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SUMMARY

Historically elemental sulfur, a waste product of the petroleum refining process, has been difficult to
process into useful polymeric forms. The recent development of inverse vulcanisation has allowed
for the stabilisation of high sulfur content polymers leading to a wide variety of new sulfur-based
materials with interesting chemical and physical properties. In this thesis inverse vulcanisation was
utilised to prepare sustainable high sulfur content polymers from renewable plant oils (canola oil) and
waste cooking oils. Porous versions of these polymers were prepared by using a NaCl porogen during
the inverse vulcanisation reaction. This porogen was then removed after synthesis by washing the
product with water, leaving behind a high surface area porous polymer structure. This was an
important step for increasing the efficiency of these materials in sorption-based applications. Another
important development was the use of microwave irradiation to facilitate the rapid inverse
vulcanisation of sulfur and canola oil in 5 minutes, compared to the 30 minutes required under
conventional heating. The ability to use household microwaves to prepare this material make it far
more accessible to remote areas with limited resources. This is especially true for the application of
environmental remediation whereby remote areas with limited resources require access to efficient
water treatment technologies. Sulfur polymers have previously been investigated as sorbent materials
for heavy metal remediation with most studies focusing on mercury pollution remediation. This thesis
focused on using a sorbent material prepared from the inverse vulcanisation of sulfur with canola oil
for the remediation of iron pollution. These sorbents were shown to effectively reduce the Fe(III)
concentrations to below regulation limits. Removal of Fe(Il) was also achieved by oxidising the Fe(II)
to Fe(IlI) using H2O> followed by treatment with the polymer sorbent. The use of waste cooking oil
instead of food grade canola oil to prepare the polymer was shown not to impact the performance of
the sorbent material. This was an important discovery as it means that waste cooking oil can be used
instead of food grade oil, demonstrating a further advancement in the field of waste valorisation. To
further the scope of these sulfur materials in the field of environmental remediation, their use as
polymeric support materials for the stabilisation of powdered activated carbon (PAC) was
demonstrated. The poly(S-r-canola) support facilitated the effective use of PAC in continuous flow
treatment processes as well as increased its safety profile by suppressing the generation of flammable
PAC dust plumes. The PAC / poly(S-r-canola) blend was demonstrated to be an effective sorbent
material for the remediation of the persistent organic pollutants perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonic acid (PFOS), outperforming the current industry standard, granular activated
carbon (GAC). Although a wide variety of important applications for these sulfur polymers have been

investigated, efficient end of life recycling strategies have not been yet developed. In this thesis a new



method for reforming, repurposing, and recycling sulfur polymers termed reactive compression
moulding was developed. This process involved compressing poly(S-r-canola) particles reactive
interfaces into direct contact under heat, whereby a sulfur exchange reaction would occur facilitating
the chemical binding of neighbouring particles. Different types and amounts of filler materials were
combined with the polymer during reactive compression moulding to allow for the mechanical
properties of the resulting mats/blocks to be tailored for specific applications. This simple
recycling/reforming process was then further utilized to prepare multifunctional magnetic composite
materials. To achieve this, magnetic y-Fe>O3 nanoparticles were combined with poly(S-r-canola)
particles before undergoing reactive compression moulding to effectively encapsulate the
nanoparticles. The resulting composite materials were shown to maintain their ability to remove
HgCl from solution whilst also allowing for magnetic filtration to be used to isolate the spent sorbent
from other solids in solution reducing the quantities of solid waste being produced. The inclusion of
the magnetic particles also facilitated the heating of these composites through microwave irradiation.
The heating rate was shown to be directly proportional to the amount of y-Fe>O3 nanoparticle in the
composite material allowing for the determination of optimized irradiation times for each composite.
Using this information rapid reactive compression moulding of the composite material, forming
composite disks and cylinders, was demonstrated under microwave irradiation. Finally, the use of
these magnetic composites in electrical and mechanical systems was demonstrated by replacing the
active magnetic component in a solenoid valve with the magnetic composite material. This reduced
the weight of the component by an order of magnitude and demonstrated one of many potentials uses

within electrical and mechanical systems.
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1.0 Introduction
1.1 Waste valorisation and sustainable polymers

Modern life is dependent on polymeric materials. Polymeric materials have become important
components in multiple industries including clothing, transport, construction, medicine,
diagnostics and electronics.! In recent years the industrial scale manufacturing of new products,
a large percentage of which are made from polymeric materials, has exponentially increased.?
This exponential increase in manufacturing results in the production of large quantities of
unwanted waste. Sustainable uses for these waste products must be developed or else the waste
will accumulate and lead to potential contamination and damage to local environment.?
Efficient green methods for re-using, recycling and re-forming these materials must therefore
be developed in order to reduce waste and move towards a circular economy (Figure 1).
Industrial waste products are typically readily available and inexpensive making them

potentially useful as starting blocks in the preparation of new sustainable polymeric materials.

Common current practice

Waste generation
Depletes natural resources

Circular economy

No waste generation
Limits impact on non-renewable resources

Minimizes effects on environment

Figure 1 — Figure showing typical current manufacturing scheme vs a circular economy model.

Examples of waste products produced in significant quantities include food waste, electronics
waste, glass waste, plastic waste, and chemical waste.>” The depletion of natural resources,
increasing waste generation and the need to reduce the practice of landfilling has resulted in an
increasing interest in recycling and waste valorisation.® The vast majority of the polymers
currently utilised on an industrial scale are prepared directly from petrochemicals. There are
concerns about the environmental impacts of both the starting materials and the end of use

waste products.! In 2014 only 0.56% of global polymer production was from bio-derived



sources.! Investigating both renewable alternatives to petrochemicals and new strategies for
end of life waste management such as recycling and re-use, have become important endeavours
in tackling the potential negative environmental impacts associated with petrochemical based
polymers.! Many examples of waste valorisation are present in literature converting waste from
different industries into useful final products. Waste from the food industry is typically
converted into either biofuel or useful chemicals such as fats and oils.” Recycling strategies for
waste products from the construction industry such as glass, recycled wood, paper, cardboard,
metal, glass, mineral wool, gypsum, concrete, and ceramics have previously been
demonstrated.> ! Some materials, such as thermoset polymers are unable to undergo typical
melt processing methods limiting the potential for recycling. One method by which their
recycling has been achieved is through their use in various composite materials. Some
examples of waste products recycled for use as reinforcement materials in polymer composites
include bagasse, bamboo, hemp, rice husks, kenaff, groundnut shells, wool, etc.!> 12
Petrochemical waste in the form of elemental sulfur has been converted into sulfur polymers
and been used as an oil sorbent material for oil spill remediation.” This is an example whereby
the waste from the petrochemical industry was used to prepare a material used to clean up the
waste generated by the same industry. Another example of this is where a functional catalyst
was prepared from food waste in the form of corncob residue and then used to catalyse a
reaction converting another type of food waste, waste cooking oil, into new useful products.!?
This example demonstrated the ability to not only create useful materials from waste, but to
utilise those materials to aid in further waste valorisation efforts.!® This thesis will focus of two
major forms of waste: food waste in the form of waste cooking oil and waste sulfur produced

from the desulfurization of petroleum during its refining process.
1.2 Food waste and recycling of used cooking oils

The global food industry is a significant contributor to global solid waste productions. Food
waste can be defined as waste produced during the production, processing, distribution and
consumption of food.!* Concerns into the disposal of global food waste have been increasing.
Studies show that up to 50% of the world’s food produced ends up as food waste, equating to
approximately 1.3 billion tonnes annually.® This has negative impacts on the environment, the
economy and society.!® Issues associated with food waste include pathogen growth, rapid
autoxidation of fats into foul smelling fatty acids, degradation and microbial contamination.®
14.16. 17 Therefore there is a growing need for efficient methods at both reducing and recycling

the food waste to make the food industry more sustainable and prevent the potential negative



impacts stated. Types of food waste include organic crop wastes (i.e. fruits and vegetables not
suitable for sale), catering wastes (cooking oils), animal by-products (inedible waste from
slaughter), packaging and mixed food wastes.!® Typically, these waste products are produced
during the preparation of a meal. The most common method used to cook food around the
world is frying.!” Because of this, waste cooking oils (WCOs) represent a significant portion
of the food waste produced globally every year. The global production of used vegetable oils
(including used cooking oils) exceed 190 million tonnes annually.!” WCOs are typically
disposed of down the drain and through public sewage systems resulting in increases to water
treatment costs and extra maintenance requirements for treatment equipment.2’ The presence
of WCOs in water systems results in a series of mass transfer issues as well as promoting the
formation of foams and the floatation of sludges.?’ Current methods for recycling WCOs are
limited. Some sellers re-use there cooking oil multiple times before disposing of it to increase
the oils lifespan. Whilst methods for the efficient recycling and valorisation of WCOs requires
more investigation several strategies for recycling WCOs do exists. WCOs are typically
composed of a mixture of triglycerides, diglycerides, monoglycerides and varying amounts of
free fatty acids produced throughout the frying process.?’ The major components are the
saturated and unsaturated fatty acids. These can be used as a platform for synthesis and
manufacture of new value-added products.?’ One major application of WCOs has been in the
production of biodiesel.?!-2¢ Other applications for WCOs include as bio-lubricants,?’ additives
for asphalts,?® biosolvents for pollutants and raw materials in the synthesis of bio-plasticisers,
syngas and a number of other value added materials.?® 23! Oxidative polymerization*® and
microwave processing techniques®® 3! have been utilised to convert WCOs into value added
polymeric products. Finding new methods for preparing different polymeric products from
WCOs would substantially increase the range and types of polymeric products formed. This
would increase the scope of potential applications of WCO based polymers helping to solve
the issue related to sulfur over-production. Inverse vulcanisation is a new strategy used to
prepare high sulfur content polymer materials from elemental sulfur and alkene cross-linkers.>
This thesis will investigate the valorisation of waste cooking oil in the form of canola oil,
through polymerisation with sulfur to create new value-added materials. Canola oil is the third
largest plant oil produced behind soybean oil and palm oil, with approximately 26 million
tonnes of canola oil being produced annually.**** Canola oil is produced from rapeseed crops

and sold commercially as cooking oil (Figure 2).
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Figure 2 — Rpese crop used to produce canola oil (left), Canola oil products (middle) and

canola oil being used in deep frying (right).

We will investigate the use of canola oil (and waste canola oil) as a starting block for the

synthesis of new sustainable polymeric materials through inverse vulcanisation with elemental

sulfur.
1.3 Valorisation of waste sulfur from petroleum refining process

Another industry which produces substantial amounts of waste products is the petroleum
industry. As sampled directly from the ground, typically less than half a barrel of crude oil is
able to be used for transportation fuels.> Crude oil is a complex mixture of hydrocarbon
compounds contaminated with small amounts of water, salts and other oxygen, nitrogen and
sulfur related compounds with trace quantities of inorganic contaminants also present.’> The
presence of these contaminants means the oil must undergo a refined process before being used
as fuel.®® During the petroleum refining process hydrogen sulfide gas is produced in high
concentrations. This gas is then converted into elemental sulfur using the Claus process, which
involves first converting the H»S into SO by reaction with air.?> This was followed by reaction
between the SO, and H,S using a bauxite catalyst to form elemental sulfur.’® This elemental
sulfur is the major waste product produced during the petroleum refining process with over 60
million tons produced annually.?? It has found use in the preparation of sulfuric acid, fertilizers
and other commodity chemicals as well as in the production of synthetic rubber through classic
vulcanization.’? Although these applications consume a lot of sulfur they only account for
approximately 88% of the sulfur produced leaving an excess of sulfur (7 million tons) left
unused annually.*? This sulfur must be stored somewhere and therefore massive above ground
deposits have been created to stockpile this abundance of sulfur.>?> Elemental sulfur is also
produced naturally during volcanic eruptions however the amount produced annually by
petroleum refining far exceeds this amount. Figure 3 shows the two major sources of sulfur
production, petroleum refining and volcanic eruptions, as well as a site where sulfur is being

stockpiled.



Figure 3 — Images showing the two major sources of sources; petroleum refining (Left) and

natural sources such as volcanoes (middle). Stockpiles of sulfur remaining unused (right).

Elemental sulfur has several useful properties making it a potential candidate for use in several
important applications. Upon heating, sulfur demonstrates a high tendency to react with itself
to form S-S bonds.*® Depending on the conditions it can be in ring or chain form with chains
forming from between 2 sulfur atoms to up to 10° sulfur atoms.’® These different forms are
present in equilibrium depending on the conditions. This variety in sulfur structure leads to a
wide variety of interesting reaction possibilities.*® Unfortunately difficulties in controlling
reaction outcomes and forming stable products arise due to the high reactivity of sulfur and the
photosensitivity of S-S bonds.*® These difficulties have limited sulfurs use in many
applications. To alleviate the growing amount of land and resources required to store the sulfur
and limit the potential environmental impacts these stockpiles could result in, new innovative
methods for using this sulfur must be investigated.®> Developing new sulfur processing methods
and new sulfur materials could also help alleviate the use of less available natural resources.’
One strategy that has gained popularity in recent years is using elemental sulfur as a feedstock

material for the preparation of high sulfur content polymers.>?
1.3 Sulfur polymers history

Although sulfur has useful electrochemical and optical properties, historically, the utilization
of sulfur as a feedstock material for material preparation was scarce.’? This is mostly due to
the difficulties, outlined above, in controlling reaction outcomes for sulfur compounds.3®
Another reason for this scarcity of use is due to difficulties in processing elemental sulfur and
other sulfur based compounds into useful forms.?” Elemental sulfur is insoluble in most
common solvents showing limited solubility in cyclohexane, chlorobenzene, p-xylene and
toluene.*® Elemental sulfur has a melting point at 119 °C forming a yellow molten liquid phase
consisting primarily of Sg rings but can also contain sulfur rings with between 6 and 35 sulfur
atoms.*” Once the temperature is increased to 159 °C a transition occurs whereby the properties

of the liquid dramatically change.*® Properties effected by this transition include viscosity,



specific heat, material density, refractive index and dielectric permittivity.**-*> Raman, ESR
and neutron diffraction analysis confirmed that this transition is due to the ring opening
polymerization of elemental sulfur initiated by homolytic cleavage of S-S bonds.**** This
transition temperature has been termed the floor temperature or polymerization temperature for
sulfur.’’” The polymeric sulfur formed is an insoluble semicrystalline solid with poor
mechanical properties and inability to be melt processed.*> By comparing the soluble fractions
in CSy, the extent of polymerization was shown to increase with an increase in reaction
temperature.*® This polymeric form of sulfur is unstable and depolymerizes over a period of
time to form the thermodynamically favoured a-Ss.** This depolymerization is accelerated
when in the presence of heat, light or a number of chemical compounds including H>O, NH3,
S>Cl and HaSx (x =1, 2, 3, ... ).* This means the state of polymeric sulfur depends on its age,
its storage conditions, and the presence of any contaminants. Its high reactivity with
contaminants suggests interesting chemical properties however its instability renders it
impractical for use in most applications. Creating stabilized polymeric forms of sulfur would
open up a number of new potential applications of sulfur based materials due to sulfurs
favourable weathering characteristics, chemical reactivity, high availability and low costs.*® A
process termed classical vulcanisation is used to incorporate small quantities into polymeric
materials.?? This process involves the addition of small quantities of sulfur to cross-link a pre-
formed polymer.*® Methods for the co-polymerisation of sulfur with other monomers have also
been investigated. One study used copolymerisation with dienes to quench the radicals and
stabilize the polymeric sulfur. Whilst this worked to stabilize the polymeric sulfur the product
was a brittle crystalline material with poor mechanical properties.*’ Other studies utilized

48,49 styrene,”® diynes,’! cyclic disulfides,” sodium

copolymerization with propylene sulfide,
sulfide> as well as a number of transition metals to form stable polysulfide.’* >> Whilst these
studies demonstrated the capability to utilize sulfur in the production of new materials, they
suffered from low degrees of sulfur incorporation or formed polymeric materials with limited
ability to process or tune their properties reducing the scope of potential applications. In 2013
Pyun and collaborators investigated using molten sulfur as a medium for the copolymerization
of polymeric sulfur with a divinyl crosslinker, 1,3-diisoproenylbenzene (DIB), to form stable
high sulfur content polymers.*? This method termed inverse vulcanisation had not previously
been investigated and is the inverse of the classical vulcanisation process used in the rubber
industry.?? Since the first study by Pyun, a variety of cross-linkers have been investigated

producing a multitude of different sulfur polymers with unique properties.’® The process

involves heating elemental sulfur to above 120 °C, where it melts to form a yellow molten



phase.’® The molten sulfur is then further heated to above 159 °C (floor temperature of Sg)
whereby homolytic cleavage of the S-S bonds in sulfur occurs forming polysulfide chains with
radicals ends.’® These chains combine to propagate the polysulfide chain forming longer

polysulfide chains with radical ends (Figure 4).
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Figure 4 — Thermal ring opening polymerization of elemental sulfur (Ss).

This propagation is halted by termination through quenching with a divinyl cross-linker.>? The
S-S bonds of this terminated polysulfide chain will continue to undergo homolytic cleavage
followed by radical termination with another cross-linker molecule until the molecular weight

of the polymer is high enough that the polymer vitrifies. This is shown in Figure 5.
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Figure 5 — Proposed mechanism for inverse vulcanization

Termination of copolymerization could also occur via hydrogen abstraction, intramolecular
and intermolecular polysulfide recombination.*® Intermolecular polysulfide recombination
occurs between polysulfide chains attached to different monomer units whilst intramolecular
recombination occurs between polysulfide chains connected to the same monomer unit.
Intramolecular recombination terminates chain growth forming cyclic copolymer chains

whereas intermolecular recombination extends the polymer chain forming higher molecular



weight polymer chains with higher degrees of cross linking. It’s important to note that although
H-abstraction does terminate the sulfur chain propagation, it forms a carbon radical which can
result in branching off a non-alkene carbon. The polysulfide chains can also depolymerize
through a process called ‘back-biting’ to form the thermodynamically favoured Ss.*® This
process results in unreacted free sulfur remaining in the final product after reaction. The

mechanism for depolymerization through ‘back-biting’ is shown in Figure 6.%7
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Figure 6 — Depolymerizations of polymeric sulfur through backbiting.

The first application for these sulfur polymers, investigated by Pyun, was as cathode materials
for lithium sulfur batteries.?? This study demonstrated that these new sulfur polymers displayed
comparable electrochemical properties to elemental sulfur and could be effectively used as
cathode materials for Li-S batteries.>* These cathodes exhibited high specific heat capacities of
823 mA.h.g! at 100 cycles and enhanced capacity retention compared with typical sulfur
cathodes.?? They also highlighted the ability to process this polymer into useful forms by using
imprint lithography to prepare micropatterned films, something not possible with typical
polymeric sulfur. The vast majority of follow up studies related to inverse vulcanisation
investigate the use of these materials as cathode materials in Lithium-Sulfur batteries.>*-3¢ Other
applications investigated for high sulfur content polymers prepared by inverse vulcanisation

87, 88

include IR imaging lens materials, materials for hydrogen splitting, hole-transport

materials for dye sensitives solar cells,® mediums for nanoparticle synthesis,’**? fertilizers,*

98-103

97 oil spill sorbent materials,” heavy metal sorbent materials, porous materials for natural

105

gas sweetening,!% antibacterial surfaces,!® starting materials for sulfur doped porous carbon

106-109 113

synthesis, polymeric mediums for composite materials,'? 119112 photoactive catalysts,
and as additives to improve cement strength and durability.!!* !> This thesis will focus on

heavy metal remediation and recycling/healing applications for sulfur polymers.
1.4 Sulfur and heavy metal remediation

Another important application of high sulfur content polymer is environmental remediation.
Sulfur polymers and other sulfur related compounds have been investigated in the past for
environmental remediation strategies especially in heavy metal remediation.!'® Of these sulfur

117, 118

based compounds, dithiocarbamic acids have been the most popular. The selectivity of

metal adsorption for dithiocarbamic acid is low and the slow emission of toxic carbon disulfide



is another limitation preventing this compounds large scale practical use.!'® Thiol and
thiocarbonyl sorbents do not have this issue and have been demonstrated as effective functional
groups for heavy metal sorption materials.!!8-12* Its important to note that whilst thiols can act
as metal scavengers forming stable thiolates in the process, they are also suspectable to
oxidative coupling to form disulfides instead of metal adsorption.!?? Thioamides,'?>-13¢

137140 and thiourea'*!-'* have also been investigated as stable sulfur based heavy

thiourethane
metal sorbent materials. Thiocarbonyl groups demonstrate high affinity toward the noble
metals due to sulfur’s excellent affinity towards soft cations.!26: 138-140. 150-152 Gty djes have
demonstrated the removal of Hg,!> Au,!>° Ag,13° Pd,!>0 Cd!** from solution using thiocarbonyl
moieties. Sulfur based compounds have also been utilized for the removal of heavy metals from
biological samples. This process is called detoxification and has been investigated for mercury,
arsenic, lead, cadmium and copper pollutants by mono-, di- and polythiols, dithiocarbamates
and cysteine derivitives.!>> This suggests that new sulfur polymers prepared by inverse
vulcanisation could find application as heavy metal sorbent materials for both environmental
remediation and heavy metal detoxification applications. Previous studies have demonstrated
the use of sulfur polymers for environmental applications.?®- 101 102.156-162 The recent invention
of inverse vulcanisation has led to the creation of a vast variety of new stable sulfur polymers
which could be utilized as heavy metal sorbent materials. Chalker and co-workers were the
first to investigate the use of these polymers in heavy metal remediation. A sulfur polymer was
prepared by the inverse vulcanisation of D-limonene, a by-product of the citrus industry.”® This
wax-like sulfur polymer was shown to effectively remove both mercury and palladium salts.
Treatment of mercury(Il) salts resulted in their conversion to mercury metal and sulfur rich
nanoparticles on the materials surface. This resulted in the material changing colour from red
to yellow. This colour change is useful as it could be utilized for potential sensing applications

or be used to determine the point at which the sorbent is spent.”®

The rate of mercury uptake
for this polymer was slow taking up to several hours.”® To increase both the rate of mercury
uptake and overall capacity Wu et al. tested mercury uptake using a high surface area silica gel
coated with the limonene polysulfide.!>” The mercury uptake capacity was show to increase to
716 mg of Hg per gram of sorbent material which is among the highest mercury uptake capacity
reported in the literature.!>” Other methods for increasing the surface area of these materials to

158

enhance the mercury uptake capacity include; foaming S-DIB,'>° salt-templating followed by

h100. 159. 161 a5 well as electrospinning into nanofibers.'® It was demonstrated that

a water was
the electro spun nanofibers were capable of removing over 98% of the mercury(Il) from

aqueous solution (20 ppm) within only seconds of contact.!s® Other studies have demonstrated



that mercury sorbents could be prepared by the inverse vulcanisation of low cost and renewable
cross-linkers. After the initial study using D-limonene, Chalker and associates investigated
mercury sorption using polymers prepared by the inverse vulcanisation of unsaturated
triglycerides such as canola oil, sunflower oil, olive oil and even used cooking 0il.!%% 16 Types
of mercury investigated included; inorganic mercury, liquid mercury metal, mercury gas,
organic mercury, and mercury bound to natural organic matter. These polymers were
demonstrated to be reactive sorbents oxidising the mercury metal into mercury sulfide (non-
volatile and very insoluble) unlike typical mercury sorbent materials that rely on physical

adsorption. %

Both the uptake of inorganic mercury and mercury metal resulted in an
observable colour change that could be utilised in sensing applications and to monitor the
lifetime of air or water filters.!®® Chalker’s study also demonstrated that the same sorbent
material could be used to remove mercury metal from soil by milling the polymer and soil
together and then separated using a sieve.!®’ Other sustainable crosslinkers used to prepare
heavy metal sorbent materials by inverse vulcanisation include, myrcene and diallyl

disulfide.!®> Most studies focus on the use of high sulfur content polymers in mercury

remediation however there are many other pollutants which need investigating.
1.5 Methods for reforming, recycling, and re-using sulfur polymers

Polymers prepared by inverse vulcanisation are characterised by a large amount of S-S bonds.
These bonds are dynamic and can break and reform by application of heat, light or use of
chemical initiators.!%* This unique property facilitates a mechanism by which the repair,
recycling and reformation can occur.®® Sulfur compounds previously investigated as self-

healing materials include poly(dimethylsiloxane) crosslinked with disulfide bonds,!%

aryl
disulfides'®® and sulfur polymers.!®” Several studies have demonstrated initiator free sulfur
exchange in aromatic disulfides at room-temperature.'®® Unfortunately this room temperature
sulfur exchange reaction has only been observed to occur for aryl disulfides. Different methods
used for initiating sulfur exchange include chemical,!¢%!7! thermal!”? and UV irradiation.!”> 174
Chemical initiators have been shown to catalyse this reaction under mild conditions and polar
solvents such as tertiary amines and phosphines.!®® Tonkin et al. demonstrated the ability to
induce the repair, adhesion and recycling of inverse vulcanised polymers using chemical

initiators. !¢’

They demonstrated that two surfaces of inverse vulcanised polymers could be
chemically adhered at room temperature through treatment with a phosphine or amine-
catalysed sulfur-sulfur exchange reaction. The use of pyridine or triethylamine showed

exchange at room temperature for polysulfides with more than 2 sulfur atoms bonded
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consecutively in a chain.!” Another study also demonstrated the use of tri-n-butylphosphine
as an effective catalyst for initiating the sulfur exchange reaction at room temperature.!”> Both
studies employ the use of room temperature compression to facilitate the remoulding of the
materials into new shapes and forms.!¢”- 170 Whilst these methods facilitate the sulfur exchange
reaction, they require the use of an added solvent, further complicating the process as well as
substantially increasing the costs involved for large scale recycling processes. On top of this
the most effective catalysts (amines and phosphines) are generally hazardous adding further
safety concerns to the process. Light and heat-initiated sulfur exchange reactions are
advantageous as no added solvents or catalysts are required for the process. Light initiated
sulfur exchange has been demonstrated at room temperature. Photodegradable and photo
adaptable hydrogels have been prepared which utilize light initiated sulfide exchange reactions
as their primary mechanism for ‘adaption’.!’ A number of other studies have also
demonstrated the use of light-initiated sulfur exchange reaction for material healing, reforming

and/or recycling.!73 17

Whilst these methods are interesting and useful for soluble polymers,
insoluble polymers suffer from the issue that the reaction is limited to areas in direct contact
with the light, which in this case is only the surface. Whilst this issue may be overcome in lab
scale reactions, large scale recycling processes would be significantly impacted. Whilst heat-
initiated sulfur exchange reactions consume more energy over the course of the reaction
compared to light-initiated, it overcomes the apparent issues with scaling up light-initiated
sulfur exchange for a large-scale recycling process. Heat-initiated sulfur exchange has also
been shown to occur at a faster rate than light-initiated, increasing the speed (and in turn the
viability) of the recycling process. For these reasons heat-initiated sulfur exchange will be
investigated as a practical method for the large-scale recycling of sulfur polymers. With regards
to sulfur polymers prepared from inverse vulcanisation, a number have studies related to sulfur
exchange reactions have been published. Most of these studies utilize these reactions for
healing applications.’% 17617 The first demonstration of sulfur-exchange based healing in
inverse vulcanised polymers was by Pyun and collaborators in 2015.8% They prepared a
copolymer from 1,3-diisopropenylbenzene (DiB), scratched its surface and then cured it for 3
hours.?® This curing was enough to initiate sulfur exchange reactions at the defects and facilitate
the repair of the scratch’s through the formation of new covalent bonds.®® In this case whilst
the material must be converted into the molten phase for efficient repair to occur, it differs from
typical melt processing because it also breaks and reforms covalent bonds through S-S
exchange reactions. Sulfur exchange reactions therefore offer a convenient new method for

recycling sulfur polymers.!3%-183 This study will focus on the recycling of sulfur polymers
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prepared by inverse vulcanisation into new shapes/forms by initiating S-S exchange using heat
and compression. This method, outlined in Figure 7, will also be investigated for use in

preparing polymer composites.

Grind back into powder

o E —— New shapes / forms

Heat Mats Block / bricks
Pressure
—
Used sulfur polymer — Composite
preparation
Embed particles Embed fibres

Figure 7 — Strategy for recycling used sulfur polymers into useful forms and the formation of

sulfur polymer composite materials.
1.6 Multifunctional materials and sulfur polymers

‘Smart materials’ is a general term encompassing a wide range of materials that are capable of
changing one (or more) of their properties in response to a certain stimulus.'®* The definition
of smart materials was expanded to include any material capable of receiving, transmitting, or
processing a stimulus and responding in a manner which produces some useful effect.!®* The
‘smart’ title describes the ability of the material to be self-adaptive, self-sensing, have some
form of memory and multiple functionalities. The complex functionalities of these smart
materials make them useful in applications such as manufacturing, electronics, robotics, civil
infrastructure systems, aerospace, biomechanics, and the environment.'3* The stimuli used for
different smart materials include electromagnetic radiation, pH, temperature, water, chemical
as well as mechanical stress, strain and pressure.!®* The types of smart materials can be
categorized into piezoelectric materials, thermo-responsive materials, chromogenic systems,
pH-sensitive materials, electro-responsive and magneto-restrictive materials.!®* Magneto-
restrictive materials are those that activate and respond to magnetic stimuli. They are typically
used in low frequency / high power applications such as sonar transducers, motors, hydraulic
actuators, active vibrational dampeners and shape memory alloys such as Nitinol.!3* The need
to save energy and the demand for cheaper materials and manufacturing processes is driving
the increase in research into new magnetic materials to be used in these systems.'®> Due to the

low costs, high availability and useful chemical properties of sulfur and its resulting polymers,
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the preparation of multifunctional magnetic composites from 50-poly(S-r-canola) polymer and
magnetic nanoparticles will be investigated in this thesis. Sulfur polymers on their own display
useful chemical properties resulting from their dynamic S-S bonds, facilitating their healing
and repair by heat, light or chemical initiators. By combining these properties with the magnetic
properties of the nanoparticles a multifunctional magnetic sulfur composite will be prepared
and its potential applications investigated. Another interesting application arising from the
dynamic S-S bonds is shape memory materials. In one study a material was prepared from
sulfur and pentaerythritol tetra(3-mercaptopropionate) that demonstrated both thermo-induced
and photo-induced solid-state plasticity. These abilities give this material a complex 3D shape
memory mechanism initiated by heat or light.!3¢ Sulfur polymers could also be combined with
other useful materials to form multifunctional composite materials. One example of a
multifunctional sulfur polymer composite is a sulfur-liquid metal composite material able to
undergo room temperature self-healing. The liquid metal (gallium-indium-zinc eutectic alloy)
binds with the surface sulfur upon direct contact facilitating the healing between the two
pieces.!®” The mechanism for self-healing in this case is due to the polymer’s affinity towards
the liquid metal instead of sulfur exchange.!®” In this thesis, magnetic nanoparticles will be
imbedded within the 50-poly(S-r-canola) polysulfide forming multifunctional magnetic

composite materials.
1.7 Outline of thesis

In this thesis sulfur polymers prepared from sulfur and canola oil will be investigated in several
different applications. In chapter 2, the synthesis and characterisation of 50-poly(S-r-canola)
polymer sorbent materials was demonstrated and their use in iron remediation was investigated.
The 50-poly(S-r-canola) was shown to bind to Fe(III) and facilitate its removal from water. To
increase the surface area of these sorbents, NaCl was added into the reaction mixture as a
porogen. This porogen was removed after inverse vulcanisation by dissolving the NaCl
porogen in water. The porous 50-poly(S-r-canola) polymer was more effective at Fe(IIl)
removal than the non-porous polymer. The rapid inverse vulcanisation (~5 mins) of the 50-
poly(S-r-canola) polymer using microwave heating was also demonstrated. This is an
important development in the field of inverse vulcanised polymers. By replacing food grade
cooking oil with waste cooking oil, the material appeared identical and no loss in Fe(IIl) uptake
capacity was observed. In chapter 3 the 50-poly(S-r-canola) polymer was investigated as a
support polymer for powdered activated carbon. Simply mixing the 50-poly(S-r-canola) with
PAC resulted in a homogenous mixture whereby the PAC adhered to the surface of the 50-
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poly(S-r-canola) particles. The optimum ratio for PAC to 50-poly(S-r-canola) was determined
to be 20:80. The ability of this blend to remove PFAS from solution was investigated. In chapter
4, a new method for recycling and reforming sulfur polymers was investigated. This method
utilised compression to bring the reactive polysulfide interfaces into direct contact and heat
(100 °C) to initiate S-S exchange reactions facilitating the binding process. With a wide variety
of applications for these new sulfur polymers, this is an important discover to increase the
viabilities of these materials. Reactive compression moulding was then investigated for the
synthesis of composite materials with coco-fibres, waste PVC, sand, and waste carbon fibres.
By changing the amount and type of filler material the properties of the resulting composites
could be tailored for specific applications. In chapter 5 the reactive compression moulding
process developed in chapter 4 was used to prepare magnetic y — Fe,03/50-poly(S-r-canola)
composites. These composites were prepared with y — Fe, 05 contents of between 25-90 wt%.
These composites were determined to retain their magnetic properties after preparation.
Powdered composite particles were shown to efficiently undergo magnetic filtration and
physical magnetic separation allowing its isolation from both liquids and solids. By combining
this ability with the chemical properties of the 50-poly(S-r-canola) polymer, the efficient
removal of HgCl, from a slurry of fine tailings was demonstrated. The numerous heat loss
mechanisms for y — Fe,0; nanoparticles under microwave irradiation facilitated the
microwave heating of these composite materials. Microwave heating was then utilized to
perform reactive compression moulding of these composites into new shapes and forms. The
synthesis of the magnetic composite by reactive compression moulding was also achieved
using microwave irradiation. Use of these magnetic composites in mechanical and electrical
systems was demonstrated with the composite material effectively replacing the active
magnetic component in a solenoid valve. This reduced the components weight tenfold and

demonstrates one of many potential applications for this material.
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2.0 Sulfur polymers and iron remediation
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2.2 Abstract

Although iron is not highly toxic, its emission results in a number of negative consequences
for the environment, industry and critical infrastructure, leading to its regulation by water
authorities and government agencies. To aid water treatment facilities in meeting the regulation
limits for iron, new low-cost and sustainable iron sorbent materials were prepared entirely from
industrial waste products. Inverse vulcanisation was used to convert waste elemental sulfur
(from petroleum refining process) and waste cooking oil (canola oil) into a high sulfur content
rubber. This rubbery polymer demonstrated the ability to act as a sorbent for Fe(IIl)
remediation from water at industry relevant levels. The sorbent was shown to be used
effectively, both individually and in conjunction with current iron remediation strategies to
reduce the levels below regulation limits. Microwave irradiation was utilized to prepare the 50-
poly(S-r-canola) sorbent material instead of typical conventional heating methods. This is the
first-time microwave irradiation has been demonstrated to facilitate the inverse vulcanisation
reaction. This method allowed for rapid synthesis of the sorbent material in under 5 minutes,
far quicker than typical polymerization methods which can take hours to complete. Microwave
heating also provided a more uniform heating of the material in comparison to conventional
methods. This is an important advancement in the field of sulfur polymers and provides access

to this sorbent to areas in need but with limited resources.
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2.3 Introduction
2.3.1 Sulfur polymers as sustainable heavy metal sorbent materials

A new method for preparing high sulfur polymers, termed inverse vulcanisation has opened
the door to a wide variety of new materials with useful chemical properties. The low costs
(<$0.1 per kg) and high abundance (>70 million tonnes per year) of elemental sulfur make it
an ideal feedstock material for new material synthesis.!® 18 High sulfur content polysulfide
materials, prepared using inverse vulcanisation have been investigated for a wide variety of
applications.’® One application of growing global importance is environmental remediation.
Elemental sulfur and other sulfur containing compounds have been shown to react with heavy
metal compounds including Fe, Mn, Zn, Cu, Pb, Cd, Hg and As.!!6: 155 190, 191 AJthough these
chemical properties would be ideal for potential heavy metal sorbent materials, its physical
properties limit practical use. Elemental sulfur is known to cake onto the walls of pipes and
tanks when it is stored and shipped, and it can block filters and membranes during filtration.
This makes it impractical for use in both batch and continuous flow treatment systems.!*? Sulfur
polymers, prepared from inverse vulcanisation, have been shown to demonstrate comparable
or greater chemical reactivity to elemental sulfur, whilst allowing for tuneable mechanical
properties based upon the cross-linker used and its ratio with sulfur.!”® Therefore by choice of
an appropriate cross-linker, high sulfur content polymers could be prepared that are efficient
as heavy metal sorbent materials in both batch and continuous flow treatment processes.

Environmental remediation is a relatively new yet important application of sulfur polymers.
2.3.2 Previous studies on heavy metal sorbents prepared using inverse vulcanisation

Previous studies have shown that these sulfur polymers can be utilised in the remediation of
heavy metals®-1%7 as well as in oil spill remediation.” Using a wax-like polymer prepared from
D-limonene using inverse vulcanisation, Chalker ef al. demonstrated that both mercury and
palladium salts could be effectively removed from solution. The mercury(Il) salts reacted with
the material to produce mercury and sulfur rich nanoparticles on the material’s surface resulting
in a colour change from red to yellow.”® In the case of elemental mercury, the high sulfur
content sorbents oxidised the toxic metal mercury into mercury sulfide (non-volatile and very
insoluble). This is an added benefit over classical mercury sorbent materials which typically
relies on physical adsorption to remove the mercury.'® Wu et al. recently demonstrated that
it is possible to coat high surface area silica gel with the limonene polysulfide, increasing both

the rate of uptake and the overall capacity of mercury capture.!>” Other methods for increasing
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the surface area of these materials to enhance the mercury uptake capacity include; foaming,'>®

salt-templating followed by a water wash,!00 15% 161

and electrospinning to form high surface
area nanofibers.!®® Chalker and associates, in align with the goals of green chemistry,
investigated the preparation of other sustainable sorbent materials using low cost and
renewable cross-linkers. They investigated sorbent materials prepared from unsaturated
triglycerides such as canola oil, sunflower oil, olive oil and even used cooking 0il.1%% 13 The
effect of mercury compound type on its sorption capacity and uptake rate were also
investigated. Several other studies have also investigated mercury remediation using polymers
prepared from inverse vulcanisation.!1-103. 194 195 Whilst these high sulfur content sorbent

materials have been demonstrated to efficiently remove all forms of mercury, they have yet to

be heavily investigated as sorbent materials for other heavy metal pollutants.
2.3.3 Iron pollution and its associated problems

Iron is the fourth most abundant element by weight within the Earth’s crust and because of this
its actively found in significant concentrations in groundwater.!*> Aqueous iron is typically
present in one of two oxidation states, the divalent Fe(Il) and trivalent Fe(IIl). In aqueous
solution, Fe(Ill) undergoes a hydrolysis reaction progressively forming FeOH?*, Fe(OH).",
Fe2(OH):*" and finally Fe(OH)s.!°” These products become increasingly less soluble, with
Fe(OH); being the least soluble and precipitating out of solution.!®” The relative concentrations
of these iron species in solution are dependent on pH, ionic strength and total iron

concentration.!'®’

Even at lower concentrations precipitation of Fe(OH)s will occur when pH
> 4. Between the range of pH 2 and 3, the major iron species present were Fe** and Fe(OH)?*.!?’
Under oxidising conditions the majority of the iron in groundwater is precipitated as ferric
hydroxide.!*® Most water treatment facilities employ the use of aeration or a chemical oxidant
to oxidise the Fe(Il) into Fe(Ill) which is then precipitated at pH > 4 and removed using
aggregation and filtration.!”® This process is known as oxidative precipitation. High iron
concentrations found in natural groundwater have been known to cause significant issues in
water treatment facilities as its removal is essential for making aesthetically acceptable
drinking water.!”® Most studies into heavy metal sorbent materials, focus on the more toxic
heavy metals (mercury, lead, arsenic, etc).!*8-2%0 Although iron is less toxic, its presence in high
concentrations is still associated with a number negative consequences. These consequences,
highlighted below, are of major concern to water authorities, industry, and environmental
agencies. The trivalent form of iron, Fe(Ill), also known as ferric iron, is of particular interest

as it leads to discolouring of plumbing fixtures and containers, promotes the growth of bacteria
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which lead to fouling and clogging of pipes as well as imparting an undesirable odour and taste

to drinking water.201-203

High iron concentrations also result in the formation of rust leading to
damage in pipes, tanks and other critical infrastructures. These issues are highlighted in Figure
8. Some evidence also suggests that high Fe(III) concentration could have some negative health
effects for certain aquatic organisms.?** 2> In order to prevent potential environmental
consequences and ensure clean drinking water, total iron levels in water are regulated by the

government.2%® 297 The regulation discharge limit is defined for the total iron content (Fe(II) +

Fe(Ill)) as 3 mg/L per day.

Rust damage @  Bacteria growth b Stains surfaces ©

Practical issues

Water Quality

=

Figure 8 — Image depicting the issues related to iron polluﬁon. All images are used with a

permission under a Creative Commons Licence.

