.has been suggested that hysteresis which
extends to such low pressures may be associated with uptake of molecules within the

very smallest pores, present in a matefifl Thommeset al. have also suggested that

blocking of the pore network, whereupon access to the pore network is restricted by the
entrance to the pore being narrowede.g, WAy { 020Gt S LNy Ol y
desorption extending to much lower pressuré8in these cases, the adsorptive gas will

not empty from the main body of the pore until the gas from the narrow neck has

emptied, which occurs at much lower pressures.

With regard to the poly(DVB30-co4-VP), itwas thought that contaminats in the
lubricant may have been removdyy the polymerand located inthe smallest pores of
the material, as well as potentially blocking some of the entrances to the pore network.
This was seen as a reasonable explanatiorhefdifficulties in desorption observed in
the isotherm data, showing the hysteresis loop extending to much lower relative
pressures than had been observed in the materials before the engine test. Th
observation of potential pore blocking, contamination thie polymer surface after
engine testingKigure47) and the presence of new bands in thellRTspectrum after the

engine test, suggested the succkgsemoval of contaminants from the lubricant.
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3.9.3 Enginebased sorption study using poly(styrerso-VBGco-
EGDMA) as sorption media

The geltype nonporous poly(styreneo-VBCco-EGDMA) was also investigated in the
enginebased sorption study, ithe exact same manner as poly(D8®co-4-VP). 10 g of

the polymer was contacted with the hot lubricant, circulated around the research engine,
for 10 hours. The polymer particles were then washed with heptane in a Sohxlet

extraction apparatus for 24 hosiprior to analysis.

To investigate the surface morphology of the polymer particles, SEM was used. Shown in

Figure51is an SEM Image of the partislbefore(left) and after (right) the enginbased

sorption test.

Figure51- SEM images of poly(styrereo-VBCco-EGDMA) before (left) and after
(right) the enginebased sorption study

After the engine test, thg@olymer particles were noted to look quite different to how
they had appeared before the engine test. Poly(styrend/BCco-EGDMA) exhibited

the same agglomeration of primary polymer particles that had been observed in the
engine testwhenusingpoly(DVB80-co-4-VP)as the soligphase This agglomeration was
ascribed to contamination from the lubricant aggregating on the polymer susface
causing polymer particles to stick together. The polymer particles showigure51

were noted to appear deflated and collapsed. This was attributed to the low level of
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crosslinker present in this material, which caused the pore netwarkhe dry state, to

be totally collapsed.

FFIR analysis was also undertaken to inigae the chemical composition of the
polymer particles after the engine test. ShownHRigure52 are the FAIR spectra of

poly(styreneco-VBCGCco-EGDMApefore fed) and after black the engine test.
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Figure52 - FFIR spectra of poly(styreneoc-VBCco-EGDMA) before (red) and after (black) the engine test
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There vere no changesapparentin the IR spectrum of the polymer after the engine test,
when compared to the material before the engitest. While soot and PAHs may have
adhered to polymer surfasand explain the agglomeration of primary polymer particles
that was observedia SEM, RH and soot removal would not have been apparent in any
FTIR analysis due to the similarities between them and the mainly aromatic constituents

of the polymer.

Due to the very lovspecificsurface area of this polymer, nitrogen sorption analysis was
not carried out. Nitrogen sorption, especially in low specific surface area materials can
be unreliable and give inconsistent results. The inconsistent results arise from the way in
which isotherms, and therefore specific surface areas, are measheath poinion an
adsorption isotherm is measured by calculating the difference between the amount of
gas admitted to the sample and the amount that remains in the vapour phase (dead
space) after the sample has been allowed to equilibrate. Therefore, in materialsevit

low specific surface areas, this difference between the amount of gas admitted to the
sample and the amount that has not been adsorbed by the material will be very small

leading to greater errors in the measurement of each point on the isotherm.
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3.9.4 Enginebased sorption study using HXL poly(styrene-VBCco-
EGDMA) as sorption media

It was envisaged that with higher specific surface areaHXL poly(styreneo-VBCco-
EGDMA)wvould be better &le to remove contaminants from the lubricant during the
enginebased sorption testsThe polymer, after the engine test, was washed in heptane
(using a Sohxlet extraction apparatus) for 24 hourd #tnen imaged singSEM. Shown

in Figure53 are images othe HXL poly(styreneo-VBCGCco-EGDMA) before (left) and
after (right)the engine test.
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Figure53- SEM micrographs dfiXLpoly(styreneco-VBGco-EGDMA) before (left) an
after (right) the enginebased sorption study

The HXL poly(styrerm-VBCGco-EGDMA) showed some signs of agglomeration, although
it did not appear to be to the same extent as some of the prevgamples ¢.f. Figure

47 andFigure51). The facturing of the surfacgof the polymer particles, which had been
caused by the hypercrosslinking process, while still present in the polymer after the
engine test,is less apparent. It may be the case that some of these fractures imere

filled in with ©rbed contaminants from the lubricant.

To investigate the possible sorption @dntaminantsfrom the lubricant, FAIR analysis
was undertaken. FIR spectra of the polymer before and after teagine test were

compared inan attempt to observe any changes in the materials. Showrignire54 is
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an FHR spectrum of HXL poly(styreneVBCco-EGDMA) before the engine test.

Overlaid upon this spectrum is an-FR spectrum of the material afterwards.
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Figure54 - FFIR spectra of HXL poly(styrerm-VBCco-EGDMA) before (red) and after (blackje enginebased soprtiontest




After the engine test, much of the AR spectrum remained unchangddowever, wo
bands, present at 2034 and 2162 énhad appeared in the spectrum of the polymer
after the engine test. Both of these bands may be attributed to the presence of
acetylenebased material being removed by the polymer during the engine test, which
has previously been discussed. These savete almost identical to the bands that were
present h poly(DVBB0-co-4-VP) after the engine test using this polymer, auggested
that both materials were successful in the removal of polyacetylenes or acetplesed

materials from the lubricants.

To further study the surface area and porosity of the enel after the engine testing,
nitrogen sorption analysis was undertaken, and the results compared to data obtained
before the engine test. Shown kgure55is the isotherm produced by HXL poly(styrene
co-VBCco-EGDMA) before and after the engibased sorption study.
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Figure55 - Nitrogen sorption analysis isotherms produced by HX
poly(styreneco-VBCco-EGDMA)efore (green) and after (red) the
engine test.
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The overall shape of the isotherms remained constant before and after the engine test.
Large, open hysteresis loops present in both isotteigivean indication of a larger
number of very small pores. There was one slight differdmm&ever:the adsorption
branch of the polymer after the engine test (shown in red) was noted to plateau and
remain almost constant up to saturation pressure. This plaiteg of the isotherm
indicated a reduction in adsorption in this region which would mean that there was less
surface for the nitrogen molecules to adsaoob to. This reduction in adsorption was

corroborated by the mesopore size distribution dafagure56.

Figure56 - Mesopore size distribution graph for HXL poly(styrene-
VBCGco-EGDMA) before (green) arafter (red) the engine test

After the engine test there appeared to be a large drop in the pore volfrora pores
of 4 to 50 nm, indicating that these pores were no longer accessible to the probe gas.
The lack of access to the pores in this region nejelbeen due to the blocking tifese
pores. Unfortunately, the other main indicator of pore blocking is open hysteresis, which

was already present in this polymer before the engine test due to the presence of very
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