Current iron removal strategies include oxidative precipitation followed by
aggregation/filtration, ion exchange and adsorption using a sorbent material, typically activated
carbon.?%: 2% These methods typically suffice to reduce the total iron concentration to below
regulation limit on small scales and low iron content however when the concentration is high
and the water volume is large, their performance is hindered, or the process becomes too
expensive. An industry partner, who was treating groundwater contaminated with iron from an
underground operations centre, used a process which combines oxidative conversion of
Fe(Il)aq) to Fe(Ill)q) With precipitation at high pH followed by separation using flocculants
and filtration.!>® Whilst this method is mostly capable of achieving these regulation limits,
discharge volumes of over 150 000 L per day with Fe(III) levels between 35 and 60 mg L-!

make the process expensive creating the need for low cost alternatives.!>®
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2.3.4 50-poly(S-r-canola) polymer as an iron sorbent material

Previous studies suggest that aqueous forms of iron may react with high sulfur content
polymers. Reactions between Fe**(yq) and Fe**(aq) ions with various sulfur species have been
reported in literature.?!%2!% Dissolved forms of sulfur have been shown to rapidly reduce
organic Fe(III) species and form FeSq) and elemental sulfur (S°).2!° This can further react at
low pH with H,S to form pyrite (FeSz). Fe(I) has also been shown to effectively remove
dissolved sulfide species from solution.?!! Iron is also known to form a number of iron-sulfide
and iron-polysulfide species in nature.?!> We therefore hypothesised that the high sulfur content
of the 50-poly(S-r-canola) sorbent may facilitate binding with iron species and their subsequent
removal from solution. Whilst the polysulfide chains are hypothesised to bind with the iron, it
is also possible that the triglyceride ester in the 50-poly(S-7-canola) polymer could also help
bind to Fe through oxygen. Sulfur polymers, prepared using inverse vulcanisation, have
previously been investigated for use as heavy metal sorbent materials, however none have
focused on iron pollution. Thielke ef al. demonstrated that a blend of poly(sulfur statistical
polysulfide isopropenylbenzene) and poly(methyl methacrylate) showed some affinity towards
Fe(IlT) suggesting other high sulfur content polymer may show similar affinities.!”® This
discovery lead us to investigate if high sulfur content polymers, prepared using inverse
vulcanisation, could effectively remove iron from solution. The 50-poly(S-#-canola) polymer
has previously been investigated as a sustainable sorbent material for mercury sorption.”® 1%
Mercury (Hg?") is softer than the harder iron (Fe**) species suggesting that the affinity of the
sorbent towards iron would be lower than that of mercury. While this may be the case, the low
costs and simplicity of preparation may still make this sorbent a viable alternative to current

treatment options.
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2.4 Experimental
2.4.1 General considerations
3.4.1.1 IR Spectroscopy

Infrared (IR) spectra were recorded on a Fourier Transform Spectrophotometer using the

ATR method. Transmission maxima (Vmax) are reported in wavenumbers (cm!).
3.4.1.2 Raman Spectroscopy

Raman spectra were acquired using a Witec alpha300R Raman microscope at an excitation
laser wavelength of 532 nm with a 40X objective (numerical aperture 0.60). Typical
integration times for single Raman spectra were between 20 to 60 s and averaged from 1

to 3 repetitions.
3.4.1.3 SEM and EDX

Scanning Electron Microscopy (SEM) images were obtained using an FEI F50 Inspect
system, while corresponding EDS spectra were obtained using an EDAX Octane Pro

detector. All samples were coated in 10 nm platinum before imaging.
3.4.1.4 Simultaneous Thermal Analysis (STA)

Simultaneous Thermal Analysis (STA) was carried out on a Perkin Elmer STA8000
simultaneous thermal analyzer (STA). A sample size between 11 and 15 mg was used in
each run. The furnace was purged at 20 mL/min with nitrogen gas and equilibrated for 1
minute at 30 °C before each run. Heating was carried out up to 700 °C using a 20 °C/min
heating rate. The temperature was held isothermally at 700 °C at the end of each

experiment to oxidize remaining organic matter.
3.4.1.5 X-ray diffraction

Powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance Eco
diffractometer (Bragg-Brentano geometry) using Co-Ka radiation (A = 1.78897 A). The
Bragg angle (20) was varied from 15° to 90° with a step size of 0.019°, measurement time
of 0.45 s per step and sample rotation at 15 rpm. The XRD patterns were collected on a
silicon low background sample holder, where powder samples were deposited onto the

surface of the holder.
3.4.1.6 UV/Vis spectroscopy

UV/Vis spectroscopy was performed using an Agilent Technologies Cary 60 UV-vis

spectrometer. A sample size of 1 ml was used for each measurement. All measurements
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were initially referenced to pure water before sample measurement. Fe(Ill) was monitored

at 306 nm.
3.4.1.7 Atomic Absorption Spectroscopy (AAS)

Atomic absorption spectroscopy was performed using a GBC 933 plus atomic absorptions
spectrometer with a Fe hollow cathode lamp. Analysis of total iron concentrations between
2-9 mg/L was performed at a wavelength of 248.3 nm. Analysis of total iron concentrations
between 20-80 ppm was performed using a wavelength of 372 nm. A sample size of
approximately 3-5 ml was required for each measurement. Every sample was first

referenced to pure water before sample analysis.
2.4.2 Poly(S-r-canola) sorbents preparation and Fe(III) treatment
2.4.2.1 Synthesis of 50-, 60- and 70-poly(S-r-canola) sorbents

Sulfur (technical grade, 20.0 g) was added to a 250 mL round bottom flask and then melted,
with stirring, before heating further to 180 °C. Canola oil (20.0 g) was then added over 3-
5 minutes, resulting in a two-phase mixture. The reaction was stirred vigorously to ensure
efficient mixing of the two phases. The mixture appeared to form one phase after
approximately 10 minutes. Heating was continued for an additional 10 minutes at 180 °C.
Over this time, the product formed a rubbery solid. The material was then removed from
the flask and then blended for 2-3 minutes (8.5 cm rotating blade) to provide rubber
particles less than 12 mm in diameter. The particles were then transferred to a beaker and
treated with enough 0.1 M NaOH to cover the particles entirely. This mixture was stirred
for 90 minutes at room temperature to remove any residual hydrogen sulfide. Care was
taken to submerge any polymer particles that floated on the NaOH solution. After this
time, the particles were isolated by filtration and then washed on the filter with deionised
water (3 X ~50 mL). The particles were then collected from the filter and air dried at room
temperature and pressure for 24 hours. Typically, this procedure provided a final mass
between 39.2 and 40.0 g of the washed and dried 50-poly(S-r-canola) particles (>98%
yield). The polymer particles were then partitioned into various size distributions using
sieves. The particle size ranges obtained were < 0.5 mm, 0.5-1.0 mm, 1.0-2.5 mm, and
2.5 - 5.0 mm, and > 5.0 mm. For all subsequent experiments, the particles ranging from
1.0-2.5 mm were used. This size was selected to balance the need for higher surface area
(smaller particles), but also to minimize caking and hydraulic resistance associated with

smaller particles. A similar protocol was used for the synthesis of the 60- and 70-poly(S-
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r-canola) sorbents. For the 60-poly(S-r-canola), 16.0 g canola oil and 24.0 g of sulfur were

used. For the 70-poly(S-r-canola), 12.0 g canola oil and 28.0 g of sulfur were used.
2.4.2.2 Fe(III) calibration curve for UV/Vis analysis

An aqueous Fe(Ill) solution was prepared by adding 50 mg FeCls to a 1.0 L volumetric
flask and then adding water up to 1.0 L mark. The solution was then equilibrated at room
temperature for 48 hours. The pH of this solution was measured to be 3.04, using a pH
meter. Samples of concentrations varying from 0.2 mg/L Fe(IIl) to 50.0 mg/L were then
prepared and used to construct a calibration curve based on the absorbance at 306 nm. This
calibration curve was used to monitor removal of Fe(Ill) from solution in subsequent

experiments.
2.4.2.3 Fe(III) treatment using 50-, 60- and 70-poly(S-r-canola) sorbent

20 mL aliquots of FeCls solution (50 mg/L) were added to 12 < 50 mL centrifuge tubes.
Three samples served as controls in which no polymer was added. To the remaining
samples, 2.0 g of the 50-poly(S-r-canola) was added:3 samples were treated with the 50-
poly(S-r-canola), 3 samples were treated with the 60-poly(S-r-canola), and 3 samples were
treated with the 70-poly(S-r-canola). The particles size for all polymer samples was 1.0-
2.5 mm. All samples were then placed on a rotating mixer (25 RPM) at room temperature.
The concentration of Fe(III) was monitored for all samples by taking a 1 mL aliquot and
removing any solids using a benchtop centrifuge. The absorbance of the supernatant at 306

nm was then recorded for the sample. The measurements were recorded at 24 and 48 hours.
2.4.2.4 Fe(III) treatment varying amount of 50-poly(S-r-canola)

The stock solution of FeCls was prepared at 50 mg/L and equilibrated for 48 hours. This
solution had a pH = 3.0, as prepared. Various masses of the 50-poly(S-r-canola) were
added to 20 mL samples of the Fe(IIl) solution (run in triplicate). The particle size of the
polymer was 1.0-2.5 mm. The samples were incubated on a rotary mixer at room
temperature for 24 hours, as described in the previous iron capture experiment. The

absorbance was monitored at 306 nm to determine Fe(III) concentration for all samples.
2.4.2.5 Optimized Fe(IIl) treatment process

The stock solution of FeCls was prepared at 45 mg/L and equilibrated for 48 hours. This
solution had a pH = 3.0, as prepared. 2.0 grams of the 50-poly(S-r-canola) was added into
20 mL of Fe(IIl) solution (run in triplicate). The particle size was 1.0-2.5 mm. Another

three solutions acted as controls where no polymer was used. The samples were incubated
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on a rotary mixer at room temperature for 24 hours, as described in the previous Fe(IIl)
capture experiment. The absorbance was monitored at 306 nm to determine Fe(IIl)

concentration.
2.4.2.6 Litre-scale Fe(IIT) removal from water using the 50-poly(S-r-canola) sorbent

The stock solution of FeCl; was prepared at 50 ppm as described previously. This solution
had a pH = 3.0, as prepared. 200 g of the 50-poly(S-r-canola) was added to 1.0 L of Fe(I1I)
solution. The particle size range for the 50-poly(S-r-canola) particles was 1.0-2.5 mm. The
solution was stirred at room temperature for 24 hours, after which time the polymer was
removed by filtration. The absorbance was monitored at 306 nm to determine Fe(I1I)
concentration. Atomic Absorption Spectroscopy was used as an independent measurement

of total iron concentration.
2.4.3 Porous 50-poly(S-r-canola) sorbent preparation and Fe(IlI) treatment
2.4.3.1 Porous 50-poly(S-r-canola) synthesis

NaCl (14.0 grams) was ground into a fine powder using a mortar and pestle. Sulfur
(technical grade, 3.00 g) was added to a 250 mL round bottom flask and then melted, with
stirring, before heating further to 180 °C. Canola oil (3.00 g) was added drop wise over 2
minutes. The reaction mixture was stirred at a rate that ensured efficient mixing of the two
phases. The NaCl powder was then added over 5-10 minutes, and the stirring rate was
continually adjusted to ensure efficient mixing. Heating was continued for an additional
10-15 minutes at 180 °C, over which time the reaction mixture formed a brown solid. The
reaction was cooled to room temperature and removed from the flask. The product (20.0
g) was milled for 1 minute in a blender (8.0 cm rotating blade) to give various particle
sizes (typically between 0.1 mm and 3.0 cm). The particles were then transferred to a
beaker and washed with 150 mL of water for 1 hour with stirring. The washing process
was repeated at least one more time to remove as much sodium chloride as possible.
Drying in a desiccator under vacuum provided the porous 50-poly(S-r-canola) polymer as
a soft rubbery sponge. If NaCl was visible as a white solid on the surface of the polymer,

the washing and drying steps were repeated until a constant mass was obtained.
2.4.3.2 Fe(IIT) removal from water using the porous 50-poly(S-r-canola)

20 mL aliquots of 50 mg/L Fe(III) solution were added to 6 < 50 mL centrifuge tubes. The
pH of this solution was measured to be 2.80. Three samples served as control experiments
in which no porous polymer was added. To the remaining samples, 2.00 g of the porous

50-poly(S-r-canola) was added. The polymer particle size is between 1.0-2.5 mm. All
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samples were then placed on a rotating mixer (25 RPM) at 23 °C for 24 hours. After this
time, the concentration of Fe(IIl) in solution was measured by taking a 1 mL aliquot and
removing any solids using a benchtop centrifuge. The absorbance at 306 nm was then
recorded for the sample. The results are plotted below, indicating that the porous 50-
poly(S-r-canola) reduced the Fe(III) concentration to less than 2 mg/L. The pH of the water

after treatment was 6.95.
2.4.3.3 Fe(IIT) removal from water: porous vs non-porous 50-poly(S-r-canola)

20 mL aliquots of 50 mg/L Fe(IIl) solution were added to 12 x 50 mL centrifuge. Three
samples served as control experiments in which no polymer was added. Into three of the
tubes, 2.00 g of the porous 50-poly(S-r-canola) was added. In the final three tubes, 2.0
grams of the non-porous 50-poly(S-r-canola) was added. All polymer particles were 1.0-
2.5 mm in diameter. All samples were then placed on a rotating mixer (25 RPM) at room
temperature for 24 hours. The concentration of Fe(IIl) was monitored for all samples by
taking a 1 mL aliquot and removing any solids using a benchtop centrifuge. The

absorbance at 306 nm was then recorded over a period of 24 hours.
2.4.3.4 Fe(IIl) treatment varying mass of porous 50-poly(S-r-canola) sorbent

The stock solution of FeCls; was prepared at 50 mg/L as described previously. This solution
had a pH = 3.0, as prepared. Various masses of the porous 50-poly(S-r-canola) were added
to 20 mL samples of the FeCls solution (run in triplicate). The particles were 1.0-2.5 mm
in diameter. The samples were incubated on a rotary mixer at room temperature for 24
hours, as described in the previous Fe(Ill) capture experiment. The absorbance was

monitored at 306 nm to determine iron concentration for all samples.
2.4.3.5 Langmuir isotherm for porous 50-poly(S-r-canola)

A stock solution of Fe(Ill) was prepared at 50 mg/L as previously described. This solution
has a pH = 3.0, as prepared. Fe(Ill) solutions with concentrations of 2, 5, 10, 20, 30 and
40 mg/L were then prepared by diluting the stock solution with deionized water. 20 mL
aliquots at each Fe(Ill) concentration were added to 50 mL centrifuge tubes (run in
triplicate). 100 mg of the porous 50-poly(S-r-canola) was added to each solution. All
samples were then placed on a rotating mixer (25 RPM) at 23 °C for 6 hours. The
concentration of Fe(III) was monitored for all samples by taking a 1 mL aliquot after 6
hours of treatment and removing any solids using a bench top centrifuge and then
recording the absorbance at 306 nm. The Langmuir sorption isotherm for the sorption of

Fe(IT) by the 50-poly(S-r-canola) sorbent was then plotted.
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2.4.3.6 Solubility of Fe(Ill) in presence of competing ions

A 20 mL aliquot of an FeCls solution (50 mg/L, pH 3.0) was added to 5 x 20 mL glass
vials. One of the following ‘contaminant’ salts was then added to the Fe(III) solution such
that their concentration was 10 mg/L: NaCl, CaCl,, KCI, Na,SOs. The vials were incubated
at 23 °C for 16 hours.

2.4.3.7 Effect of competing ions on porous 50-poly(S-r-canola)’s Fe(III) sorption

A solution of FeCl3 was prepared at 50 mg/L and then NaCl, MgCl, CaCl,, and KCI were
all added such that the final concentration of the ‘contaminant’ salts was 10 mg/L. No
iron precipitated from this solution. 20 mL of this solution was transferred into 6 < 50 mL
centrifuge tubes. 2.0 grams of porous 50-poly(S-r-canola) was added to three of the
solutions, with the remaining three solutions acting as controls in which no polymer was
added. All samples were then placed on a rotating mixer (25 RPM) at 23 °C for 6 hours.
After this time, a 1 mL aliquot was transferred into a centrifuge tube. Any remaining solids
were then removed using a bench top centrifuge. The concentrations of these samples were

then monitored by recording the UV/Vis absorbance at 306 nm.
2.4.3.8 Kinetic analysis of Fe(III) sorption onto the porous 50-poly(S-r-canola)

A stock solution of Fe(III) was prepared at 50 mg/L as previously described. 20 mL of this
solution was transferred into 12 x 50 mL centrifuge tubes. The pH was recorded to be 2.8.
Next, 2.0, 1.0 and 0.5 grams of porous 50-poly(S-r-canola) polymer were added into three
solutions each, while the remaining three solutions acted as controls to which no polymer
was added. All samples were then placed on a rotating mixer (25 RPM) at 23 °C for 6
hours. Every hour a 1 mL aliquot was transferred into a centrifuge tube and any remaining
solids were then removed using a bench top centrifuge. The concentrations of these
samples were then monitored by recording the UV/Vis absorbance at 306 nm. At the end

of the treatment, the pH of the water after Fe(IIl) removal was measured to be 6.95.
2.4.3.9 Re-use of the porous 50-poly(S-r-canola) sorbent in Fe(III) treatment

A stock solution of Fe(III) was prepared at 50 mg/L as described previously. 1.5 grams of
the porous 50-poly(S-r-canola) was added into a tube containing 20 mL of the Fe(IIl)
solution. The polymer particles were 1.0-2.5 mm in diameter. A control in which no
polymer sorbent was present was also included. The samples were incubated on a rotary
mixer at room temperature for 2 hours. After 2 hours, 1 mL was transferred into a
centrifuge tube and centrifuged for 2 minutes to remove any suspended solids. The

absorbance was then monitored at 306 nm to determine the Fe(IIl) concentration. The
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sorbent was then removed from the tube via vacuum filtration and dried in air overnight.
Once dry, the same sorbent sample was transferred to a fresh 50 mg/L Fe(IIl) solution.
This re-use was repeated 10 times and the concentration of Fe(IIl) in solution was

measured after each re-use step.
2.4.4 Fe(II) treatment using 50-poly(S-r-canola) sorbent
2.4.4.1 Fe(1I) removal from water using the 50-poly(S-r-canola) sorbent

The stock solution of FeCl, was prepared at 50 mg/L. 20 mL of this solution was
transferred into 6 x 50 mL centrifuge tubes. A pH meter was used to determine the initial
pH of the solution. 2.0 grams of non-porous 50-poly(S-r-canola) polymer was added to
three of the solutions, while the remaining three solutions were controls to which no
polymer was added. All samples were then placed on a rotating mixer (25 RPM) at 23 °C
for 6 hours. After 6 hours, the pH of each solution was recorded using a pH meter and 1.0
mL aliquots of each solution were transferred into a centrifuge tube. Any remaining solids
were then removed using a bench top centrifuge. The concentrations of these samples were

then monitored by atomic absorption spectroscopy (AAS).

2.4.5 Effect of pH and presence of H2O: on Fe(III) treatment using 50-poly(S-r-

canola) sorbent
2.4.5.1 Treatment of 50-poly(S-r-canola) with H>O>

1.0 g of 50-poly(S-r-canola) was added to 20 mL samples of 15% H>O> (run in triplicate
samples). The samples were incubated on a rotary mixer at room temperature for 24 hours.
The 50-poly(S-r-canola) sorbent was then filtered, washed with 3 < 40 mL of water and

dried in air overnight.
2.4.5.2 Fe(III) treatment using 50-poly(S-r-canola) previously treated with H,O>

The stock solution of Fe(Ill) was prepared at 50 mg/L at a pH of 3.0 as described
previously. The H>O; treated 50-poly(S-r-canola) sorbent (2.0 g) was added to 20 mL
samples of the Fe(IIl) solution. The samples were incubated on a rotary mixer at room
temperature for 24 hours, as described previously. The absorbance was monitored at 306
nm to determine the Fe(IIl) concentrations. Control experiments with no polymer and also
2.0 g of 50-poly(S-r-canola) sorbent that was not treated with HoO> were also used for

comparison.
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2.4.5.3 Stability of 50-poly(S-r-canola) sorbent at different pH

The stability of the 50-poly(S-r-canola) was tested in 3 solutions a different pH over a
period of 7 days.

Solution 1 (pH ~13): 92 mg NaOH was dissolved in 2.31 mL DO to afford a 1.0
M solution of NaOH in D>O. 600 pL of this solution was transferred to a separate
vial containing 5.4 mL of D;O, diluting the sample to 0.1 M NaOH. Finally, 30 uL
of 1,4-dioxane was added as an internal standard. The pH was measured to be

approximately 13 using a pH strip.

Solution 2 (pH ~1 ): 59.2 uLL HCI (37% HCI in water) was added to 6.0 mL D>O
to afford a 0.1 M HCI solution. 30 pL dioxane was added as an internal standard.
The pH was measured to be 1 by pH strip.

Solution 3 (pH ~6): 30 nL dioxane was added to 6 mL D,0O. The pH was measured
to be 6 by pH strip.

2 mL of each solution was pipetted into separate glass vials containing 100 mg porous
polysulfide. 2 mL of each solution were kept as controls. All solutions were incubated at
25 °C for seven days. After this time, the resultant solutions were separated from the

polymer and 'H NMR spectrum of the solution was acquired.

2.4.5.4 Effect of pH on the efficiency of Fe(IIl) removal using the porous 50-poly(S-

r-canola)

A stock solution of Fe(III) was prepared at 50 mg/L as described previously. This solution
has a pH = 3.0, as prepared. Fe(III) solutions were then adjusted to pH 1, 7 and 10 by the
addition of 3.0M HCI or 3.0M NaOH until the desired pH was indicated by a pH meter.
20 mL of each solution was then transferred into 50 mL centrifuge tubes along with 2.0
grams of the porous 50-poly(S-r-canola). Control experiments in which no polymer was
added were also carried out. All samples were then placed on a rotating mixer (25 RPM)
at 23 °C for 6 hours. After this time a 1 mL aliquot was transferred into a centrifuge tube.
Any remaining solids were then removed using a bench top centrifuge. The concentrations

of these samples were monitored by recording the UV/Vis absorbance at 306 nm.
2.4.6 Porous 50-poly(S-r-canola) sorbent from waste cooking oil
2.4.6.1 Synthesis of the porous 50-poly(S-r-canola) using recovered cooking oil

NaCl (70.0 grams) was ground into a fine powder using a mortar and pestle. Waste cooking

oil (used, unsaturated cooking oil from fryer, 15.0 g) was added into a 500 mL reaction
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vessel, which was then heated to 170 °C. Sulfur (technical grade, 15.00 g) was added to
the reaction pot over a period of 5 minutes. The reaction mixture was stirred at a rate that
ensured efficient mixing of the two phases. The ground up NaCl was then added over 10
minutes, and the stirring rate was continually adjusted to ensure efficient mixing. Heating
was continued for an additional 10 minutes at 180 °C, over which time the reaction mixture
formed a brown solid. The reaction was cooled to room temperature and removed from
the reactor. The product (100.0 g) was milled for 1 minute in a blender (8.0 cm rotating
blade) to give various particle sizes (typically between 0.1 mm and 3.0 cm). The particles
were then transferred to a beaker and washed with 1.0 L of water for 4 hours with stirring.
The particles were then isolated via vacuum filtration and dried in a desiccator under
vacuum overnight. This washing process was repeated two more times to ensure all NaCl
had been removed from the polymer. This left a porous 50-poly(S-r-canola) polymer

remaining.

2.4.6.2 Fe(III) treatment using the porous 50-poly(S-r-canola) sorbent prepared

from waste cooking oil.

A 20 mL portion of 50 mg/L Fe(IIl) solution was added to 6 x 50 mL centrifuge tubes.
Three samples served as control experiments in which no polymer was added. To the
remaining samples, 2.00 g of the porous 50-poly(S-r-canola) prepared from waste cooking
oil was added. All samples were then placed on a rotating mixer (25 RPM) at room
temperature for 24 hours. After this time, the concentration of Fe(IIl) in solution was
measured by taking a 1.0 mL aliquot and removing any solids using a benchtop centrifuge.

The absorbance at 306 nm was then recorded for all samples.
2.4.7 Microwave synthesis of porous 50-poly(S-r-canola) sorbent
2.4.7.1 Porous 50-poly(S-r-canola) synthesis using a microwave reactor (6.0 g scale)

3.0 grams of elemental sulfur was added to a 500 mL RBF equipped with an oval-shaped
stirring bar (12 x 15 mm). 3.0 grams of canola oil was then added to the flask followed by
the addition of 14.0 grams of sodium chloride. The flask was placed into a Startsynth front-
loading microwave reactor on top of a Weflon flask holder with a condenser attached to
the flask. The stirred mixture was then irradiated with microwaves. The power of the
microwave was set 1200 W and the reaction was heated at constant power for
approximately 8 minutes and 50 seconds. The heating profile is shown below. The mixture
was stirred at 10% of the maximum speed until the sulfur had melted. At this point the

stirring rate was increased to 70% of the maximum speed and maintained at this level for
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the remainder of the synthesis. After 8 minutes and 50 seconds had passed the irradiation
was stopped but stirring was continued until the cross-linking prevented further stirring
(approximately 1 minute after irradiation ceased). The flask was then lifted off the Weflon
stand to cool the reaction vessel. The product was then removed from the flask using a
metal spatula. The product was then transferred into a 500 mL beaker with 250 mL of DI
H>O and stirred for 24 hours to remove sodium chloride from the 50-poly(S-r-canola)
polymer. After 24 hours the product was filtered by vacuum filtration and rinsed with 200
mL of distilled water. The product was then re-washed by stirring in 200 mL DI water for

1 hour. The product was then isolated by vacuum filtration and dried in air over night.

Notes: For 6.0 gram scale synthesis a 500 mL round bottom flask must be used so that the
reaction mixture is evenly distributed around the bottom of the flask and heated evenly.
The stirring rate must be monitored throughout the reaction because of the changes in
viscosity. It is critical to ensure efficient mixing of the sulfur and canola oil. If the mixture

isn’t stirred efficiently, the reaction can phase separate and gel in a non-uniform manner.

2.4.7.2 Porous 50-poly(S-r-canola) synthesis using a household microwave (30.0 g

scale)

15.0 grams of elemental sulfur was mixed with 15.0 grams of canola oil in a 10.5 cm
diameter Pyrex dish, followed by the addition of 70.0 grams of NaCl. All components were
mixed with a spatula to form a viscous paste. The mixture was then placed into a household
microwave (1100W) and irradiated for 4 minutes and 30 seconds. The mixture was then
removed from the microwave and mixed using a metal spatula for 30 seconds, before being
returned to the microwave. The mixture was then irradiated for a further 30 seconds and

then mixed with a metal spatula for 30 seconds or until the product solidified.

Notes: Do not let the temperature exceed 200 °C, otherwise the polymer can decompose
and emit H>S. The temperature can be monitored periodically (between irradiations) by
using a non-contact hand-held IR thermometer. Limit the amount of time during the
stirring steps to prevent the reaction from cooling down too much. Ensure thorough mixing
of the reaction has occurred, as insufficient mixing will result in phase separation and a
non-uniform gel formation. Microwaves with lower power than 1100W will require longer
irradiation times for the reaction to reach completion. In this case a similar procedure is
used whereby the sample is irradiated until the initial colour change is noted. After this
point, 30 second periods of irradiation, followed by 30 seconds of stirring, are performed

until the product is formed.
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2.4.7.3 Fe(III) treatment using sorbent prepared using microwave irradiation

A 50 ppm Fe(IIl) solution was prepared as previously described. 20 ml of the Fe(IIl)
solution was transferred into 9 x 50 mL centrifuge tubes. Into 3 tubes, 1.0 grams of the
porous 50-poly(S-r-canola) polymer, prepared using microwave irradiation, was added.
Into another 3 tubes, 1.0 grams of porous 50-poly(S-r-canola) polymer, prepared using
conventional heating, was added. The final 3 tubes acted as negative controls with no
sorbent present. All nine tubes were placed in a rotary mixer and mixed at 25 rpm for 2
hours. Finally, 1 mL aliquots of each sample were transferred into 1 mL centrifuge tubes
and centrifuged for 1-2 minutes. These samples were transferred into cuvettes and their

UV/Vis absorbance at 306 nm was recorded to determine the Fe(IIl) concentration.
2.5 Results and discussion
2.5.1 Poly(S-r-canola) synthesis and characterization

Inverse vulcanisation was utilized to prepare a high sulfur content sorbent material, termed
poly(S-r-canola), directly from elemental sulfur and canola oil. To achieve this, elemental
sulfur was heated to 180 °C promoting radical ring-opening polymerisation to form a
polysulfide pre-polymer. The addition of canola oil effectively cross links the sulfur pre-
polymer by reaction of its alkene groups with the sulfur radical chains. The reaction typically
reached its gel point within approximately 20 minutes under these conditions. Adjusting the
ratio of sulfur and canola oil used in the synthesis provided rubbery materials with varying
sulfur contents. Poly(S-r-canola) particles with sulfur contents of 50, 60 and 70 wt% sulfur

contents are shown in Figure 9.

50-poly(S-r-canola)  60-poly(S-r-canola) 70-poly(S-r-canola)

Figure 9 - Images of 50-, 60- and 70-poly(S-r-canola).

To characterise the physical and chemical properties of these materials; FTIR, Raman, STA,
SEM and EDX characterisation were performed. FTIR analysis was performed on all samples
but no significant difference was observed between the samples. This suggests that the sulfur

content didn’t significantly affect the chemical composition of the resulting polymer.
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Figure 10 - FTIR spectrum for 50-, 60- and 70-poly(S-r-canola) polymer.

Peak Wavenumber (cm) Assignment
a 2922 Symmetric sp> C-H stretch
b 2859 Asymmetric sp®> C-H stretch
C 1743 C=0 stretch
d 1457 CH: bend (adjacent to carbonyl)
e 1370 CH; bend
f 1237 C-O stretch
g 1161 C-O stretch or skeletal C-C vibrations
h 1098 C-O stretch
i 996 C=C-H stretch (out of plane) for trans-linoleic acid
] 722 C=C-H stretch (out of plane) for cis-linoleic acid

Table 1 — Peak assignment for FTIR spectrum of 50-, 60- and 70-poly(S-r-canola) polymers.?!*

Further analysis of the FTIR spectra (Figure 10) reveals that the reaction was likely incomplete
as vibrations corresponding with alkene functional groups were observed. Peaks i and j
correspond to vibrations characteristic of cis and trans isomers of linoleic acid. As linoleic acid
is a major component of canola oil triglyceride ester, the presence of these vibrations suggests
that unreacted alkene groups remain in the material. Although no distinct peak was observed
for C=C-H stretch vibrations a small shoulder on the left of peak a occurs at approximately
3012 cm™'. This corresponds with C=C-H stretch vibrations suggesting that the peak for these

vibrations is masked by peak a.?!* Characteristic peaks for ester groups (c, d, e and f) are also
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observed suggesting that these groups remained unreacted after poly(S-r-canola) synthesis.?!*
Skeletal C-C stretching vibrations are also known to occur around 1160 cm!, however the
signals are likely masked by the C-O stretch vibrations. Peaks g and h are due to bending
vibrations of CH» group (adjacent to the carbonyl group) and CH3 groups respectively.
Although FTIR revealed information of the canola oil domain of the polymer, little information
is gathered on the sulfur domain. This is because S-S bonds don’t typically absorb within the
IR region. They are however strong Raman scatterers, making Raman spectroscopy a useful
tool for probing the sulfur domain of the polymer.2!> The 50-, 60- and 70-poly(S-r-canola)

polymers were analysed and compared using Raman spectroscopy.
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Figure 11 - Raman spectrums for 50-, 60- and 70-poly(S-r-canola).

Shown in Figure 11, no significant difference is observed between the samples, all of which
displayed the same peaks. These peaks are known from literature to correspond to peaks for
rhombic Sg and polysulfide ions.?!® The peaks corresponding with rhombic Ss (a, b and c¢)
increase in relative area as the sulfur content increases. This suggests that the amount of
unreacted sulfur remaining in the polymer increases as the sulfur content increases. The signal
corresponding to a polysulfide stretch vibration (h) decreases in relative intensity as the sulfur
content increases, suggesting that the percentage of polysulfide to sulfur decreases. This offers
further evidence to suggest that not all the sulfur is completely reacted and remains
encapsulated inside the polymer after synthesis. This corresponds to previous results indicating
an amorphous poly(S-r-canola) polymer with unreacted Sg particles embedded. The series of
peaks above 800 cm™! correspond to the Raman signals for unreacted canola 0il.!®° As expected,
these signals decreased in area as sulfur content increased. The peak occurring at 679 cm™! was

assigned to C-S stretch vibrations. This value corresponds with literature values for C-S stretch
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vibrations and is not present in either the sulfur or canola oil starting material.?!” To investigate
the thermal properties of these materials, simultaneous thermogravimetric analysis (STA) were
performed on all polymers. The mass loss is shown in Figure 12 below. Two major regions of
mass loss were observed. The first mass loss is rapid and initiates around 210 °C. The reduction
in mass observed during this degradation, in all cases, is approximately 7-10 % less than the
suggested sulfur content. This degradation step is likely due to the thermal degradation of S-S
bonds and mass loss from the polysulfide domain, as they are converted to SO».2!® As C-S
bonds are stronger than S-S bonds, they break at higher temperatures.?!® This difference in
bond energy is likely the reason the 7-10 % difference in mass was observed. The second major
mass loss begins at around 320 °C and is due to the thermal decomposition of the canola oil
domains, which include the triglyceride regions of the polymer and the sulfurised fatty acid
esters. It was noticed that for all polymers, the mass was not reduced to zero. Approximately
10% of the 50- and 60-poly(S-r-canola) polymers remained after heating to 800 °C however
approximately 18% was remaining for the 70-poly(S-r-canola) sample. Previous studies
showed a similar result whereby the amount of mass remaining after heating was larger for the

samples containing high sulfur content.!%
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Figure 12 - TGA for 50-, 60- and 70-poly(S-r-canola) measured using STA.

Under DSC analysis (Figure 13), an endotherm was observed between 100 and 130 °C. This
endotherm corresponds to the transition of orthorhombic Sg into monoclinic crystalline state
followed by its melting and is highlighted in yellow.!®” The area under this endotherm is

proportional to the amount of unreacted sulfur in the sample. The presence of some unreacted
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sulfur was expected as previous studies have demonstrated that for poly(S-r-canola) above 30
wt% sulfur, free sulfur particles are observed.!”’ A second endotherm was observed between
210 and 280 °C. This endotherm corresponds to the mass loss observed within the same
temperature range in the TGA curve shown above. As this endotherm is due to the heat energy
required to break the S-S bonds in the material, the area of this peak corresponds to the total
sulfur content in the material, both unreacted Sg and polysulfide chains. It was therefore not
surprising to see that the area under the curve for this endotherm appeared to increase as the
total sulfur content rose from 50 to 70 wt% sulfur. No significant changes in the heat flow were

observed in the temperature range for the second mass loss event.
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Figure 13 — DSC for 50-, 60- and 70-poly(S-r-canola) polymers measured using STA.

Both DSC and TGA results were consistent with previous studies using these poly(S-r-canola)
polymers.'% Now that the thermal and chemical properties have been characterised, SEM /
EDX analysis was performed to probe the physical and chemical structure of the poly(S-r-
canola) surface. In all samples, two distinct regions of surface morphology are observed: areas
with a smooth amorphous surface and areas whereby small crystalline particles cover the
surface. These crystalline particles have previously been shown to be free sulfur which
remained unreacted after synthesis.!? Analysis revealed the 50-poly(S-r-canola)’s surface was
covered in these crystalline particles. The coverage of these particles was not uniform and areas

with no particle coverage, are observed.
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Flgure 14 - SEM 1mages for 50- poly(S r-canola) polymer.

All though free particles where still observable in the bulk and protruding through the surface,
the 60-poly(S-r-canola) polysulfide (Figure 15) contained significantly less surface coverage
than observed in the 50-poly(S-r-canola) initial sample (Figure 14). It does appear that larger
aggregates of the free sulfur appear in the bulk suggesting that potentially the sulfur free
particles are simply more aggregated, and these larger aggregates are distributed throughout

the materials bulk instead of the surface.

Flgure 15 - SEM images for 60-p01y(S r-canola) polymer

Finally, for the 70-poly(S-r-canola) sample, minimal amorphous surface region was observed
with the entire surface of the polymer being coated in these crystalline particles (Figure 16).
This suggests that at 70 wt% sulfur, a larger percentage of free sulfur is remaining after

synthesis.

Flgure 16 - SEM 1mages for 70-p01y(S r-canola) polymer
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2.5.2 Fe(III) sorption with 50-poly(S-r-canola) polymer

Now that the 50-, 60- and 70-poly(S-r-canola) sorbents have been prepared and characterised
their ability to act as a Fe(Il) sorbent was investigated. Fe(III) chloride shows a characteristic
UV/Vis absorbance peak at 306 nm. In order to evaluate the Fe(IIl) concentration in solution,

a UV/Vis calibration curve for Fe(IIl) chloride was prepared (Figure 17).
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Figure 17 - UV/Vis absorbance calibration curve for Fe(Ill) in water.

Therefore, by re-arranging the equation for the trendline in Figure 17, the following equation
can be formed and then used to determine the Fe(III) concentration from its UV/Vis absorbance

at 306 nm:

__ Absorbance(306 nm)
[Fe(lID] = 0.0106

Equation 1

This equation was then used to evaluate the Fe(Ill) concentrations in further experiments.
Initially, to show if Fe(Ill) sorption occurs, a solution of Fe(IIl) chloride (50 ppm) was treated
with 2.0 grams of 50-, 60- and 70-poly(S-r-canola) for 24 hours. A colour change was observed
with all solutions turning colourless after treatment. This is shown in Figure 18a. All three
polymers reduced the Fe(Ill) concentration to below 10 ppm. Figure 18b shows the Fe(III)

solution before and after treatment with 50-poly(S-7-canola).
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Figure 18 — A) Fe(IIl) solution (50 ppm) before (left) and after treatment (right) with 50-
poly(S-r-canola), B) Fe(Ill) concentration against time for 50, 60 and 70 wt % sulfur
polysulfides

No significant difference was observed between the samples after 24 hours treatment. 60- and
70-poly(S-r-canola) did remove slightly more on average after 24 hours however this was still
within the range of error. Due to the similarity in results and a desire to limit the amount of
unreacted sulfur in the sorbent, the 50-poly(S-r-canola) was the only sorbent considered for
further investigation. To determine how much 50-poly(S-r-canola) is required to reduce the
Fe(IIT) concentration (50 ppm) of a 20 mL solution to below regulation limits, the treatment
was repeated varying the amount of 50-poly(S-r-canola) used. The results are shown below in

Figure 19.
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Figure 19 — Fe(III) treatment varying the mass of 50-poly(S-r-canola).

To get the concentration to below 10 ppm, 2.0 grams of 50-poly(S-r-canola) had to be used.
To validate these results Fe(Ill) treatment was repeated, in triplicate, using 2.0 grams of 50-

poly(S-r-canola) to treat a 20 mL 50 ppm Fe(III) solution. The samples were analysed using
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Atomic Absorption Spectroscopy (AAS). The results (Figure 20) correlated well with UV/Vis
measurements and demonstrated the consistency in the treatment results with a small error

value.
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Figure 20 - Optimized treatment process results

To investigate any possible changes in the materials surface after treatment, SEM analysis was
performed on the sample. The SEM micrographs of the 50-poly(S-7-canola) before and after
treatment with Fe(Ill) is shown below in Figure 21. The 50-poly(S-r-canola) polymer was

identical under SEM after treatment with Fe(III) solution with no observable changes to the

surface present.

v ' Sb pum 2 TS

Figure 21 - SEM of 50-poly(S-r-canola) after Fe(III) treatment for 24 hours.
2.5.3 Fe(II) sorption with 50-poly(S-r-canola) polymer

Now that the ability to remove Fe(III) from water has been established, Fe(Il) removal was
investigated. To do this, 2.00 g of the 50-poly(S-r-canola) sorbent material was added to 20
mL of the Fe(I) solution (50 ppm) and mixed for 24 hours. The results, shown in Figure 22,

were recorded using atomic adsorption spectroscopy (AAS).
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Figure 22 — Results from Fe(II) treatment with 50-poly(S-r-canola).

It revealed that negligible amounts of Fe(II) were bound to the polymer. Although Fe(Il) was
not removed via treatment with 50-poly(S-r-canola) most treatment processes start by
oxidising all Fe(Il) into Fe(Ill) with the aid of an oxidising agent such as H>O,. The second
step involves precipitating out the Fe(Ill) by increasing the pH. Therefore the 50-poly(S-7-
canola) could be implemented to remove Fe(Il) if it was first oxidised to Fe(III) by an oxidant

such as HyO».
2.5.4 Effect of H20O2 on Fe(III) sorption efficiency of the 50-poly(S-r-canola) sorbent

Incorporation of 50-poly(S-r-canola) into an already established treatment process not only
allows for treatment of Fe(Il) as well as Fe(III), but also reduces the amount of 50-poly(S-7-
canola) sorbent required for a treatment process to reach regulation limits. Therefore the effects
of both pH and presence of H>O» on Fe(III) reduction must be investigated. To investigate the

effects of H>O> on the process, 50-poly(S-r-canola) was treated with 15% H>O- for 24 hours.

50-poly(S-r-canola) "'
_ > - A

H.O,
24 Hours

Figure 23 — Image of 50-poly(S-r-canola) after treatment with H>O,.

As shown in Figure 23, H>O; treatment resulted in a slight discolouration of the polymer
particles. To further analyse any differences to the polymers surface, SEM / EDX analysis was

performed on the polymer before and after treatment with H>O».
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Figure 24 — 50-poly(S-r-canola) particles before (left) and after (righ) treatment with H>O».
It can be seen in Figure 24 that before treatment the 50-poly(S-r-canola) polymers surface was
covered in unreacted sulfur particles. After treatment with H>O, no unreacted free sulfur
particles were observed on the surface. EDX analysis (Figure 25) was performed on the
samples before and after treatment with H>O» revealing a small increase in oxygen and carbon
content and a small decrease in sulfur content. This could be due to the conversion of Sg into

sulfate.
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Figure 25 — EDX results for sulfur, carbon, and oxygen in 50-poly(S-r-canola) before and after

treatment with H>O».

It appears that treatment with H>O resulted in the removal of free sulfur particle from the
surface. H2Oz is known to oxidize persulfide species, meaning it could potentially be reacting
with the Sg oxidising it into a sulfate and removing the free sulfur from the surface. As the S-
S bonds have been shown to be weaker in polymeric sulfur than in the stable Sg form, if the
H>0, oxidised the free sulfur the polysulfide surface could have also been oxidised into sulfate
species.??? This hypothesis is consistent with both the SEM results showing no sulfur particles

on the materials surface and EDX results revealing an increase in oxygen signal and decrease
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in sulfur signal after treatment. To investigate whether this influenced the 50-poly(S-r-canola)
polymers ability to remove Fe(Ill), H>O, treated 50-poly(S-r-canola) was used to treat a 50
ppm Fe(III) solution. The results, shown in Figure 26, were compared with the untreated 50-

poly(S-r-canola) polysulfide.
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Figure 26 — Results for Fe(Ill) treatment using 50-poly(S-r-canola) previously treated with
H>0.

Therefore, prior treatment of 50-poly(S-r-canola) with 15% aqueous hydrogen peroxide does
not impair its ability to remove Fe(Ill) from water to any significant degree. To investigate
whether the Fe(Il) oxidation and Fe(III) sorption steps could be performed simultaneously, a
Fe(II) solution (50 ppm) was treated with both 15% H>0O, and the 50-poly(S-r-canola) sorbent

simultaneously.
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Figure 27 — Results from simultaneous treatment of Fe(II) with H>O» and 50-poly(S-r-canola)

polymer.

The results in Figure 27 show that when the Fe(Il) was treated in tandem with both H>O; and

the 50-poly(S-r-canola) sorbent the levels of Fe(Il) removal only reached 67.9%. This is far
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lower than observed for Fe(III). This is likely due to the H,O» reacting with both the 50-poly(S-
r-canola) sorbent and the Fe(III). As the efficiency of the polymer was previously shown to be
the same after treatment with H,O», the reduction in iron removal efficiency is likely due to the
competing reactions between both the H,O> and Fe(IIl) with the 50-poly(S-r-canola) sorbent
leading to a decreased Fe(Il) oxidation rate. This means that the polymer’s capacity did not
decrease but the iron did not get fully oxidised from Fe(II) into Fe(III). Therefore oxidation of
Fe(Il) to Fe(Ill) should preferentially occur before treatment with the 50-poly(S-r-canola)

sorbent for maximum Fe(II) removal to be achieved.
2.5.5 Porous 50-poly(S-r-canola) stability at varying pH

Iron treatment strategies typically employ specific pH levels to achieve the desired reduction
levels. To evaluate the stability of the 50-poly(S-r-canola) polymer, samples were treated with
water at pH 3, 7 and 13 for 7 days. A slight colouration of the water was observed at pH 13,
whilst the water remained colourless at pH 3 and 7. 'H NMR analysis was performed on the
samples before and after treatment for 7 days. Results are shown below in Figure 28 and Figure

29. All samples show the peaks corresponding to DO (4.79 ppm) and 1,4 — dioxane (3.73
ppm).
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Figure 28 — 'H NMR results for degradation of 50-poly(S-r-canola) over 7 days. 6 = 4.79 ppm
(D20), 3.77 ppm (1,4-dioxane), 2.19 ppm (a), 2.18 ppm (a), 2.17 ppm (a), 1.54 ppm (b), 1.31
ppm (c), 0.89 ppm (d).

"H NMR analysis revealed that no observable change occurred after treatment for 7 days at pH
1 and however trace amounts of degradation products were observed at pH 13. These products
appeared as a triplet (2.19, 2.18 and 2.17 ppm) and three singlets at 1.54, 1.31 and 0.89 ppm.

A close up of these signals is shown below in Figure 29.
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Figure 29 — 'H NMR spectrum for 50-poly(S-r-canola) polymer after degradation at pH 13 for

7 days. (600 MHz, D,0): 6 =4.79 ppm (D-0), 3.77 ppm (1,4-dioxane), 2.19 ppm (a), 2.18 ppm
(a), 2.17 ppm (a), 1.54 ppm (b), 1.31 ppm (c), 0.89 ppm (d).

43



This suggests that the 50-poly(S-r-canola) Fe(III) sorbent is compatible with acidic and neutral
environments but may undergo minor degradation when exposed to basic environments for
extended periods of time. This is important information to consider when implementing this

50-poly(S-r-canola) sorbent into an already established iron removal process.

2.5.6 Large scale Fe(III) treatment
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Figure 30 — FeClsag) (50 ppm, 1.0 L) before and after treatment with 50-poly(S-r-canola)

sorbent.

The discolouration of iron contaminated water disappeared after treatment with 50-poly(S-7-
canola) polymer (Figure 30). To ensure the results were accurate, both UV/Vis and AAS

analysis were performed. The measurements were equivalent within the margin of error.
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Figure 31 — UV / Vis and AAS results from large scale treatment experiment.
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These results (Figure 31) prove that the 50-poly(S-r-canola) polymer is capable of reducing
the Fe(III) concentration down to below the regulation limit and further prove that the UV/Vis

method is achieving similar results to the AAS method.
2.5.7 Comparison to elemental sulfur

To highlight the differences between the 50-poly(S-r-canola) sorbent and elemental sulfur a
comparison experiment was performed. Elemental sulfur was used (1.0 g) to treat a 50 ppm
Fe(III) solution (20 mL, run in triplicate). It was observed that treatment with sulfur resulted in

similar levels of Fe(IIl) reduction. Results are shown in Figure 32.
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Figure 32 — A) Elemental sulfur and 50-poly(S-r-canola) polymer before (right) and after (left)

mixing, B) Results for Fe(Ill) remediation using elemental sulfur.

Although elemental sulfur was shown to be effective in Fe(III) binding, it stuck to the container
walls making it difficult to remove from solution. In comparison, the 50-poly(S-r-canola)
simply sunk to the bottom and was easily separated by simple filtration. This demonstrates that
by forming sulfur into 50-poly(S-r-canola), the Fe(Ill) removal efficiency is maintained
however the issues with caking, blocking and adhering are resolved. This makes 50-poly(S-7-

canola) more practical than sulfur for large scale implementation.
2.5.8 Porous 50-poly(S-r-canola) synthesis and characterization

Although the 50-poly(S-r-canola) sorbent was capable of removing Fe(Ill) from solution its
capacity was impractical for large scale practical use. To enhance the capacity of the 50-poly(S-
r-canola) polymer as a sorbent material, its surface area was increased by preparing a porous
version of the material. Sodium chloride (NaCl) was incorporated into the synthesis as a
porogen. The 50-poly(S-r-canola) reacts as usual and eventually vitrifies forming the polymer
around the NaCl porogen. Washing the NaCl / polymer composite with water dissolved the

NaCl effectively removing it from the 50-poly(S-r-canola) and leaving behind a series of pores
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and microchannels. Once all the remaining sodium chloride has been washed away, a porous
50-poly(S-r-canola) polymer remains. A large excess of NaCl (70 wt%) was required to form
the highly porous 50-poly(S-r-canola) sponge material shown in Figure 33. This large excess
of NaCl was required so that the NaCl would form microchannels and allow for a highly porous
product. Using less than 70 wt% NaCl resulted in more encapsulation of NaCl than

microchannel formation. In the case of the encapsulated salt, water was unable to reach it and

remove it.

Figure 33 - Porous 50-poly(S-r-canola) particles of size ranges: A) 1.0-2.5 mm, B) 2.5-5 mm,
C) >5.0 mm.

The resulting polymer particles, shown in Figure 33, were porous and acted like sponges when
compressed. Although the NaCl was washed out post-synthesis, the synthesis may have been
affected by its presence. The porous 50-poly(S-r-canola) material was compared with the non-
porous polymer using FTIR, STA, XRD and SEM analysis. Under FTIR analysis (Figure 34),
all peaks previously assigned to 50-poly(S-r-canola) polymer were present in both the porous
and non-porous 50-poly(S-r-canola) samples. No significant difference is observed between

the porous and non-porous polymers under FTIR analysis.
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Figure 34 — FTIR analysis of porous and non-porous 50-Poly(S-r-canola) polysulfides

This suggests that the addition of NaCl into the reaction only effects the physical structure of
the polymer not its chemical structure. NaCl doesn’t adsorb IR radiation and its presence is
therefore unable to be determined using FTIR analysis. To better characterise any differences
and to investigate the presence of any remaining NaCl which wasn’t removed during the

washing step, X-Ray Diffraction (XRD) was performed.
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Figure 35 - XRD of porous and non-porous 50-poly(S-r-canola).
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Figure 36 — Close up of peaks of interest from XRD in figure 35.

The XRD analysis (Figures 35 and 36) revealed no significant differences in the porous and
non-porous 50-poly(S-r-canola) polymers. It appears as if there are some small extra peaks
present in the non-porous canola oil polymer which aren’t observed in the porous canola oil
polymer sample. This suggests a difference in crystalline structure. FTIR revealed no
difference in chemical structure suggesting that the porous 50-poly(S-r-canola) polysulfide was
chemically identical to the non-porous polysulfide. SEM analysis was used to observe the
extent of porosity of the polymer. The SEM micrograph of the porous 50-poly(S-r-canola)

polysulfide is shown below in Figure 37.

Figure 37 — Representative SEM images of porous 50-poly(S-r-canola).
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Pores can clearly be observed in the 50-poly(S-r-canola) sponge. For a random sample of 50
pores, the diameter of the pores was measured, and the average was found to be approximately

119 £ 53 pm.
2.5.9 Fe(III) treatment with porous 50-poly(S-r-canola) sorbent

Now that a porous version of the 50-poly(S-r-canola) has been prepared, its efficiency at Fe(III)
removal was evaluated. To achieve this, porous and non-porous 50-poly(S-r-canola) were used

to treat Fe(I1I) solution over 24 hours. The results are shown below in Figure 38.
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Figure 38 — Fe(IIl) treatment using porous and non-porous 50-poly(S-r-canola) sorbents over

24 hours.

Although the porous and non-porous 50-poly(S-r-canola) polymers demonstrated the same
overall reduction in Fe(IIl) concentration over 24 hours, the porous sorbent achieves this
concentration at a significantly faster rate that the non-porous sorbent. This is important for

large scale implementation as it increases the rate of water treatment increasing its viability.
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Figure 39 - Fe(IIl) removal from water using varying mass of the porous 50-poly(S-r-canola)

These results (Figure 39) show that by using just 0.5 grams of 50-poly(S-r-canola) sorbent,
similar levels of Fe(IIl) reduction were achieved to 2.0 grams of the non-porous sorbent. 2.0
grams was enough to reduce the Fe(III) levels to below regulation limits (3 mg L™').22! It should
also be noted that this sorbent was able to reduce the iron concentration by up to 96.8%, higher

than reports using activated carbon (90%).2%

2.5.10 Langmuir sorption isotherm for Fe(IlI) sorption using porous 50-poly(S-r-canola)

In order to determine the Fe(IIl) sorption capacity of the porous 50-poly(S-r-canola), a
Langmuir sorption isotherm experiment was performed. The Langmuir adsorption isotherm
describes the equilibrium between the 50-poly(S-r-canola) sorbent and the Fe(III) in solution.
The Langmuir adsorption isotherm assumes that adsorption is limited to one molecular layer.???
The process involves treating a series of Fe(Ill) solutions with the same mass of 50-poly(S-r-
canola) polymer. The initial (Co) and equilibrium (C.q) concentrations were used calculate the
amount of Fe(IIl) adsorbed per gram of sorbent (Y). This value was then plotted against Ceq
producing the isotherm shown in Figure 40. The linearized Langmuir isotherm for Fe(III)

sorption using the porous 50-poly(S-r-canola) polymer is shown below (Figure 40).
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Figure 40 — Linearized Langmuir sorption isotherm for Fe(IIl) sorption using porous 50-

poly(S-r-canola) sorbent.

From this isotherm the maximum sorption capacity and the Langmuir sorption constant were

calculated:

Therefore:

And

1
q
44— ¢ = 0.7799C,, + 0.1207
Y “a Ymax * Ymaka “

1
=0.78 © Yppy = —— = 1.28 mg g~
Ymax « max 0.78 mg g
=0.1207 o k, = =10.62Lg~"
Yoarky = 01207 % 0.78 g

tobe Ymax =0.89 mg/gand K =106 L/ g.

2.5.11 Effect of pH and competing ions on Fe(III) removal

For practical use in Fe(Ill) treatment, it’s important to determine the effect of pH removal

efficiency. This is also an important factor when considering implementing this within a current

Fe(IlT) removal system as many are pH dependant.?? 223 To achieve this Fe(Il) removal

experiments were repeated at varying pH values and the results are shown in Figure 41.
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Figure 41 — Fe(III) concentrations after treatment from porous 50-poly(S-r-canola) at pH 1, 7

and 13.

Concentration (ppm)

The highest extent of Fe(Ill) removal was observed at pH 1 with the concentration dropping
from 50 ppm to 2.4 ppm (95.2%). Treatment at pH of 7 and 10 showed reduction down to
approximately 4.6 ppm, however the control solutions showed the same reduction. This is
because at pH above 3, Fe(Ill) is oxidised and precipitates out of solution. These results show
that the 50-poly(S-r-canola) sorbent removes more Fe(IIl) than simple precipitation and that
Fe(IIT) removal should be performed at a pH below 3 for maximum reduction. Another factor
known to affect the efficiency of metal ion absorption are competing ions. In order to determine
whether competing ions would affect the Fe(IIl) removal efficiency, a 50 ppm Fe(III) solution
at pH 3 was prepared containing 10 mg/L: NaCl, CaCl,, MgCl, KCIl and Na>SO4. These
solutions were left to incubate for 16 hours. After which, all of the Fe(II) had precipitated from
the solution containing 10 mg/L Na>SOs. This can be seen in Figure 42. The solution containing

NazSO4 was therefore not considered further in this experiment.

MgCl, CaCl, KCI Na,SO,4 NaCl

1cm

Figure 42 - Images of 50 ppm Fe(IIl) solutions containing either 10 ppm of MgCl,, CaCl,,
KCI, NaSOs, or NaCl.
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Next a Fe(IlI) solution (50 ppm) was prepared at pH 3 containing 10 mg/L of NaCl, CaCl,
MgCl, and KCI. This solution was then treated with the 50-poly(S-r-canola) sorbent and the
Fe(IIl) concentration was determined using AAS. Results shown in Figure 43 indicate the
presence of Na*, K*, Mg?*, Ca?" and CI" ions does not affect the Fe(III) removal efficiency of
the 50-poly(S-r-canola) sorbent.
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Figure 43 — Results for Fe(IIl) sorption using 50-poly(S-r-canola) sorbent in the presence of

Na*, K, Mg?", or Ca?* and CI" ions.

2.5.12 Kinetic analysis of Fe(III) sorption onto the porous polysulfide

The sorption kinetics are important in order to determine the treatment time required for a given
Fe(IIT) concentration. To test the kinetics, Fe(III) solutions (50 ppm) were treated with different
amounts of 50-poly(S-r-canola) sorbent. The concentration was monitored over 6 hours. The

results for this are plotted below in Figure 44.
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Figure 44 — Kinetic data for Fe(III) removal using porous 50-poly(S-r-canola) sorbent.

Using the data obtained for treatment of Fe(IIl) solution (50 ppm) using 2.0 grams of porous
50-poly(S-r-canola) polysulfide, the kinetics were analysed. The initial Fe(IlI) concentration

(Qo) and Fe(IIl) concentration at time t (Q) were used to evaluate the kinetics. The reaction
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involves two reactants, Fe(Ill) and 50-poly(S-r-canola), whereby the Fe(IIl) concentration
decreases whilst the 50-poly(S-r-canola) concentrations remains constant. The reaction is
therefore a second order reaction however the rate is dependent on only one reactant, Fe(III).
This is classified as a pseudo first order reaction. The data was therefore fitted to a pseudo-first

order equation (eq 2).

1 .
In (Qo—Q) = kg4t Equation 2

By fitting the Qo and Q values along with their corresponding t values using equation 2, the

slop of the resulting line is equivalent to the rate constant, Kag.

10 -
_ 8-
G 6-
g 4]
= y = 1.5592x
c 2| R? = 0.9896
O T T T T T 1
0 1 2 3 4 5 6

Time (hr)
Figure 45 — Kinetic analysis for Fe(IIl) treatment with porous 50-poly(S-r-canola) sorbent.

The equation of the trendline in Figure 45 was re-arranged to form the following equation:

n 1
(Qo—-@)

1 = 1.5592 X Time Equation 3

The slope of this line is equivalent to the rate constant for the sorption of Fe(III) onto 50-

poly(S-r-canola) sorbent.
koq = 1.56 mg L 1 Hr?!
2.5.13 Porous poly(S-r-canola) synthesis using waste cooking oil

Earlier syntheses of the key 50-poly(S-r-canola) polymer used food grade canola oil. Next, to
increase the sustainability of the sorbent, its preparation from waste cooking oil was
investigated. This is important as it extends the lifetime of plant oils and ensures that large
scale polymer production wouldn’t cut into food and land resources. The synthesis proceeds

the same as that using food grade oil producing a rubbery polymer after around 30 minutes
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reaction time. To investigate any differences in the polymer prepared from food grade and

waste cooking oil, the materials were first characterised using FTIR spectroscopy.
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Figure 46 — FTIR analysis of 50-poly(S-r-canola) prepared using waste cooking oil

FTIR analysis (Figure 46) revealed the presence of all peaks previously assigned to 50-poly(S-
r-canola) polymers (a-j). The waste cooking oil sample did however exhibit two extra peaks
located at 3459 cm! (x1) and 1663 cm™ (x2) corresponding to -OH group vibrations for alcohols
groups. The presence of alcohol groups in the waste cooking oil polymer was not surprising.
During the frying process, cooking oils, are known to undergo oxidation resulting in the
formation of peroxides, epoxides, aldehydes, carboxylic acids and alcohols.?!” Water and
partially hydrolysed triglycerides could also be present. Although the cooking oil was
chemically different to the food grade cooking oil, the resulting polymers were visibly identical
and other than the presence of OH vibrations, identical under IR analysis. This suggests that
the OH groups didn’t not adversely impact the formation of the sorbent material. Although
FTIR analysis reveals a difference in chemical structure, the 50-poly(S-r-canola) appeared
identical under SEM analysis containing two distinct regions: a smooth amorphous surface and

crystalline sulfur particles coating the surface.
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Figure 47 - Representative SEM of 50-poly(S-r-canola) made from waste cooking oil.

The cross-section is shown to illustrate the pores and pits formed in the synthesis (Figure 47).
Whilst some microchannels were observed, large pores and divots were the main features on
the surface. This is likely due to larger grain size of the salt used and insufficient mixing

resulting in aggregation and less microchannel formation.
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Figure 48 — TGA and DSC of 50-poly(S-r-canola) polymer prepared form waste cooking oil

(canola oil).

Although some changes were observed under FTIR, the 50-poly(S-r-canola) polymer prepared
form waste cooking oil displays the same features under STA analysis (Figure 48). Both the
endotherms, for Sg melting and the mass loss due to sulfur, are present and correspond with
those previously observed for the 50-poly(S-r-canola) material. This suggests that the use of
waste cooking oil did not affect the thermal properties of the material. The sorbent prepared

from waste cooking oil was then tested in Fe(IIl) removal.

56



50 - 48.6 ppm

45 A
40 -
35
30 -
25
20 -
15 -
10 -
5
0 -

Concentration (ppm)

2.03 ppm

. sl 20
Before After

Figure 49 — Results for Fe(Ill) treatment using 50-poly(S-r-canola) polymer prepared using

waste cooking oil.

The sorbent prepared from waste cooking oil demonstrated similar Fe(IIl) removal ability to
the sorbent prepared from food grade cooking oil (Figure 49). This is important as it shows that
food grade canola oil can be replaced with waste cooking oils, making it more sustainable and

increasing the lifetime of the plant oils.
2.5.14 Microwave induced 50-poly(S-r-canola) synthesis and characterization

Sulfur polymers have been suggested for use in water purification and environmental chemistry
purposes. To facilitate a scalable method by which someone could easily prepare poly(S-7-
canola) sorbents rapidly and on demand without the need for expensive equipment, microwave
irradiation was investigated. Sulfur based polymers are known to be excellent thermal
insulators making it difficult to apply reliable and uniformly distributed heating during
polymerisation. Canola oil and triglycerides are capable of being heated at rapid rates using
microwave irradiation. As canola oil is a major component of the reaction mixture, we
hypothesised that microwave irradiation could be used to facilitate heating of the reaction
mixture. To investigate this, the reaction was carried out using a laboratory microwave reactor
with precise temperature and power control (Startsynth front-loading microwave reactor). The
microwave reactor was set to heat up at constant power for approximately 8 minutes and 50
seconds. The mixture was stirred using a magnetic stir bar and the temperature and pressure

were monitored throughout the reaction. The results are shown in Figure 50.
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Figure 50 - Heating and power profile for microwave-based synthesis of 50-poly(S-r-canola).

As shown in Figure 51, the resulting polymer looked visually equivalent to the polymer

prepared using conventional heating.

A B, - c [ D
) ) “* ) )

Figure 51 — A) Canola oil in round bottom flask B) Sulfur added to canola oil, C) Sodium

chloride porogen added, D) Product as formed in flask from microwave irradiation. E) Isolated

porous polysulfide after washing out sodium chloride.

Now that the concept has been validated, it was repeated using a 1100 W household microwave.
Using this simple method, the polymer was able to be formed in just 5 minutes (compared to
20 minutes for conventional heating). The resulting polymer was shown in Figure 52. The
ability to prepare these materials in conventional microwaves could be important for scaling
up the synthesis as several batches could be prepared in rapid succession or by using multiple
inexpensive microwave reactors in parallel and implementing continuous flow reaction
systems.?!” This makes preparation of this polysulfide polymer accessible to areas with limited
resources. This is an especially important point with regards to using this material as sorbents

for water remediation.
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Figure 52 — Images of reaction mixture in bowl before (left) and after (middle) inverse

vulcanization in a household microwave for ~5 minutes and the porous 50-poly(S-r-canola)

product after washing to remove salt.

This biggest limitation in this method was the inability to efficiency mix the reaction during
the heating process. Poor mixing results in phase separation and inconsistent final product. To
avoid this issue, the sample was initially irradiated for 4 minutes and 30 seconds, so that the
reaction reached approximately 180 °C. This was then followed by 30 second stirring and 30
second irradiation cycles. This was repeated until the 50-poly(S-r-canola) polymer vitrified

and formed in the reaction bowl.
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Figure 53 — FTIR analysis of 50-poly(S-r-canola) material prepared by conventional heating,

controlled microwave heating, and household microwave heating.

FTIR analysis (Figure 53) reveals that along with the peaks previously assigned to 50-poly(S-
r-canola) polymer (a-j), a series of new peaks occurred for the microwave heated sample (x1-
X6). Although microwave heating is typically more uniform than conventional heating, the
sulfur and canola oil were not mixed sufficiently. The magnetic stir bar in the laboratory
microwave reactor wasn’t strong enough to mix the reagents efficiently enough. This could

have led to areas with higher canola oil content which would result inconsistent heating and
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hot spots. These hot spots may have far exceeded the intended reaction temperature leading to
areas in which further reactions were taking place. To determine if the changes, observed under

FTIR, had any effect on the surface morphology, SEM analysis was performed. The results are

shown in Figure 54.

Figure 54 — SEM images of prous 50-poly(S-r-canola) prepared using a household

microwave.

SEM analysis revealed that the 50-poly(S-r-canola) polymer prepared using the household
microwave did not appear as porous as previous samples. This was likely due to the inability
to efficiently mix the reaction whilst heating in a microwave oven. Poor mixing would have
led to a poor distribution of porogen throughout the material. This is likely the reason which
the poor size is so large and the typical microchannels are not observed. The method still
worked to increase the surface area and introduce pores and microchannels however not to the
extent shown in the standard method. Next simultaneous thermogravimetric analysis (STA)

was performed on the samples. The results are shown in Figure 55.
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Figure 55 — STA analysis (TGA and DSC) of 50-poly(S-r-canola) polysulfide prepared using

a laboratory microwave reactor.

The endotherms between 100 — 130 °C and 210 - 300 °C were due to Sg melting and the mass
loss due to the sulfur domain, respectively. Differences were observed however with two extra
isotherms centred around 175 °C and 475 °C. This is consistent with the differences observed
under FTIR analysis. Now that characterisation was complete, the Fe(IIl) removal ability was
investigated. The efficiency of the sorbent prepared using microwave irradiation was compared

to the sorbent prepared using conventional heating (Figure 56).
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Figure 56 — Results for Fe(Ill) treatment using porous 50-poly(S-r-canola) prepared using

microwave irradiation and conventional heating methods.

The sample prepared from microwave irradiation demonstrated equivalent Fe(Ill) removal

efficiency to the sorbent prepared by conventional heating methods. This means although the
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material prepared has some differences chemically, it behaves the same for its intended
purpose, as a Fe(Ill) sorbent material. This is important as it not only demonstrated the first
instance of using microwave irradiation to initiate inverse vulcanisation, but it makes this
sorbent material accessible to areas in which conventional preparation methods aren’t

available.
2.6 Conclusion

Novel Fe(Ill) sorbent materials were prepared by inverse vulcanisation of sulfur with canola
oil. These sorbents were demonstrated to not only maintain but slightly improve upon
elemental sulfur’s ability to remove Fe(Ill) from water whilst also improving its physical
properties. A second advantage observed for the polymer particles over elemental sulfur was
that they did not cake or adhere to container walls and simply sunk to the bottom of the solution
allowing for it to be removed via decantation or simple filtration. The sulfur content of the
poly(S-r-canola) did not make a significant difference in Fe(Ill) sorption efficiency and
because of this the 50-poly(S-r-canola) was chosen as the ideal sorbent material due to it
containing less unreacted Sg. This sorbent was demonstrated in Fe(III) removal at industrially
relevant concentrations, effectively reducing the Fe(Ill) concentration below regulation limits.
Rapid, scalable, and simple synthesis of the 50-poly(S-r-canola) polysulfide material was
demonstrated using microwave irradiation. This method is important as it demonstrated a new
method for evenly heating the reaction mixture used in the sorbent’s synthesis as well as
reducing the synthesis time (< 5 mins), process costs and the amount of total heat energy
consumed during synthesis. The resulting sorbent material was shown to be just as effective at
Fe(III) removal as the sorbents prepared using conventional heating. Finally, waste cooking oil
was used in the preparation of the sorbent materials. The resulting sorbents were compared
with those prepared from food grade canola oil. The waste cooking oil based 50-poly(S-7-
canola) sorbent demonstrated a very slight increase in Fe(III) removal efficiency than the one
prepared from cooking oil. This was likely due to the cooking oil being hydrolysed during
frying resulting in the addition of hydroxyl groups into the structure. The hydroxyl groups
would lower the hydrophobicity of the surface, increasing its wetting ability, and in turn
increasing its Fe(III) removal efficiency slightly. This demonstrated that effective heavy metal
sorbent materials could be prepared entirely from industrial waste, by microwave induced
inverse vulcanisation reactions. This is an important advance within the fields of waste

valorisation and environmental chemistry.
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Figure liscences:

a - "Aging Cast-iron Water Pipe, Finland / Tuberia de agua de hierro fundido, envejecida,
Finlandia" by WATERLAT-GOBACIT licensed under CC BY-NC 2.0, b — “Dry Pipe Supply
Main” by Mr pantswearer licensed under CC BY-SA 4.0. ¢ — “Iron stains in a bucket” by India
Water Portal licenced under CC BY-NC-SA 2.0. d —“Rust from bathtub in Kyiv in water”
released into the public domain by its author, Zweifel at English Wikipedia. e — “faucet-
4756043 1920 by JerzyGorecki free for commercial use under pixabay liscence. f — "lron
Bacteria" by UGA CAES/Extension licensed under CC BY-NC 2.0. g — “Iron fixing bacteria”
by brewbooks licensed under CC BY-NC 2.0
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Publications that resulted from the research in this chapter:

1. Lundquist, N. A.; Worthington, M. J. H.; Adamson, N.; Gibson, C. T.; Johnston, M. R.;
Ellis, A. V.; Chalker, J. M. “Polysulfides made from re-purposed waste are sustainable
materials for removing iron from water” RSC Adv. 2018, 8, 1232-1236.
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The removal of iron from groundwater, potable water and
wastewater is an important requirement for water authorities,
industry, and environmental agencies.! Ferric iron (Fe*") in
particular is undesirable because it leads to discolouration of
plumbing fixtures>* and imparts unappealing odour and taste
to drinking water.> Additionally, Fe** promotes the growth of
certain bacteria, leading to fouling, clogging of pipes and other
undesirable ecological effects.* There are also some indications
that adverse health effects in aquatic life may originate from
high levels of iron.>® The control of iron content in water is
therefore an important economic and environmental issue,
with levels typically regulated by government authorities.”®
There are several methods for removing iron from water
including ion exchange,” oxidative precipitation with subse-
quent flocculation and/or filtration,'>** and adsorption of iron
onto activated carbon, among other techniques.* However, in
scenarios where large volumes of water are treated, these
methods may be expensive, low in performance, or both.

Our interest in controlling iron content in water stemmed
from a recent engagement with an industry partner facing
a challenge in meeting regulatory requirements for iron levels in
groundwater pumped and discharged from an underground
operations centre. A combination of oxidative conversion of Fe**
to Fe*" and separation using flocculants and filters provided

“Centre for NanoScale Science and Technology, College of Science and Engineering,
Flinders University, Sturt Road, Bedford Park, South Australia, 5042, Australia.
E-mail: justin.chalker@flinders.edu.au

School of Chemical and Biomedical Engineering, University of Melbourne, Parkville,
Victoria, 3010, Australia

+ Electronic supplementary information (ESI) available: Full experimental details,
including polymer synthesis, characterisation and iron binding studies. See DOI:
10.1039/c7ra11999b

1232 | RSC Adv,, 2018, 8, 1232-1236

some success in meeting the 3 mg L™ " daily discharge limit, but
alternative low-cost methods were desired to facilitate the
treatment and discharge of more than 150 000 L per day con-
taining iron levels in the range of 35-60 mg L™". Our laboratory
has recently reported the use of inexpensive polymers made from
elemental sulfur and their use in sequestering metals such as
palladium and mercury."*™ It was therefore intriguing scientif-
ically, economically and environmentally to determine if these
polymers were suitable in the removal of iron from water.

Sulfur polymers, especially those prepared by inverse vulca-
nisation and related processes,'® have emerged as versatile
materials in diverse areas of science.®® These studies are
motivated, at least in part, by the megaton stores of sulfur
available from crude oil desulfurisation.*** In converting this
petroleum by-product into useful polymers, interesting appli-
cations have since been reported in power generation**?* and
storage,'® high refractive index and IR transmitting optical
devices,**” dynamic and healable materials,”®*® thermal insu-
lation,* sulfur-doped carbon materials,® and heavy metal
remediation.'®**2933

In the case of metal binding, polysulfide polymers have been
used primarily to sequester highly toxic mercury salts.'>**31-33
Because these sulfur polymers are simple to prepare in a single
chemical step, we hypothesised that even if the affinity of the
polysulfide for the harder Fe’" is lower than for the softer Hg>",
the polymer may still be useful in removing the former metal
from water. This hypothesis is further motivated by Theato's
recent discovery that while high-sulfur polymers are excellent
at capturing mercury, there is still appreciable binding to
Fe’" for an electrospun blend of a poly(sulfur-statistical-
diisopropenylbenzene) polysulfide and poly(methyl
methacrylate).*

This journal is © The Royal Society of Chemistry 2018
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We therefore set out to assess the iron-binding properties of
a different co-polymer prepared by the direct reaction of
elemental sulfur and canola oil. Importantly, this co-polymer is
sustainably synthesised using only sulfur and the widely avail-
able and renewable canola 0il.>**® The resulting material is an
elastomeric, high-sulfur factice’” that has previously been
studied by Theato as a novel cathode material*® and by our team
as a reactive sorbent for mercury pollution.* Should this
material prove effective in removing Fe** from water, it would
represent a cost-effective method for water treatment through
waste valorisation.

As a starting point, the canola oil polysulfide was synthesised
by first heating sulfur to 180 °C in order to promote radical ring-
opening polymerisation."* Canola oil was then added to the
polysulfide pre-polymer to cross-link the sulfur chains. The
reaction mixture typically reaches its gel point within 20
minutes, at which time the reaction is cooled to provide
a rubber-like material. The synthesis was prepared for 50%,
60%, and 70% sulfur by mass. The polymer was then milled into
1.0-2.5 mm diameter particles for subsequent use (Fig. 1 and
S47). Analysis of the polymers by infrared spectroscopy and
Raman spectroscopy were consistent with our previous report
on the material, in which the key polysulfide structure (S-S
bonds) and canola oil backbone groups (e.g. C=0) are evident
(S5-S67)."* Thermogravimetric analysis and differential scan-
ning calorimetry were also consistent with that previously re-
ported for these materials, with major decompositions initiated
over 200 °C. The first of these decompositions corresponds to
thermal breakdown of S-S bonds and the second major mass
loss above 300 °C corresponds to the decomposition of the
remaining canola oil domain of the polymer (S7t). SEM analysis
of the polysulfides indicated a smooth polymer surface
embedded with high-sulfur micron scale particles (S8-S10%).'***

With the polymer in hand, we then tested its ability to bind
to and remove Fe*" from water. An aqueous solution of FeCl;
was prepared at a concentration of 50 mg L' and then equili-
brated for 48 hours. The resulting solution (pH 3.0) could be
monitored by its absorbance at 306 nm. At this composition, the
Fe" is fully soluble so that any reduction in iron content over
time could be attributed to binding to the polymer, rather than
precipitation. Accordingly, 2.0 g of the polysulfide was added to
a 20 mL sample of the Fe*" solution to benchmark iron removal

48]

ﬁﬁ

180 °C
S' <30 min
é . + o O
i 40 g scale
>98% yield

W 50 wt% sulfur
‘r

(8]
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efficiency. After 24 hours of incubation with gentle agitation
(end over end mixing), the absorbance of the solution at 310 nm
was measured to determine the amount of Fe** captured by the
polymer. The concentration of the iron was typically reduced to
between 3 and 6 mg L~ for all polymer samples (50, 60 and 70%
S11-S121).
restricted to the polysulfide prepared at 50% sulfur, 50% canola
oil by mass. At this composition, the particles are more elastic
and durable; at higher levels of sulfur the particles become
more brittle.

sulfur, Subsequent experiments were therefore

The amount of polymer in these initial tests (2.0 g per 20 mL
of water) was somewhat arbitrary, but subsequent testing
revealed that this mass was indeed required to reduce the iron
concentration below 10 mg L™ (S13-S141). SEM and XRD
analysis of the polymer after the water treatment revealed no
morphological change (S15-S161), indicating stability of the
polymer structure during the treatment. It should also be noted
that relatively low levels of iron are actually bound to the poly-
mer (less than 1 mg Fe*" per 2 g of polymer in these experi-
ments). Nevertheless, the ease at which this polymer can be
prepared on relatively large scales allowed a demonstration of
a 1 L scale water purification in which the iron concentration
was reduced from 50 mg L' to 1.3 mg L™', as measured
independently by UV-vis analysis and atomic absorption spec-
troscopy (Fig. 2). Furthermore, exposing the polymer to
hydrogen peroxide did not reduce its ability to remove Fe** from
water—an important feature that makes the material compat-
ible with many iron removal process that rely on the conversion
of Fe*" to Fe** through reaction with hydrogen peroxide (S17-
S187). This demonstration is important because the polymer
was not effective in removing Fe®" from water, with no signifi-
cant reduction in Fe, as indicated by AAS (S21%). Another
beneficial feature of the polymer (in comparison to elemental
sulfur) is that the polymer particles are not prone to caking,
which makes filtration a straightforward process (S207).

Because relatively large amounts of the polysulfide are
required to remove Fe*" from water, we anticipated that
increasing surface area would improve its performance.
Accordingly, a porous version of the polysulfide was prepared by
reacting sulfur and canola oil in the presence of a large excess of
a sodium chloride porogen (70% of the reaction mixture is
sodium chloride). Soaking the resulting product in water

[81—3

* One-step synthesis

« High yield

« High atom economy

» Canola oil renewable

» Used cooking oil suitable

« Sulfur by-product of
petroleum industry

P

Canola oil polysulfide

Fig.1 A canola oil polysulfide was prepared by direct reaction of canola oil and elemental sulfur. The material was prepared with 50, 60, and 70%
sulfur by mass for subsequent iron sorption studies (50% sulfur polymer shown). An approximate structure of canola oil is shown, with oleic acid

as the major fatty acid in the triglyceride.

This journal is © The Royal Society of Chemistry 2018
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50 mg/L Fe®* 1.3 mg/L Fe®*

J

-

e .
\_,r- ot
Before treatment After treatment

with polysulfide with polysulfide

Fig.2 A 1.0 L solution of Fe** (50 mg L™} was treated with 200 g of
the non-porous canola oil polysulfide (50% sulfur) for 24 hours at
23 °C. The polymer reduced the iron concentration to 1.3 mg L™, as
measured independently by UV-vis spectroscopy and atomic
absorption spectroscopy (AAS). After removing the polysulfide by
filtration, the treated water appears colourless. See S197 for additional
details.

removes the porogen, leaving micron scale pores and channels
in the polysulfide material (Fig. 3a and $227). This material was
consistent in its thermal and spectroscopic properties to those
previously reported when it was prepared for mercury sorption
(S22-S24+)."* This material was also stable across a wide pH
range at 25 °C, with minimal decomposition after incubation

Removal of Fe3* from water:
Porous vs non-porous polysulfide

S

a
o
s

BB
o o
==ty

No polysulfide

w
(3]
L

Non-porous polysulfide
Porous polysulfide

w
o
L

NN
o o
P

Iron Concentration (mg/L)
>

10 A

0 4 8 12 16 20 24
Time (hours)

Fig. 3 A porous version of the canola oil polysulfide was prepared by
reacting canola oil and sulfur in the presence of a sodium chloride
porogen. Sodium chloride was removed from the polymer by washing
with water, resulting in a polymer with micron-scale pores. (a)
Photograph and SEM micrograph of the porous canola oil polysulfide.
(b) Fe** sorption over time for the porous polysulfide (green plot) and
non-porous polysulfide (blue plot). The iron concentration did not
change if no polymer was added to the solution (red plot).

1234 | RSC Adv., 2018, 8, 1232-1236
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for 7 days in water at pH 1, 6 or 13, as indicated by visual
inspection and "H NMR analysis (S25-S277).

With the porous canola oil polysulfide in hand, the Fe**
capture experiments were repeated and compared to the non-
porous polymer. The porous polymer was superior in the rate
of Fe** removal from water and less polymer was required. For
example, 2.0 g of the porous polysulfide was able to reduce the
Fe** concentration in a 20 mL sample from 50 mg L' to
3mg L " in 2 hours (Fig. 3b). It was also demonstrated that only
1.0 g of the polymer was required to reduce the concentration of
Fe** from 50 mg L™ to 3 mg L' for 20 mL of contaminated
water (S28-S30t). Fitting the sorption data to a Langmuir
isotherm model indicated a sorption capacity of 0.8 mg g~*
(S31%). The reduction of iron concentration was also demon-
strated across a pH range of 1 to 10, though precipitation also
accounts for the reduction in iron concentration above pH 3.0
(S3271). Even in these cases, the polysulfide is beneficial and
serves as a filtration media to prevent caking when removing
precipitated iron salts by filtration. Importantly, the poly-
sulfide's ability to remove iron from water was not impacted by
the presence of other common ions such as Na*, K*, Mg>*, Ca*",
and Cl™, even when all were present at 10 mg L™ " in the Fe**
solution (S33-S347).

If the polymer was re-used in the same iron sorption exper-
iment, the sorption capacity dropped significantly with 95%
Fe*' removal on the first run and 62% and 26% on the second
and third uses, respectively (S367). This result suggests that the
polymer is best deployed as a single use material in Fe**
binding. Fortunately, when the polymer was prepared from
waste cooking oil and sulfur (S37-S39%), it was equally as
effective in removing Fe** from water (S407). This result means
that even though the polymer is best used for a single water
treatment, this is a productive example of waste valorisation.
We are currently investigating how the polymer-iron complex
can be re-purposed yet again as an additive in construction
materials and novel composites.

To deploy sulfur polymers for applications in water purifi-
cation and environmental chemistry, it is useful to have
methods to prepare the material rapidly and on-demand.
Because sulfur-based polymers are excellent thermal insula-
tors,” it is difficult to ensure even and reliable heating during
the polymerisation. Addressing this issue, we investigated
whether microwave irradiation would be practical in the
synthesis of the canola oil polysulfide. Because canola oil and
unsaturated triglycerides can be heated rapidly with microwave
irradiation, we hypothesised that this might be a convenient
strategy for heating the reaction mixture. Indeed, both labora-
tory microwave reactors with precise temperature and power
control (S41-S421) and conventional household microwave
ovens (Fig. 4 and S43t) were highly effective for the rapid
heating and subsequent co-polymerisation of canola oil and
sulfur. For instance, when the polymerisation was carried out in
an 1100 W household microwave oven, the polymer was formed
within a mere 5 minutes. The spectroscopic, thermal and Fe**
binding properties of the material synthesised in the microwave
reactor were no different from the material prepared through
the slower conventional heating (S43-S4771). The ability to

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Reaction mixture to form a porous polysulfide: canola oil
(15.0 g), sulfur (15.0 g), and sodium chloride (70.0 g). (b) Product of
polymerisation after irradiation in a household microwave (1100 W) for
5 minutes. (c) Porous polysulfide obtained after removing the sodium
chloride porogen with a water wash.

prepare these polymers in a conventional microwave may be
important in scaling up the synthesis of these polymers because
several batches could be prepared in rapid succession or
through the use of several inexpensive microwave reactors
operating in parallel. This process might also make the poly-
sulfide accessible in areas with limited resources—an impor-
tant consideration when the polymers will be used to remove
heavy metals from water.™

In summary, a polysulfide material made from canola oil
and sulfur was used to remove Fe’" from water. The iron
removal was tested at industrially relevant concentrations and
purified to levels within the limits of environmental regulatory
agencies. A rapid and scalable synthesis of the polysulfide was
also executed in a microwave reactor—an important milestone
in the synthesis of high-sulfur polymers because of the chal-
lenge in reliably and evenly heating these thermally insulating
materials. More generally, because the featured polymer can be
made entirely from industrial waste, this study is an advance in
sustainable chemistry, waste valorisation, and environmental
chemistry.
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3.0 Powdered activated carbon / 50-Poly(S-r-canola) blend
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3.2 Abstract

Whilst powdered activated carbon (PAC) is efficient at removing many contaminants from
solution, it is known to cake and block filters and membranes, making its direct use in both
batch and continuous water treatment processes impractical. PAC is also known to generate
hazardous dust plumes which are flammable and a respiration hazard making it dangerous to
work with. In this chapter, the 50-poly(S-r-canola) polymer was demonstrated to act as an
efficient support material for PAC immobilising it on the polymer’s surface. This
immobilisation prevented the generation of the hazardous dust plumes increasing the safety
profile for both the storage and use of the PAC. The 50-poly(S-r-canola) support material also
acted as a hydraulic lubricant facilitating both batch and continuous flow treatment processes
without blocking filters or membranes. This sorbent material was demonstrated to be effective
for the remediation of persistent micropollutants perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonic acid (PFOS). As well as acting as a hydraulic lubricant and
immobilization agent for PAC, the 50-poly(S-r-canola) also aided in the removal of PFOA.

The use of this novel blend to simplify and improve the remediation of PFAS compounds from
water is an important advancement in the field of environmental remediation. The first direct
proof of the self-assembly of PFOA hemi-micelles on a sorbent surface was demonstrated by
SEM imaging. The stabilisation of PAC using its electrostatic attraction towards a support

polymer is also a novel concept in the field of environmental sorbent technologies.

65



3.3 Introduction
3.3.1 50-poly(S-r-canola) as an activated carbon support polymer

High sulfur content polymers prepared using inverse vulcanisation have found use directly as
sorbent materials for both heavy metal and oil pollution.”-?%-19 These are examples of the direct
use of sulfur polymers as sorbent materials for environmental remediation; however, they could
also potentially be combined with other techniques or sorbent materials to help aid in the
remediation efforts of pollutants which have minimal affinity with sulfur polymers. An
example of this was demonstrated in chapter 2. The 50-poly(S-r-canola) sorbent was not
capable of binding with Fe(II) in solution however it was capable of binding with Fe(III). By
treating the Fe(II) solution with both the 50-poly(S-r-canola) sorbent and H>O (to oxidise the
Fe(Il) into Fe(Ill)) resulted in removal of the Fe(Il) pollution from solution. Therefore, by
coupling our sorbent method with other techniques, pollutants which weren’t previously able
to be removed could now be removed from solution. Powdered activated carbon (PAC) is a
high-performance sorbent material that typically uses a polymer support for it to be used safely
and effectively in large scale water treatment applications. This study will investigate the use
of 50-poly(S-r-canola) polymer as the support polymer for PAC. Whilst the substantially
higher surface area of PAC results in fast removal rates and high sorption capacity, the
difficulties associated with its use limit its practical application. The fine PAC particles are
known to block filters and membranes making its use in large scale treatment processes
impractical. PAC is also known to generate flammable dust plumes during handling making it

dangerous to store or handle in large quantities.
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Figure 57 — Image displaying issues associated with PAC and how stabilization with the 50-

poly(S-r-canola) polymer results in their elimination.

Although by using the granular form of activated carbon (GAC) these issues are reduced
substantially at the beginning, GAC breaks apart under high pressure or flow rate resulting in
the formation of fine carbon particles.?** GAC also has substantially less surface area than PAC
resulting in slower removal rates and lower sorption capacities. Therefore, to resolve these
issues activated carbon sorbents are typically combined with a polymeric support material. The
benefits of stabilisation of PAC using 50-poly(S-r-canola) polymer are shown in Figure 57

above.
3.3.2 PFAS pollution

Perfluoroalkyl substances (PFAS), especially perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonic acid (PFOS), have been widely used in protective coatings, lubricants,
high-performance fire-fighting foams and in the production of various fluoropolymers such as
Teflon. They are typically released into the environment through their use in these applications
and through the disposal of PFAS containing products.??* This results in the contamination of
local soil and water sources that are in close proximity to the sources. As a result of the high
bond strength of the carbon fluorine bonds in PFAS compounds (130 kcal/mol??%), they are
persistent chemicals that do not degrade under environmental conditions.??” 228 PFAS
compounds have a long biological half-life (~ 4.4 years) suggesting bio-accumulation could

occur.??’ This hypothesis was proven when studies found these compounds in the livers,
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bladders and blood of humans, fish, birds, and marine mammals around the globe with higher
concentrations being found in the species higher in the food chain.??® It is hypothesised that
these properties would result in the transport of PFAS pollution significant distances from its
original source location. This hypothesis was supported by surveys into PFAS contamination
around the world highlighting the global spread of these pollutants with it appearing in regions
where PFAS has not been historically used.?*° This warranted further study into the effects
these compounds have on human health and the environment. It was initially believed that
PFAS chemicals were inert and low in toxicity, however further studies revealed
immunotoxicity and carcinogenicity effects are significantly relevant risks at the exposure
levels observed in our environment.?*! A lot of the risk evaluations for PFAS assumed that
untested effects do not require regulation, resulting in its widespread use and distribution
throughout the environment.?*! Studies investigating the health effects of PFAS exposure have
revealed a statistically significant greater prevalence of angina, myocardial infarction, stroke,
chronic bronchitis, shortness of breath on stairs, asthma and other serious health problems for
those exposed to these compounds.?” These studies hypothesised that the conditions were a
result of PFOA exposure however it was not directly proven meaning further investigation was
needed.”?® Studies on animals found that it PFOA was toxic to both rats and rabbits,”?® and

further studies have revealed links between PFOA exposure and a variety of human health

232 234,235

issues including hepatic?*? and renal?*? toxicity, thyroid disease and kidney and testicular
cancers.?¥ 236 27 PFOA has been classified by the United States Environmental Protection
Agency (USEPA) as a potential carcinogen.??” Between 2002 and 2015 all PFAS chemicals
were voluntarily phased out of production in the USA and in 2009, both PFOA and PFOS were
categorized as persistent organic pollutants.?>> The EPA is still concerned that exposure could
still occur from the limited uses of existing PFAS chemical stocks and the importation of
polluted goods from countries which still use these substances.?* Industries still currently using
PFAS compounds include fluoropolymer production, the semiconductor industry and chrome
plating, mostly based in china.?*8 Due to the global spread of PFAS pollution, its environmental
persistence, bio-accumulation and potential toxicity, government bodies and environmental
protection groups have set regulation limits for PFAS in drinking water. In 2016 the EPA
lowered the non-cancer reference dose of both PFOA and PFOS to 20 ng/kg/day with combined
drinking water limits of 70 ng/L.??* This limit was established based on toxicology studies on

mice.??
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3.3.2 PFAS remediation

The introduction of these regulation limits created a new challenge for industry and government
alike. New methods and materials are needed for efficient removal of these compounds from
drinking water to be achieved. Several strategies have been investigated for the removal of
PFAS compounds from water. Various methods including microbial reductive dehalogenation
and zero valent iron have been previously investigated for PFAS removal by degredation.?®
Whilst these methods show promise in PFAS compound decomposition, they failed to remove
the shorter chain PFAS compounds from solution.?*® These methods also showed varying
efficiencies for differing PFAS compounds with one study showing significant degradation of
PFOA but no degradation of PFOS.?*° This demonstrated how different PFAS compounds
aren’t equally removed using these methods and methods capable of removing a wider range
of PFAS compounds must be investigated. The most common strategy successfully
implemented to remove both PFOA and PFOS from water on a large scale was adsorption.2*®
241243 A number of sorbents materials have previously been investigated including activated

243 and organo-montmorillonite.?*® These

carbon, alumina, chitosan®*, resin, hydrotalcite
sorbent materials have proven useful on laboratory scale but each suffer from issues such as
high costs, inability to regenerate and the production of waste eluents on larger scales.?* It is
also important that these sorbents have end-of-life recycling strategies to minimize
contaminated waste production. It is therefore important for new high performance PFAS
sorbent materials to be investigated. This study will demonstrate the use of PAC stabilized with

50-poly(S-r-canola) polymer as an advanced PFAS sorption material.
3.4 Experimental

3.4.1 General considerations

3.4.1.1 SEM and EDS

Scanning Electron Microscopy (SEM) R
were obtained using an FEI F50 Inspect system, while corresponding EDS spectra were

obtained using an EDAX Octane Pro detector.
3.4.1.2 ’F NMR Spectroscopy

F NMR spectra were recorded using a Bruker Ultrashield 600. Deuterium oxide (D,O/H,0,

1:9) was used as the solvent and for internal locking. All chemical shifts (6 scale) were
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measured in parts per million (ppm) and referenced to the internal standard trifluoroacetic acid

(6 =-76.55 ppm).
3.4.1.3 PFAS analysis

Certified PFOA and PFOS analysis was carried out by Envirolab Services Pty Ltd, with
accreditation by the National Association of Testing Authorities, Australia (NATA
Accreditation Number 2901). The test method was based on EPA/600/R- 08/092 Method 537:
Determination of Selected Perfluorinated Alkyl Acids In Drinking Water By Solid Phase
Extraction and Liquid Chromatography/Tandem Mass Spectrometry (LC/MS/MS). Version
1.1, September 2009.

3.4.2 Material synthesis and characterization
3.4.2.1 50-poly(S-r-canola) large-scale synthesis (900.0 gram scale)

Canola oil (450 g) was added to a stainless-steel reaction vessel (4.7 L, 20 cm diameter) that
was placed on a hotplate. An overhead stirrer with a stainless-steel impellor, used to stir the
reaction mixture, was set to 90 rpm. The hotplate was turned on and the oil was heated to 170
°C. The temperature of the reaction mixture was monitored directly with an internal thermostat
probe. Sulfur was then added (450 g) through a funnel over 5-10 minutes ensuring the
temperature never dropped below 155 °C. At this point two transparent liquid phases were
visible. Over a period of 5-10 minutes the 2 separate layers combine forming an opaque
mixture. Then, the thermostat setting for the reaction temperature was increased to 180 °C and
the sodium chloride porogen (2100 g, finely ground in a blender) was added through the funnel
over approximately 15-20 minutes. Once again, the rate of addition was such that the
temperature of the reaction never dropped below 155 °C. At this point the mixture was an
orange, opaque, and relatively free flowing liquid. After approximately 10-15 minutes of
continuous heating the mixture turns from orange to brown. At this point the viscosity increased
with cross-linking. Once the overhead stirrer registered a torque of approximately 40 Necm,
the reaction was stopped. The reaction vessel was removed from the heat plate and placed on
a trivet to prevent the flask heating up any further. Due to the potential for H>S release, this
reaction must be carried out inside a fume hood. The polymer was removed from the vessel
using a metal spatula and processed using a mechanical grinder to provide particles between
0.5 and 3.0 mm in size. Finally, this polymer was washed with 17 L of water in a 20 L bucket
whilst stirring the mixture using the overhead stirrer (200 rpm, 30 min). Finally, the polymer

was isolated by filtration through a sieve (0.5 mm cut-off). These washing steps were repeated
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three times to ensure that the final product had as much salt as possible removed. The polymer
was then dried by passing warm air though the material (5-24 hours, 18 - 42 °C) using a space

heater, with further drying in the fume hood until the mass of the material was constant.
3.4.2.2 Preparation of 1.0 kg of a carbon-polysulfide blend (20:80 wt% ratio)

800.0 grams of porous polysulfide was added to a 2.5 L plastic container. Next, 200.0 grams
of activated carbon powder (PGW 150 MP, Kuraray) was added. The containers lid was closed,
and the container was inverted 20 times to ensure the carbon and polymer mixed sufficiently
to create a homogenous blend. The carbon bound to the 50-poly(S-r-canola), leaving minimal

free-flowing powdered carbon. This blend was then used for subsequent PFOA experiments.
3.4.2.3 Analysis of dust generation for PAC and the carbon-polysulfide blend

A Sensidyne nephelometer was used to quantify dust generated from pouring a 100 mL volume
of PAC (Kuraray, PGW 150 MP, 100-200 mesh) or the carbon-polymer blend. This
nephelometer uses light scattering to detect airborne particles. Because carbon dust particles
are dark, the coal fly ash k-factor was used in all experiments. The inlet flow was 1 L/min and
total suspended particles were measured. First, a 100 mL dry volume of the carbon- polysulfide
blend or the PAC was placed in a plastic scoop and held at a height of 20 cm. The sorbent was
the poured in one portion into a cylindrical plastic container (12 cm diameter, 10 cm height).
The nephelometer was operated in continuous mode, starting at the same time the PAC or PAC-
polysulfide blend was poured. The nephelometer was positioned 50 cm from the center of the
container, with the iso-kinetic inlet at a 20 cm height. Measurements of the concentration of
airborne particles (ug/m?®) were recorded every second for 2.5 minutes. Background dust (no
sorbent poured) was also measured for reference. Each experiment was done in triplicate. The
dust generated by the PAC was very high (average maximum >11,000 ug/ m?). The carbon-
polysulfide blend (average dust maximum of 159 + 21 pg/m®) was no different than
background dust at this location (average dust maximum of 161 £ 16 pg/m?). The average dust
concentration over time (average of 3 runs) for both the background and the carbon-polymer

blend were plotted separately for clarity.
3.4.2.4 Determination of zero-point charge for powdered activated carbon

50 mL of an aqueous solution of NaCl (0.1 M) was added to each of nine 50 mL centrifuge
tubes. The pH of each of these tubes was adjusted by the addition of either a 0.01 M HCI or
0.01 M NaOH solution using a pH meter so that there were two tubes with solutions of pH 2,
3,4,5,6,7,8,9, and 10. Next, 0.15 grams of activated carbon was added into 9 tubes at each
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pH. All of the tubes were placed on a rotary mixer and rotated at 25 rpm and 25 °C for 48
hours. After this time, the pH of each solution was measured using the pH meter. The pH point
where the pH;iia=pHpna Was estimated by the point of intersection of the line y = x and a plot

of Final vs Initial pH.
3.4.3 PFOA batch sorption studies
3.4.3.1 PFOA sorption using the porous 50-poly(S-r-canola)

A PFOA solution (5 mL, 2 mg/mL PFOA in deionized H>O) was added to a glass vial
containing the porous 50-poly(S-r-canola) polymer (2.0 g) and incubated without mixing at
room temperature. At 5, 10, 60, 120 and 240 minutes, a 600 pL aliquot of the water was
sampled and analysed by °F NMR spectroscopy. The NMR sample was prepared by adding
60 pL of DO spiked with TFA (5.4 mg/ml) to the 600 pL sample of water. The amount of
remaining PFOA in the aqueous solution was determined by the relative integration of the CF3
signals, at 6 -76.55 ppm for TFA and at o -81.85 ppm for PFOA. After 5 minutes, 30% of the
PFOA was removed from solution. After 4 hours, 47% of the PFOA was removed from

solution.
3.4.3.2 SEM micrographs of PFOA hemi-micelles bound to the 50-poly(S-r-canola)

The porous 50-poly(S-r-canola) (2.0 grams) was added to a 20 mL glass vial with 5 mL of a (2
mg/mL) PFOA solution. This solution was incubated for 24 hours, after which time the
polymer was isolated by filtration and dried in open air. Before SEM analysis, the polymer was

coated with a 5 nm platinum coating.
3.4.3.3 PFOA sorption: comparing blend with PAC and GAC

5.0 grams of the PAC/50-poly(S-r-canola) blend was added to a 200 mL plastic container along
with 100 mL of a PFOA solution (5 ppm PFOA in deionised water). In three separate 200 mL
plastic containers, 4.0 grams of 50-poly(S-r-canola) polymer, 1.0 gram of powdered activated
carbon (Kuraray, PGW 150 MP), or 1.0 gram of granular activated carbon (GC 1200, 0.5- 0.7
mm, Activated Carbon Technologies) were added along with 100 mL of the PFOA solution (5
ppm PFOA in water). The solutions were stirred for 1 hour (250 rpm, 32 x 12 mm stirring bar)
and then filtered through a simplepure 0.22 pm PES syringe filter into separate plastic container
for further analysis. Each experiment was repeated three times. The PFOA concentrations were
determined by Liquid Chromatography Tandem Mass Spectrometry (LC/MS/MS) (negative

mode, ESI, see general considerations on page S2). Note: For the polymer control and the blend
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treatment only one filter was required. For the activated carbon control, 5 filters were required
as they were rapidly blocked with the powdered activated carbon. For the granular carbon

control, 4 filters were required as they were also blocked.
3.4.3.4 Comparing filtration ability of the blend, PAC and GAC

100 mL of water was treated with 5.0 grams of the carbon-polymer blend and stirred for 1 hour.
After this time, the mixture was transferred repeatedly to a 10 mL syringe and passed through
a Simplepure 0.22 pm PES filter at a flow rate of 33 mL/min until all 100 mL was filtered. This
process was repeated using 1.0 gram of activated carbon (Kuraray, PGW 150 MP) and again
with 1.0 gram of granular activated carbon (GC 1200, 0.5-0.7 mm, Activated Carbon
Technologies). The filter was replaced when blocked and the process repeated until all water
was filtered. The powdered activated carbon blocked the filter within 28 + 5 seconds of flow
and five filters in total were required to filter all 100 mL of water. The granular activated carbon
blocked the filter within 35 + 3 seconds and a total of four filters were required to process all
100 mL of water. The carbon-polymer blend did not block the filter during the processing of
the 100 mL of water.

3.4.3.5 Kinetic study of PFOA sorption using PAC/50-poly(S-r-canola) blend

5.0 grams of the carbon-polysulfide blend and 1.0 gram of granular activated carbon (GC 1200,
0.5-0.7 mm, Activated Carbon Technologies) were added into separate 200 mL plastic
containers along with 100 mL of a PFOA solution (5000 ppb PFOA in deionised water). The
mixture was stirred (250 rpm, 32 x 12 mm stirring bar) and after 5, 20 and 40 minutes, small
aliquots (1 mL) were removed and filtered through a Simplepure 0.22 um PES syringe filter
into separate plastic containers for further analysis. Every sample was prepared in triplicate.
The PFOA concentrations were determined by Liquid Chromatography Tandem Mass
Spectrometry (LC/MS/MS) (negative mode, ESI, EPA/600/R-08/092 Method 537).

3.4.3.6 Sorption isotherm for PAC/50-poly(S-r-canola) blend

Starting from stock solutions of 5000 ppb PFOA, serial dilutions were performed to prepare
solutions with concentrations of 5000, 2500, 1000, 500 and 250 ppb. To 15 separate 200 mL
containers, 500 mg of the carbon-polymer blend was added (100 mg PAC in blend). To three
of these containers 100 mL of 5000 ppb PFOA solution were added along with a 3.2 X 1.5 cm
stir bar and the containers were placed on a stir plate at 100 rpm for 24 hours at 20 °C. The
same was done for each of the other concentrations (2500, 1000, 500 and 250 ppb PFOA).

After equilibration, 3.0 mL of solution was removed from each container and centrifuged for
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2 minutes. The supernatant was then analysed and the PFOA concentrations were determined
by Liquid Chromatography Tandem Mass Spectrometry (LC/MS/MS) as described on page S2
(negative mode, ESI, EPA/600/R-08/092 Method 537).

3.4.4 PFOA continuous sorption studies
3.4.4.1 Removal of PFOA from water using a continuous process

A 30 x 1.5 cm glass column was packed with 40.0 grams of the carbon-polymer blend. 100 mL
of PFOA solution (5 ppm in deionized water) was added into the top of the column through a
funnel and a beaker was used to collect the solution as it exited through the column after gravity
elution. This experiment was carried out twice, with the total run times of 20 minutes and 90
minutes, with the flow rate controlled by the column tap. The PFOA concentrations were
determined by Liquid Chromatography Tandem Mass Spectrometry (LC/MS/MS) (negative
mode, ESI).

3.4.4.2 Removal of suspended solids using S0-poly(S-r-canola) polymer

The 50-poly(S-r-canola) (20 g) was loaded into a glass column (2 x 30 cm). The contaminated
surface water (300 mL) was passed through the column over the course of 1 minute, using
gravity elution. The flowthrough was collected, and the total suspended solids were measured

by a certified commercial service (Envirolab).

3.4.4.3 Removal of suspended solids using S0-poly(S-r-canola) D600 light scattering

experiment

5 g of 50-poly(S-r-canola) polymer was placed in a 10 mL syringe barrel and then 10 mL of
the contaminated surface water was passed through the polymer filled syringe over 30 seconds.
This experiment was carried out in triplicate. The optical density of the flowthrough was

measured at 600 nm using a spectrophotometer.

3.4.4.4 Removal of PFOS from contaminated surface water using a polymer-carbon

blend

A 45 cm vertical glass column (5 cm diameter) was plugged with a cotton ball at the outlet on
top of which were added 15.0 g sand (white quartz, 50-70 mesh) and then 40.0 grams of the
carbon-polymer blend (80% polymer and 20% PAC). The top of the carbon-polymer blend was
topped with an additional 15.0 g of sand to prevent disturbing the sorbent when the water was
added. A 1.0 L reservoir was attached to the top of the column and 1.0 L batches of the

contaminated surface water were passed through the column over an average period of 5
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minutes. The flow rate was maintained using a hand-pressurised bellow. The process was
repeated for a total of 10.0 L of the contaminated surface water. All 10.0 L were collected in a
high-density polypropylene container. This experiment was repeated in triplicate. The PFOS
content of the 10.0 L samples of treated water were measured by a certified commercial service

(EPA/600/R-08/092 Method 537).

3.5 Results and discussion

3.5.1 Synthesis and characterization of PAC / 50-poly(S-r-canola) blend sorbent

In order for a sorbent to be feasible for large scale treatment processes it must be able to be
prepared on a large scale. Using a method previously established’, the porous 50-poly(S-r-

canola) polymer was prepared on a 900 gram scale (450 g Sg, 450 g Canola Oil, 2100 g NaCl).

Canola oil polysulfide Powdered activated carbon Carbon-polysulfide blend
800g 200g 1kg

Figure 58 — From left to right: Porous 50-poly(S-r-canola) polymer (800 g), powdered
activated carbon powder (PGW 150 MP, 200 g) and the PAC/50-poly(S-r-canola) blend (1.0

kg) that results from their mixing.

The resulting 1 kg of blend is shown in Figure 58. To characterise this material, SEM / EDX
analysis was performed on the blend, the 50-poly(S-r-canola) support material, the PAC and
the GAC. SEM analysis of the 50-poly(S-r-canola), shown in Figure 59, revealed it had a
similar surface structure as in previous studies.” Although regions of amorphous polymer and
crystalline sulfur particles were both observed on the surface as expected, it seemed as if less
free sulfur crystalline particles were present on the surface in comparison to the non-porous

50-poly(S-r-canola) polymer.

75



300 pm . 30 pm
Figure 59 — SEM micrographs of 50-poly(S-r-canola) polymer

All activated carbon samples were observed to contain some extent of porous structure as
expected. This is shown in Figure 60. It’s important to note that these materials may be more
porous than they appear if they contain nanoscale porosity below the working resolution of the

SEM.

”
2
=

500 pm' N 200 pm| e m 10 ym

Figure 60 — SEM micrographs of powdered activated carbon (Kuraray, PGW 150 MP).

EDX mapping of the surface (Figure 61) reveals that the major elements present in this PAC
where carbon (81%), sulfur (10%), oxygen (2%) and nitrogen (1%). All samples where coated

in 10 nm of platinum, accounting for the 6% Pt signal observed.
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Figure 61 — EDX mapping of powdered activated carbon (Kuraray, PGW 150 MP).

The GAC particles under SEM (Figure 62) did not seem to contain any macro sized pores like
the PAC did, however its surface does appear to be coated in nanostructures increasing its

surface area substantially.
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Figure 62 — SEM micrographs of granular activated carbon (GC 1200, 0.5 - 0.7 mm, Activated

Carbon Technologies).

EDX analysis (Figure 63) revealed that the granular activated carbon didn’t contain any sulfur
and consisted of carbon (84%), oxygen (6%) and nitrogen (1%). The platinum signal (8%) was

again attributed to the platinum surface coating applied to the sample before analysis.
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Figure 63 — EDX mapping of granular activated carbon (GC 1200, 0.5-0.7 mm, Activated

Carbon Technologies).

Next SEM analysis was performed on the carbon-polymer blend (Figure 64). The surface
structures previously observed for both PAC and 50-poly(S-r-canola), were both observed.

50-poly(S-r-
Powdered canola) support

activated carbon

100 ym

Figure 64 — SEM micrographs of carbon polymer blend (top) and SEM image with PAC and
polymer support structures highlighted.
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EDX analysis of the PAC revealed it contained carbon (81%), sulfur (10%), oxygen (2%) and
nitrogen (1%). PAC is only present in the blend at 20% suggesting that the EDX signals should
decrease upon formation of the blend. This however was not the case. EDX analysis of the
blend (Figure 65) determined the percentages to be 84% carbon, 10% sulfur and 6% oxygen.
This is likely due to the fact that the carbon adheres to the surface of the polymer blocking it
from observation. This means that the majority of the signal picked up through EDX was from

the PAC on the surface and not the 50-poly(S-r-canola) polymer beneath. This explains the

observed difference in EDX results.
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Figure 65 — EDX mapping of carbon / polymer blend (20:80 wt%).

To determine whether the PAC exhibits a surface charge, the point of zero charge was
calculated. The point of zero charge (pHpc) is the pH value by which the surface charges are
equal to zero. A low pHyz value indicates a negative surface charge whilst a high pHy.c value

indicates a positive surface charge.
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Figure 66 — Graph for point of zero charge (pHp.c) experiment for powdered activated carbon

(PAC).
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The point of zero charge was calculated from Figure 66 to be pHpzc = 9.6. This means that the
activated carbon possesses a slightly positive surface charge. This result supports the
hypothesis that the attraction between the PAC and the 50-poly(S-r-canola) is likely
electrostatic in nature. Finally, to investigate the effect of 50-poly(S-r-canola) polymer
stabilization on PAC dust generation, the dust generated from dropping the sample into a
container from 20 cm height was measured using a nephelometer for 160 seconds. The results

are plotted in Figure 67.
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Figure 67 — Dust concentration over time recorded 50 cm away from the samples being

dropped from 20 cm.

As seen above, the dust levels generated by the PAC reached 11145 ug/L 17 seconds after it
being dropped into the container. In contrast the Blend and the background average were almost
identical never reaching values above 160 ug/L. A zoomed in plot of dust concentration against

time is shown below to highlight the similarities between the background and blend results.
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Figure 68 — Close up of dust concentration against time graph highlighting the similarities

between the background and blend samples.

This demonstrates how the 50-poly(S-r-canola) support material can eliminate dust generation
resulting from PAC’s use when mixed in a blend. The maximum average dust concentrations
for each sample are shown below in Figure 69.
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Figure 69 — Max average dust concentrations for dust experiment.

The maximum average dust concentration was identical (within error) for the background and
the PAC/50-poly(S-r-canola) (161 £ 16 pug/L and 159 + 21 pg/L respectively). The PAC
however reached 11,145 + 2054 pg/L, 2 orders of magnitude larger than the background and
blend. This demonstrates the effectiveness of 50-poly(S-r-canola) to supress the generation of

PAC dust plumes and their associated issues.
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3.5.2 PFOA treatment using 50-poly(S-r-canola) sorbent

The PFOA in solution was monitored using '°F NMR analysis using DO as a solvent spiked
with trifluoroacetic acid (TFA, 5.4 mg/ml). The TFA was used as an internal standard. The
amount of PFOA remaining was determined by the relative integration of the CF3 signals, at &
-76.55 ppm for TFA and at 6 -81.85 ppm for PFOA. The results are shown below in Figure 70.
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Figure 70 — ’F NMR analysis of PFOA solutions (2.5 mg/mL) after undergoing varying

amounts of treatment time with 50-poly(S-r-canola) sorbent.

Results indicated that the PFOA was being removed from solution by the 50-poly(S-r-canola)
sorbent. After 5 minutes, 30% of the PFOA was removed from solution. By 2 hours the PFOA

concentration was reduced by 45% (Figure 71).
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Figure 71 — Plot showing the percentage of PFOA removed from solution over time

After 2 hours only a slight increase in removed PFOA was observed (47% at 4 hours)
suggesting that the 50-poly(S-r-canola) was reaching its PFOA sorption capacity. As 2.0 grams
of 50-poly(S-r-canola) sorbent was used to treat 4 mL of 2 mg / mL PFOA solution (8 mg
PFOA in 4 mL solution) and 47% of the PFOA was removed (3.76 mg), the sorption capacity
for PFOA by 50-poly(S-r-canola) sorbent was estimated to be 1.9 mg / g. To investigate the
effects of the treatment process on the 50-poly(S-r-canola) sorbent, SEM analysis was
performed (Figure 72). Hemi-micelles had formed on the surface of the 50-poly(S-r-canola)

sorbent after treatment. To confirm that these hemi-micelle structures were in fact PFOA hemi-

micelles, EDX analysis was performed.
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Figure 72 — (Top) SEM images of 50-poly(S-r-canola) sorbent material after treatment with
PFOA. (Bottom) EDX analysis of PFOA hemimicelles on the surface of the treated 50-poly(S-

r-canola) sorbent.

EDX revealed a strong presence of both carbon and fluorine within the hemi-micelle structures.
This confirmed that treatment of an aqueous solution of PFOA with the 50-poly(S-r-canola)
polymer resulted in formation of PFOA hemi-micelles on its surface. The formation and
adsorption of PFOA hemi-micelles on sorbents surfaces has been hypothesised to occur in
literature but never directly proven to occur.?* These results highlight the first direct proof of
this hypothesis, improving the understanding of PFOAs adsorption mechanism opens the door
for more accurate theoretical models and better ability to design high capacity PFOA sorbent

materials.
3.5.3 PFOA treatment using PAC / 50-poly(S-r-canola) blend sorbent (batch)

Although the 50-poly(S-r-canola) polymer can remove PFOA by itself, its sorption capacity
was not very high. Due to powdered activated carbons high PFOA sorption capacity, the
carbon-polymer blend was investigated as a PFOA sorbent material. Initially, the carbon-
polymer blend was compared with PAC, GAC and the 50-poly(S-r-canola) polymer at PFOA

sorption.
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Figure 73 — PFOA treated with A) 50-poly(S-r-canola) polymer, B) PAC/50-poly(S-r-canola)
blend, C) GAC and D) PAC.

Shown in Figure 73 both the GAC and PAC formed a suspension of particles upon treatment,
whilst the blend and the 50-poly(S-r-canola) polymer either sunk to the bottom or floated to
the top. To separate the sorbent particles from solution before its analysis, the treated solutions

were passed through 0.22 um syringe filters.
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Figure 74 — SimplePure (0.22 um) syringe filters after filtering mixtures containing: A) the
blend, B) PAC, C) GAC and D) no solids.

Both the poly(S-r-canola) polymer and the carbon polymer blend passed through the filter
without issue, however the PAC and GAC samples clogged the filters almost instantly and
required multiple syringe filters to be used to achieve a solid free sample for analysis (Figure
74). This result highlights one example of how the use of 50-poly(S-r-canola) polymer as a
PAC support material eliminates the major issues associated with using PAC and GAC in water
treatment processes. The amount of PFAS removed by each sorbent material was determined

and is compared below in Table 2.

Sample and remediation method Final concentration (ppb) Comments

PFOA in water (100 mL) )
5000 Negative control
No treatment
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50-poly(S-r-canola) 4.0 g Polymer support binds

4000 + 340
1 hour stirring in batch process to PFOA
Powdered activated carbon 1.0 g High PFOA sorption
- 0.30+0.14 .
1 hour stirring in batch process Severe filter clogging
Granular activated carbon 1.0 g Low PFOA sorption
220 + 150
1 hour stirring in batch process Filter clogging
PAC/50-poly(S-r-canola) . Easy handling Efficient
+
1 hour stirring in batch process filtering

Table 2 — Results for comparison of PFOA remediation.

The maximum PFOA sorption capacity was determined by performing an isotherm experiment.
To do this, 20 mL solutions (V) of different initial PFOA concentrations (Co) were treated with
an equal mass (m) of PAC/50-poly(S-r-canola) blend. After treatment the equilibrium PFOA
concentration (Ce) was recorded. This data was used to calculate the amount of PFOA adsorbed

per gram of sorbent (qc) using the following equation.

de = @ Equation 4

The results gained for PFOA sorption are shown below in Table 3.

1 0.02 3.75 0.31 0.069
1 0.02 1.83 0.1 0.035
1 0.02 0.72 0.022 0.014
1 0.02 0.082 0.00058 0.0016

Table 3 — PFOA sorption data obtained through PFOA sorption using the PAC/50-poly(S-r-

canola) blend.

The resulting data was fit to both Langmuir and Freundlich isotherm models. The equations

describing these models are shown in Table 4.

. am kK, Ceq K1 = Langmuir sorption constant (L / mg)
Langmuir | g, = 1+ a.k,C = Maximum sorpti it /
dmK2leq qm rption capacity (mg/ g)

1
‘ 1 Kr = Freundlich sorption constant (mg/g)( L / mg)n
Freundlich q. = KrC, /n n = Dimensionless constant relating to sorption
g p
intensity




Table 4 — Langmuir and Freundlich isotherm model equations with corresponding
parameters.”’

The dimensionless constant (n) is related to the sorption intensity. If n = 1 its homogenous but
if n <1 it is heterogeneous.” Origin pro software was then used to plot the qe values against
C. values and fit the data to non-linear Langmuir and Freundlich isotherm models. The
resulting plots along with the values for each parameter obtained from the models are shown

below in Figure 75.

0.07 4 Langmuir 0.07 .
9 . Freundlich .
2
0.06 A k2 C, 0.06 1
Ge = Am”X2Ceq qe = KpCe '™
14 qmkaCeq
0.05 0.05
—
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S 004 g) 0.04 -
1S L] - ]
o 0.03- o 0.03 -
o qm = 0.11607 + 0.01648 kr =0.00218 + 1.08759E-5

0.02 k.= 0.00458 + 0.00131 0.02 n=1.66498 + 0.00256
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Figure 75 — Langmuir and Freundlich isotherm models fitted to PFOA sorption by PAC/50-
poly(S-r-canola) blend data.

The Langmuir model fitting resulted in a maximum capacity of 0.12 + 0.02 mg/g and an
affinity constant of 4.58 + 1.31 L/pg. The Sorption constant determined was for 1.0 gram of
polymer however only 0.2 grams of PAC was present. Therefore, this would correspond to a
PAC sorption capacity of 0.58 mg/g. This value is slightly higher than typically observed for
PAC?* suggesting that the 50-poly(S-r-canola) support had aided in HgCl, removal as
expected. The Freundlich model fitting resulted in a Freundlich isotherm constant (kr) of 2.18
+ 0.01 pg/g and dimensionless constant of 1.67 + 0.0026 L/mg. The dimensionless constant
(n) was larger than 1 suggesting that the sorption process was favourable. Now that the
Isotherm experiment has been performed the kinetics of PFOA sorption was investigated. The
kinetics of PFOA sorption by the carbon / 50-poly(S-r-canola) blend was compared to that of
granular activated carbon, the current industry standard. The mass of PFOA removed per gram

sorbent (qr) was determined using the following equation:

_ V(Co—Cp)

Q= —— Equation 5
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The q; value was then plotted against sorption time (t). Two models were used to investigate

the kinetics of these adsorption processes: the pseudo-first order and pseudo-second order

models. The equations describing these models are shown in Table 5.

Pseudo-First

t = Adsorption time (minutes)

q: = Amount of adsorbed solute at time t (mg/g)

Order?’ Qe = Qe[1 - ™) ge = Amount of adsorbed solute at equilibrium (mg/g)
ki = Pseudo-first order rate constant (L/mg)
t = Adsorption time (minutes)
Psuedo-Second qe2k,t q: = Amount of adsorbed solute at time t (mg/g)
Order* de = 1+ q.k,t | 9e=Amount of adsorbed solute at equilibrium (mg/g)

k> = Pseudo-second order rate constant (g.mg.h)

Table 5 — Pseudo-First and Pseudo-second order kinetics model equations and corresponding

parameters.

The qc values obtained through experiment were then plotted against time and the resulting

data was fitted to the first and second order non-linear kinetics models using origin pro

software. The results are shown in Figure 76.
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Figure 76 — Data from PFOA isotherm experiments for GAC and the PAC/50-poly(S-r-canola)

polymer modelled by the pseudo-second order non-linear (left) and linear (right) kinetics

The calculated rate constants are k1 = 0.11 min”' for GAC and k; = 0.16 min”' for the carbon-

polymer blend. This demonstrates how the PAC/50-poly(S-r-canola) blend achieves faster

removal rates than the current industry standard, GAC.
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3.5.4 PFOA treatment using PAC / 50-poly(S-r-canola) blend sorbent (batch process)

To demonstrate the use of the carbon polymer blend in continuous flow PFOA treatment, a
cotton wool ball was packed at the bottom of a 30 x 1.5 cm glass column. On top of the cotton
wool ball a layer of 15.0 grams of sand was added. The sand was added to ensure that the blend
did not wash through the column and acted as a filter. The cotton wool was placed to ensure
the sand didn’t wash through the column during the treatment process. On top of the sand layer
50.0 grams of PAC/50-(S-r-canola) blend was packed. On top of the blend a second layer of
15.0 grams of sand was added. This second layer of sand ensured that the blend remained in
the column upon addition of water and didn’t float to the top of the column. This setup is

depicted in Figure 77. All continuous flow experiments were performed using this setup.

Powdered Activated PAC/50-poly(S-r-canola)
Carbon (PAC) Blend (20:80)

<«—— Cotton wool

Cotton wool

Figure 77 — A) Diagram depicting the setup for continuous flow treatment, B) Image of setup

used for continuous flow experiments.

Continuous flow treatment was performed on 5 ppm PFOA solution by pumping the solution
through the column at a controlled the flow rate using a hand-pressurised bellow. This was

performed at two different residence times: 20 and 90 minutes and the results are shown in

Table 6.

Sample and remediation details Final PFOA concentration Comments

Carbon / 50-poly(S-r-canola)
blend (80:20)
30 X 1.5 cm column
20 min residence time

Continuous process

170 ppb No caking
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Carbon / 50-poly(S-r-canola)

Blend (80:20) Mee:ts EPA limits
0.06 ppb Continuous process
30 X 1.5 cm column ;
No caking

90 min residence time

Table 6 — Results for continuous flow PFOA treatment experiments.

The same experiment was performed using PAC however the PAC quickly caked and clogged
the column restricting water flow and preventing treatment. For this reason, only the PAC/50-
poly(S-r-canola) continuous flow treatment results are shown. These results demonstrate that
the PAC/50-poly(S-r-canola) blend could reduce the PFOA concentration to below regulation
limits in a continuous flow process whilst the PAC clogged the filter rendering it incapable of
being used under continuous flow. This highlights the advantages of using the 50-poly(S-r-
canola) polymer as a PAC support material allowing PAC to be used in continuous flow
processes. Total suspended solids are another undesired component in wastewater which
typically require removal and are known to foul sorbent materials. The 50-poly(S-r-canola)
support polymer was investigated to determine whether it could remove them from solution.
To do this a OD600 Light experiment was used to monitor the suspended solids in solution
before and after continuous flow treatment with the 50-poly(S-r-canola) polymer. Optical
density (OD) measurements measure the absorbance of light in a sample. In bacterial analysis
the wavelength of 600nm is frequently used (giving the term OD600). This measurement can
be used to determine the concentration of solids in suspension by the amount of light scattering

occurring.>#®

Figure 78 — Image of water containing suspended solids before (left) and after (right) treatment

with 50-poly(S-r-canola).
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Before treatment, the ODgoo was 0.060 = 0.004. After the filtration, the ODgoo was 0.010 +
0.001. This result is consistent with the polymer removing suspended solids. The removal of
the suspended solids was observed visually and can be seen in Figure 78. Finally, to
demonstrate the use of this blend in the continuous flow treatment of PFAS a field sample of
water contaminated with PFAS was treated. The sample was obtained directly from a municipal
catchment site using a high-density polypropylene container. This surface water is downstream
from an air force base with known PFOS contamination. Certified commercial analysis
revealed these field samples had pH 6.28, a conductivity of 163 mS/cm, 3 mg/L of dissolved
organic content, 23 mg/L of total suspended solids and 150 + 20 ng/L of PFOS. Using the same
setup as the previous continuous flow experiments, continuous flow treatment of the
contaminated field sample was performed. Upon treatment with the blend, the suspended solids
were reduced from 23 mg/L to <5 mg/L for triplicate experiments. The PFOS content of the 10
L samples of treated water were measured by a certified commercial service (EPA/600/R-
08/092 Method 537). The final PFOS content was 23 + 5 ng/L, which is an 85% reduction in
PFOS and a reduction below the 70 ng/L limit in this jurisdiction for drinking water and
irrigation. This demonstrates how the blend can be effectively used in continuous flow
treatment processes to reduce PFAS concentrations to below regulation limits. Further
investigation needs to be done to determine suitable strategies to recover the PFAS chemicals
from the blend sorbent. Combustion has been used previously to both remove and breakdown
the PFAS from activated carbon as well as regenerate the activated carbon sorbent.>** These
combustion methods would likely work well with the spent blend sorbent however it would
result in a loss of the 50-poly(S-r-canola) material. To minimize the production of solid waste,
future work would focus on new green methods for the regeneration of the blend material. One
potential route to investigate is washing the spent sorbent with ethanol (or isopropyl alcohol)
with ammonium hydroxide (NH,OH) additive. This has been shown in a previous study to
remove the PFAS from activated carbon sorbents.?> Another point to address in future work
is whether binding of PFAS using the blend results in a change to its structure. In this case the
PFOA binds mainly with the PAC within the blend and the interaction of PFAS with activated
carbon have been investigated previously. One study showed that when the activated carbon
contaminated with PFAS was treated with ethanol (or isopropyl alcohol) and ammonium
hydroxide (NH,OH) additive, the PFAS was recovered and its structure unchanged.?>® This

suggests that the structure of PFOA would likely remain unchanged after sorption by the blend.
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3.6 Conclusion

The 50-poly(S-r-canola) polymer was shown to be an effective support material for PAC,
eliminating the generation of hazardous dust and facilitating continuous flow processing by
acting as a hydraulic lubricant preventing the caking and blockages typically observed with
PAC. This blend was demonstrated to be an effective sorbent material for PFAS remediation
outperforming granular activated carbon (GAC), the current industry standard. The maximum
sorption capacity was determined to be 0.12 + 0.017 mg/g of blend or 0.58 mg/g of PAC in
the blend. The Freundlich sorption model fit the experimental data best suggesting multilayer
sorption. The kinetics for PFOA sorption was best modelled by the pseudo-first order kinetics
model with k1 = 0.16 min™". The 50-poly(S-r-canola) polymer was also observed to remove
PFOA from solution, however this was only noticed at higher concentrations. Another
important discovery was PFOA hemi-micelle formation of a sorbents surface, whereby SEM

imaging was used to capture the first direct proof of their formation in literature.
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APPENDICES

Publications that resulted from the research in this chapter:

1. Lundquist, N. A., et al. "Polymer Supported Carbon for Safe and Effective Remediation
of PFOA- and PFOS-Contaminated Water." ACS Sustain. Chem. Eng. 2019, 7, 11044-
11049.
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ABSTRACT: Powdered activated carbon (PAC) is an economical Polymer supported carbon for water purification
sorbent for removing micropollutants from water, but it generates
hazardous dust that is flammable and a respiration hazard. Additionally,
the fine particles of PAC can cake and block filters and membranes,
complicating its use in continuous processes. In this study, we present a
sulfur polymer support for PAC that overcomes these problems. The
blend of the sulfur polymer and PAC generates low dust and it does not
block filters. The utility of the sorbent is demonstrated in the
remediation of water contaminated with perfluorooctanoic acid
(PFOA) and perfluorooctanesulfonic acid (PFOS), persistent micro-
pollutants that currently threaten water safety worldwide. Fundamental
discoveries of PFOA self-assembly are also reported, as well as testing on
a field sample of contaminated surface water.

KEYWORDS: Activated carbon, Dust control, Inverse vulcanization, PEAS, PEOA, PFOS, Sulfur polymer, Water purification

H INTRODUCTION be distributed widely in the environment and in humans,”*

Per- and polyfluorinated alkyl substances (PFAS) have been prompting evaluatiorlls of their toxicity. Whi.le a full assess-
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PFOA PFOS To meet these limits, it is critical to have efficient, scalable

and cost-effective technologies to remove PFASs from
Figure 1. Perfluorooctanoic acid (PFOA) and perfluorooctanesul-
fonic acid (PFOS) belong to the class of persistent micropollutants
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Scheme 1. Polysulfide Polymer Prepared by the Reaction of Sulfur and Canola Oil”
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“The sodium chloride porogen, used to increase surface area, is removed with water. This scheme and synthesis was adapted from our previous

. . 19
report and was reproduced under a Creative Commons License."”

12,15 . . .
water. > Activated carbon is an attractive sorbent because of

its low cost and scalability. Indeed, remediation using granular
activated carbon (GAC) filters is the most common method
for purifying water contaminated with PFOA, though there are
some reports of reverse osmosis, membrane filtration, and ion
exchange treatment at industrial and municipal facilities.' """
Powdered activated carbon (PAC) is also used in removing
micropollutants from water, including PFOA.'”> PAC benefits
from a higher surface area and faster uptake of PFAS, relative
to GAC," but it is used less frequently because of challenges
filtering fine particles and the hazardous dust it generates
during handling.

In this study, we report a new strategy for deploying PAC
and its application in removing PFOA and PFOS from water.
The featured sorbent is a blend of PAC and a polysulfide
polymer made by inverse vulcanization of canola oil.'®"® The
polymer provides a support for the carbon that prevents caking
during filtration, overcoming a common challenge using PAC.
The carbon powder adheres to the polymer, so the blend does
not produce plumes of fine carbon particles during handling,
lowering the risk of spontaneous combustion, fire, and
respiratory harm from inhalation. Both the polymer and the
activated carbon contribute to PFAS binding, so the polymer is
more than just a solid support and hydraulic lubricant. Batch
and continuous water purification is demonstrated, including
remediation of a field sample of contaminated surface water.
These sorption experiments span the range of concentrations
of PFOA and PFOS encountered in the environment including
low concentrations in ground, surface, and tap water
downstream from pollution sources (S0 ppt to 2 ppb),20 as
well as the far higher concentrations (100 ppb to >10 000 ppb)
found in groundwater plumes, wastewater ponds, and spills at
the locations where PFAS-containing aviation fire-fighting
foams were used.”' >

We recently reported the synthesis of a polysulfide polymer
made by direct reaction of equal masses of sulfur and canola oil
(Scheme 1 and $3—S5)."*"” When the polymer is prepared in
the presence of a sodium chloride porogen to increase surface
area, the salt can be removed with a simple water wash.'®
Because millions of tons of excess sulfur are produced each
year by the petroleum industry and used unsaturated cooking
oils are suitable in the synthesis, the raw materials are
inexpensive and sustainably sourced. The polymer is scalable
and can be routinely prepared on a 1 kg scale in the laboratory,
with the high atom economy further contributing to
sustainability metrics.'” These polysulfides and related
polymers prepared by inverse vulcanization®® have been
explored in a variety of applications including cathode
materials for lithium—sulfur batteries,”®*’ lenses for infrared
imaging,”® sorbents for heavy metal remediation'®**~** and

11045

oil-spill cleanup,'” and components of slow-release fertilizers.””
The affinity of our canola oil polysulfide for hydrophobic
materials like crude oil and other hydrocarbon pollution'
prompted us to test its affinity for the perfluorinated backbone
of PFAS.

B RESULTS AND DISCUSSION

As a first test, PFOA was prepared as a 2 mg/mL solution in
water and then 2.0 g of the polysulfide was added to 5 mL of
this solution. The concentration of PFOA was monitored by
F NMR spectroscopy using trifluoroacetic acid as an internal
standard to quantify the amount of PFOA in solution (S11—
S12). After 4 h of static incubation, the polymer had removed
47% of the PFOA. While the concentrations of PFOA used in
this experiment were quite high, we were encouraged that the
polymer had some affinity for PFOA. To confirm that PFOA
could indeed bind to the polymer, the sorbent was analyzed by
scanning electron microscopy (SEM) and energy dispersive X-
ray (EDX) spectroscopy (Figure 2 and S13—S14), revealing

Figure 2. At high concentrations in aqueous solution (2 mg/mL),
PFOA forms hemimicelles (41 + 16 um) on the surface of the canola
oil polysulfide polymer.

hemimicelles of PFOA on the polymer surface. While the
formation of PFOA hemimicelles on surfaces has been
proposed in the literature,”® this is the first direct imaging of
this phenomenon and an important milestone in under-
standing the fundamental chemical behavior and self-assembly
of PFOA.

To improve the rate of PFOA uptake and sorption capacity,
we blended the polymer with PAC (Kuraray, PGW 150 MP,

DOI: 10.1021/acssuschemeng.9b01793
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ACS Sustainable Chemistry & Engineering

100—200 mesh, point of zero charge: pHy,,) = 9.6, see 520 for
details). In the event, 800 g of the polysulfide and 200 g of
PAC were sealed in a 2 L plastic tub and inverted 20 times.
The powdered carbon and the polymer were highly attracted
to each other, likely due to a combination of electrostatic and
hydrophobic forces, and formed a homogeneous blend (Figure
3 and S6). Using more than 20% carbon by mass in the blend

Powdered activated carbon

Canola oil polysulfide
800 g 2009 1kg

Carbon-polysulfide blend

Figure 3. When the canola oil polysulfide is blended with powdered
activated carbon, the carbon particles adhere to the surface of the
polymer. The preparation of this blend is routinely carried out on a
kilogram scale.

led to unbound carbon. (See S7—S9 for SEM and EDX
micrographs of the carbon and the carbon-polymer blend.)
This blend has several benefits over the PAC alone. First, the
blend is easy to handle and generates far less dust than the
powdered carbon (Supplementary Video S1), an important
safety aspect with respect to inhalation and flammability risks
of PAC. Additionally, the carbon-polymer blend is easier to
remove from water by filtration than the PAC alone (see
below), overcoming this common problem with PAC.*

The dust generation was quantified using a nephelometer
(Figure 4 and S10). In the event, a 100 mL dry volume of the
PAC or the carbon-polysulfide blend was poured in one
portion from a 20 cm height into a cylindrical plastic container
(12 cm diameter X 10 cm height). The dust generated was
monitored at fixed position 50 cm from center of the dish at a
height of 20 cm. Measurements were recorded every second
for 2.5 min. The PAC manipulation generated significant
amounts of dust, with an average maximum concentration of
suspended particles >11 000 pg/m>. In contrast, the manipu-
lation of the carbon-polysulfide blend generated no more dust
than what was detected in the background measurements
(Figure 4). The carbon-polysulfide blend is therefore superior
to PAC in terms of respiratory risks and other dangers
associated with suspended dust particles.

To test the carbon-polymer blend in PFOA sorption, 5.0 g
of the blend (4.0 g polymer, 1.0 g PAC) was added to 100 mL
of a 5000 ppb aqueous stock solution of PFOA and stirred for
1 h. For comparison, three additional control experiments were
carried out using only the polysulfide polymer (4.0 g) and
either PAC (1.0 g) or GAC (1.0 g) (page S15). All
experiments were run in triplicate. After 1 h of treatment,
the water was filtered through a 0.22 ym poly(ether sulfone)
(PES) syringe filter. The PFOA was then quantified by a
certified commercial laboratory using solid phase extraction
followed by LC-MS-MS analysis of eluted PFOA (EPA/600/
R-08/092 Method 537).*° (Table 1, Entries 1-5). The
polymer alone reduced the PFOA concentration to an average
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Figure 4. (A) Dust generation over 2.5 min at 50 cm distance from
where a 100 mL volume of PAC or carbon-polysulfide blend was
poured into a container. At t = 0, all of the sorbent has been poured
and the nephelopmeter operation commences. All values are the
average of triplicate experiments. The inset is a magnified display
showing background dust and the dust generated from the carbon-
polysulfide blend. (B) The average maximum dust detected in the
experiment (average of triplicate experiments).

of 4000 ppb over the hour treatment. GAC reduced the PFOA
concentration to an average of 220 ppb, which is still well
above the 0.070 ppb US EPA Lifetime Health Advisory limit.
The powdered activated carbon and the carbon-polymer blend,
in contrast, were more effective at removing the PFOA,
reducing the concentration from 5000 to 0.30 and 30 ppb,
respectively.

These results imply that the PFOA sorption improves by an
order of magnitude over this time period if GAC is replaced
with the carbon-polymer blend. Free PAC did perform better
than the blend in this experiment, but we note that the fine
particles of the PAC remained suspended in the water and
blocked the syringe filters. Testing this blocking in repeated
filtrations, it was found that PAC blocked the filter within 28 +
S s for a filtration at 33 mL/min flow rate (Figure S and S16),
making it tedious, costly, and impractical to remove the PAC
from water. In fact, five syringe filters were required for just
100 mL of solution. Even the granular activated carbon led to
filter clogging after 35 + 3 s of filtration at a 33 mL/min flow
rate. In this case, four syringe filters were required to remove
the GAC from 100 mL of water. In contrast, the carbon-
polymer blend did not block over the 100 mL filtration, a
promising lead for a continuous remediation process. To that
end, the carbon-polymer blend (40 g) was packed into a glass
column and water containing 5000 ppb of PFOA was passed
through the column (Table 2 and S17). With a 20 min elution
time, the PFOA concentration was reduced to 170 ppb. With a
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Table 1. PFOA Batch Sorption Studies Comparing the Polysulfide Polymer, GAC, PAC, and the Carbon-Polysulfide Blend”

Entry Method

1 PFOA in water

No treatment
2 Polysulfide polymer

4.0 g, 1 h stirring, batch process
3 GAC®

1.0 g, 1 h stirring, batch process
4 PAC*

1.0 g, 1 h stirring, batch process
S Carbon-polysulfide blend

4.0 g polymer, 1.0 g carbon, 1 h stirring, batch process

Final PFOA concentration

Comments

5000 ppb Negative control

4000 + 340 ppb Polymer support binds measurably to PFOA

220 + 150 ppb Low PFOA sorption
Filter clogging

High PFOA sorption
Severe filter clogging

030 % 0.14 ppb

30 + 25 ppb Easy handling

Efficient filtering

“All entries employ 100 mL of water with 5000 ppb PFOA. Triplicate experiments were carried out where averages and standard deviations are
reported. bGc 1200, 0.5—0.7 mm, Activated Carbon Technologies. “Kuraray, PGW 150 MP.

Figure S. Carbon-polymer blend is easier to remove from water by
filtration than either PAC or GAC. Left to right: syringe filter clogged
with GAC (GC 1200, 0.5—0.7 mm, Activated Carbon Technologies),
syringe filter clogged with PAC (Kuraray, PGW 150 MP), syringe
filter used to filter the carbon-polymer blend (no clogging), and an
unused syringe filter.

Table 2. Continuous Removal of PFOA from Water Using
the Carbon-Polymer Blend”

Final PFOA
concentration

170 ppb

Entry Method Comments

1 Carbon-polysulfide
blend

32.0 g polymer, 8.0 g
carbon, 30 X 1.5 cm
column

Continuous process

No caking

Continuous process,
20 min elution time

2 Carbon-polysulfide 0.06 ppb Below US EPA Lifetime
blend Health Advisory levels for
drinking water

32.0 g polymer, 8.0 g Continuous process
carbon, 30 X 1.5 cm

column

Continuous process, No caking

90 min elution time

“100 mL, initial concentration of S000 ppb PFOA.

90 min elution time, the PFOA concentration was reduced to
0.06 ppb or 60 ng/L, which is below the US EPA Lifetime
Health Advisory levels for drinking water.""

Investigating the rate of sorption, the PFOA uptake was
measured as a function of time over 40 min, using 5.0 g of the
carbon-polysulfide blend in 100 mL of deionized water
containing S000 ppb PFOA (Figure 6 and S18). The rate of
uptake was compared to granular activated carbon, the most
common form of carbon used in PFAS remediation, using the
same process. In both experiments the amount of carbon is
normalized (1.0 g of carbon). As shown in Figure 6, the
carbon-PAC blend is superior in the rate of uptake. Fast
sorption is critical in continuous processes that can limit the
contact time of the contaminated water and the sorbent, so this

500 ¢ 32
400
&)
Ee)
=
& 300
s
I}
2]
5 200 -== Granular activated carbon (GAC)
& -+ Carbon-polymer blend
100
0 T T T T
0 10 20 30 40

Time (minutes)

Figure 6. The carbon-polymer blend has a higher rate of PFOA
sorption than granular activated carbon. The carbon-polymer blend
(5.0 g) or the granular activated carbon (1.0 g) were added to a 100
mL solution of PFOA (4000 ppb) and the PFOA concentration was
measured after 5, 20, and 40 min. The experiments were carried out in
triplicate, and the average PFOA uptake (ug PFO/g carbon in
sorbent) was plotted. Note that the amount of carbon for GAC and
the carbon-polymer blend is the same for each experiment (1.0 g) and
sorption is normalized for carbon content. Fitting this data to a
pseudo-first-order kinetic model revealed a rate constant of k; = 0.105
min~! for GAC and k; = 0.160 min~" for the carbon-polymer blend.

is an important result. Fitting the data to a pseudo-first-order
sorption process revealed rate constants of k; = 0.105 min~*
for GAC and k; = 0.160 min~" for the carbon-polymer blend.
Assessing the binding capacity of the carbon-polysulfide blend,
a sorption isotherm was determined for the carbon-polymer
blend. Fitting the data to a Langmuir—Freundlich isotherm
model revealed a regressed maximum sorption capacity of 35S
ug PFOA/g carbon in the blend (S19).

A final test of the carbon-polymer blend was carried out on a
field sample surface water contaminated with low concen-
trations of PFAS. This water was obtained from a catchment
downstream from an air force base contaminated with PFAS-
based fire-fighting foams. The major contaminant was PFOS,
measured at 150 + 20 ppt for three samples, a level that makes
this water currently unusable in its jurisdiction, even for
irrigation. The pH of the water was 6.28 with a conductivity of
163 mS/cm. Dissolved organic content was 3 mg/L and total
suspended solids were 23 mg/L (S21). It was discovered that
by simply filtering the water through a column of the canola oil
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polysulfide polymer, the suspended solids could be reduced by
>80%, suggesting that the polymer could serve a role in
clarifying contaminated water before contact with the carbon
(S21). To demonstrate PFOS removal with the carbon-
polysulfide blend, 10 L of the contaminated surface water was
passed through a column containing 40 g of the sorbent at an
average flow rate of 200 mL/min (S22). For triplicate
experiments, the PFOS content was measured by a certified
commercial lab (EPA/600/R-08/092 Method 537). PFOS was
reduced by 85% to 23 + S ppt, which is below the
recommended 70 ppt limits in this jurisdiction for drinking
water and irrigation. This preliminary demonstration has
motivated future field trials at larger scale and flow rates, which
will be reported in due course.

B CONCLUSIONS

In summary, we have developed a new sorbent made from a
blend of a sustainable sulfur polymer and powdered activated
carbon. We have directly observed, for the first time, the
assembly of hemimicelles of PFOA on the sulfur polymer
surface, revealing fundamental information about PFOA self-
assembly and binding. The sorbent blend is easy to handle and
generates low dust. The blend is superior to GAC with respect
to cakin? and rate of PFOA uptake. We also note that activated
carbon*' and the polyrnerlg’I 3242 iy this sorbent blend can, in
principle, be made entirely from industrial waste and
repurposed biomass, which merges our interests in using
sustainable carbon®*** and sulfur polymers'®'¥***"** for
purifying water. The blend is scalable and we have prepared
more than 25 kg in our laboratory. In future work, we will
evaluate the sorption of other types of poly- and perfluorinated
micropollutants,**® and methods for regenerating the sorbent
(S23—S24). Field studies are also underway to validate the use
of this sorbent on industrial scales.
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4.0 Reactive compression moulding
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level ab initio methods for Me-Sy,-Me species of varying n.
4.2 Abstract

Sulfur polymers prepared by inverse vulcanisation have found use in a number of important
applications including energy storage, infrared optics, repairable materials, environmental
remediation, and fertilizers.’® Despite this large number of applications, efficient methods for
recycling and repurposing these polymers must still be established. This study will investigate
the use of a new process, termed reactive compression moulding, to recycle and repurpose
sulfur polymers prepared using inverse vulcanisation. Reactive compression moulding
involves bringing the polysulfides reactive interfaces into direct contact through mechanical
compression whilst applying heat to initiate S-S exchange. This process was shown to occur at
temperatures as low as 70 °C. Mechanically sound polysulfide mats and bricks were formed
rapidly (10 minutes) under compression at 100 °C. Previous studies used inverse vulcanised
polymers capable of melt processing. As these processes aren’t compatible with thermoset
sulfur polymers new strategies must be investigated. Reactive compression moulding is unique
in that it facilitates the recycling of thermoset sulfur polymers through the solid phase. Heat or
compression alone were not capable of facilitating the recycling and reforming of these
materials making this a novel concept in the field of sulfur polymer manipulation. Experimental
results were complimented by high-level ab initio calculations which revealed a linear decrease
of the weakest S-S bonds energy as the sulfur rank of the polysulfide increased from 2-4. The
bond energy remained relatively constant (~100 kJ mol™!) for polysulfides of higher sulfur
ranks. This information is vital for engineering sulfur polymers for S-S metathesis. Using this
information, the repair, recycling, and repurposing of sulfur polymers into new composite was

demonstrated.
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4.3 Introduction
4.3.1 Recycling of thermoset polymers

Whilst the preparation of materials from sustainable resources is important, designing efficient
recycling, reforming and re-use strategies is equally as important to achieve maximum
sustainability. Polymeric materials can be categorised as either thermoplastic or thermoset
polymers. Thermoplastics can undergo melt processing to be recycled, reformed and re-used
in new applications. Thermoset polymers are not capable of melting and therefore cannot be
recycled, reformed or re-used using melt processing techniques. This means they are typically
not recycled and at the end of their life they are subjected to chemical degradation, incineration

or combined with another material to form a new composite.?>1-2%3

Thermoset polymers are
typically disposed of in landfills due to the lack of practical repurposing or recycling strategies
available. Poly(S-r-canola) polymers are thermoset polymeric materials that are insoluble in
most organic solvents. This means typical melt and solvent processing methods are non-
applicable. This chapter will investigate methods to facilitate the moulding of poly(S-7-canola)

particles into new materials.
4.3.2 Exchangeable cross-linkers

Encouraging advances in the repair, recycling and reforming of waste polymeric materials have
been facilitated by chemically reversible or exchangeable cross-linkers.?>* Sulfide or sulfur
exchange is a reaction whereby disulfide bonds react with other disulfide bonds resulting in an
exchange of chemical bonds.?>> 2°¢ Due to the low costs and useful chemical properties of
sulfur, this reaction is of particular interest.>>* Sulfur exchange can occur via both anionic
exchange and radical exchange mechanisms (Figure 79) and has been extensively studied for
healing applications of materials containing disulfide bonds. Anionic sulfur exchange must be
initiated by attack from a thiolate ion, which was generated through treatment with a base or
addition of a catalyst.>>’ The radical sulfur exchange is initiated by the homolytic cleavage of

a S-S bonds followed by radical transfer and crossover reactions.?®’
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Anionic S-S exchange
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Radical S-S exchange
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Where Ry, R,, Rz = Alkyl, Aryl and H groups

Figure 79 - Mechanisms of sulfur exchange in disulfides

The cleavage is typically induced by radical initiators, heat or as a photochemical response to
light. This process has been reported to occur without initiators at room temperature for
aromatic disulfides.'®® Odriozola ef al. investigated the use of bis(4-aminophenyl) disulfide as
a dynamic cross-linker for poly(urea-urethane) elastomers demonstrating significant self-
healing capabilities at room temperature without the addition of a catalyst or heat.!®® Simple
contact for 2 hours between two cut pieces of this material resulted in self-healing and after 24
hours the mechanical properties were equivalent to the unbroken counterpart.!®® Room
temperature healing by the application of pressure is useful however this has only been
demonstrated with aromatic disulfides and not higher sulfur rank polymers. Many of these

room temperature self-healing materials rely on a secondary interaction to aid or template the

173, 258 169-171

healing process such as hydrogen bonding. UV light radiation, chemical initiators
and heat®*® have been investigated for inducing sulfur exchange in S-S containing materials.
For a polymeric material to be recycled on a large scale, the process must be fast, simple, low
cost and be capable of reforming the material into new shapes and sizes. UV radiation becomes
difficult to use when the material needs to be reformed at the same time. In this case, the set up
used to mould the material would have to be transparent to UV light. Once compressed the
light will also have difficulty reaching the inner bulk material leading to the sulfur exchange
reaction only occurring on the surface exposed to the light and not in the bulk material. Radical
initiators are also not ideal for recycling purposes as they must be separated from the final
product reducing simplicity and increasing process time. Thermal initiation is the favoured
method for reforming and recycling applications due to its simplicity, speed, and compatibility

with simple compression methods. With the recent advent of inverse vulcanisation high sulfur

content polymers are beginning to find use in a wide variety of applications. These materials
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contain high percentages of S-S bonds suggesting that sulfur exchange could be utilized to

repair and heal them. Some studies have investigated this potential, as discussed next.3? 88 164

177, 180, 181, 260, 261

4.3.3 Use of sulfur exchange reaction in polymers made via inverse vulcanization

Various applications involving sulfur exchange in polymers prepared by inverse vulcanisation
have been investigated.3 88 164 167, 177, 180, 181,260-265. A pp]jcations investigated include methods
to facilitate the repair and recycling of sulfur polymers,3® 164 177, 180, 181, 260, 261 the jngertion of
different monomers into the backbone of sulfur pre-polymers,?*? delayed curing systems?®* and

new adhesive materials.!®’

Most of these studies used heat to initiate the exchange reaction
however chemical initiators have also been investigated.'®” Recycling and repair strategies are
important for increasing the lifetime of a material and its effective use within an application.
Griebel et al. used inverse vulcanisation to prepare thermally healable optical polymers for
mid-IR range thermal imaging applications. This allowed for surface defects and scratches to
be repaired through thermal treatment allowing for their IR imaging performance to be restored
after damage.®® This combined with the unique optical properties of S-S bonds give these
polymers a unique advantage over current germanium or chalcogenide optical lenses making
them a viable alternative.®® Thermally initiated S-S exchange has also been investigated in the
recycling, self-healing and re-forming of inverse vulcanised polymers prepared from
polybenzoxazines,?®* poly(4-allyloxystyrene),!”” oleic acid (with zinc oxide),!”®* MMA-
POSS, !¢ span 80 (further crosslinked with diphenyl- methane 4, 4’-diisocyanate (MDI))*%* and
polybenzoxazines/polybutadiene/sulfur copolymers.?® In each case, higher sulfur content tended
to impart the best repair qualities. This suggests that the average sulfur rank plays an important
role in the ability of these materials to be recycled using thermal annealing. Whilst these
thermal methods are effective, they also require high temperatures to facilitate the process. To
initiate the repair at room temperature Tonkin et al. used phosphine or amine catalysts as
chemical initiators.!®” They demonstrated that chemical initiation of sulfur exchange at room
temperature only occurred for sulfur rank of 2 or higher, and that weakly nucleophilic catalysts
such as triethylamine and pyridine required a sulfur rank of 3 or higher.!®” Composite materials
prepared from sulfur polymers have also been investigated for self-healing materials. Zhang et
al. demonstrated that a composite consisting of sulfur polymer and liquid metal is capable of
healing itself at room temperature. However the mechanism behind this repair is due to
attractive interaction between the metal and the polymer and not S-S bond exchange.?¢” The

dynamic S-S bonds have also been recognised as a potential route to achieving more complex
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properties in these materials. For instance, some studies have utilized the dynamic sulfur
exchange reaction to insert new monomers into the polysulfide backbone to create a new
terpolymer material 2% 2% This strategy has several benefits to it including the ability to include
monomers that were incapable of undergoing inverse vulcanisation due to thermal degradation
at the higher temperatures.?®> 268 Whilst these studies are important steps in creating repairable
and healable materials, these processes are typically only applicable to thermoplastics or
composites and don’t provide practical examples whereby these processes could be
implemented for the recycling of thermoset sulfur polymers. One example of such a polymer
is the 50-poly(S-r-canola) thermoset polymer. Whilst it has found several important
applications, a sufficient strategy for recycling it after use has yet to be determined. To ensure
maximum viability of the recycling process, thermal methods of initiating sulfur exchange were
investigated with the intent to design a sustainable method for recycling sulfur polymers after

use.
4.3.4 Reactive compression moulding

To enhance the sustainability of thermoset sulfur polymers, new innovative recycling/repair
strategies must be investigated. Earlier chapters have focused on the synthesis and
environmental remediation applications of 50-poly(S-r-canola). To further extend the lifetime
of this material and increase its sustainability, a new method of thermal recycling was
investigated. Previous recycling methods used for sulfur polymers proceed through a molten
state.!80 This strategy is not applicable to thermoset polysulfides such as 50-poly(S-r-canola)
due to their inability to melt. We hypothesized that the high S-S bond content would facilitate
a polysulfide exchange reaction between neighboring polysulfide chains upon heating. By
applying compression, 50-poly(S-7-canola) particle surfaces are forced into direct contact. The
application of heat would then facilitate a sulfur exchange reaction between the surfaces of
neighboring particles effectively annealing them together. This process is termed reactive

compression moulding and is depicted in Figure 80 below.
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Figure 80 — Figure showing the reactive compression moulding process

Compression moulding has been used to mould waste into forms suitable for use in
construction.?®-27% Reactive compression moulding was investigated as a potential method by
which waste 50-poly(S-r-canola) could be recycled into bricks, mats and useful composite
materials. Reactive compression moulding differs from traditional compression methods as it
would result in chemical bonding and not simply physical reshaping the material. It was also
suspected that the process would occur at temperatures lower than required for its synthesis

due to sulfur bonds being weaker in polysulfides than in elemental sulfur.?’!
4.3.5 Composite preparation using reactive compression moulding

The unique properties of sulfur polymers have resulted in a wide variety of potential
applications. Whilst these polymers have interesting chemical properties, their use in most
applications could be significantly improved if the mechanical properties were better
controlled.'®* Sulfur polymers have been investigated previously for their use in the formation
of composite materials. Most studies investigating sulfur polymer composite materials
revolved around improving their efficiency in lithium sulfur batteries. These studies typically

combine sulfur polymers with carbon materials, such as single- and multi-wall carbon

272-275 276 55, 56

nanotubes, porous carbon nanobelts,~’° porous carbon spheres, graphene?”’ and
carbon nano-fibres.?”® These composites were mostly prepared with the intention to reduce the
negative impact of lithium polysulfide shuttling on cathode efficiency. The addition of carbon
not only helps to reduce the shuttling effect, but it also increases the cathodes conductivity.
Another strategy used to counteract the low conductivities of the sulfur polymers was to
prepare composite materials with other conductive polymers. Examples of conductive
polymers that have been investigated in sulfur polymer composites include polypyrrole,
PEDOT:PSS, polyaniline and dehydrogenated polyacrylonitrile.?’>- 279282 Sulfur polymers have

also been utilised in the formation of composite materials with nanoparticles including Au,
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InP/ZnS quantum dots, Fe304, CoO and PbS nanoparticles.!!! Another intriguing application
of sulfur polymer composites was demonstrated by Mann et al. It was shown that by
encapsulating NPK fertilizer inside 50-poly(S-r-canola) polymer, a composite material was
formed which demonstrated effective use as a slow release fertilizer.”” One typical application
of composite materials is as sustainable construction materials. This application has not been
studied extensively for sulfur polymer composites, but the similarity to sulfur cement portends
to the use of sulfur polymers in construction in the future.?®® Other uses for sulfur in

284 and in

construction materials include as a mortar to produce prefabricated brick panels
foamed sulfur-gypsum mixtures to produce a stronger lightweight wallboard material >34
Whilst all these examples demonstrate sulfur composites in construction the composites are all
prepared by addition of filler particles during the synthesis of the polymer. This effectively
encapsulates the filler material within the sulfur polymer. However, this approach has several
limitations. Firstly, it requires high temperatures (140-180 °C) restricting the possible filler
materials to those that can withstand these high temperatures. Secondly these composites can
only be made during the synthesis of the sulfur polymer. To repurpose waste sulfur polymer
into composite materials for construction, the composite preparation must be able to occur post-
synthesis. Therefore, a new method must be established to facilitate an efficient recycling
process for used sulfur polymers. Reactive compression moulding, discussed above, could
facilitate the preparation of composite materials directly from high sulfur content polymers and
the desired filler material. This method would have several benefits including lower
temperatures than what was used in the original polymers synthesis, no solvents or catalysts
would be required, and the composite preparation could be achieved, potentially, in a matter of
minutes. Another important benefit of this process is that filler materials that degrade at the
high synthesis temperatures can still be incorporated into the material. Due to the 50-poly(S-7-
canola) polymers ability to undergo reactive compression moulding its use in the preparation
of composite materials with varying filler materials was investigated. 50-Poly(S-r-canola) has
been investigated, both directly as a sorbent and indirectly as a sorbent support material, for
the remediation of several different pollutants. To enhance the sorbent materials sustainability,
the ability to potentially lock the contaminated material inside larger blocks of material using
reactive compression moulding was also investigated. This would serve to prevent leaching of
the pollutant during both storage and transport of the contaminated waste. It would also make
the final product safer for handling. Therefore on-top of facilitating a simple method by which

sulfur polymers can be recycled, re-used and reformed, reactive compression moulding can
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also be used to lock pollutants into blocks preventing further contamination during transport

and storage.
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4.4 Experimental
4.4.1 General considerations
4.4.1.1 UV/Vis Spectroscopy analysis

UV/Vis spectroscopy was performed using an Agilent Technologies Cary 60 UV-Vis
spectrometer. Disposable 2 mL cuvettes were used for each measurement. A sample size of 2
ml was used for each measurement. All measurements were initially referenced to pure water

before sample measurement. Fe(IIl) concentration was monitored at 306 nm.
4.4.1.2 SEM and EDX analysis

Scanning Electron Microscopy (SEM) images were obtained using an FEI F50 Inspect system,
while corresponding EDS spectra were obtained using an EDAX Octane Pro detector. All

samples were coated with 10 nm of platinum before imaging.
4.4.1.3 'TH NMR analysis

Proton nuclear magnetic resonance (‘H NMR) were recorded on a 600 MHz spectrometer. All
chemical shifts are quoted on the  scale in ppm using residual solvent as the internal standard
('"HNMR: CDCl; 6 = 7.26, CsDsN & = 7.22. 7.58, 8.74). Max Worthington assisted with all 'H
NMR analysis.

4.4.1.4 STA analysis

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were carried
out on a 449 F5 Jupiter simultaneous thermal analyser. A sample size between 4-5 mg was
used in each run. The furnace was purged at 20 mL/min with nitrogen and equilibrated for 1
minute at 30 °C before each run. Heating was carried out up to 600 °C using a 20 °C/min
heating rate. The temperature was held isothermally at 600 °C at the end of each experiment to

oxidize remaining organic matter.
4.4.1.5 DMA analysis

For compression testing, samples were loaded onto the compression clamp on a Q800 dynamic
mechanical analyser, and the measurement was carried out in triplicate at room temperature (+
20 °C) with the ramp force at 3 N/min to 18 N. Compressive stress (o) was obtained by dividing
applied force (Fy) by a cross sectional area (4) of the composites. All 3-point bending tests
were performed on a TA Q800 dynamic mechanical analyser using a 60 mm wide 3-point

bending clamp. The DMA controlled force module was used with a force ramp rate of 0.2 N/
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min to a maximum of 18 N. Temperature control was not used, with polymer composites
maintained at room temperature (approximately 20 °C). Each composite was tested in triplicate
along with a control of a polymer mat with no filler. These measurements were performed

together with Alfrets Tikoalu, a masters student in our lab.
4.4.2 First generation reactive compression moulding
4.4.2.1 Reactive compression moulding of 50-poly(S-r-canola)

PTFE sheets were placed on top of two 14.5 x 14.5 cm aluminium sheets to prevent the polymer
from sticking to the metal. 20.0 grams of 50-poly(S-r-canola) was added in between the PTFE
sheets and C-clamps were used to create pressure on the polymer particles and force the
reactive faces together. The initial volume of the polysulfide before compression was ~160
cm?. This system was then added into an oven at 110 °C for 24 hours. After 24 hours the system
was removed for the oven and left to cool back to room temperature in a fume hood. Once cool,

the C-clamps were loosened, and the polymer mat was removed.
4.4.2.2 Heat treated 50-poly(S-r-canola) with no compression

30.0 grams of canola oil polysulfide were added to a 100 mL beaker. This beaker was added to
the oven and left to sit for 24 hours at a temperature of 110 °C. After 24 hours the beaker was

removed from the oven and left to cool to room temperature.
4.4.2.3 Reactive compression moulding of 50-poly(S-r-canola) at varying temperatures

A PTFE sheet was placed on top of'a 14.5 x 14.5 cm square metal plate followed by 20.5 grams
of 50-poly(S-r-canola). A second PTFE baking sheet was placed on top the canola oil
polysulfide before another 14.5 x 14.5 cm metal plate was used to sandwich the polysulfide
between it and the first metal sheet. C-clamps where then applied to the four corners of these
sheets to create pressure on the polysulfide between them. This entire setup was then placed
into an oven at 110 °C for 24 hours. After which time the setup was removed from the oven
and left to cool to room temperature. Once at room temperature the C-clamps were removed,
and the metal sheets separated revealing the canola oil polysulfide mat that resulted. This

process was repeated at temperatures of 80, 90 and 100 °C.
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4.4.3 Second generation reactive compression moulding

4.4.3.1 Reactive compression moulding varying reaction times (100 °C, 30 MPa, 1-360

minutes)

A 10 x 10 cm PTFE sheet was added to the aluminium mould shown below. On top of the
PTFE sheet, 5.0 grams of canola oil polysulfide was added, followed by a second PTFE sheet.
The lid for the mould was added and the whole system was placed into the S15 Devil Press 10-
ton hydraulic heated press pre-heated to 100 °C. The heat plates were pressed until they were
in contact with the mould without applying any pressure. Once the temperature stabilized at
100 °C the pressure was increased to 30 MPa. This pressure was maintained for 1 minute before
being released and the resulting polysulfide mat then removed from the mould. This process
was repeated using times of 5 minutes, 10 minutes, 30 minutes, 60 minutes, 120 minutes, 240

minutes, and 360 minutes.
4.4.3.2 Reactive compression moulding at 100 °C for 10 minutes varying pressure

A 10 x 10 cm PTFE sheet was added to the mould followed by 5.0 grams of 50-poly(S-r-
canola) polymer and another PTFE sheet. The lid for the mould was added and the whole
system was placed into the S15 Devil Press 10-ton hydraulic heated press pre-heated to 100
°C. The heat plates were pressed until they were in contact with the mould without applying
any pressure. Once the temperature stabilized at 100 °C the pressure was increased up to 10
MPa. This pressure was maintained for 10 minutes before being released and the resulting
polysulfide mat then removed from the mould. This process was repeated using pressures of 0,
20, 30 and 40 MPa. For the 0 MPa sample, the mould was placed in an oven preheated to 100

°C so there was no added pressure other than the lid of the mould.
4.4.3.3 Reactive compression moulding at 90 °C for 10 minutes varying pressure

A 10 x 10 cm PTFE sheet was added to the mould followed by 5.0 grams of 50-poly(S-r-
canola) polymer and another PTFE sheet. The lid for the mould was added and the whole
system was placed into the S15 Devil Press 10-ton hydraulic heated press pre-heated to 90 °C.
The hot plates were pressed until they were in contact with the mould without applying any
pressure. Once the temperature stabilized at 90 °C the pressure was increased up to 10 MPa.
This pressure was maintained for 10 minutes before being released and the resulting polysulfide
mat then removed from the mould. This process was repeated using pressures of 20, 30 and 40

MPa.
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4.4.3.4 Reactive compression moulding at 40 MPa for 10 minutes varying temperature

A 10 x 10 cm PTFE sheet was added to the mould, followed by 5.0 grams of 50-poly(S-7-
canola) and then another PTFE sheet. The lid for the mould was added and the whole system
was placed into the S15 Devils Press 10-ton hydraulic heated press pre-heated to 100 °C. The
heat plates were pressed until they were in contact with the mould without applying any
pressure. Once the temperature stabilized at 100 °C the pressure was increased to 40 MPa. This
pressure was maintained for 10 minutes before being released and the resulting polysulfide mat

then removed from the mould. This process was repeated using temperatures of 70, 80 and 90

°C.
4.4.4 Effect of free sulfur and formation of high sulfur content surface layer
4.4.4.1 Free sulfur calibration curve using quantitative DSC

The area between 100 °C and 150 °C in the DSC of elemental sulfur correspond to the specific
phase transitions for sulfur allotropes (rhombic and monoclinic phase). The first endothermic
peak at ~104 °C corresponds to the phase transition from rhombic to monoclinic while the
second endothermic peak at ~118 °C corresponds to the melting of those phases into liquid
sulfur. The area of these peaks increases linearly with sulfur mass. Within the range tested, on
average 1 mg of elemental sulfur had a heat flow value of 50 J/g. This allows a calibration cure

to be constructed for the estimation of free sulfur content in the polymers.

4.4.4.2 Reactive compression moulding for 30-poly(S-r-canola) and comparison to 50-

poly(S-r-canola)

A 10 x 10 cm PTFE sheet was added to the mould, followed by 5.0 g of either 30-poly(S-7-
canola) or 50-poly(S-r-canola). Another PTFE sheet was added along with the mould lid. The
whole system was placed into the S15 Devil Press pre-heated to 100 °C. The hot plates were
pressed until they were in contact with the mould without applying any pressure. Once the
temperature stabilized at 100 °C the pressure was increased up to 40 MPa. This pressure was

maintained for 20 minutes before releasing and removing and the polymer mat.

4.4.4.3 Negative control: Reactive compression moulding of sulfur and canola oil at

optimized conditions

A 10 x 10 cm PTFE sheet was added to the mould, followed by 2.5 grams of canola oil and 2.5
grams of sulfur. Another PTFE sheet was added and then the lid was placed on the mould. The
whole system was placed into the S15 Devil Press, pre-heated to 100 °C. The hot plates were
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brought into contact with the mould. Once the temperature stabilized at 100 °C, the pressure
was increased to 40 MPa. This pressure was maintained for 10 minutes before removing the

mould.
4.4.5 Recycling, reforming and re-use facilitated by reactive compression moulding
4.4.5.1 Recycling by reactive compression moulding

A polymer mat was made from 50-poly(S-r-canola) using the optimized reactive compression
moulding procedure (4.3.4.2). The resulting mat was then ground up into small pieces and then
added back into the mould between two PTFE sheets. The reactive compression moulding was

then repeated to provide a new mat.
4.4.5.2 Treatment of FeCls(q) solution with 50-poly(S-r-canola) polymer

A FeCls solution was prepared by dissolving 50 mg of anhydrous FeCl; in 1.0 L of distilled
water. A 2.0 mL aliquot of this sample was transferred into a plastic cuvette for analysis using
UV / Vis spectroscopy at 306 nm. After analysis this solution was returned to the bulk solution.
To this 1 L solution, 250 g of 50-poly(S-r-canola) was added along with a 40 x 15 mm magnetic
stir bar. This mixture was placed onto a magnetic stir plate and stirred at 500 rpm for 24 hours.
After 24 hours the 50-poly(S-r-canola) was filtered using a water aspirator and left to dry
overnight in the fume hood. A 2 mL sample of the remaining solution was transferred into a
plastic cuvette and analysed using UV / Vis spectroscopy at 306 nm. The concentration of the

iron was calculated using a calibration curve prepared in chapter 2.
4.4.5.3 Repurposing spent S0-poly(S-r-canola) contaminated with Fe(I1II)

The recovered and dried polymer from 4.3.5.2 was processed into a mat by reactive
compression moulding. The polymer was placed in the mould between two PTFE sheets. The
lid for the mould was added and the whole system was placed into the S15 Devil Press, pre-
heated to 100 °C. The hot plates were pressed until they were in contact with the mould without
applying any pressure. Once the temperature stabilized at 100 °C the pressure was increased
up to 40 MPa. This pressure was maintained for 10 minutes before removing the polymer mat

from the mould.
4.4.5.4 Reactive compression moulding of 50-poly(S-r-canola) on a 15.0 g scale

15.0 g of 50-poly(S-r-canola) was placed into the mould between two PTFE sheets. The mould
was then placed in the S15 Devil Press, preheated to 100 °C. The hot plates were pressed until

they were in contact with the mould without applying any pressure. Once the temperature
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stabilized at 100 °C the pressure was increased up to 40 MPa. The pressure dropped initially
to below 30 MPa (due to compression of material) and was instantly increased back up to 40
MPa. This pressure was maintained for 20 minutes before removing the polymer mat from the

mould.
4.4.5.5 Nano-indentation testing on 15.0 gram 50-poly(S-r-canola) mat

Nano-indentation testing was conducted using a Bruker Ti-950 Triboindenter. Of these points
only 8 provided valid data measurements thereby providing a 40% test success rate. During
testing it was noted that the high porosity and inhomogeneous nature of the material caused
differences in depth penetration to occur. Depth penetration was stopped when the needle tip
reached a maximum compressive force of 98 (£0.08) uN. These measurements were recorded
by Dr. Filip Stojcevski in Prof. Luke C. Henderson’s lab at the institute of frontier materials at

Deakin University.
4.4.6 Composite material preparation facilitated by reactive compression moulding

4.4.6.1 Preparation of composites made from 50-poly(S-r-canola) and coconut coir,

sand, and polyvinylchloride (PVC) waste

First, the 50-poly(S-r-canola) (particle size diameter < 2.5 mm) and the filler were mixed in
plastic container. For coconut coir composite, the total wt% of the coconut coir was 50, 60 or
70%, with the remaining mass the 50-poly(S-r-canola). For PVC, the total wt% was 50, 60, 70,
or 80% of PVC shavings, with the remaining mass the 50-poly(S-r-canola). To form the
composite mats, the 50-poly(S-r-canola) and filler mixtures were placed between two PTFE
sheets in the mould and processed as described in previously. These composites were prepared

together with Alfrets Tikoalu, a masters student in our lab.
4.4.6.2 Additive assembly of composite mats

Three coconut coir composites mats made from 50 wt% coconut coir and 50 wt% 50-poly(S-
r-canola) were prepared as described above. Next these mats were bonded together by a second
reactive compression moulding process where powdered 50-poly(S-r-canola) was used as a
binder for the mats. Accordingly, 100 mg of powdered 50-poly(S-r-canola) was placed
between each mat and then the entire stack was placed in the mould between two PTFE sheets.
Reactive compression moulding was then carried out as in 4.3.6.1. All three mats were bonded
together in the process. The mould was removed from the press and the resulting mat was
separated from the PTFE sheets. These composites were prepared together with Alfrets

Tikoalu, a masters student in our lab.
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4.4.6.3 Young’s Modulus for compression measurements

50-Poly(S-r-canola) mats and the composites were cut into squares (~1 cm?). The composite
samples were then loaded onto the compression clamp in a Dynamic Mechanical Analyzer
Q800 machine, and the measurements were carried out in triplicate at room temperature (+ 20
°C) with the ramp force at 3 N/min to 18 N. Compressive stress (o) was obtained by dividing
applied force (Fy) by a cross sectional area (4) of the composites (equation 6). Strain (¢) is a
unit less number obtained from the change of length (dL) over the initial length (Ly) of the
tested composite (Equation 2). As shown in Equation 3, the Young’s modulus for compression
can be calculated by dividing the stress (o) by strain (¢). These measurements were prepared

together with Alfrets Tikoalu, a master’s student in our lab.

Fg

o="5 Equation 6
e = % Equation 7
0
o .
E=2 Equation 8

4.4.6.4 Three-point bending test

Polymer composites were cut with a sharp scalpel into 70 mm x 10 mm pieces. Three pieces
were cut from distinct parts of each mat. The 50-poly(S-r-canola) composites tested were PVC
(50-80 wt%), coconut coir (50-70 wt%) and sand (70-80 wt%). All 3-point bending tests were
performed on a TA Q800 dynamic mechanical analyser using a 60 mm wide 3-point bending
clamp. The DMA controlled force module was used with a force ramp rate of 0.2 N/ min to a
maximum of 18 N. Temperature control was not used, with polymer composites maintained at
room temperature (approximately 20 °C). Each composite was tested in triplicate along with a
control sample consisting of a 50-poly(S-r-canola) polymer mat with no filler. These

measurements were prepared together with Sam Tonkin, an honors student in our lab.
4.4.6.5 Preparation of 50-poly(S-r-canola) composites using waste carbon fibre

4.5 grams of powdered carbon fibre waste was combined with 11.5 grams of powdered 50-
poly(S-r-canola) polymer in a plastic container. The container was inverted 10 times to mix
the two materials. This mixture was added to the 10 cm X 10 cm stainless steel mould in
between 2 PTFE sheets. The mould was added to the press and preheated to 100 °C. Once the
temperature stabilized, the pressure was increased to 40 MPa and the system was left to react

for 20 minutes. After 20 minutes the pressure was relieved, and the mould was removed from
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the press. The resulting composite mat was then removed from the mould and separated from

the PTFE sheets.

4.4.6.6 Contact angle testing on 50-poly(S-r-canola) and composites made using carbon

fibre powder

Contact angle testing was conducted using an Attenion Contact Angle Theta unit. Deionized
water (y,=72.8 mN/m, yP =22 mN/m, y} =50.7 mN/m), glycerol (y;=63.4 mN/m, yP =37
mN/m, y¥ =26.4 mN/m) and ethanol (y;=21.4 mN/m, yP =18.8 mN/m, y} =2.6 mN/m) were
used with droplet sizes of 3.5 puL to determine the effects of varying surface energy polarities
on the polymer or composite surface. These measurements were recorded by Dr. Filip
Stojcevski in Prof. Luke C. Henderson’s lab at the institute of frontier materials at Deakin

University.
4.4.7 Confining spent pollution sorbents in a safe medium
4.4.7.1 Lead sorption using the polymer-carbon blend

A solution of Pb?* was prepared by adding 250 mg of Pb(NO3): to a 500 mL volumetric flask
and dissolving in deionized water. After diluting to the 500 mL mark, an aliquot of the solution
was filtered (25 pm nylon syringe filter), and the concentration was measured to be 560 ppm
by ICP-MS by Envirolab Services Pty Ltd., with accreditation by the National Association of
Testing Authorities, Australia (NATA Accreditation Number 2901). 250 mL of the Pb*"
solution was added to a 1.0 L plastic container along with 20 g of the polymer-carbon blend.
The mixture was stirred for 1 hour at 20 °C. After 1 hour, 10 mL of the treated solution was
transferred, through a syringe filter (25 pm, nylon), into a glass storage container for analysis.

The carbon-polymer blend was isolated by filtration and left to dry in a fume hood for 24 hours.
4.4.7.2 Lead sorption using 50-poly(S-r-canola) polymer

100 mL of the Pb*" solution (above) was added to a 1 L plastic container along with 6.4 g of
50-poly(S-r-canola). The mixture was stirred for 1 hour at 20 °C. After 1 hour, 10 mL of the
treated solution was transferred, through a syringe filter (25 um, nylon), into a glass storage
container for analysis. The carbon-polymer blend was isolated by filtration and left to dry in a
fume hood for 24 hours. The final lead concentration was measured by ICP-MS using a

certified commercial service as described above.
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4.4.7.3 Confinement via reactive compression moulding

Polymer mats were prepared from 50-poly(S-r-canola) by reactive compression moulding, as
previously described in 4.4.4.2. In short, 5.0 g of the powdered 50-poly(S-r-canola) was placed
between two PTFE sheets in a 10 X 10 cm mould. The mould was placed in a pressure
controlled heated press then processed at 100 °C and 40 MPa for 10 min. The resulting polymer
mats were then used as a barrier in which the spent polymer-carbon sorbent could be contained.
To encapsulate the spent sorbent, one of the pre-formed polymer mats was placed on a PTFE
sheet in the mould. Next, the polymer-carbon blend (5.0 g of the spent sorbent bound to lead)
was placed in the center of one of the pre-formed polymer mats. Then, 2.0 g of powdered 50-
poly(S-r-canola) was added around the perimeter of the mat. Next, the top polymer mat was
added, followed by another PTFE sheet. The mould was placed in the heat- and pressure-
controlled press and then processed at 100 °C and 40 MPa for 10 min. After cooling to room
temperature, the polymer-encapsulated sorbent was removed from the mould and tested in

leaching experiments.
4.4.7.4 Leaching experiment on spent sorbent

All leaching tests were carried out in triplicate. A 1.0 g sample of the spent polymer-carbon
blend (with bound Pb*") was added to a 50 mL plastic centrifuge tube along with 50 mL of
deionized water. The sealed tubes were mixed at 20 °C using an end-over-end mixer operating
at 25 rpm. After 1 week, the water was filtered (25 um nylon syringe filter) determination of
the lead concentration by ICP-MS.

4.4.7.5 Leaching experiment on encapsulated blend sorbent

All leaching tests were carried out in triplicate. The polymer mats encapsulating the spent
sorbent were submerged in 250 mL of water in a 500 mL plastic container. The sealed container
was placed on a rocker table at 20 °C for 8 weeks. The water was sampled and filtered (25 um
nylon syringe filter) at 1 and 8 weeks followed by determination of lead concentration by ICP-

MS.
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4.5 Results and discussion
4.5.1 First-generation reactive compression moulding

To facilitate the moulding of 50-poly(S-r-canola) polysulfide particles the effects of heat was
investigated. Firstly 20 g of the 50-poly(S-r-canola) polymer was placed in a beaker and
incubated in an oven at 110 °C for 24 hours. The resulting powder had darkened in color
however it remained in powdered form suggesting that no melting process occurred under these
conditions (Figure 81). It was noted that there were some small aggregates of powder particles
that formed, however even these aggregates were not bound together strongly and fell apart
back into a free-flowing powder when handled. This illustrated the need for more than high

temperatures to facilitate the moulding and recycling of these materials.

Figure 81 — Images showing 50-poly(S-r-canola) before (left) and after (right) being heated
for 24 hours at 110 °C.

It was hypothesized that the reactive S-S groups on the polymer surface were not in sufficient
contact to undergo S-S exchange. This experiment was repeated with compression to force the
reactive surfaces into direct contact to gain maximum binding between particles. In this
experiment, 20 g of powdered 50-poly(S-r-canola) was compressed between two metal plates
using C-clamps (Figure 82B). To prevent adhesion to the metal plates, PTFE sheets were
placed between the polymer and the metal plates. The polymer, now compressed between the
two metal plates, was placed into an oven at 110 °C for 24 hours. This time the individual

polymer particles had bound together to form the flexible rubber mat shown in Figure 82D.

A - D

1cm

Figure 82 — A) 50-poly(S-r-canola) particles on a metal sheet separated by PTFE paper. B)
Compression system used to compress the 50-poly(S-r-canola) particles into direct contact. C)
Section of mat prepared using reactive compression moulding. D) Image demonstrating the

flexibility of the mats.
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'"H NMR analysis (Figure 83) was undertaken to investigate any chemical changes which may
have occurred throughout moulding. Assignment of peaks is shown in Figure 84.” Pyridine-ds
was used as a solvent for the 'H NMR analysis of the 50-poly(S-r-canola) polymer samples.
Pyridine has been shown to trigger sulfur-sulfur exchange in polymers prepared through
inverse vulcanisation.!¢” This reaction results in the cleavage of the S-S bonds in the polymer,
which allow it to be dissolved. The 1H NMR spectrum is actually the products that result from
the cleavage of the S-S cross-links in 50-poly(S-r-canola).!®’
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Figure 83 — '"H NMR spectrum for 50-poly(S-r-canola) before and after moulding at 110 °C
for 24 hours (600 MHz, pyridine-ds): 6 = 8.74, 7.59, 7.23 (pyridine-ds), 5.72 (a), 5.55 (b),
4.98 (HOD), 4.70 (¢), 4.51 (d), 2.50 (e), 2.44 (f), 2.14 (g), 2.05 (h), 1.71 (i), 1.30 (j), 0.90 (k).

Figure 84 — Peak assignments for poly(S-r-canola)’

Analysis revealed that after 24 hours the peak occurring at 5.55 ppm (a) and the twin peaks
occurring at 2.14 ppm (g) and 2.05 ppm (h) have practically disappeared. These peaks
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correspond to the hydrogens bound to unreacted alkene groups remaining in the 50-poly(S-r-
canola) material. The sulfur exchange reaction initiated by heat and pressure not only allows
for moulding of these materials, but it also facilitated the full consumption of remaining
alkenes. This is consistent with the hypothesis that heat would induce homolytic cleavage of
the S-S bonds forming sulfur radicals that recombine or react further with unreacted alkene
comonomers. It should also be noted that the alkene peaks were not consumed when the
polymer was incubated in a beaker for 24 hours at 110 °C without undergoing compression.
This suggest that the major reaction is sulfur exchange, but the addition of the thiyl radical to
any remaining alkenes can also occur. The compression acts to facilitate direct contact with
reactive interfaces resulting in a higher percentage of active reaction sites. This suggests that
the compression has a large effect on the rate of both sulfur exchange and sulfur-alkene
reactions. To test the effects of temperature, this procedure was repeated using the simple C-
clamp compression method at 80, 90 and 100 °C for 24 hours. Images of the resulting mats are

shown in Figure 85 below.

A B

1cm 1cm lcm ﬂ

Figure 85 — 50-poly(S-r-canola) sheet after 24 hours of reactive compression moulding at A)

80 °C, B) 90 °C, C) 100 °C, D) 110 °C.

Reactive compression moulding occurred at all temperatures investigated however a clear
difference in reaction rates was observed with the 100 °C sample showing the highest extent
of reaction. This reactivity was observed by the darkened color of the mat and higher tensile
strength of the material in that area. It was observed that the highest extent of reaction was
occurring for all samples directly under the location in which the c-clamps were applying direct

pressure to the system. This is highlighted in Figure 86.
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70 °C 100 °C

Direct
pressure

No direct
pressure

Figure 86 — Figure showing zoomed in sections of mats formed at varying temperatures,

highlighting the regions where pressure was and wasn’t applied directly.

This further suggests that the pressure plays an important role in both controlling the reaction

rate of the process as well as producing a uniform final material.
4.5.2 Second-generation reactive compression moulding

Discovering the importance of controlling the pressure, a S15 Devil Press Hydraulic 10-ton
dual heating plates rosin press wax extractor was used for subsequent experiments (Figure 87).
This system allowed for control of applied pressure (0 - 60 MPa), uniform pressure application

and temperature control.

Figure 87 — A) S15 Devil Press Hydraulic 10-ton dual heating plates rosin press wax extractor
used for reactive compression moulding. B) Images demonstrating the process of placing the

50-poly(S-r-canola) into the mould separated from direct contact by PTFE sheets.

A stainless-steel mould (10 cm x 10 cm) was lined with PTFE sheets before addition of 5.0 g
of 50-poly(S-r-canola). The mould, now containing the 50-poly(S-r-canola) particles was
added into the S15 Devils press which was pre-heated to 100 °C. The system was left to
equilibrate until the mould became isothermal at 100 °C. The pressure was increased to 10 MPa
and the system was left for 10 minutes. After ten minutes the mould was removed from the

heated press, the mould was opened, and the product was removed and separated from the
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PTFE sheets. It was observed that the individual particles had been effectively moulded into a
flexible rubber 50-poly(S-r-canola) mat (Figure 88).

Figure 88 — image showing 50-poly(S-r-canola) before and after moulding for 10 minutes at

10 MPa, 100 °C.
4.5.3 Optimizing reaction conditions

To optimize the process, the pressure, temperature, and reaction time were all varied. Initially,
the effect of pressure was investigated by performing the process over 10 minutes at 100 °C.

The resulting mats are shown in Figure 89.

10 MPa 20 MPa 30 MPa 40 MPa

1cm 1cm 1cm 1cm

Figure 89 — Images of mats formed at varying pressures at 100 °C.

In agreement with initial experiments, the sample with zero applied pressure did not change
visually and remained a powder. Application of at least 10 MPa of pressure led to the formation
of a relatively uniform polymer mat. Although the mats prepared at 10, 20 and 30 MPa pressure
still formed they typically contained small cracks or defects. Only those formed under 40 MPa
pressure consistently formed mats without cracks or mechanical defects. It’s important to note
that whilst the reactive compression moulding process works at the lower pressures, the

emphasis in this study is on optimizing the time required to form a stable mat consistently.

10 MPa 20 MPa 30 MPa 40 MPa

1cm 1cm 1cm 1cm

Figure 90 — Images of mats prepared using varying the pressure at 90 °C.
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This process was repeated using a reaction temperature of 90 °C (Figure 90). As was the case
at 100 °C, the extent of binding and the mechanical stability of the resulting mat seemed to
increase with pressure. It was observed that both the 10 and 20 MPa mats formed however
large cracks and structural defects were observed. This jeopardized the mechanical stability of
the mat and made it undesirable for practical use. The sample prepared at 30 MPa had very
small barely visible cracks however the mat produced at 40 MPa did not have any major
structural defects or cracks observable. To further investigate the effect of temperature on
forming mechanically sound 50-poly(S-r-canola) mats, the moulding process was repeated
varying the temperature between 70 — 100 °C (Figure 91).

70 °C 80 °C 90 °C 100 °C

R

1 om 1 om dem dom

Figure 91 - Images of mats prepared varying the reaction temperature.

Binding of polymer particles was observed to occur under compression at temperatures as low
as 70 °C. Although a mat was formed at all temperatures, those formed under 90 °C contained
significant cracks and defects. The mat formed at 90 °C didn’t contain any cracks upon opening
the mould however the mat wasn’t as strong and cracked upon removal of the PTFE sheet. For
use in practical applications, limited cracking and structural defects must be present. Therefore,
for consistency in producing mechanical sound defect free mats, a temperature of 100 °C is
required. Another key point to raise is that whilst it is likely that 70 °C is enough to form a
crack/defect free mat over long reaction times, to increase the viability of the final product the
time required to prepare the mat was minimized. It’s also important to note that the sulfur
exchange reaction occurred at temperatures as low as 70 °C, far lower than temperatures
previously reported for sulfur exchange in materials under compression.'®® Finally the reaction

time was varied and the resulting mats are shown in Figure 92.

1 minute 5 minute 10 minute 30 minute

1cm 1cm 1cm 1cm
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60 minutes 120 minute 240 minute 360 minutes

1cm 1cm 1cm 1cm

Figure 92 — Images of mats prepared varying the reaction time.

After 1 minute of moulding, it was clear that binding of the polymer particles had occurred
however the resulting mat was neither continuous nor uniform. By performing the process for
just 10 minutes the resulting mat is mechanically sound with no noticeable defects or cracks.
This suggests that 10 minutes heating is enough to form a stable polymer mat under these
conditions. To better observe the surfaces of these mats, scanning electron microscopy (SEM)
analysis was performed. SEM analysis (Figure 93) revealed the presence of three distinct
features across the surface: amorphous polysulfide regions, microtextured crystalline particles
and a crystalline surface layer. The amorphous polysulfide regions and the microtextured
crystalline particles are typically observed by SEM / EDX analysis of these materials. These
crystalline particles have previously been determined to be unreacted sulfur particles.!® The
surface layer, however, was not typically observed under SEM analysis of un-moulded 50-
poly(S-r-canola) particles. The regions where a surface layer has formed appear visually like
the free-sulfur particles also observed. This suggests that the surface layer could potentially be

aggregates of free-sulfur particles combining to form a layer on the surface.

0 Mpa 10 Mpa 20 MPa 30 MPa 40 MPa

Figure 93 — SEM images at 100 pm nd 500 um for mats formed at 100 °C varying the pressure

The mats formed at 100 °C varying the pressure showed very little difference under SEM
(Figure 93). It does appear that the higher pressures resulted in higher surface layer coverage
than lower pressures. The sample heated at 0 MPa looked identical to typical 50-poly(S-r-
canola) particles under SEM.
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Figure 94 — SEM images at 100 um and 500 pm for mats formed at 90 °C varying the pressure.

For the same mats formed at 90 °C, although some had formed, very little surface coating was
observed with a larger extent of free sulfur particles present instead (Figure 94). This suggests

that the temperature plays an important role in the surface chemistry resulting from this process.

7

70 °C 80 °C 90 °C 100 °C

Figure 95 — SEM images at 100 um and 500 um for mats formed at varying temperature.

Further evidence for this is given in the SEM images of mats formed at different reaction
temperatures (Figure 95). The 70 °C sample shows small crystals of free sulfur embedded in
the material with very few on the materials surface. This is similar to the starting material. As
the temperature is increased to 80 °C the number of free sulfur particles on the surface increases
and small areas of surface coating start forming. By 90 °C, larger patches of surface coating
start appearing and by 100 °C the surface is largely covered by portions of this coating. Finally
SEM analysis of the surface of the mats formed at varying reaction times is shown in Figure
96.
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60 minutes 120 minute 240 minute 360 minutes

500 pm

Figure 96 — SEM images at 100 pum and 500 pm for mats formed at varying reaction times.

This suggest that during the reaction, free sulfur particles migrate to the surface of the polymer
and overtime combine to form a free sulfur layer on the surface of the material. Next, STA

analysis (TGA and DSC) was performed on all samples.
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Figure 97 — STA analysis of mats formed when varying pressure at 100 °C.

No observable difference was observed between the mats formed at different pressures under
TGA and DSC (Figure 97). The difference in heat flow observed for the 10 and 30 MPa samples
compared to the rest is likely due to the particle size of the samples. As the poly(S-r-canola)

materials are thermally insulating, they retain heat. The bulkier the sample the more heat it will
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retain, and the less heat energy is required to heat the sample up to the required temperature.
This results in a lower heat flow for bulkier samples and is most likely the reason for the

observed difference in Figure 98.
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Figure 98 - STA analysis of mats formed when varying reaction pressure at 90 °C.

Matching the results at 100 °C, the pressure had no noticeable effect on the thermal degradation
of the materials. The heat flow intensity seems to increase with pressure used. As the 50-
poly(S-r-canola) material is thermally insulating the particle size and the density are important
factors effecting the heat flow intensity. As all samples were roughly the same particle size,
this trend could be due to the higher pressure forming higher density mats. The higher the

density, the higher the heat flow, as shown above.
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Figure 99 — STA analysis of mats formed when varying reaction temperature.

The temperature of the reaction did not demonstrate any significant effect on the thermal
properties of the material (Figure 99). A clear difference was however observed during visual
inspection of the mats. As no change is occurring in the thermal properties of the material it
suggests that the reaction taking place results in re-formation of the same material. This offers

further evidence that S-S exchange is the dominant reaction facilitating the reactive
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compression moulding process. Finally, STA analysis of the mats formed under varying

reaction times was performed (Figure 100).
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Figure 100 — STA analysis of mats formed when varying the reaction time.

Once again, no significant difference in the TGA plots were observed. All DSC plots
demonstrated the same peaks and significant features with the only differences between
samples being the heat flow intensity. In general, when altering the moulding conditions, all
samples demonstrated almost identical TGA and DSC profiles. The DSC curves for all samples
showed the same major features; the endothermic peaks at approximately 120 °C and 230 °C
and the gradual increase in heat flow after 330 °C. The two peaks correspond to the melting of
unreacted ‘free sulfur’ and the first degradation peak occurring due to the loss of sulfur from
S-S bond breaking. The final rise in heat flow corresponds with the beginning of the second
major mass loss shown in the TGA. This is likely due to the decomposition of the remaining
organic material. The major difference observed between DSC curves was the variation in heat
flow intensity. This likely resulted from differences in both sample particles size and density
effecting the thermal conductivity of the sample and therefore the heat flow required to heat
the sample to the desired temperature. The reactive compression moulding process therefore
produces materials with roughly equivalent thermal properties. This observation is due to the
sulfur exchange reaction which does not result in an overall change in sulfur rank. Therefore,
to first approximation, the structure before and after reactive compression moulding are highly
similar. Next to further probe the chemical structure of the resulting products, 'H NMR analysis
was performed, and the results are shown in Figure 101. Itrevealed that all samples displayed
the characteristic peaks of the starting material, 50-poly(S-r-canola). The peaks occurring in
all samples at 7.22, 7.58 and 8.74 ppm are the peaks characteristic for pyridine-ds. The peak
that occurs in some samples around 4.96-4.98 ppm are due to HOD. Although no water is

present the pyridine-ds is anhydrous and likely adsorbed a small amount of water from the
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atmosphere upon use. The intensity of this peak likely corresponds to the exposure time the

pyridine-ds had with the atmosphere before the sample was run.
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Figure 101 — A) 'H NMR of samples where pressure was varied at 100 °C. (600 MHz,
pyridine-ds): 6 = 8.74, 7.58, 7.22 (pyridine-ds), 5.73 (a), 5.54 (b), 4.98 (HOD), 4.69 (¢), 4.52
(d), 2.50 (e), 2.43 (f), 2.14 (g), 2.07 (h), 1.72 (i), 1.31 (j), 0.9 (k).

In the samples prepared at 100 °C and varied pressure, the 30 MPa sample shows some
deviation from the rest of the samples with both the twin peaks occurring at 2.1 and 2.3 ppm
and the alkene peak at 5.55 ppm are not observed in the 30 MPa sample. This suggest that there
are less unreacted alkene groups in this sample than others. This is likely due to the use of a
different batch of starting material in which the alkenes had already been consumed. No
observable change was seen under '"H NMR analysis before and after moulding at any pressure.
"H NMR analysis of the samples prepared at 90 °C and varied pressure is shown below in

Figure 102.
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Figure 102 — 'H NMR of samples where pressure was varied at 90 °C. (600 MHz, pyridine-
ds): 6 =8.74, 7.58, 7.22 (pyridine-ds), 5.73 (a), 5.52 (b), 4.98 (HOD), 4.68 (¢), 4.51 (d),
2.97 (x), 2.51 (e), 2.43 (f), 2.14 (g), 2.07 (h), 1.71 (i), 1.3 (j), 0.9 (k).

Again, when the pressure was adjusted at 90 °C, no significant differences were observed
between samples. The 10 MPa sample contained an extra peak (x) at 2.97 ppm. This peak is at
a similar chemical shift to the peak seen in the canola oil "H NMR corresponding to a CHa
hydrogen bound to two alkene groups.?®® As canola oil contains 12% a-linolenic acid, the
presence of this peak as well as an increase in signal b, suggests the extent of reaction between
sulfur radicals and alkene groups was lower in this sample than the rest. This could be due to
the lower pressure (10 MPa) and temperature (90 °C) used however the 'H NMR of starting
material and the one formed at 0 MPa do not contain this peak. This suggest that this starting
material used to prepare this mat had reacted to a lesser extent and its unlikely that the moulding
conditions resulted in this difference. "H NMR analysis of the samples prepared at 40 MPa for

10 minutes varying the moulding temperature from 70 °C to 100 °C is shown below in Figure
103.
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Figure 103 — 'H NMR of samples where temperature was varied. (600 MHz, pyridine-ds): &
=8.74, 7.58, 7.22 (pyridine-ds), 5.73 (a), 5.55 (b), 4.96 (HOD), 4.68 (c), 4.51 (d), 2.50 (e),
2.43 (1), 2.15 (g), 2.07 (h), 1.70 (i), 1.30 (j), 0.90 (k).

No significant difference was observed between the samples prepared at varying temperature.
This suggest that within the temperature range investigated the chemical structures of the final
product remain the same. 'H NMR analysis of the samples prepared at 40 MPa and 100 °C
varying the moulding reaction time from 1 — 360 minutes is shown below in Figure 104. Over
ten minutes moulding time, the reaction temperature was not shown to have a significant effect

on the chemical structure of the product. As a reaction must have occurred to bind the mats
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together and no difference is observable under '"H NMR analysis, it suggests that the dominant

mechanism involved in the reactive compression moulding process is sulfide exchange.
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Figure 104 — 'H NMR of samples where reaction time was varied. (600 MHz, pyridine-ds): &
=8.74,7.59, 7.22 (pyridine-ds), 5.73 (a), 5.55 (b), 4.98 (HOD), 4.68 (c), 4.51 (d), 2.50 (e),
2.43 (), 2.15 (g), 2.07 (h), 1.71 (i), 1.3 (j), 0.9 (k).

In general, no significant changes were observed between samples when changing the
experimental conditions. These results suggest no further reaction with the unreacted alkenes
is occurring, in contrast to when the process was conducted at 110 °C for 24 hours. This offers
further evidence that sulfur exchange is the dominant mechanism by which reactive
compression moulding occurs. The small differences observed between the spectra are mainly
in the alkene related peaks (b, g and h) and the HOD peak. From the information obtained
through SEM, STA and '"H NMR analysis, the optimized reaction condition, with respect to
time, was determined to be 10 minutes moulding at 100 °C and 40 MPa. Using these conditions,

a mechanically stable mat was able to be formed consistently.
4.5.4 Sulfur surface layer

SEM analysis revealed the formation of a surface layer forming over the course of the moulding
process. By 6 hours the coating was observed to uniformly cover the entire surface of the mat.
To further characterize this surface layer; Raman spectroscopy, SEM imaging and EDX
analysis were performed on the surface and cross-section of the mat formed after reactive

compression moulding for 6 hours (Figure 105).
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Figure 105 — A) Images of the top side of the mat (left), SEM images of surface of mat (right,
top), EDX analysis of surface of mat (right, bottom). B) Images of the bottom side of the mat
(left), SEM images of surface of mat (right, top), EDX analysis of surface of mat (right,
bottom).

SEM analysis clearly shows the presence of a uniform surface layer having formed on the mat.
It was noted that the surface coverage by this layer is far more uniform for the top side of the
mat in comparison to the bottom face. The bottom face of the mat still demonstrated large
portions of layer formation however the area covered was significantly less. EDX mapping
shows a strong signal for sulfur in the areas where the surface layer had formed and where the
free particles were located. The areas in which the free particles and layer are not located, the
signals are a combination of carbon, oxygen, and sulfur. This suggests that the surface layer
consists entirely of free sulfur particles that overtime combine to form a surface layer. This
was supported by Raman analysis (Figure 106) that showed the top surface consisted primarily
of elemental sulfur whilst the bottom surface displayed characteristic peaks for both elemental

sulfur and 50-poly(S-r-canola).
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Figure 106 — Raman analysis of top and bottom surface of the polysulfide mat.

This was consistent with the SEM and EDX results. The preferential formation of the free
sulfur layer on the top surface of the polymer is evidence towards sublimation potentially being

the mechanism driving the migration of free sulfur particles to the top surface of the mat to
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form the layer. SEM and EDX analysis of the cross section (Figure 107) revealed a layer

thickness of approximately 0.19 pm. It also revealed that free sulfur particles are still present

in the bulk of the material.

20 um

100 pm

Figure 107 — SEM (left) and EDX (right) analysis of the cross section of 50-poly(S-r-canola)

mat after reactive compression moulding for 6 hours.

The question then becomes, if this process occurs during moulding, does the free sulfur effect
the reactive compression moulding process. To assess this possibility, the process was repeated,
under the optimized conditions with 30-poly(S-7-canola) polysulfide which has negligible free

sulfur content.
4.5.5 Effect of free sulfur on the moulding process

Due to the presence of free sulfur in 50-poly(S-r-canola), the effect of its presence on the
reactive compression moulding process was investigated. 30-poly(S-r-canola) has been
previously shown to contain less than 4 % free sulfur content.!?’ Therefore, to see whether the
reactive compression moulding process effected by the free sulfur content, the process was
performed on both 30- and 50-poly(S-r-canola) polymers and the resulting mats were analyzed

using SEM (Figure 108), STA (Figure 109) and 'H NMR (Figure 110).
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Figure 108 — Images of 30- and 50-poly(S-r-canola) before and after moulding at 40 MPa, 100

— 9 ~

°C for 10 minutes.

The 30-poly(S-r-canola) was shown to undergo the reactive compression moulding process
under the same conditions as 50-poly(S-r-canola) without an issue. This suggests that the free
sulfur doesn’t engage in the sulfur exchange reaction used to facilitate the reactive compression
moulding process or at very least elemental sulfur is not required for reactive compression
moulding. This was expected due to the reaction temperature (100 °C) being far lower than the
floor temperature for Sg (159 °C). The surface of the 30-poly(S-r-canola) mat was noted to be
far more-sticky than the 50-poly(S-r-canola) mats surface, weakly adhering to objects it
touched. This could potentially be due to the free sulfur particles on the surface of the 50-
poly(S-r-canola) polysulfide effectively eliminating the adhesive properties of the 30-poly(S-

r-canola) mat or it could simply be due to the higher canola oil content altering the surface

adhesion properties.
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Figure 109 — A) TGA (left) and DSC (right) curves for 30- and 50-poly(S-r-canola)

polymers before and after moulding,
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Figure 110 — '"H NMR spectra for 30- and 50-poly(S-r-canola) polymers before and after
moulding (600 MHz, pyridine-ds): 6 = 8.74, 7.59, 7.22 (pyridine-ds), 5.73 (a), 5.54 (b), 4.96
(HOD), 4.68 (¢), 4.51 (d), 2.49 (e), 2.43 (f), 2.14 (g), 2.06 (h), 1.71 (i), 1.31 (j), 0.9 (k).

STA analysis was performed on all samples before and after moulding. Both the 30- and the
50-poly(S-r-canola) polysulfides demonstrate the same thermal properties before and after
moulding. The endothermic peak in the DSC at approximately 120 °C is only present in the
50-poly(S-r-canola) polymers. This peak represents the melting transition of Sg and
corresponds to the amount of free sulfur in the material. The lack of this peak in the 30-poly(S-
r-canola) suggest that the sample contains no free sulfur. The presence of the peak in the 50-
poly(S-r-canola) samples showed that free sulfur was present in the polymer before and after
moulding with no significant change. These results indicate that the free sulfur content isn’t

affecting the efficiency of the reactive compression moulding process.
4.5.6 Free sulfur content analysis

'"H NMR and STA analysis revealed that radical addition of polysulfide radicals to alkene
groups is not the dominant reaction facilitating the moulding process. Although the process
was shown to occur effectively without Sg present, it could still participate or form during the
reaction. To determine if the free sulfur content is affected by the reactive compression
moulding process, a calibration curve (Figure 111) for sulfur was created in the DSC by
integrating the endotherm between 100 and 150 °C for different masses of sulfur. This

endotherm, shown in Figure 111, corresponds to the transition of sulfur from an orthorhombic
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to monoclinic crystalline state followed by its melting. The free sulfur content of all 50-poly(S-

r-canola) mats was then determined by integrating this peak in their DSC traces.
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Figure 111 — A) TGA (blue) and DSC (orange) traces for the elemental sulfur. B) Calibration

curve created using STA for free sulfur content in polysulfide

DSC analysis indicated that the amount of free sulfur in the materials (Figure 113) did not
change significantly, suggesting that the elemental sulfur did not partake in the sulfur exchange
reaction itself. It’s important to note that the location and size of the sample being analyzed
can affect the free sulfur content being measured. Previous results suggest that the free sulfur
particles migrate towards the surface of the material over time forming a sulfur layer on the
surface. This sulfur layer is not uniform and forms to a greater extent on the top surface
compared to the bottom. This means the sample will demonstrate a different free-sulfur content
depending on weather it was sourced from the top surface, bottom surface, or bulk of the
material. As the sulfur layer isn’t uniform, the sulfur content can also change significantly at

different locations on the surface of the mat.

Polymer mat formed < 6 hours Variation based on depth Vanatlon of cross sectlon with time
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E e e

| Bottom

i surface

Reactlon time

Free sulfur content '
Figure 112 — Figure showing the variation in free sulfur content for samples taken at; different
locations on surface (left), different depths in the mat (middle) and cross sections of mats over

the course of sulfur migration (right).

Therefore, to obtain the most accurate results samples were taken, when possible, from thin
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mats, which included the top surface, bottom surface, and the bulk in one piece. This is shown
in Figure 112. As the sulfur layer is formed from sulfur migrating to the surface, the cross
section (including both top and bottom surfaces) would contain approximately the same
amount of free sulfur regardless of conditions as it hasn’t been lost its just moved towards the
top surface of the mat. This sample preparation issue and the non-uniform displacement of
sulfur within the mats is likely the cause for the small variations observed in the results. It’s
also important to note, if the free sulfur content isn’t affected, it suggests that the free sulfur
isn’t playing a role in the exchange reaction providing more evidence to suggest sublimation
as the mechanism of sulfur migration to the surface. The free sulfur levels for each sample are

shown below in Figure 113.
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Figure 113 — Free sulfur content for poly(S-r-canola) polymer before and after moulding under
different conditions (top three) and a comparison of 30- and 50-poly(S-r-canola) polymers

(bottom).

Although cross-section samples taken from thin mats increased the accuracy of free sulfur
content determination, variation still exists. Another possible cause of variation is the batch of

starting material used. Samples from the same synthesis can contain varying amounts of free
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sulfur and this could also translate to the observed variations after moulding. This variation in
starting material is supported by earlier 'H NMR analysis revealing differences in the 50-

poly(S-r-canola) mats which did not occur throughout the moulding process.
4.5.7 Reactive compression moulding of canola oil and elemental sulfur — a control

The temperature required for reactive compression moulding (~100 °C) is far lower than the
materials synthesis temperature (180 °C). We attribute this phenomenon to the S-S bonds in
the polymer being weaker than those in elemental sulfur. To illustrate this difference, a control
experiment was run in the press in which 2.5 g of sulfur and 2.5 g of canola oil were pressed at
40 MPa at 100 °C for 10 minutes. Only unreacted sulfur and canola oil were recovered (Figure

114).
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e

Figure 114 — A) Sulfur + canola oil in mould before moulding at optimized conditions.
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Figure 115 — "H NMR analysis of canola oil before and after being moulded with sulfur (600
MHz, CDCl3): 6 = 7.23 (CDCl), 5.35 (a), 5.27 (b), 4.30 (¢), 4.16 (d), 2.83 (e), 2.77 (f), 2.33
(g), 2.03 (h), 1.61 (i), 1.29 (j), 0.98 (k), 0.90 (I).

Assignment of 'H NMR signals to canola oils structure is shown below in Figure 116.28°
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Figure 116 — Peak assignments for 'H NMR analysis of canola oil before and after reactive

compression moulding with sulfur.?

"H NMR analysis (Figure 115) showed that the alkene peaks (a, g and e) were not consumed
under these conditions. This demonstrates that the sulfur exchange reaction, initiated by
homolytic S-S bond cleavage, can be initiated at a lower temperature for 50-poly(S-r-canola)
polysulfide than Sg. This is an interesting discovery as it suggests that the S-S bond strength is

lower in polysulfides than in Ss.
4.5.8 Theoretical considerations regarding S-S metathesis of organic polysulfides

To better understand the mechanisms behind this process, Dr. Amir Karton (A collaborator
from the School of Molecular Sciences at the University of Western Australia) performed high-
level ab initio calculations using the Gaussian-4 (G4) thermochemical protocol to determine
the S—S bond strengths in sulfur chains of ranks 1-7. The average sulfur rank for 50-poly(S-r-
canola) was previously calculated to be 5.7 for 50-poly(S-r-canola) and 4.5 for 30-poly(S-r-
canola). As the materials sulfur rank may influence the S-S bond strength, and therefore the
temperature by which the process is initiated, it’s important to understand this relationship. The
Gaussian-4 (G4) thermochemical protocol produces bond dissociation energies (BDEs) with
chemical accuracy (arbitrarily defined as ~4 kJ mol'). The B3LYP/6-31G(2df,p) optimized
geometries for each sulfur species were calculated and verified to have all real harmonic
frequencies. Only the homolytic BDEs (AGaosk) of the S—S bonds in model dimethyl
polysulfides (MeS;Me, where n =2, 3, 4, 5, 6, and 7) were investigated.
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Figure 117 — Graph showing weakest S-S BDE verse number of S in MeSi:Me (n = 2-7).

The weakest S-S bond was determined to be the one which, upon breaking, forms a dithiyl
radical. For a polysulfide chain of N sulfur atoms, this would correspond to the bond between
S> and S~ sulfur atoms, depicted as Me-S>—Sn.2-Me. A plot of the Gibbs-free BDEs for the
weakest S—S bond in each of the Me-S,-Me chains (n = 2—7) is shown in Figure 117. The S—S
bond energy is reduced linearly for chains of 2, 3, and 4 sulfur atoms, with Gibbs-free BDEs
of 215.0 (MeS2Me), 160.2 (MeS3Me), and 98.9 (MeSsMe) kJ mol!. However, for chains with
four or more sulfur atoms the S—S bond energy remains approximately constant at ~100 kJ mol
I, This information demonstrated that the ideal target sulfur rank for initiating sulfur exchange
is 4 and that polymers of higher sulfur rank do not provide weaker S-S bonds. It also suggests
that if more stable polymers are required, a sulfur rank of below 3 should be targeted. Reports
in literature have suggested that the difference in S-S bond strength could account for the
variations in these materials’ rheological properties,'®* but the results in Figure 117 are the first
to rigorously characterize the S-S bond strength in these polysulfides. The bond energy for S-
S bonds in elemental sulfur (Ss) is 169.452 kJ/mol and sulfur exchange occurs at 159 °C.%°
When elemental sulfur (Sg) is converted into 50-poly(S-r-canola) through inverse vulcanisation
it results in the formation of polysulfide chains (-Sn-) where n =1 - 7. As shown in Figure 117,
the S-S bond strength reduces to ~98.9 kJ for chains where n > 4. This decrease in bond energy
likely accounts for the significant reduction in the temperature required to initiate sulfur
exchange. The bond energy decreased by 41.6%. If the initiation temperature (159 °C)

decreased by the same amount (41.6%) then the temperature expected to initiate sulfur
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exchange for n > 4 would be ~ 66.1 °C. This supports the results observed previously whereby
sulfur exchange was initiated with a temperature as low as 70 °C. The compression simply

facilitated the direct contact of the reactive interfaces increasing the rate of reaction.
4.5.9 Reactive compression moulding for recycling and repurposing

Now that the optimized protocol (with respect for time) and a sound understanding of the
theoretical considerations behind the sulfur exchange reaction had been determined, potential
applications of this chemistry were investigated. The ability to mould materials into desired
shapes and sizes is important, however the ability to perform this process repeatedly opens the
possibility for the material to be continuously re-formed and re-purposed for new uses. To test
this, a mat was first formed using the optimized reactive compression moulding conditions.
The resulting mat was then ground back up into a powder and a new mat was reformed using
the same reaction conditions. To characterize any differences between the mat before and after

re-forming; TGA, DSC, '"H NMR and SEM analysis were performed.

100 °C
Mill 40 MPa
» »
10 min

Recycied mat

~ —_—

Outline of successful recycling experiment using reactive compression moulding

.

igure 118 -

(top) and SEM images of the surface of 50-poly(S-r-canola) before and after recycling.

The recycled mat appeared visually the same as the first mat. SEM analysis (Figure 118)

revealed no significant difference in the mats before and after being recycled.
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Figure 119 — TGA (top) and DSC (bottom) analysis of 50-poly(S-r-canola) mat before and

after recycling.

No significant difference for samples before and after recycling was observed under TGA and
DSC analysis (Figure 119). The sulfur-sulfur exchange reaction was suggested to initiate at
~66 °C, only slightly after the beginning of the DSC runs (50 °C). In all DSC curves a small
change in heat flow is observable around 60-70 °C. This change could potentially be due to the

onset of sulfur-sulfur exchange.
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Figure 120 — 'H NMR analysis of 50-poly(S-r-canola) before and after moulding and
recycling. (600 MHz, pyridine-ds): & = 8.74, 7.59, 7.23 (pyridine-ds), 5.72 (a), 5.55 (b), 4.98
(HOD), 4.70 (¢), 4.51 (d), 2.50 (e), 2.44 (f), 2.14 (g), 2.05 (h), 1.71 (i), 1.3 (j), 0.9 (k).

The re-formed material was almost identical under '"H NMR analysis (Figure 120) with the
only observable difference being the position and intensity of the HOD peak. This is likely due

to the different levels of contamination of pyridine-ds over time by moisture in the air. All the
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results conclude that no significant change in chemical structure occurs after recycling the
material using reactive compression moulding. This adds further evidence to support the idea
that sulfur exchange is the dominant mechanism by which the reactive compression moulding
process occurs. This new process therefor offers a potential route for the recycling of
polysulfides prepared by inverse vulcanization. Now that the ability to re-form and re-use 50-
poly(S-r-canola) materials has been demonstrated, the ability to use this process to recycle 50-
poly(S-r-canola) after Fe(Ill) remediation was investigated. 50-poly(S-r-canola) was
investigated previously for the removal of Fe’* from water to decolorize it and prevent
biofouling induced by iron. It was shown that large quantities of 50-poly(S-r-canola) were
required to reduce the iron concentration to below the regulation limits. This means a
sustainable recycling and repurposing strategy must be developed for the sorbent if it is to be
a viable option for iron remediation. It was hypothesized that reactive compression moulding
could be used to repurpose spent sorbent as components in building and construction materials.
To test this possibility, 250 g of 50-poly(S-7-canola) was added to a 1.0 L solution of FeCl3 (50
mg/L). After 24 hours, >90% of the Fe(IIl) was removed and the water was clear (Figure 121
A, B). The 50-poly(S-r-canola) particles (now with bound iron) were isolated by filtration,
dried in a fume hood, and subjected to reactive compression moulding. The resulting mat
appeared no different than the mat formed from untreated 50-poly(S-r-canola) (Figure 121 C).
The iron bound to the polymer did not seem to interfere with the S-S metathesis reaction during
the moulding process. To investigate this further SEM, EDX, STA and 'H NMR analysis were

performed on all samples.
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Figure 121 — A) Image showing iron solution before and after treatment, B) Fe(IIl)
concentration before and after treatment, C) Visual images of Fe(Ill) treated 50-poly(S-7-
canola) before and after moulding, D) SEM analysis at 50 and 500 um before and after
moulding, E) EDX mapping of the surface of the mat formed from Fe(III) treated 50-poly(S-

r-canola).

SEM analysis (Figure 121 D) revealed no significant difference between the mat formed from
50-poly(S-r-canola) without and without previous treatment with Fe(III). No Fe(III) signal was
observed under EDX mapping of the surface(Figure 121 E). This was likely due to the

formation of the high sulfur content layer on the surface.
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Figure 122 — A) TGA (left) and DSC (right) curves for Fe(Ill) treated 50-poly(S-r-canola)

before and after moulding.

TGA and DSC traces (Figure 122) show no significant differences with both displaying the
expected peaks. The difference in heat flow intensity is likely due to the difference in thermal

conductivities of the materials when in bulk or powder form.
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Figure 123 — 'H NMR analysis of Fe(Ill) treated 50-poly(S-r-canola) before and after
moulding. (600 MHz, pyridine-ds): 6 = 8.74, 7.59, 7.22 (pyridine-ds), 5.73 (a), 5.54 (b), 5.00
(HOD), 4.68 (¢), 4.52 (d), 2.49 (e), 2.44 (f), 2.14 (g), 2.07 (h), 1.70 (i), 1.30 (j), 0.90 (k).

Normalized Intensity

Analysis using '"H NMR (Figure 123) shows that the Fe(Ill) treated 50-poly(S-r-canola)
material was chemically identical before and after moulding suggesting that the Fe(III) did not
interfere in the chemistry of the moulding process. This demonstrated that the bound Fe(III)
did not impact the moulding process in any noticeable way. This was also a direct
demonstration of repurposing the 50-poly(S-r-canola) after its use in one of the many

remediation applications already demonstrated previously in this thesis.
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4.5.10 Reactive compression moulding on a 15.0 gram scale

The optimized process was repeated on a larger scale to produce a 15 gram mat. This mat was

compared with the smaller scale mats to examine any differences observed.

Figure 124 — Imag_e of 15.0-gra mat (left) and SEM images of the mats surface at 100 um
(middle) and 500 pm (right).

The 15.0 g mat appeared visually the same as those produced at 5.0 grams. The surface of the
15.0 gram mat demonstrated the same free sulfur particles and surface coatings as the mats

prepared on 5.0 gram scale (Figure 124).
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Figure 125 — TGA (left) and DSC (right) traces, obtained by STA, comparing the mats
formed using 5.0 and 15.0 grams of 50-poly(S-r-canola).

No significant differences were observed under TGA or DSC curves (Figure 125). The small
difference in average heat flow intensity is likely due to the thermal conductivities of the
material. The 50-poly(S-r-canola) is thermally insulating and therefor retains heat. The more

sample that is present the less heat energy is required to maintain the same temperature and

therefore a difference in heat flow is observed.
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Figure 126 — '"H NMR analysis of 15.0 gram mat. (600 MHz, pyridine-ds): 8 = 8.74, 7.59, 7.23
(pyridine-ds), 5.72 (a), 5.54 (b), 5.02 (HOD), 4.68 (c), 4.51 (d), 2.49 (e), 2.44 (f), 2.15 (g),
2.07 (h), 1.72 (i), 1.31 (j), 0.9 (k).

No difference was observed in the 'H NMR spectra (Figure 126) suggesting the material
remains chemically identical to the material made on a 5.0 gram scale. Next, to probe the
mechanical properties of the 50-poly(S-r-canola) material nano-indentation analysis was
performed. Figure 127 below provides the average values of hardness, stiffness and reduced
elastic modulus for the nano-indentation samples. Results are presented for all data points (n==8)

and with soft and hard outliers removed (n=5).
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Figure 127 — Results for nano-indentation experiments

140



Three distinct areas, labeled as ‘soft’, ‘average’ and ‘hard’ were identified. A needle
penetration depth below 70 nm were labeled ‘hard’, between 70 nm to 110 nm labeled as
‘average’ and a depth of above 110 nm was classified as ‘soft’. The most observed penetration
depths were in the ‘average’ range (63% of usable data sets). This is likely due to penetration
of the 50-poly(S-r-canola) surface where no surface sulfur layer is present. The hard punctures
correspond to areas in which the sulfur surface layer was present. The soft signals are found
due to areas in which the probe compressed an area with an air pocket directly below the surface
thereby offering little resistance. Analysis of results revealed that the 50-poly(S-r-canola) mat
had a surface hardness of 0.5 + 0.1 GPa, a stiffness of 1.4 + 0.5 uN/nm, and a reduced elastic
modulus of 3 + 1 GPa. These results highlight the soft and flexible mechanical properties of

the mats formed.
4.5.11 Preparation of composite materials using reactive compression moulding

Whilst the soft and flexible properties are useful for some applications, altering the mechanical
properties for use in a wider range of applications is important. To do this, reactive compression
moulding was used to prepare composites with sustainable reinforcement materials. To do this
50-poly(S-r-canola) was investigated as a reactive resin material that would bind together and
encapsulate other filler materials to prepare composites. Filler materials investigated included
coconut coir, sand, PVC, and powdered carbon fibre. These filler materials were picked
because they are either agricultural waste (coco-fibre),?’ construction waste (PVC shavings) or
they are materials already used for composite materials in construction (sand). Out of all of the
potential construction waste materials to pick from, PVC was chosen because there are
currently few options for its recycling.?? Composite formation was achieved by simply mixing
the 50-poly(S-r-canola) with the filler material and then performing reactive compression
moulding on the mixture. Composites of coco-fibre and waste PVC were prepared with filler
content between 50 and 80 wt%. The coco-fibre composites were only prepared up to 70 wt%
coco-fibre content as the fibres were light weight and high volume meaning the 80 wt% coco-

fibre mixture was too high in volume to fit in the 10 x 10 mould.
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A Coco-fiber composites

50 wt. % 60 wt. %
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B Waste PVC
50 wt% 60 wt% 70 wt% 80 wt%

lcm lcm lcm lcm

Figure 128 — A) Images of 50-70 wt% coco-fibre composites, B) Images of 50-80 wt% waste
PVC composites.

Figure 128 shows the coco-fibre and PVC composite mats formed using reactive compression
moulding. The mats appeared more rigid and strong upon simple physical inspection. Under
SEM analysis (Figure 129) the surface of the PVC mats looked identical to mats made from
the starting material with increasing amounts of the filler material present. The sample at 80
wt% appears more like a PVC mat with 50-poly(S-r-canola) polymer embedded within and
bound to the surface. The coco-fibres are more difficult to differentiate from the 50-poly(S-7-
canola) surface under SEM. Although coco-fibres are present they conveniently blended in
with the surface features of the typical polymer resin. In the 50 and 60 wt% coco-fibre
composites, fibres are observable on the surface however they are difficult to observe. Once
the concentration of fibres reaches 70 wt%, their presence under SEM is more clearly
observable. Analysis of the cross section show that the PVC and coco-fibre are not localised to

the surface and are distributed throughout the bulk of the polymer.
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A Coco - fiber composites

Surface Cross section
50 wt% 60 wt% 50 wt%

&,
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Cross section
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Figure 129 — A) SEM images of the surface and cross section of coco-fiber comp

)

osites, B)

SEM images of the surface and cross section of waste PVC composites.

Unlike the coco-fiber and PVC, the sand, and the 50-poly(S-r-canola) didn’t mix well resulting
in mechanically unstable mats being formed upon compression. Therefore, to prepare a
composite material from sand and 50-poly(S-r-canola) a different method had to be established.

This method is highlighted in Figure 130.

Powdered 50-poly(S-r-canola) binder (30 wt%)
?and (70 wt%)
.: .'.. ® o e o © 100 oC, 40Mpa

o R mn % 20 min

5.0 g 50-poly(S-r-canola) mat

Figure 130 — Diagram describing the method used to prepare sand composites
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Figure 131 — Images showing step-by-step process to prepare the sand composites using the

method described above.

This process (Figure 131) involved firstly preparing two 5.0 gram 50-poly(S-r-canola) mats. A
mixture of the desired sand/50-poly(S-r-canola) composition is then sandwiched between the
two premade mats using reactive compression moulding for 20 minutes at 40 MPa and 100 °C.
Preparing a composite with 90 wt% sand was attempted using this method however it did not
form a mechanically sound mat. SEM analysis was performed on all sand composites (Figure

132).

1cm

1cm

Figure 132 — Images of 70 and 80 wt% sand composites (left), SEM images of the surface of

the 70 and 80 wt% sand composites at 500 um and 100 pum magnifications.

Due to the surfaces containing no sand and only 50-poly(S-r-canola) mats before moulding,
the surfaces after moulding looked identical to typical 100 wt% 50-poly(S-r-canola) mats

formed under the same conditions.
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50-poly(S-r-canola) mat

Sand filler and
50-poly(S-r-canola) binder

50-poly(S-r-canola) mat

SEM analysis (Figure 133) of the cross section (70 wt% sand composite) revealed that both
sand and 50-poly(S-r-canola) are observed in the middle section of the mats however a thin
layer (0.5-1 mm) on the top and bottom surface of the mat appear to consist entirely of 50-
poly(S-r-canola). As multiple 50-poly(S-r-canola) mats can be combined, additive
manufacturing of composites mats was investigated whereby multiple pre-formed mats are
adhered together to form a single larger mat. This was done using the 50-coco-poly(S-r-canola)

samples (Figure 134).

A B

50% coco-poly(S-r-Canola)
B Pre-made mat
ws2.  Powder

00 0990 00 908500 %0 000 ° 0007995 00% 0 0% 0,

2 cm

00 OPPD 00 % B9 60 %0 600 * 0 00 %09 90 % 0 0% O
100°C, 40 MPa
20 minutes

Stacked 50% coco-poly(S-r-Canola
composite

Figure 134 — A) Image demonstrating the process of additive reactive compression moulding.

Stacked-three layer

2 cm

B) Three individual 50-poly(S-r-canola) / coco-fiber composite mats, B) Mat formed from
additive reactive compression moulding of mats shown in A (left) and image showing thickness
of the mat formed from additive reactive compression moulding of mats in A in comparison to

an individual mat (right).

Three mats were successfully bound into one larger mat. This process is useful for creating
larger structures than the mould would initially allow as well as creating new more complex
shapes and structures not typically achieved using compression moulding. The effect of filler

amount and composition on the mechanical properties of the resultant composite material was
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investigated next. Compression testing was performed on all composite samples using the
compression clamp setup on the Q800 dynamic mechanical analyzer. The modulus of

compression for each sample was determined and the results are shown in Figure 135.
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Figure 135 — Young’s modulus for compression (modulus of elasticity) of the composites

prepared from 50-poly(S-r-canola) and different fillers: coconut fibre, sand, and PVC plastic

waste.

The modulus of elasticity (compression modulus) was determined for all the samples using the
compression clamp setup on the Q800 dynamic mechanical analyzer. Therefore, by altering
the filler amount and composition it’s possible to alter the compression modulus of the material.
Since PVC typically has a Tg around 70-100 °C it was hypothesised that the PVC composite
would also contain a secondary T,.2% DSC analysis was performed revealing the presence of a

T, at 84.3 °C. This allows the composites shape to be adjusted by heating to 85.0 °C.
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Figure 136 — T, analysis of the PVC plastic waste. The T, measurement was carried out using

Perkin Elmer DSC8000. The sample size was 6 mg.
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Three-point bend testing was also performed on all samples. The set up for this test is shown

below in Figure 137.

Figure 137 - Imags of the three-point bend attachment on the DMA directly before (left) and
after (right) analysing the 50 wt% coco-fibre composite

The modulus of elasticity (Figure 138) and rupture (Figure 139) where both insignificant for
the 50-poly(S-r-canola) sample. This is not an accurate value due to the highly flexible nature
of these mats the force that’s applied by the three-point bend test simply bends the sample until
it hits the force limit with very little if any resistance. Therefore, the value for 50-poly(S-7-
canola) appears to be very low but it’s true value would be significantly larger than all other

samples shown.
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Figure 138 — Modulus of elasticity of all composite samples found using three-point bend test.
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Figure 139 — Modulus of Rupture of all composite samples found using three-point bend test.

Testing revealed that in all cases addition of filler material effected the modulus of elasticity
and rupture. By increasing the amount of filler material from 50 to 80 both modulus values
were shown to increase. This information is important for the design of these composite

allowing for their mechanical properties to be tailored for use in specific applications.
4.5.12 Encapsulation of spend sorbent for safer handling, transport, and storage

Reactive compression moulding has been demonstrated as an effective method for recycling
and re-using poly(S-r-canola) materials. As these materials have been heavily used in pollution
remediation strategies, we decided to investigate weather reactive compression moulding could
be utilised to encapsulate spent sorbent materials, eliminating the issues associated with
contaminant leaching and enhancing the safe handling, storage, and transport of the spent

sorbent after use. The proposed method of encapsulation is shown in Figure 140.

Pb2* Contaminated water

O 50-poly(S-r-canola) particles &>  Powdered activated carbon (PAC)

I 50-poly(S-r-canola) mat l Polysulfide cross-links }—s—is.—s—}

ﬂ, Compression and heat @

Used sorbent: Leaching risk Polymer encapsulated sorbent: reduced leaching

1t 40MPa, 20 mins, 100°c {T

Figure 140 — Figure describing the lead treatment followed by encapsulation of sorbent

material.
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To do this a concentrated lead solution (560 ppm Pb?*) was initially treated with the 50-poly(S-
r-canola) polymer. An average of 0.2 mg of lead was bound per gram of polymer in triplicate
experiments. This was repeated at the same lead concentration using the carbon polymer blend
from chapter 3. After 1 hour of exposure time the polymer carbon blend (20.0 grams) had
approximately 10 mg of lead bound to it based on the decrease of lead in solution, as measured
by ICP-MS. This result indicates that the lead removal for the polymer carbon blend is due
primarily the activated carbon (1.8 mg / g AC), though the polymer is also a minor contributor
to lead binding (0.2 mg / g 50-poly(S-r-canola)). These treatment experiments were not
optimized for remediation as the experiment was aimed at testing whether or not reactive
compression moulding could be used to encapsulate the spent sorbent and stop leaching. The
spent sorbent was filtered and dried before undergoing leaching experiments. The spent blend
material was added to water in a centrifuge tube (1.0 g per 50 mL) and left to mix for 1 week
on a rotary mixer. The water was then filtered and analyzed by ICP-MS. The blend without
being encapsulated was shown to leach the adsorbed lead back into solution over 1 week (2.3
ng of the 500 pg bound). This level of leached lead is above the standard regulation limits for
lead in water, so it is significant.?®” To tackle the leaching issue, the spent sorbent was
completely encapsulated in 50-poly(S-r-canola) using reactive compression moulding. To do
this 5.0 g of the sorbent (bound to lead) was placed between two pre-formed 5.0 g 50-poly(S-
r-canola) mats. To ensure complete encapsulation 2.0 grams of powdered 50-poly(S-r-canola)

was added to the perimeter of the spent sorbent. This process is shown in Figure 141.

1. Bottom PTFE sheet 2. Bottom polymer mat 3. Spent sorbent 4. Polymer binder 5. Top polymer mat

1cm
6. Top PTFE sheet 7. Assembled mold 8. 100 °C, 40 MPa, 10 min 8. Polymer encapsulated sorbent

Figure 141 — Images from 1 - 9 showing the process used to encapsulate the spent sorbent

materials within 50-poly(S-r-canola) using reactive compression moulding.
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The blend material consists of 80 wt% 50-poly(S-r-canola), the same material being used for
encapsulation and will therefore chemically react with the preformed 50-poly(S-r-canola) mats
and the 2.0 grams added around its perimeter, locking it into the middle of the formed mat /
block. Leaching experiments were performed on the mats with encapsulated lead treated
sorbent. It was demonstrated that no observable leaching occurred (detection limit 0.030 mg/L)
from the spent lead sorbent after encapsulation. This method was therefore shown to be
effective in encapsulating spent 50-poly(S-r-canola) based sorbent materials eliminating
leaching and increasing safe handling, transport, and storage. This method could also be

applied to a range of other pollutants including PFAS and mercury.
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4.6 Conclusions

Reactive compression moulding was demonstrated to be an effective method by which high-
sulfur content polymers prepared by inverse vulcanization could be rapidly moulded into new
shapes and forms by the application of heat and pressure. Processing temperatures are
significantly lower than the materials synthesis temperature and the underlying S-S metathesis
reaction at the center of this process was also studied computationally. This revealed that the
weakest S—S bond in a polysulfide chain decreases as the sulfur rank increases from 1 to 4 but
remains relatively steady above 4 sulfur atoms. After validating the technique, it was utilized
to effectively remould 50-poly(S-r-canola) multiple times as well as repurpose the 50-poly(S-
r-canola) that had been used previously in water remediation experiments. This was an
important achievement as most cross-linked thermoset polymers are unrecyclable. Reactive
compression moulding was also demonstrated as an effective method to prepare composite
materials from polymers prepared by inverse vulcanization. By forming composites, the
mechanical properties of the resulting mats could be altered by changing the composition and
ratio of filler material to polymer. Finally, the ability to encapsulate the spent carbon / polymer
sorbent material (used for lead treatment) inside 50-poly(S-r-canola) was demonstrated. This
eliminated the issues associated with contaminant leaching, increasing the safe handling,
transport, and storage of the waste sorbent material. This could also be used to repurpose the
spend sorbent inside bricks and mats of 50-poly(S-r-canola) to be used in construction

applications.
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/Abstract: Inverse vulcanization provides dynamic and re-
sponsive materials made from elemental sulfur and unsatu-
rated cross-linkers. These polymers have been used in a vari-
ety of applications such as energy storage, infrared optics,
repairable materials, environmental remediation, and preci-
sion fertilizers. In spite of these advances, there is a need for
methods to recycle and reprocess these polymers. In this
study, polymers prepared by inverse vulcanization are
shown to undergo reactive compression molding. In this
process, the reactive interfaces of sulfur polymers are
brought into contact by mechanical compression. Upon
heating these molds at relatively low temperatures
(= 100°C), chemical bonding occurs at the polymer interfa-
ces by S—S metathesis. This method of processing is distinct

o

\

from previous studies on inverse vulcanization because the
polymers examined in this study do not form a liquid phase
when heated. Neither compression nor heating alone was
sufficient to mold these polymers into new architectures, so
this is a new concept in the manipulation of sulfur polymers.
Additionally, high-level ab initio calculations revealed that
the weakest S—S bond in organic polysulfides decreases line-
arly in strength from a sulfur rank of 2 to 4, but then re-
mains constant at about 100 kJmol™" for higher sulfur rank.
This is critical information in engineering these polymers for
S—S metathesis. Guided by this insight, polymer repair, recy-
cling, and repurposing into new composites was demon-
strated.

/

Introduction

New efforts in the design of materials that can be generally re-
cycled and integrated into a circular economy are necessary to
overcome the burden of polymer waste on the environment.
Currently, there is an unfortunate reliance on landfills and in-
cineration of polymer waste.? Where polymers are recycled,
these materials are typically reprocessed mechanically into
new resins or melt-processed to form new goods. In the case
of melt-processing, the elevated temperatures lead to chemical
degradation of the polymer which can limit the durability and
value of the recycled material.”” In the case of thermoset poly-

mers, these cross-linked materials cannot be reprocessed or re-
formed and so they are not typically recycled.”® To generalize
the recyclability of polymeric materials, there is a need for
methods to break down polymers into constituent compo-
nents (monomers or smaller building blocks) so that they can
be re-used in synthesis.®! Encouraging advances in vitrimer
technology have been reported to address this challenge
where polymer repair, recycling and reforming is made possi-
ble by chemically reversible or exchangeable cross-links.”
Among these cross-links, S—S bonds are of particular interest,”
especially with the advent of synthetic methods, such as in-
verse vulcanization, that provide straightforward access to
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polysulfide-containing polymers.” In this reaction, introduced
by Pyun and collaborators in 2013, elemental sulfur is co-poly-
merized at a high feed ratio with an unsaturated organic cross-
linker (usually an organic polyene), providing materials with
sulfur content of typically 50-80% by mass.”’ These materials
have been explored as cathodes for Li-S batteries;” optics
equipment for infrared imaging;® sorbents for oil spills,®
metals,”” and organic micropollution;® components of slow re-
lease fertilizers;” antimicrobial materials,"” and several other
emerging applications."” Another intriguing property of poly-
mers prepared by inverse vulcanization is that the S-S bonds in
the backbone of the polymer are dynamic and can be ex-
changed by heating to repair and recycle these materials.""?
this study, we report an investigation into the recycling and re-
purposing of a polymer made by the inverse vulcanization of
canola oil-referred to here as 50-poly(S-r-canola), where 50 is
the wt% sulfur and r designates a random co-polymerization.
This friable rubber is sustainable, as it is prepared by the direct
reaction of elemental sulfur (a surplus co-product of petroleum
refining) with renewable plant oils such as canola oil, sunflow-
er oil, olive oil, castor oil, or rice bran oil.”>¥ We have previous-
ly shown that this material can even be made from used cook-
ing oil-a capability that aligns with our interests in waste valor-
ization and green chemistry.*”>9 It is important to point out
that 50-poly(S-r-canola) is a network polymer that is highly in-
soluble and only dissolves in the presence of reagents that
cleave S—S bonds, such as amines or phosphines.”>% Therefore
solvent-free methods of processing post-polymerization are re-
quired, a capability that would facilitate processing, recycling,
and repurposing of 50-poly(S-r-canola). To this end, thermal
processing under compressive force was investigated. Unlike
some previous examples of sulfur polymer recycling or melt-
processing which proceed through a molten state during the
thermal treatment,*'®9 it was found that 50-poly(S-r-canola)
can be reformed only if the reactive surfaces are mechanically
forced into contact while heating and no liquid phase was
formed. We demonstrate that this reactive compression mold-
ing allows the assembly, recycling, and repurposing of this
polymer. And while the study of S—S metathesis reactions in
the rubber industry has a rich history,"® we note that these
polymers are not made from renewable materials, such as un-
saturated triglycerides. Furthermore, we demonstrate reactive
compression molding in new applications for this class of poly-
mers such as repurposing into composite materials. From a
fundamental chemistry perspective, we also show that these
specific polymers, with an average sulfur rank between 4 and
6, have a much lower S-S bond strength compared to most di-
sulfide linked polymeric systems. The concept of reactive com-
pression molding is illustrated in Scheme 1.

Results and Discussion
Polymer synthesis

50-Poly(S-r-canola) was prepared by the inverse vulcanization
of an equal mass of canola oil and elemental sulfur (S), as pre-
viously described by our laboratory (Scheme 1A and Support-
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B. This study: reactive compression molding for recycling and repurposing
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Scheme 1. A) Inverse vulcanization: the co-polymerization of canola oil and
sulfur provides high sulfur-content materials useful in diverse applications.
B) Reactive compression molding is proposed as a new concept in the as-
sembly, recycling, and repurposing of these polymers. In the proposed pro-
cess, thermally induced homolytic cleavage of S—S bonds leads to rapid S—S
metathesis at the polymer interfaces. Compression ensures sufficient contact
with these reactive surfaces.

ing Information, page S4).*”" Briefly, the canola oil (450.0 g)
was heated up to 170°C in a stainless-steel reaction vessel
(4.7 L, 20 cm diameter). Stirring was implemented at 90 rpm
using an overhead stirrer with a stainless-steel impeller. An
equal mass of sulfur (450.0 g) was added to the heated canola
oil over 10-15 minutes ensuring that the temperature never
dropped below the floor temperature of sulfur (159 °C). Upon
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completion of the sulfur addition, the two-phase reaction typi-
cally appears to form one phase. At this point the temperature
of the reaction mixture was increased to 180°C and over the
next 20 minutes sodium chloride (2100 g, finely ground) was
slowly added ensuring the temperature remained above
159 °C. At this point the mixture was light brown, opaque, and
a free flowing liquid. Over 15-20 minutes the viscosity of the
reaction mixture increases. Once the overhead stirrer regis-
tered a torque of approximately 40 Ncm, the reaction vessel
was removed from the hotplate and the product was removed
from the reactor and ground into a powder. The final product
was washed repeatedly with water to remove the sodium chlo-
ride porogen. After drying in air, the product is a soft, brown
rubber. This same procedure was adapted in the preparation
of poly(S-r-canola) with less sulfur (30% sulfur by mass). We
subsequently refer to this material as 30-poly(S-r-canola). NMR,
TGA, SEM and EDX analysis of the polymer were consistent
with that previously reported and selected characterization
data is provided in the Supporting Information.”” Based on
lipid analysis of the canola oil used in this polymerization, the
average number of alkenes per molecule of canola oil used in
this study is 3.4 and the average molecular weight of the
canola oil triglyceride was 882.6 gmol~'."¥ Alkene conversion
for 50-poly(S-r-canola) was 86 %, consistent with our previous
reports of this reaction.®’® The amount of unreacted sulfur for
50-poly(S-r-canola) was approximately 20 wt%, as determined
by quantitative DSC analysis (Supporting Information,
page S43). For the preparation of 30-poly(S-r-canola), the
alkene conversion was slightly lower at 75% and the free ele-
mental sulfur in the product was 2.6 wt% (Supporting Informa-
tion, page S43). At these conversions and feed ratios, the aver-

age sulfur rank of 50-poly(S-r-canola) is 5.7 and the average
sulfur rank of 30-poly(S-r-canola) is 4.5. The sulfur rank is im-
portant as this is the average number of S atoms in the poly-
sulfide cross-links between each alkene. The length of this
polysulfide cross-link is related to the S—S bond strengths in
the polymer and therefore a critical parameter in processing
polymers made by inverse vulcanization (vide infra).

First-generation reactive compression molding

It was observed in a control experiment that when 20 g of the
50-poly(S-r-canola) polymer was placed in a beaker and incu-
bated in an oven at 110°C for 24 hours, the material darkened
in color, but it did not liquefy (Figure 1A). And while the mate-
rial did appear to form small aggregates, the sample was not
bound together strongly and still behaved as a free-flowing
powder. This control experiment illustrated how this polymer
is distinct from other polymers made by inverse vulcanization
that liquefy upon heating.*'*'¥ Suspecting that the reactive
S—S groups on the polymer surface were not in sufficient con-
tact to undergo exchange and bond to each other, the experi-
ment was repeated with compression to force together the re-
active surfaces. Accordingly, 20 g of powdered 50-poly(S-r-
canola) was compressed between two metal plates using C-
clamps (Figure 1B and Supporting Information, pages S5 and
S6). Poly(tetrafluoroethylene) (PTFE) sheets were used to pre-
vent adhesion to the metal plates. The compressed polymer
was incubated in an oven at 110°C for 24 hours. After this
time, the polymer was converted into a flexible rubber mat
(Figure 1B). The "H NMR spectra before and after the compres-
sion molding differed slightly, with molded polymer showing a

A. 50-poly(S-r-canola) (20 g, 110 °C, 24 h, no compression)

Figure 1. A) Heating 20 g of 50-poly(S-r-canola) in a beaker at 110°C for 24 hours in an oven does not result in melting and the polymer is recovered as a
slightly darkened powder. B) Heating 20 g of polymer between two PTFE sheets and metal plates, with pressure applied from C-clamps, results in the forma-

tion of a monolithic and flexible rubber mat (110°C, 24 h, oven).
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reduced integration of the alkene peaks (Supporting Informa-
tion, page S7). This result is consistent with homolytic cleavage
of the S—S bonds and reaction with alkene remaining after the
original polymerization (it was later found that the reaction at
the alkene only occurs with prolonged heating and the mat
can be formed in shorter times where S—S metathesis is domi-
nant mechanism of reaction, vide infra). It should also be
noted that the alkene peaks were not consumed when the
polymer was incubated in a beaker for 24 hours at 110 °C with-
out compression (Supporting Information, page S6). This result
means that the reaction does indeed require compression to
force the reactive interfaces of the polymer powder into con-
tact. The reactive compression molding was then repeated
using this simple apparatus at 80, 90 and 100°C for 24 hours
(Supporting Information, page S8). While all of these experi-
ments resulted in a mat, it was clear that 110°C resulted in a

more uniform appearance and durability-especially in the areas
of the mat directly compressed by the clamps (Supporting In-
formation, page S8). This observation prompted us to study
the reactive compression molding in a hot press in which the
pressure could be controlled and applied more uniformly
across the surface of the polymer mat.

Second-generation reactive compression molding

In order to control both the temperature and pressure in the
reactive compression molding, we employed a 10-ton hydraul-
ic rosin press with digitally controlled heated steel plates. A
stainless steel mold (10 cmx 10 cm) was lined with PTFE sheets
and 5.0 g of 50-poly(S-r-canola) was added to mold (Figure 2 A
and Supporting Information, page S9). In optimizing the pro-
cess, the pressure, temperature and time were all varied. Initial-

A. Second-generation reactive compression molding process

B. Pressure variation (10 min at 100 °C)

C. Temperature variation (10 min at 40 MPa)

SEVILaa,

90 °C

90-100 °C, 10-40 MPa

——
10-60 min

Figure 2. A) Second-generation reactive compression molding of 5.0 g of 50-poly(S-r-canola) into a rubber mat. A stainless steel mold and heated hydraulic
press were used to control the temperature and pressure. B) Compression of the polymer is required to obtain a uniform mat of 50-poly(S-r-canola). Shown is
the effect of pressure for a 10 minute reaction at 100°C. C. At 40 MPa, 90°C or higher is required to provide a uniform 5.0 g 50-poly(S-r-canola) polymer mat
within 10 minutes. D. At 30 MPa and 100°C a polymer mat made of 50-poly(S-r-canola) is formed within 10 minutes. Continued reaction provides a continual-

ly darker and more uniform surface.
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ly, the reactive compression molding was tested in a short
10 minute process at 100°C. Without any pressure, the poly-
mer did not change by visual inspection and was recovered as
powdered particles (Figure 2B). However, simply applying
10 MPa of pressure at 100°C for 10 minutes led to the forma-
tion of a relatively uniform mat. Repeating the experiment at
20, 30 and 40 MPa lead to increasingly homogenous mats with
fewer cracks and defects (Figure 2B and Supporting Informa-
tion, pages S16-518). Similar results were observed at 90°C at
these pressures (Supporting Information, pages S19-S21).
These results are striking in that they show the reactive com-
pression molding occurs very rapidly (within minutes) under at
least 10 MPa pressure. To determine the lowest temperature
for this process, the compression reaction was run at 40 MPa
for 10 minutes at 70, 80, and 90°C. While a mat formed in all
cases, 90°C was required otherwise significant cracks and de-
fects were observed (Figure 2C and Supporting Information,
pages $22-524). Notably this is a far lower processing tempera-
ture than other recent S-S metathesis reactions in materials
under compression."” In examining the time required to pro-
voke reactive compression molding, the mold was placed
under 30 MPa of pressure and then heated to 100°C. The reac-
tion time was varied from 1 minute at 100°C to 1 hour at
100°C (see Supporting Information, page S10 for more exam-
ples). The resulting polymer mats are shown in Figure 2D.
Even after 1 minute, it was clear that the polymer was reacting,
though the mat was neither continuous nor uniform. However,
with additional time the mat becomes more uniform and dura-
ble (Figure 2D). '"H NMR analysis of the product mat showed
little or no change in the integration of the alkene peaks in

A. Top surface of 50-polys(S-r-canola) mat (SEM, EDX, Raman)

the original polymer, so we attribute the bonding in the mat
to S—S metathesis reactions at the surface of the compressed
polymer (Supporting Information, page S14). Interestingly, a
layer of elemental sulfur formed on the surface of the mat
over the course of the reactive compression molding, as indi-
cated by both Raman spectroscopy and EDX analysis of the
surface and cross-section of the mat (Figure 3 and Supporting
Information, pages S11-513). DSC analysis indicated that the
amount of free sulfur in the material did not change (Support-
ing Information, page S15), so we attribute the formation of
this sulfur film to the sublimation of free sulfur during the
molding procedure. If the free sulfur is unwanted, 30-poly(S-r-
canola) contains only 2.6 wt% residual elemental sulfur. This
polymer provided a very similar polymer mat after reactive
compression molding, but no layer of free sulfur. This experi-
ment also indicates that free sulfur is not required for the reac-
tive compression molding (Supporting Information, pages S25-
S27). Regarding the potential utility of the sulfur film on the
top surface of the 50-poly(S-r-canola) polymer mat, we note it
could be of interest in modulating the surface chemistry, im-
parting chemical resistance, or even antibacterial effects to the
mat surface.

It is noteworthy that the temperature required for reactive
compression molding (/& 100°C) is far lower than the tempera-
ture of the original inverse vulcanization (180°C). We attribute
this phenomenon to the S—S bonds in the polymer that are
weaker than those in elemental sulfur. To illustrate this differ-
ence, a control experiment was run in the press in which 2.5 g
of sulfur and 2.5 g of canola oil were pressed at 40 MPa at
100°C for 10 minutes. Only unreacted sulfur and canola oil

i g 2350
. 2% CK
=2 1850
2% OK 25
o
4% ptm =& 1390
B es% sk 830 y y y
50 1050 2050 3050

Sulfur layer /

on top surface

Raman shift (cm-1)

B 2% ck

5% OK

6% PtM

B 5% sk

Bulk polymer mat

Figure 3. Reactive compression molding of 50-poly(S-r-canola) provides a mat in which the free elemental sulfur coats the top surface. This sulfur layer is
likely formed by sublimation. For this sample, the reactive compression molding was carried out for extended time to further accentuate the formation of
this layer (360 min, 30 MPa, 100°C). A)EDX and Raman spectroscopy of the top surface are consistent with elemental sulfur (see Supporting Information,
page S11-513 for additional details). B) A cross-section of the mat also reveals the sulfur layer on the top surface.
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were recovered (Supporting Information, page S28). This result
shows how the polymer made by inverse vulcanization can be
reacted and manipulated in ways not possible with the original
sulfur and canola oil monomers.

Theoretical considerations regarding S-S metathesis of
organic polysulfides

The facile manipulation of poly(S-r-canola) by reactive com-
pression molding was attributed to S—S bonds that can be
thermally cleaved and reformed in a metathesis process
(Scheme 1B). As mentioned previously, the average sulfur rank
for poly(S-r-canola) was calculated to be 5.7 for 50-poly(S-r-
canola) and 4.5 for 30-poly(S-r-canola). As this sulfur rank
might influence the S-S bond strength, and therefore the tem-
perature at which reactive compression molding is possible, it
is important to understand this relationship. Therefore, we ex-
amined the S—S bond strength of a series of dimethyl polysul-
fides (MeS,Me) computationally.

Accordingly, high-level ab initio calculations (with the ab
initio Gaussian-4 (G4) thermochemical protocol)™ were per-
formed to probe the strength of the S—S bonds in polysulfide
chains. The G4 protocol is an efficient composite procedure for
approximating the CCSD(T) energy (coupled cluster with sin-
gles, doubles, and quasiperturbative triple excitations) in con-
junction with a large triple-C-quality basis set and has been
found to produce bond dissociation energies (BDEs) and other
thermochemical properties with chemical accuracy (arbitrarily
defined as ~4kJmol").'*"" We considered the homolytic
BDEs of the S—S bonds in model dimethyl polysulfides
(MeS,Me, in which n=2, 3, 4, 5, 6, and 7). The BDEs of the S-S
bonds on the enthalpic (AH,q) and Gibbs free (AG,qs) potential
energy surfaces (PESs) at 298 K are tabulated in the Supporting
Information (pages S29-532). Inspection of these BDEs reveals
that for MeS,Me chains with more than two sulfur atoms, the
weakest S—S bond is the MeS,—S, ,Me bond. A plot of the
Gibbs-free BDEs for the weakest S—S bond in each of the
MeS,Me chains (n=2-7) is shown in Figure 4. This plot shows
that the S—S bond energy is reduced linearly for chains of 2, 3,
and 4 sulfur atoms, with Gibbs-free BDEs of 215.0 (MeS,Me),
160.2 (MeS;Me), and 98.9 (MeS,Me) kJmol™'. However, for
chains with four or more sulfur atoms the S—S bond energy re-
mains fairly constant at ~ 100 kJmol™', with Gibbs-free BDEs of
104.0 (MeSsMe), 97.2 (MeS¢Me), and 100.2 (MeS,Me) kJmol .

The results in Figure 4 are consistent with classic experimen-
tal observations of Tobolsky in the thermal decomposition of
dimethyl polysulfides™ and provide important insight into the
processability of polysulfide polymers. For instance, in the
design of polymers made by inverse vulcanization, a sulfur
rank of at least 4 should be targeted if S—S lability is desired.
These weak S—S bonds (compared to materials with sulfur
ranks of 2 or 3) would allow thermally promoted S-S metathe-
sis at a lower temperature. Additionally, the data in Figure 4
suggests that a polymer made by inverse vulcanization with a
sulfur rank >4 would not provide a system with weaker S—S
bonds. This is an important consideration as S—S bond
strength in these polymers has been invoked previously in the
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Figure 4. Gibbs-free bond dissociation energies (BDEs) at 298 K (AG,q5, G4
theory, ki mol™") for the weakest S—S bond in dimethyl polysulfides
(MeS,Me) containing 2-7 sulfur atoms.

literature to account for the variation in rheological properties
of polysulfide polymers with different sulfur ranks."* For the
polymer system in Figure 2, the calculated S—S bond strengths
are consistent with the proposed S—S metathesis that occurs
rapidly at temperatures even below 100°C. These results are
also consistent with a study by Jenkins in which S-S bond
cleavage in polymers made by inverse vulcanization occurred
at temperatures as low as 90°C."”

Reactive compression molding for recycling and
repurposing 50-poly(S-r-canola)

With optimized protocols for reactive compression molding in
hand, as well as a sound theoretical understanding of the ther-
mally initiated S-S metathesis reaction, we next investigated
applications of this chemistry. The first application of reactive
compression molding tested was recycling of a 50-poly(S-r-
canola) mat (Figure 5A). The original mat was first prepared by
reacting 5.0 g of the poly(S-r-canola) powder at 100°C for
10 minutes at 40 MPa. The resulting mat was then cut up and
then ground into a powder. A small portion (500 mg) of this
polymer was saved for analysis and the remaining material was
returned to the hot press and re-subjected to the reactive
compression molding process. The recycled mat appeared the
same as the first mat and there was no difference observed by
TGA, DSC, 'H NMR and SEM analysis (Supporting Information,
pages S33-535). This process demonstrates that a cross-linked
polymer prepared by inverse vulcanization can be recycled
through reactive compression molding. This is distinct from
other cross-linked rubbers that are rarely recycled because
heating these materials leads to thermal degradation.”” In
contrast, the 50-poly(S-r-canola) material can be reformed and
recycled at a relatively low temperature.

The recycling concept validated in Figure 5A was then ex-
tended to polymer re-purposing. Poly(S-r-canola) has previous-
ly be explored in removing Fe** from water to decolorize and
prevent bio-fouling induced by iron.”” However, in this process
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A. Recycling of 5.0 g of 50-poly(S-r-canola) by reactive compression molding

1. 50-poly(S-r-canola)
(250 9)
—
24 h
2. Filter and
recover polymer

1L, 50 mg/L FeCl, >90% Fe®* removed

100 °C,
40 MPa

10 min

: L d
recovered and

dried polymer

Figure 5. A) Reactive compression molding can be used to recycle the 50-poly(S-r-canola) mat. B) 50-poly(S-r-canola) can be used to remove Fe*" from water
and then repurposed to a new architecture via reactive compression molding. At these levels, the bound iron did not affect the reactive compression mold-

ing.

it was found that large quantities of polymer were required to
remove the iron. In such cases, a plan for repurposing the
polymer would be required. We considered that reactive com-
pression molding might be useful in converting the powdered
polymer sorbent into a rubber mat after use in the remedia-
tion process. In this way, the polymer might be useful as a
component of building materials or other composites. To test
this possibility, 250 g of poly(S-r-canola) was added to a 1L so-
lution of FeCl; (50 mgL™"). After 24 hours, >90% of the iron
was removed and the water was clear. The polymer (with
bound iron) was then isolated by filtration, dried in a fume
hood, and subjected to reactive compression molding (100 °C,
40 MPa, 10 min, 5.0 g of the recovered polymer). The resulting
mat (Figure 5B) appeared no different than the mat formed
from pristine poly(S-r-canola) and was indistinguishable by
'H NMR, SEM, TGA, and DSC analysis (Supporting Information,
pages S36-539). This experiment demonstrates that the iron
bound to the polymer did not interfere with the S—S metathe-
sis reaction during the reactive compression molding. More
generally, this process illustrates a strategy for repurposing the
poly(S-r-canola) after the many remediation applications al-
ready demonstrated in our laboratory.’® 748

Reactive compression molding to access composite
materials with tunable mechanical properties

A mat made by reactive compression molding of 50-poly(S-r-
canola) (100 MPa, 100°C, 20 min) was analyzed by nanoinden-
tation (Supporting Information, page S40). Averaging over five
samples revealed a hardness of 0.5+0.1 GPa, a stiffness of
14405 uNnm~', and a reduced elastic modulus of 3+ 1 GPa.
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These values reflect the soft and flexible nature of the rubber
mat resulting from the reactive compression molding. And
while this material might be directly useful in applications in
which a soft and flexible rubber mat is required, we next con-
sidered ways in which the mechanical properties of the mat
could be altered. We therefore next examined the 50-poly(S-r-
canola) as a “reactive mortar” to bind together other fillers in
the preparation of composite materials. Coconut coir, sand,
PVC, and powdered carbon fiber were all used to explore this
concept. Coconut coir can be considered agricultural waste;?"
sand, sand-surrogates and gravel-like substances are important
fillers in construction;*” and there are limited options for PVC
recycling.”® In forming the composites, 50-poly(S-r-canola) was
simply blended with the filler (50-80 wt % filler) and then sub-
jected to reactive compression molding (100°C, 40 MPa,
20 min) (Figure 6A and Supporting Information, pages S44-
S53). The resulting composites could be further reacted in an
additive fashion, producing laminate type materials through
reactive compression molding (Figure 6B and Supporting Infor-
mation, pages S46-549). The composites were then subjected
to mechanical testing. It was found that the compression mod-
ulus and flexibility of the composites were indeed different
than the parent polymer mat. For instance, the sand compo-
sites and the composite made from 50 wt% coconut coir have
compression moduli of ~12 MPa, nearly double that of the
polymer mat alone (Supporting Information, pages S50-S51).
In a three-point bend test, all of the composites were stiffer
and had a higher elastic modulus than the polymer control
(Figure 6 A and C, Supporting Information, pages S52 and S53).
An interesting feature of the PVC composite is that because
the T, of the PVC is 84°C (Supporting Information, page S51),
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70 wt% sand
30 wt% 50-poly(S-r-canola)

A. 70 wt% coconut coir
30 wt% 50-poly(S-r-canola)

70 wt% PVC shavings
30 wt% 50-poly(S-r-canola)

A

B. 50 wt% coconut coir
50 wt% 50-poly(S-r-canola) — (EEEEENERENNEREN, 100 °C, 40 MPa Single mat
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Figure 6. A) Representative composites prepared by the reactive compression molding of the powdered 50-poly(S-r-canola) and varying amounts of coconut
coir, PVC shavings, and sand. B) A composite mat made by reactive compression molding can be reacted further in an additive process, using additional pow-
dered 50-poly(S-r-canola) at the interface as a “chemical mortar”. C. Three-point bend test of composites prepared by reactive compression molding show the
filler material leads to a composite that is stiffer than a polymer mat made without filler.

the composite is flexible when it is removed from the 100°C
mold and it can therefore be further re-shaped (for instance
into a curved mat) before the composite cools and sets. We
note that the composites made from either coconut coir or
PVC have a relatively high variability in the measured modulus
of elasticity. This is likely due to the non-uniform size of the
filler particles and the resulting inhomogeneity of the compo-
site. In contrast, the sand filler is more uniform, which leads to
less variability in these measurements. Despite this variability,
the reactive compression molding method is a rapid and
simple way to incorporate the coconut coir and PVC waste
into new composite materials.

Next, a composite made from powdered carbon fiber and
50-poly(S-r-canola) was prepared. Composites of 10, 20 and
30 wt% carbon were then made through reactive compression
molding with poly(S-r-canola) (100°C, 40 MPa, 20 min), provid-
ing black composite mats. At higher levels of carbon, free
carbon was observed to flake off of the composite. Rather
than test the mechanical properties of this composite, we in-
stead assessed how the contact angle of solvents (water, etha-
nol and glycerol) changed with carbon fiber (Figure 7 and Sup-
porting Information, page S54). While the variation of the con-
tact angle was not uniform, it is clear that the surface energy
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and interaction of the polymer and composites can be modu-
lated. This capability might find use in developing new applica-
tions of these composites in which solvent interaction or repel-

20 wt% powdered carbon fiber + 80 wt% 50-poly-(S-r-canola)

"

Contact angle variation with carbon fiber (CF) content

DI Water Ethanol
93.25[0.51] 14.82 [2.05]

Glycerol
102.03 [0.12]

Control (0%)

10% CF 112.39[0.22] 15.74 -] 107.61[0.36]
20% CF 104.39 [0.08] 20.25[-] 129.15[0.00]
30% CF 123.92[0.12] 0.00 [] 122.45[0.10]

Figure 7. A composite mat made from powdered carbon fiber (CF, 10, 20,
and 30 wt %, 20 wt% shown) and 50-poly(S-r-canola) (90, 80, and 70 wt %,
80 wt% shown). The mat was prepared by reactive compression molding
(100 MPa, 100°C, 20 min). The carbon fiber was found to modulate the con-
tact angle for water, ethanol and glycerol. Standard deviations are indicated
in brackets.
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lency is important. As carbon fiber is increasing incorporated
into machinery and other commercial products, new processes
are required to recycle and repurpose this material.*” We dem-
onstrate one strategy for such a process in this study and will
report additional integration of this composite into new con-
struction materials and other applications in due course.

Conclusions

Reactive compression molding was introduced as a new proc-
essing method for rubber-like materials made by inverse vul-
canization. This process is rapid and technically simple, requir-
ing only a simple hot press to force the reactive faces of the
polymer together. Notably, the processing temperatures
(~100°C) are far lower than the original polymerization. The
S—S metathesis reaction at the center of this process was also
studied computationally, revealing that the weakest S—S bond
in an organic polysulfide decreases from di- to tri- to tetrasul-
fides, but then levels off for higher sulfur rank. This information
is critical in the design of polymers amenable to reactive com-
pression molding because the rate of the process will be di-
rectly related to the sulfur rank. The reactive compression
molding of poly(S-r-canola) was then validated in the recycling
and repurposing of this material, which is an important mile-
stone in managing the life cycle of cross-linked polymers-most
of which are currently unrecyclable. Finally, we demonstrate
that reactive compression molding can be integrated into the
synthesis of composite materials with a range of useful and
tunable mechanical properties. We anticipate that these find-
ings will impact efforts in sustainable materials and their use in
a number of applications.
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1. Introduction

The remediation of water contaminated with heavy metals is
essential for public and environmental health. Lead pollution poses
a substantial health risk, with harm to child development an ongoing
concern [1-3]. Activated carbon is a common sorbent to remove Pb?™*
from water [4], but there have been few reports on the full life cycle
management of the spent sorbents. For persistent pollution such as
heavy metals, there is a need for strategies to prevent leaching and
contamination during the transport and storage of spent sorbents.
In this study, we report a simple and effective method to confine
lead to a powdered activated carbon sorbent. The method involves
using a surface-reactive polymer to form a barrier around the spent
carbon. The key polymer was made by inverse vulcanization—a copo-
lymerization of sulfur and polyenes that provides organic
polysulfides [5-7]. We have previously shown that this polymer,
when blended with powdered activated carbon (PAC), reduced dust
plumes of the finely powdered carbon, making PAC safer to handle
[8]. The polysulfide support also prevented PAC from caking and
blocking filters in continuous purification of water contaminated
with per- and polyfluoroalkyl substances (PFAS) [8]. In this study,
we report a new capability of the polymer support that takes
advantage of the reactive S—S bonds contained in the material.
Specifically, the polymer could be used as a barrier to contain

* Corresponding author.
E-mail address: justin.chalker@flinders.edu.au (J.M. Chalker).

https://doi.org/10.1016/j.susmat.2020.e00222
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lead-contaminated PAC. The barrier is formed by dynamic exchange
of the S—S bonds in the polymer that convert it from a powder to a
monolithic block. This process is referred to as reactive compression
molding, a technique recently reported as a method to make a variety
of composite materials [9]. Here, this processing technology was
applied to the confinement of a spent carbon sorbent to prevent
leaching. The concept is illustrated in Fig. 1. The key polymer used
in the reactive compression molding is also sustainable because it is
made from renewable canola oil and elemental sulfur (a byproduct
of petroleum refining). The barrier of the poly(S-r-canola) polymer
was found to prevent lead leaching from the sorbent when sub-
merged in water for one week.

2. Materials and methods
2.1. Poly(S-r-canola) synthesis

The polymer was prepared as previously described by the co-
polymerization of sulfur and canola oil [10]. Briefly, canola oil
(450.0 g) was added to a 4.7 L, 20 cm diameter stainless steel reactor
and heated to 170 °C. The canola oil was stirred with an overhead stirrer
equipped with a stainless steel impellor and the oil temperature was
monitored using a thermocouple placed directly in the reaction mix-
ture. Sulfur (450.0 g) was then added over a period of 10 min. Care
was taken so that the reaction temperature remained at least 155 °C.
After the sulfur addition was complete, the thermostat of the reaction
vessel was set to 180 °C and sodium chloride (2.10 kg) was added
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Fig. 1. Reactive compression molding [9] was used to encapsulate a spent sorbent and prevent leaching of captured lead. The sorbent was made from a blend of a polysulfide polymer and
powdered activated carbon (PAC). The polymer reduces dust plumes by binding to the PAC, rendering it safer to handle [8]. The polymer in the sorbent has a reactive surface that becomes
the mortar that allows adhesion to the final polymer casing. The adhesion occurs through metathesis of the S—S bonds in the polysulfide polymer [9].

over the course of 15 min. The reaction was heated for an additional
10-15 min with continuous stirring until the torque meter on the over-
head stirrer registered 40 Necm. At that stage, the stirring was stopped
and the reactor was removed from the hot plate and cooled on a trivet.
The polymer was removed from the reactor and mechanically ground to
particles <3 mm in size. The sodium chloride porogen was then re-
moved by stirring the ground polymer in 17 L of water. The polymer
was isolated by filtration and washed twice more with water in the
same manner. The washed polymer was dried in a fume hood, providing
850-900 g of poly(S-r-canola) product. All characterization data includ-
ing thermal analysis (DSC and TGA) and spectroscopic analysis (IR and
NMR) were fully consistent with that previously reported for this poly-
mer [11-13].

2.2. Polymer-carbon sorbent preparation

The sorbent was made as previously described [8]. Briefly, 800 g of
the poly(S-r-canola) polymer and 200 g powdered activated carbon
(PGW 150 MP, Kuraray) were added to a plastic container and inverted
repeatedly. The powdered activated carbon adheres to the polymer,
forming a homogeneous and free-flowing blend. This sorbent was
used for all lead sorption experiments.

2.3. Lead concentration measurements

Lead concentrations in water were measured by ICP-MS by Envirolab
Services Pty Ltd., with accreditation by the National Association of
Testing Authorities, Australia (NATA Accreditation Number 2901).

2.4. Lead sorption using the polymer-carbon blend

A solution of Pb2™ was prepared by adding 250 mg of Pb(NOs), to
a 500 mL volumetric flask and dissolving in deionized water. After di-
luting to the 500 mL mark, an aliquot of the solution was filtered
(25 pm nylon syringe filter), and the concentration was measured
to be 560 ppm by ICP-MS using a certified commercial service as
described above. In the sorption experiment, 250 mL of the Pb?™"
solution was added to a 1 L plastic container along with 20 g of the
polymer-carbon blend. The mixture was stirred for 1 h at 20 °C before
isolating the carbon-polymer blend by filtration. The Pb>* concentra-
tion of the filtrate was measured after an additional filtration through
a syringe filter (25 pm, nylon). The carbon-polymer blend (with
bound lead) was dried in a fume hood for 24 h before proceeding to
the leaching experiments.

2.5. Control experiment using only polymer as a lead sorbent

An aqueous solution of Pb(NO3), prepared at a concentration of
560 ppm as described above, with the concentration verified by ICP-
MS. Next, a 100 mL aliquot of this solution was added to a 500 mL plastic
container along with 6.4 g of the poly(S-r-canola) polymer. This exper-
iment was performed in triplicate and no carbon was used. The mixture
was stirred for 1 h at 20 °C before isolating the polymer by filtration. The
Pb? ™ concentration of the filtrate was measured after an additional fil-
tration through a syringe filter (25 pm, nylon). The final lead concentra-
tion was measured by ICP-MS using a certified commercial service as
described above.

2.6. Reactive compression molding to confine the spent sorbent

Polymer mats were prepared from poly(S-r-canola) by reactive
compression molding, as previously described [9]. Briefly, 5.0 g of the
powdered poly(S-r-canola) was placed between two poly(tetrafluoro-
ethylene) (PTFE) sheets in a 10 x 10 cm mold. The mold was placed in
a heat- and pressure-controlled press and then processed at 100 °C
and 40 MPa for 10 min. The resulting polymer mats were then used as
a barrier in which the spent polymer-carbon sorbent could be
contained. To encapsulate the spent sorbent, one of the pre-formed
polymer mats was placed on a PTFE sheet in the mold. Next, the
polymer-carbon blend (5.0 g of the spent sorbent bound to lead) was
placed in the center of one of the pre-formed polymer mats. Then,
2.0 g of powdered poly(S-r-canola) was added around the perimeter
of the mat. Next, the top polymer mat was added, followed by another
PTFE sheet. The mold was placed in the heat- and pressure-controlled
press and then processed at 100 °C and 40 MPa for 10 min. After cooling
to room temperature, the polymer-encapsulated sorbent was removed
from the mold and tested in leaching experiments.

2.6.1. Leaching of lead from the spent polymer-carbon blend

All leaching tests were carried out in triplicate. A 1.0 g sample of the
spent polymer-carbon blend (with bound Pb?") was added to a 50 mL
plastic centrifuge tube along with 50 mL of deionized water. The sealed
tubes were mixed at 20 °C using an end-over-end mixer operating at
25 rpm. After 1 week, the water was filtered (25 pm nylon syringe filter)
and then the concentration of lead was determined by ICP-MS.

2.6.2. Leaching lead from the polymer encapsulated sorbent

All leaching tests were carried out in triplicate. The polymer mats en-
capsulating the spent sorbent were submerged in 250 mL of water in a
500 mL plastic container. The sealed container was placed on a rocker
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Fig. 2. A. Reactive compression molding allows a spent lead sorbent to be encapsulated in a polymer barrier. The mold is 10 x 10 cm. B. The polymer barrier prevents lead leaching after

submerging in water for 1 week.

table at 20 °C for 8 weeks. The water was sampled and filtered (25 pm
nylon syringe filter) after 1 week and 8 weeks and the concentration
of lead was determined by ICP-MS.

3. Results and discussion

An excess of a concentrated lead solution (560 ppm Pb?*) was used
so that lead could be rapidly bound to the carbon-polymer blend for the
purpose of generating a spent sorbent. After 1 h of exposure of the
polymer-carbon blend (16.0 g polymer and 4.0 g PAC) to the aqueous
solution of lead (250 mL), it was found that 10 mg of Pb>* was bound
to the sorbent based on the reduction of lead in solution, as measured
by ICP-MS. In a control experiment in which only polymer was used in
the lead sorption experiment, an average of 0.2 mg of lead was bound
per gram of polymer in triplicate experiments at the same lead
concentration. This result indicates that the lead removal for the
polymer-carbon blend is due primarily the activated carbon (1.8 mg of
lead bound per g activated carbon), though the polymer is also a
minor contributor to lead binding. The amount of sorbent and type of
carbon was not optimized as the goal of this study was to focus on
preventing leaching rather than the water remediation step. After iso-
lating the spent sorbent by filtration, it was air-dried in a fume hood
for 24 h before proceeding to leaching experiments.

To test leaching of the spent sorbent, 1.0 g of the carbon-polymer
blend was placed in 50 mL of deionized water in a plastic centrifuge
tube. This experiment was carried out in triplicate. After rotating for
1 week, the water was filtered and analyzed by ICP-MS. The lead con-
centration due to leaching was 46.7 &+ 0.5 ppb. While this corresponds
to leaching of only 2.3 pg of the 500 pg bound to the 1.0 g of sorbent,
the concentration of leached lead is well above acceptable concentra-
tions for drinking water. In Canada, for instance, the maximum accept-
able concentration of lead in water is 5 ppb [14]. Therefore, exposure of
the spent sorbent to water results in sufficient leaching to pose a health
risk.

To prevent this leaching, the spent sorbent was encapsulated in a
barrier of the poly(S-r-canola) polymer (the same polymer used to sup-
port the PACin the sorbent). The polymer barrier was made through re-
active compression molding—a process in which pressure is applied

with mild heating to provoke S—S metathesis and covalent bonding
between the polymer pieces [9]. The poly(S-r-canola) polymer used
for this purpose is unique in that it does not form a liquid phase during
reactive compression molding. Rather, the flexible polymer is com-
pressed and the reactive faces are forced into contact and bond via
S—S metathesis. To completely encapsulate the spent sorbent, 5.0 g of
the sorbent (bound to lead) was placed between two 5.0 g poly(S-
r-canola) polymer mats (made by reactive compression molding). An
additional 2.0 g of powdered poly(S-r-canola) was added to the perim-
eter of the spent sorbent and used as chemical mortar to bind together
the two mats. The polymer from the sorbent was also designed to facil-
itate covalent bonding to the top and bottom mats. The encapsulated
sorbent was then placed in a mold between two PTFE sheets and com-
pressed at 40 MPa and 100 °C for 10 min. After this time, the spent sor-
bent was completely confined to the inside of the polymer block (Fig. 2).

To determine if the polymer barrier could prevent leaching, the en-
capsulated sorbent mat from Fig. 2 was placed in 250 mL of deionized
water and placed on a rocking table for 8 weeks. The water was sampled
and measured for lead content by ICP-MS after 1 week and 8 weeks.
After 1 week, the levels of lead were below the limits of detection.
After 8 weeks completely submerged in water, the concentration of
leached lead was a mere 1.5 ppb. This result indicates that only
0.38 ng of lead was leached from a possible 2500 pg of lead in the
5.0 g of spent sorbent bound in the polymer mat. This is a promising
finding that illustrates how reactive compression molding can effec-
tively confine spent sorbents containing toxic heavy metals and prevent
leaching. It should also be noted that for storage and transport, the poly-
mer encapsulated sorbent would likely not be stored in water so
leaching would very likely be negligible in such a situation.

4. Conclusions

Reactive compression molding was used to create a polymer barrier
around a spent sorbent bound to lead. The barrier greatly reduced the
amount of lead leached from the sorbent when it was completely sub-
merged in water. The reactive compression molding takes advantage
of the reactive S—S bonds on the poly(S-r-canola) surface, which allows
the formation of a polymer mat or block via S—S metathesis. The
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polymer is multifunctional in this strategy of water remediation: it is a
support for the carbon sorbent that lowers dust and serves as a hydrau-
lic lubricant [8], the polymer can also bind to pollutants such as hydro-
carbons [10] and mercury [11,13], and it has a reactive surface that
enables reactive compression molding [9] to confine the spent sorbent.
This is yet another environmentally beneficial application of the unique
polysulfide polymers made by inverse vulcanization [15-18]. The en-
capsulation and stabilization of toxic heavy metals is of increasing inter-
est as the use and trade of these substances becomes more restricted
and regulated [19]. Confining these contaminated materials in polysul-
fide polymers is a promising option to address this challenge.
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5.0 Multi-functional 50-poly(S-r-canola) / Fe2O3 composites
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5.2 Abstract

A sustainable multifunctional magnetic composite material is prepared directly from 50-
poly(S-r-canola) polymer and vy-Fe;Os nanoparticles using a process called reactive
compression moulding. This involves blending 50-poly(S-r-canola) polymer with y-Fe;Os
nanoparticles then placing the mixture in a hot press at 40 MPa at 100 °C for 20 minutes. The
composite material was shown to retain the 50-poly(S-r-canola) polymers chemical reactivity
towards HgCl> whilst the incorporation of the y-Fe;Os nanoparticles facilitated magnetic
filtration further simplifying the remediation process whilst reducing solid waste production.
The magnetic properties of the nanoparticles also facilitate rapid heating of the composite by
microwave irradiation. The rate of heating of the composite was shown to be directly
proportional to the y-Fe2O; content of the composite which allowed determination of the
irradiation time required to heat a composite of given y-Fe>Os3 content to a desired temperature.
Rapid reactive compression moulding was demonstrated using microwave irradiation. This
shortened the length of moulding time substantially and facilitated a method by which the
composites could be quickly remoulded into different shapes and sizes. Finally, a 75%
composite cylinder was prepared and its use as the active magnetic component of a solenoid
valve was investigated. The solenoid valve was shown to function in a pump reducing the
component weight by a factor of ten. This demonstrates just one of the possible applications
this sustainable composite material could be utilised for within the fields of electronics,

mechanics, and soft robotics.
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5.3 Introduction
5.3.1 Composite materials from reactive compression moulding

The need to create sustainable materials, manufacturing methods and recycling processes has
increased substantially in the last decade. New multifunctional materials are being developed
to fulfil the demand for sustainable and more efficient chemical and mechanical systems. In
this study a multifunctional magnetic composite material was prepared directly from 50-
poly(S-r-canola) polymer and y-Fe>Os3 nanoparticles using the process developed in chapter 4,
reactive compression moulding. This process used mild pressure (10-40 MPa) and heat (<100
°C) to initiate a sulfur-sulfur exchange reaction between polymer particles binding them
together and moulding them into a desired shape.?!® This process was investigated in chapter 4
for recycling and re-use purposes in order to increase the sustainability of the material however
was also shown to be an efficient strategy for preparing composite materials from 50-poly(S-
r-canola) polymer particles and a desired filler material. By changing the filler material, it was
possible to impart different physical properties to the resulting mats facilitating a method by
which the properties of the material could be tailored and optimised for use in specific
applications.?’” By incorporating the y-Fe2O3 nanoparticles in with the polymer before
moulding, the process would encapsulate the nanoparticles within the polymer matrix forming
a magnetic composite material that combines the chemical and mechanical properties of the
polymer with the magnetic properties of the nanoparticles. This process is depicted below in

Figure 142.

50-Poly(S-r-canola)
particles 50-Poly(S-r-canola)

1 Mix insulating shell
Magnetic

y -Fe,05 core

100 °C, 40
MPa 20 mins

Grind into
powder

Figure 142 -Diagram depicting the process suggested to prepare the magnetic composite
material.
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The 50-poly(S-r-canola) material is inexpensive, easy to process into various shapes and sizes,
can be produced on a large scale and has shown to have several important applications due to
its chemical reactivity and physical properties. The useful properties displayed by different
inverse vulcanized sulfur polymers has resulted in their use in a number of useful applications

156, 159, 288, 289

including heavy metal absorption,’® oil spill remediation,” self-healin
g y p p g

applications,®® 21? Li-S batteries,’3% IR lenses®” 820 and slow release fertilizers.”” The 50-

99.100 " 6il spill

poly(S-r-canola) polymer has specifically found use in heavy metal remediation
remediation’ and slow release fertilizers.”” We hypothesised that by combining the magnetic
properties of the y-Fe;O3 nanoparticles and the chemical and physical properties of the 50-
poly(S-r-canola) polymer, a multifunctional magnetic composite material would be formed
with practical utility in a number of important applications. The 50-poly(S-r-canola) polymer
has been shown in previous studies to remove Fe(Ill) from water and several compounds
consisting only of iron and sulfur have been observed to exist under environmental

conditions. !¢ 213

The y-Fe>O3 nanoparticles could potentially bind with the sulfur within the
50-poly(S-r-canola) polysulfide forming a Fe-S bond during composite synthesis. This

hypothesis will also be investigated throughout the study.
5.3.2 Magnetic materials and composites

Magnetic materials can be classified as either hard or soft magnets. One clear distinction
between hard and soft magnetic materials can be observed in their magnetic hysteresis curves
(B(H)).?°! Hard magnetic materials are also known as permanent magnets. These materials are
typically used in applications including small motors, loudspeakers, electronic tubes, and other
mechanical work based devices.?*? Unlike in soft magnetic materials (SMM), high amounts of
magnetic hysteresis are desired in hard magnetic materials. Permanent magnets require a higher
magnetic anisotropy than soft magnets in order to keep their magnetization in a specific
direction.??® Useful features of hard magnetic materials include their coercive force, remnant

magnetization and the energy product (BH)max.>”*

The energy product (BH)max is the most
common quantity used to merit a specific hard magnetic material.?*> Soft magnetic materials
generally display high permeability, low hysteresis loss as well as low eddy current and
anomalous losses.?? Soft magnetic materials are characterised by a very low anisotropy to both
maximise the permeability and minimize the hysteretic losses.?*> Materials which display
intermediate anisotropies are typically used as magnetic recording media.?’> SMM’s are

effective at higher frequencies and are currently being investigated for use in application

requiring these higher frequencies.?”* Current SMM’s being used in electrical applications
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includes ferrites (Fe-Ni, Fe-Ni-Mo & Fe-Si), permalloys, supermalloys as well as bulk SMM’s
such as amorphous, silicon steel and nanocrystalline strips.?”* These materials typically display
high permeabilities, high saturation magnetic induction, low coercivity as well as low power
losses.!® Eddy current loss is undesirable for most practical applications of SMM’s. One
method used to reduce or eliminate eddy current losses is to coat the magnetic powder particles
in an insulating material. The insulating layers used to coat the magnetic cores can be classified

into two different categories; resin based organic layers (I.e. Polyimides,?*>2°® Parylene,>”

300-302 299, 303, 304 321-326

Phenolic, and Silicon resins*%3-32%) and inorganic layers (Le. SiOa,

ALO3,2732 Ti0,,330333 Mg0,34336 Fe;04 and Fes(POs)y).

Epoxy

5.3.3 Magnetic composites in filtration and separation

One application of magnetic composites is magnetic filtration and separation. Research into
magnetic filtration has gained traction in recent years, especially in the fields of

337-339 and large-scale industrial separation processes.**% 34! Magnetic filtration

biotechnology
is the process of separating a material from a mixture using a permanent magnet.>*? This
method has the advantage of being able to separate magnetic materials from both liquid and
solid contaminants. The general process is shown below in Figure 143. The 50-poly(S-7-
canola) polysulfide has been investigated extensively in heavy metal remediation.”® 1% These
remediation processes require the polymer to be physically filtered out of solution after
treatment. Whilst this process is effective at removing the pollutants, the physical filtration
method means that the polymer sorbent can’t be separated from any solids in the mixture. By
utilizing a sorbent that responds to magnetic fields, it’s possible to limit the scope of waste
production, optimize sorbent recovery and eliminate filter caking / blocking. y-FexO3
nanoparticles are compatible with magnetic filtration and have been identified as suitable
candidates for magnetic drug delivery applications due to their ease in preparation,
biocompatibility and lack of toxicity.*** Embedding the y-Fe>O3 nanoparticles within the 50-
poly(S-r-canola) matrix should create a composite with the ability to remove pollutants from

water and then be isolated by magnetic filtration.
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Figure 143 — Diagram describing the process of magnetic filtration.
5.3.4 Microwave heating of ferromagnetic composite materials

The ferromagnetic particles used in the composite synthesis (y-Fe>O3 nanoparticles) are known
to produce heat upon microwave irradiation.** Bregar et al. demonstrated that composite
materials containing nanoscale ferromagnetic particles can absorb microwave radiation and
undergo rapid heating.**> Microwaves consist of a magnetic field component and an electric
field component. Typical microwave heating occurs due to the alternating dielectric field
component causing any molecule with an electrical dipole moment to re-orient itself to align
with the alternating field. The resulting friction and collisions that occur between particles
during this re-alignment process results in heat loss, known as dielectric losses.**® 3*7 Due to
the magnetic field component of the microwaves, magnetic losses also contribute to microwave
heating. These magnetic losses have been shown to be up to four times more effective at heating
ferrite samples than typical dielectric losses.>*¢ Magnetic losses are the combination of various
energy dissipation mechanisms that occur when a magnetic material is subjected to a time
varying external magnetic field.**® This is due to the irreversible nature of the magnetization
process which results in energy being lost by the system in the form of heat.?*® The mechanisms
for heat loss of magnetic materials includes conduction loss as well as added losses from
hysteresis, eddy currents, domain wall resonance and electron spin resonance.** Sulfur-sulfur
exchange reactions are known to occur within 50-poly(S-r-canola) at temperatures as low as
70 °C.2" As microwave irradiation is known to rapidly heat composite materials containing
nanoparticles, it was hypothesised that microwave irradiation could also be utilized to facilitate
rapid reactive compression moulding. This proposal, outlined in Figure 144, was evaluated in

this study.
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Figure 144 — Diagram demonstrating the concept of utilising the heat loss mechanisms of

magnetic composite materials to facilitate reactive compression moulding.
5.3.5 Magnetic composites in electrical and mechanical applications

Magnetic materials and their composites have previously found use within the industrial and

294, 350-360 294, 350-353, 356-358, 360

automotive fields in switching power supplies, as filter inductors,
smoothing chokes, '8 transformers,*>* coupling devices,**® magnetic sensors'®> and information
storage mediums.'®> The heat loss mechanisms mentioned above are useful in some
applications however they can have a negative impact on the materials performance in others.
This is especially true for high frequency electrical applications. Because of this magnetic
composite materials have typically been used in low frequency / high power applications such
as sonar transducers, motors, hydraulic actuators, active vibrational dampeners and shape
memory alloys such as Nitinol.'® The incorporation of semiconductors and other
advancements into electrical and mechanical systems has resulted in the need for magnetic
materials that can be used effectively at higher AC frequencies.?!: - 24 Concurrently, the
need to save energy combined with the growing demand for cheaper and more efficient
materials and manufacturing processes is driving the increase in interest in sustainable
alternatives to these materials.'®> To work efficiently at higher frequencies, the magnetic
material requires a lower hysteresis loss and higher magnetic permeability. SMMs or
ferromagnets, are therefore ideal for these applications as their anisotropy is very low which
results in higher permeabilities and the lower hysteresis losses.?** 2°* Eddy current losses also
negatively impact the materials effectiveness in higher frequency applications. To reduce the
losses associated with eddy current production, an electrically insulating material can be used
to coat the magnetic particles effectively eliminating the effect of eddy current on efficiency.
By encapsulating a SMM in an insulating layer, the hysteresis losses are reduced as well as the
eddy current losses. This insulating layer can also offer additional benefits such as a specific

chemical reactivity, tailored mechanical properties and easier processability to suit the desired
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application. These materials are called soft magnetic powder cores and due to their reduced
iron losses they have been investigated for use in higher frequency electrical applications.?!
We hypothesise that by combining the electrically insulating 50-poly(S-r-canola) polymer with
the soft magnetic y-Fe2O3 nanoparticles, a multifunctional composite will be formed which is
easier to form and mould into desired shapes and sizes and reduces the hysteresis and eddy
current losses making it suitable as a component in these high frequency electronic
applications. To demonstrate this, the magnetic composite will be moulded into a component
of a solenoid valve switch and its effectiveness to replace the existing magnetic component

within the switch will be evaluated.
5.4 Experimental

5.4.1 General considerations
5.4.1.1 FTIR analysis

Infrared (IR) spectra were recorded on a Fourier Transform spectrophotometer using the ATR

method. Transmission maxima (Umax) are reported in wavenumbers (cm™).
5.4.1.2 STA analysis

Approximately 100 mg samples of composite material containing 25, 50, 75 and 90 wt% v-
Fe»Os nanoparticles were crushed into powder form. 10 mg of each sample was placed into a
crucible and placed in the STA. The temperature was held constant at 30 °C for 5 minutes,

ramped up to 800 °C at a rate of 20 °C per minute and then held at 800 °C for 5 minutes.
5.4.1.3 XPS analysis

X-Ray Photoelectron Spectroscopy was performed on a Leybold Heraeus LHS-10 with a
SPECS XR-50 dual anode source operating at 250 W. All spectra were taken with the 1253.6
eV Mg-Ka anode with the analyser pass energy set to 20 eV.

5.4.1.4 XRD analysis

Powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance Eco
diffractometer (Bragg-Brentano geometry) using Co-Ka radiation (A = 1.78897 A). The Bragg
angle (20) was varied from 10° to 90° with a step size of 0.019°, measurement time of 0.45 s
per step and sample rotation at 15 rpm. The XRD patterns were collected on a silicon low

background sample holder, where powder samples were deposited onto the surface of the

holder.
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5.4.1.5 'H NMR spectroscopy

Proton nuclear magnetic resonance (1H NMR) were recorded on a 600 MHz spectrometer. All

chemical shifts are quoted on the  scale in ppm using residual solvent as the internal standard

('"H NMR: CsDsN & = 7.22. 7.58, 8.74).
5.4.2 Composite synthesis design
5.4.2.1 Preparation of 50-poly(S-r-canola) / y-Fe2O3 magnetic composite mats

1.0 gram of y-Fe>Os3 nanoparticles (<50 nm) were added to a 50 mL centrifuge tube along with
6.5 grams of 50-poly(S-r-canola). The tube was then inverted multiple times to mix the iron
nanoparticles and the polymer together. This mixture was then placed into the 10 x 10 cm
stainless steel mould between two sheets of PTFE paper. The mould was then placed into the
S15 Devils press 10-ton hydraulic heated press that was previously heated up to 100 °C. Once
the temperature of the system had equilibrated at 100 °C, the pressure was increased to 40 MPa.
The pressure immediately starts to fall due to the moulding reducing the volume of the material.
Once the pressure dropped and stabilised the pressure was increased back up to 40 MPa. After
10 minutes, the pressure was relieved, and the mould was removed from the press. The mould
was opened and the resulting 50-poly(S-r-canola) / y-FeoO3 composite mat was removed from

the PTFE paper.
5.4.2.2 Preparation of 50-poly(S-r-canola) / y-Fe2O3 magnetic composite powder

A magnetic composite mat was ground up into a fine powder. It was observed that the powder

did not seem to smudge or stick to the container walls as much as the nanoparticles did.

5.4.2.3 Comparison of 50-poly(S-r-canola) / y-Fe,O3 blend with different ratios of y-
Fe;03

1.0 gram of y-Fe>Os3 nanoparticles (<50 nm) were added to a 50 mL centrifuge tube along with
6.5 grams of 50-poly(S-r-canola). The tube was then inverted multiple times to mix the iron
nanoparticles and the polymer together. This was repeated using 2.0 grams of y-FexO3

nanoparticles.
5.4.2.4 Preparation of composite with different ratios of y-Fe:Os

To increase the nanoparticle content, the composite powder (1.0 gram of y-Fe2O3, 6.0 grams of
50-poly(S-r-canola)) prepared above was added into a new 50 mL centrifuge tube. To this tube

an extra 1.0 grams of y-Fe2O3 nanoparticles was added and the mixture was shaken to ensure
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optimal surface coverage of y-Fe2O3 nanoparticles on the polymers surface. This mixture was
then placed into the 10 x 10 cm stainless steel mould between two sheets of PTFE paper. The
mould was then placed into the S15 Devils press 10-ton hydraulic heated press that was
previously heated up to 100 °C. Once the temperature of the system had equilibrated at 100 °C,
the pressure was increased to 40 MPa. The pressure immediately starts to fall due to
compression reducing the volume of the material and therefore the pressure. Once the pressure
stabilised it was increased back up to 40 MPa. This was repeated until the pressure was
stabilised at 40 MPa. After 10 minutes, the pressure was relieved, and the mould was removed
from the press. The mould was opened and the resulting 50-poly(S-r-canola) / y-Fe;Os
composite mat was removed from the PTFE paper. The mat was then ground back up into a

powder to form the magnetic composite powder shown below.
5.4.2.5 Direct preparation of magnetic composite at any concentration

1.0 gram of 50-poly(S-r-canola) was added to 0.33 grams of y-Fe2O3 nanoparticles and mixed
to homogenize. The mixture was then placed into the 10 X 10 cm mould in between two sheets
of PTFE. The lid was added to the mould and the entire system was placed into the heated press
at 100 °C. Once the mould equilibrated at 100 °C the pressure was increased to 20 MPa
gradually over 1 minute. After remaining at 20 MPa at for 1 minute the pressure was increased
to 40 MPa. After 1 minute at 40 MPa, the pressure was increased a third and final time to 60
MPa. The mould was left under 60 MPa pressure at 100 °C for 10 minutes. At this point the
pressure was removed and the lid and top layer of PTFE sheeting was removed to reveal the
mat formed inside the mould. It was noticed that the mat formed was not homogenous, and
areas existed very high nanoparticles to polymer ratios. The sample was broken up within the
mould using a metal spatula and mixed briefly within the mould. The top sheet of PTFE was
re-added along with the mould lid and the process of moulding at 60 MPa was repeated. After
repeating this process 2 times a solid mat had formed with limited defects. The above process
was repeated using 1.0, 3.0, and 9.0 grams of y-Fe>O3 nanoparticles to achieve composite mats

with 25, 50, 75 and 90 wt% y-Fe»Os nanoparticles content.
5.4.3 Characterisation of composites
5.4.3.1 STA analysis of composites synthesis

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were carried
out on a 449 F5 Jupiter simultaneous thermal analyser. A sample size between 4-5 mg was

used in each run. The furnace was purged at 20 mL/min with nitrogen and equilibrated for 1
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minute at 30 °C before each run. Heating was carried out up to 600 °C using a 20 °C/min
heating rate. The temperature was held isothermally at 600 °C at the end of each experiment to

oxidize remaining organic matter.
5.4.3.2 Sample preparation for XPS analysis

For each y-Fe>O3 concentration composite, a 1 x 1 cm square was cut out from a mat of each
v-Fe2O3 content. A sample of 100% y-Fe>Os nanoparticles was also moulded for 20 minutes at
100 °C at 40 MPa. This resulted in a thin film of y-Fe2Oj3 on the surface of the Teflon paper. A
1 x 1 cm square was cut from the Teflon sheet and tested as an iron control. A 1 x 1 cm square

was also cut from a 100% 50-poly(S-r-canola) control mat.
5.4.3.3 Sample preparation for thermal conductivity of powdered composite

7.5 grams of 50-poly(S-r-canola) was added into a 500 mL plastic container. 2.5 gram of y-
Fe»O3 nanoparticles were added to the 50-poly(S-r-canola) and the container was inverted 10
times to mix the 50-poly(S-r-canola) and the y-Fe>Os3 nanoparticles. A 10 x 10 cm PTFE sheet
was added into the stainless-steel mould followed by the mixture of 50-poly(S-r-canola) / y-
Fe>O3 nanoparticles. A second 10 x 10 cm PTFE sheet was added on top before the lid to the
mould was added. The mould was added to the preheated press at 100 °C. Once the temperature
equilibrated at 100 °C the pressure was increased to 40 MPa. After 10 minutes the pressure
was released, and the mould was removed. The composite mat was ground back into a powder
remixed and remoulded at 40MPa, 100 °C for a further ten minutes. The resulting mat was then
removed from the mould and separated from the PTFE sheets. The mat was then ground up
into a powder form. The above process was repeated 4 times to get approximately 40.0 grams
of magnetic composite powder. 20.0 grams of this powder was added to a plastic container and
packed in tight to ensure that the conductivity probe would have good contact with the

composite particles. This sample was labelled as the powdered sample.
5.4.3.4 Sample preparation for thermal conductivity of moulded composite

20.0 grams of the composite was transferred into the 10 x 10 cm stainless-steel mould between
two PTFE sheets and placed in the hot press pre-heated to 100 °C. Once the temperature had
reached 100 °C the pressure was increased to 40 MPa and held for 20 minutes. After this time
the pressure was released, and the mould was removed from the press. The composite mat was
the removed from the mould and separated from the PTFE sheets. This was repeated to prepare

a second 20.0 gram mat. Finally, a 10 x 10 cm PTFE sheet was added into the stainless-steel
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mould followed by the first pre-prepared mat. On top of this mat, along the diagonal, was
placed the stainless-steel thermal conductivity meter probe casing. The second 20.0 gram mat
was placed on top of the first and the probe casing followed by a second PTFE mat. The lid
was placed on the mould before it was placed in the hot press that was pre-heated to 100 °C.
Once the temperature had equilibrated at 100 °C the pressure was increased to 10 MPa and
held for 60 minutes. The lower pressure is used to ensure the metal probe casing wasn’t
damaged during the moulding process. After 60 minutes the pressure was released, the mould
was then removed from the press and the composite mat was removed from the mould and
separated from the PTFE sheets. This formed a 40.0 gram mat with the stainless-steel thermal

conductivity meter case embedded within it.
5.4.3.5 Thermal conductivity experiment

Powdered sample: A TLS thermal conductivity probe was used to perform the measurements.
After calibration the thermal conductivity probe was coated in a ceramic thermal compound
paste (Arctic Silver Arctic Alumina) before being inserted into the composite powder sample.
The system was left to equilibrate to room temperature for 15 minutes. After this time the

measurement was made. This process was repeated three times to gain triplicate measurements.

Moulded sample: A TLS thermal conductivity probe was used to perform the measurements.
After calibration the thermal conductivity probe was coated in a ceramic thermal compound
paste (Arctic Silver Arctic Alumina) before being inserted into the thermal conductivity meter
case embedded within the composite mat formed in (5.4.3.3). The system was left to equilibrate
to room temperature for 15 minutes. After this time the measurement was made. This process

was repeated three times to gain triplicate measurements.
5.4.4 Magnetic filtration
5.4.4.1 Magnetic filtration of magnetic composite powder

1.0 gram of 50-poly(S-r-canola) / y-Fe2O3 magnetic composite powder was added to a 50 mL
centrifuge tube along with 30 mL of D.I. water. The lid was placed onto the tube and the entire
tube was placed on a rotary mixer for 5 minutes. After 5 minutes had passed the tube was
removed from the mixer and a magnet was used to draw the polysulfide to the bottom of the

flask and the remaining solution was decanted off.
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5.4.4.2 Magnetic filtration of composite material from fine tailings in HgCl doped

solution

3.0 grams of fine tailings was added to a 6 x 50 mL centrifuge tubes. To 3 of these tubes 1.0
grams of the 50-poly(S-r-canola) / y-Fe>;O3 nanoparticles composite was added. To each of
these tubes 20 mL of HgCl> solution (~5 ppm) was added and the 6 tubes (3 control, 3 treated)
were transferred into a rotary end over end mixer at 25 rpm for 24 hours. After 24 hours the
mixing was stopped, and the solutions removed from the mixer. Control samples were filtered,
and the remaining liquid was transferred to a storage container for further analysis. For the
remaining solutions (treated with composite) a magnet was used to draw the composite to the
sides of the centrifuge tube and the remaining solution/tailings was decanted off into a clean
50 mL centrifuge tube. A magnet was applied to wall of the new tube and no particles were
observed to stick to the wall suggesting that no magnetic composite was in this mixture. This
mixture was then filtered, and the remaining solution was transferred into a 20 mL glass vial
for analysis. The composite remaining in the original tube had 50 mL of clean DI water added
and the new mixture was mixed thoroughly. The magnet was then reapplied, and the composite
was drawn to the wall. The remaining sand was again decanted off with the water leaving only
the composite remaining. The composite was left in the fume hood to dry overnight. All
decanted mixture was added to the same waste beaker. After all samples where cleaned, the
magnet was applied to the side of the waste beaker and a small amount of polysulfide was
observed to stick to the walls of the beaker. The remaining mixture was again decanted off and
the composite extracted from the waste beaker was also left in the fume hood to dry for 24
hours. Once dry the magnetic composite samples were weighed to determine yield. To separate
the remaining composite from any residual sand, the magnet was sealed inside 4 X 6 cm plastic
bag. The magnet was then placed over the top of the dry solid recovered from previous filtration
leaving behind the non-magnetic sand particles. This effectively separated the magnetic
composite from any remaining solid. The composite particles stuck to the plastic bag
surrounding the magnet and were removed from the bag by simply removing the magnet from

the wall of the bag and allowing the composite particles to drop into a storage container.
5.4.4.3 Magnetic separation of composite filler material from magnetic composite

4.0 grams of 25% magnetic composite powder was added to 1.0 gram of waste PVC shavings
in a plastic container. This mixture was inverted to create a homogenous mixture and then
added to a 10 x 10 cm steel mould in between two sheets of PTFE. The mould was added to

the heated press, which was pre-heated to 100 °C. Once the temperature had equilibrated at
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100 °C the pressure on the press was increased up until 40 MPa. The pressure was maintained
at 40 MPa for 20 minutes. After 20 minutes the pressure was released, and the mould was
removed from the press. The resulting composite mat was removed from the mould and
separated from the PTFE sheets. This mat was then ground back up into a powder. Once ground
into a powder, physical magnetic separation was performed to remove any magnetic composite
from any non-magnetic filler materials (I.e. waste PVC shavings). The separated filler material
was weighed and stored. The separated magnetic composite was ground back up into a powder
and magnetic separation was performed again and the separated composite and filler were
weighed. This process repeated until all the filler material had been recovered from the
composite. This took a total of 10 repeats. The remaining PVC particles still had residual
magnetic composite bound to them at this point. The PVC / composite particles were then
further ground up and the magnetic separation was performed again. Any remaining polymer
particles were then removed and added to the composite previously separated. The final

composite and waste PVC weights were recorded, and final yields determined.
5.4.5 Microwave heating

5.4.5.1 Microwave heating: Composite, 50-poly(S-r-canola) and y-Fe,O3 nanoparticle

control

0.8 grams of magnetic composite was placed on a 10 x 10 cm sheet of PTFE paper. An IR
thermometer (Stanley, <ImW, 630-660nm) was used to measure the temperature. The
thermometer was scanned over the surface of the material and the highest temperature observed
during the scan was recorded as the temperature. This was done before irradiation to establish
the initial room temperature of the material. This was repeated three times for triplicate
measurements. A standard household microwave (1100W) was used to irradiate the samples.
The microwave tray in the household microwave was observed to heat up under microwave
irradiation introducing the possibility of heat transfer from the tray to the sample. The tray was
therefore removed from the microwave to eliminate other potential heat sources. The sample
was then placed in the microwave and irradiated for 10 seconds. At ten seconds the door was
opened, the sample was quickly moved onto the benchtop and the temperature was recorded
using the IR thermometer. Again, the thermometer was scanned over the surface of the sample
and the highest value was recorded. Once the sample had cooled back to room temperature this
was repeated two more times to get triplicate values for 10 seconds irradiation time. This
process was repeated, in triplicate, for irradiation times of 20, 30, 40 seconds. This process was

repeated using 50-poly(S-r-canola) powder, y-Fe2O3 nanoparticles and PTFE sheet as controls.
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5.4.5.2 FLIR imaging of composite after 20 seconds of microwave irradiation

0.75 grams of composite material was placed onto 10 x 10 cm PTFE sheet and placed into the
microwave. The sample was heated for 20 seconds. After the radiation the sample was
immediately removed from the microwave and placed directly on the bench and imaged using
the FLIR camera. The Images were taken every 10 seconds for 3 minutes. This was repeated
with 0.75 grams of composite material in a thin mat (~1mm thick), a composite disk (~13 mm
diameter, ~ 0.6 cm thick) and the 50-poly(S-r-canola) / y-Fe;O3 nanoparticle mixture used to

prepare the composite.
5.4.5.3 Difference in temperature after 5 seconds of microwave irradiation

0.5 x 0.5 mm squares of composites materials consisting of 10, 25, 50, 75 and 90% v-Fe>Os
nanoparticle content were placed onto a 5 X 5 cm sheet of PTFE and their initial temperatures
were recorded by taking an image of the samples using the FLIR thermal imaging camera. The
samples were then placed in the microwave. The samples were heated for 5 seconds, after
which time they were instantly imaged with the FLIR thermal imaging camera. Images of the

samples were recorded every 10 seconds over 1 minute.
5.4.5.4 Comparison of heating rates against y-Fe>O3; nanoparticles

0.5 x 0.5 mm squares of composites materials consisting of 10, 25, 50, 75 and 90 wt% y-Fe>Os
nanoparticle content were placed onto a 10 x 10 cm sheet of PTFE and their initial temperatures
were recorded by taking an image of the samples using the FLIR thermal imaging camera. The
samples were then placed in the microwave. The samples were heated for 5, 10, 15, 20, 25 and
30 second time periods. To avoid degradation once a sample had reached 150 °C further
irradiation was stopped. The temperature was recorded using the FLIR thermal imaging
camera. This process was repeated three times to gain triplicates for each sample and each

irradiation time.
5.4.5.5 Comparison of cool down rate

A 0.5 x 0.5 mm square of composites material consisting of 25% y-Fe2Os3 nanoparticle content
was placed onto a hot plate set to 100 °C. An FLIR thermal imaging camera was used to
monitor the temperature of the sample. Once the temperature had reached 100 °C it was
transferred onto a 33.0 x 45.7 cm metal tray at room temperature and FLIR thermal images

were recorded at t = 0 and then again, every 10 seconds until the sample’s temperature had
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dropped to below 30 °C. This process was repeated for magnetic composites with 50, 75 and
90% y-Fe2O3 nanoparticle content.

5.4.6 Microwave induced reactive compression moulding
5.4.6.1 Microwave heating polypropylene syringe control

A 5 mL polypropylene syringe was placed into the household microwave and its initial
temperature was recorded using a handheld IR thermometer. The polypropylene syringe was
then irradiated for 10 seconds, after which the door was immediately opened, and the
temperature was recorded using the handheld IR thermometer. This was repeated three times
for triplicate measurements. This process was then repeated for irradiation times of 20 and 30

seconds.
5.4.6.2 Reactive compression moulding of composite in microwave

Magnetic composite (2.5 grams) was placed into a 5 mL polypropylene syringe. The plunger
was then inserted, and pressure was applied to the composite for 1 minute, compacting it and
forcing the particles into contact. The syringe containing the compressed composite was then
inserted into the microwave and the sample was irradiated for ~14.0 s. Directly after this, the
sample was removed from the microwave and compression was re-applied to the plunger to re-
compress the composite. This was done until the sample had cooled back down to 30 °C,
determined using IR thermometer (roughly 72.8 seconds). The syringe was then placed back
into the microwave and the sample was irradiated for ~12.3 s. This process was repeated 3
times to ensure maximum moulding was achieved. After the final irradiation cycle, the
composite was removed from the syringe by firstly withdrawing the syringe to draw the
composite to the back of the syringe, using a scalpel to cut the end of the syringe off and finally

removing the composite by forcing it out the removed end of the syringe using the plunger.

5.4.6.3 Moulding composite into cylinders and disks using reactive compression

moulding in the microwave

All sampled prepared using the above protocol (5.4.6.2). First 0.8 grams of 25% composite
were added into a 20 mL polypropylene syringe. The plunger was inserted, and the composite
was compressed within the syringe by applying constant pressure to the plunger. Pressure was
applied for 1 minute before placing the entire syringe into an empty household microwave
(1100W) and performing the above protocol (5.4.6.2). This process was repeated using a
syringe with a smaller radius to achieve disks of different radius. This process was repeated in

the 5 mL and 10 mL syringes using 3.2 grams of 25% composite to form composite cylinders.
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5.4.6.4 Preparation of magnetic composite using microwave irradiation

1.0 gram of y-Fe>Os3 nanoparticle (<50 nm) were added to a 50 mL centrifuge tube along with
6.5 grams of 50-poly(S-r-canola). The tube was then inverted multiple times to mix the y-Fe2O3
nanoparticles and the polymer together. 3.0 grams of this mixture were added into a 5 mL
syringe. The syringe was then compressed to force the polymer and y-Fe,O3 nanoparticle
together. It was then placed directly into the microwave and heated for 20 seconds. The system
was then removed and allowed to cool to room temperature whilst pressure was applied by
pushing the syringe in by hand. The 20 second irradiation followed by cool down under
pressure was repeated 8 more times. After this period the syringe plunger was pulled out
drawing the composite tube further down the syringe. The end of the syringe was then cut off

using a scalpel and the composite cylinder was pushed out the end using the plunger.
5.4.7 Composites use in mechanical and electronical systems
5.4.7.1 Magnetic actuator from composite material

4.0 grams of magnetic composite was placed into a 5 mL syringe and the compressed by
pushing the syringe closed. The entire syringe was then placed into the microwave and
irradiated for 20 seconds in the microwave. The whole system was left to cool back to room
temperature whilst applying constant pressure on the sample by pushing the plunger in. One
cooled back down to room temperature the system was placed back into the microwave and
irradiated for a further 20 seconds in the microwave followed by applying pressure and
allowing it to cool back to room temperature. This was repeated 1 more time for a total of 3
irradiation / cooldown cycles. Once the system had returned to room temperature the plunger
was draw out pulling the formed cylinder back down the syringe. The end of the syringe was
cut off using a scalpel and the resulting cylinder was pushed through the syringe and out of the

end. The resulting cylinder was left to cure in an oven pre-heated to 100 °C for 2 hours.
5.4.7.2 Preparation of magnetic composite cylinder for solenoid valve component

2.0 grams of magnetic composite was placed into a 3 mL syringe and the compressed by
pushing the syringe closed. The entire syringe was then placed into the microwave and
irradiated for 20 seconds in the microwave. The whole system was left to cool back to room
temperature whilst applying constant pressure on the sample by pushing the plunger in. Once
cooled back down to room temperature the system was placed back into the microwave and
irradiated for a further 20 seconds followed by applying pressure and allowing it to cool back

to room temperature. This was repeated 1 more time for a total of 3 irradiation / cooldown
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cycles. Once the system had returned to room temperature the plunger was draw out pulling
the formed cylinder back down the syringe. The end of the syringe was cut off using a scalpel
and the resulting cylinder was pushed through the syringe and out of the end. The resulting

cylinder was left to cure in an oven pre-heated to 100 °C for 2 hours.
5.4.7.3 Construction of magnetic solenoid valve

The valve body was taken apart and the original operator was removed. A new spring was
added into the tube which will be later placed into the solenoid. The new operator, magnetic
composite cylinder, was then placed in the tube against the spring. The tube, with operator and

spring inserted was screwed back into the main body of the valve.

5.4.7.4 Testing the use of the magnetic solenoid valve with magnetic composite

component

50 mL of FeCls solution was added to a 500 mL dropping funnel. Plastic tubing was used to
connect the outlet of the dropping funnel with the inlet of the solenoid valve. Plastic tubing
was also inserted into the outlet of the solenoid valve. The valve was held up by a retort stand
and the pressure on the system was altered by changing the height of the dropping funnel with
respect to the valve. The valve was positions so that the liquid would flow through the valve
vertically and a beaker was placed below the valve to catch the running liquid. The compression
springs used did not display their spring constants. Different springs were tested. Most of the
springs in the set were too rigid and the force produced on the composite by the solenoid coil
was not strong enough to compress the springs and open the valve. The weakest spring in the
set demonstrated a small amount of give when the solenoid was turned on. By firstly stretching
the spring, effectively reducing the number of coils per unit area, and secondly shortening its
length to fit the system, the solenoid coil was able to draw the composite material up against

the spring with enough force to open the valve slightly and allow water flow.
5.5 Results and Discussion
5.5.1 Preparation of 50-poly(S-r-canola) / y-Fe,O3 composite

To combine the 50-poly(S-r-canola) polymer and the y-Fe.Os nanoparticles, reactive
compression moulding was investigated. Initially the y-Fe>O3 nanoparticles were simply mixed
with the 50-poly(S-r-canola) polymer. It was noted that the addition of 1.0 gram of y-Fe;03
nanoparticles to 6.5 grams of 50-poly(S-r-canola) powder followed by mixing resulted in a

relatively homogenous mixture in which the y-Fe>O; nanoparticles adhered to the surface of
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the 50-poly(S-r-canola) particles. Performing reactive compression moulding of this mixture
at 100 °C resulted in a composite material whereby the y-Fe>O3 nanoparticles were embedded

into the 50-poly(S-r-canola) matrix.

Lem 1om

Figure 145 — Magnetic 50-poly(S-r-canola) / y-Fe>O3 composite mat.

This mat (Figure 145) was shown to maintain its magnetic properties by demonstrating its

affinity towards a permanent magnet (Figure 146).

L il

Figure 146 — Images showing the magnetic 50-poly(S-r-canola) / y-FeoO3 composite mat’s

magnetic attraction towards a magnet.

A

1cm

Figure 147 — A) y-Fe>O3 nanoparticles, B) 50-poly(S-r-canola) particles, C) Blend of A and

B, D) Magnetic y-Fe>O3 nanoparticles encapsulated in 50-poly(S-r-canola).
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The nanoparticles observed under SEM in Figure 148 seem to coat the surface of the 50-poly(S-
r-canola) when blended (Figure 149).

£ 500 pfi

Figure 148 — SEM analysis of y-Fe>O3 nanoparticles.

SEM of y-Fe>O3 nanoparticles revealed that the particles size is highly dispersed with particles
as big as 100 pum being observed.

Figure 149 — SEM analysis of y-Fe>Os3 / 50-poly(S-r-canola) polymer blend.

SEM analysis of the blend (Figure 149) showed that the y-Fe>O3 nanoparticles were coating
the surface of the 50-poly(S-r-canola) polymer.
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Figure 150 — SEM analysis of y-Fe2O3 / 50-poly(S-r-canola) polymer composite.

It appears that after moulding the y-Fe;O3 nanoparticles had been embedded into the 50-
poly(S-r-canola) polymer matrix forming a composite (Figure 150). To ensure this was the
case, EDX analysis was performed (Figure 15). It revealed that the signal for Fe covered most
of the surface with strong signals for sulfur only observed in regions where the nanoparticles
weren’t present. After moulding the regions of strong sulfur signals became more uniformly
dispersed across the surface and the sulfur signals increased. This suggested that the

nanoparticles are embedded under the 50-poly(S-r-canola) polymers surface.
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y-Fe;03 nanoparticles 50-poly(S-r-canola) / y- 50-poly(S-r-canola) / y-Fe,0,
Fe,O5 mixture composite

100 °C, 40 MPa
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Figure 151 — EDX analysis of y-Fe;O3 nanoparticles and the 50-poly(S-r-canola) / y-Fe.O3

blend before and after moulding.

The addition of more than 1.0 gram of nanoparticles to 6.5 grams of 50-poly(S-r-canola)
resulted in free nanoparticles not bound to the surface of 50-poly(S-r-canola) particles. When
moulded a uniform distribution of nanoparticles was not observed in the polymer matrix.
Instead, the resulting composite mat had areas with no filler material and just nanoparticles.

This is highlighted in Figure 152.

1 gram 2 gram 1 gram mat 2 gram mat

\L

Figure 152 — 6.5 grams of 50-poly(S-7-canola) with 1.0 gram of y-Fe>O3 nanoparticles added,

1cm

1cm " 1cm 1cm

6.5 grams of 50-poly(S-r-canola) with 2.0 grams of y-Fe;O3; nanoparticles added and the

corresponding mats.
5.5.2 Direct preparation of composite materials with varying Fe,O3 content

To ensure the distribution of iron throughout the polymer was uniform and homogenous a new

method was established. The second method consisted of adding the desired ratio of y-Fe.O3
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nanoparticles to 50-poly(S-r-canola) polymer and performing reactive compression moulding
on the mixture at 100 °C. The resulting mat, which doesn’t have uniform y-Fe>O3 nanoparticle
distribution, was broken into a powder inside the mould by using a metal spatula to break the
mat apart. Reactive compression moulding was then performed again at 100 °C. This was
repeated one more time for a total of three moulding periods. This method is outlined below in

Figure 153.

Method 2

Iron(lll) oxide nanoparticles O Poly(S-r-canola) particles Magnetic composite powder

1.0¢g 10g

20 minutes T
40 MPa, 100 °C o fee oy

20 minut ind i
(Lot omne | SHEEEE

Figure 153 — Diagram describing the process used to make composites with uniformly

distributed nanoparticles.

This resulted in a composite material with uniform distribution of y-Fe>O3 nanoparticles at
their desired content. Using this method composite materials with up to 90 wt% y-Fe.O3
nanoparticles were prepared. These are shown in Figure 154. The 25wt% composite was
similar in mechanical properties to the Owt% control. The rigidity of the mats increased as the
y-Fe2Os content increased. The mats formed up to 50wt% were mechanically sound and
retained some of the elastic properties of the Owt% control. The 75% composite was more
brittle than the 50wt% and would break upon bending. At 90wt% y-Fe>Os; content the
composite was far more brittle with cracks appearing in all mats formed.

0 wt% 25 wt% 50 wt% 75 wt% 90 wt % 100 wt %

lcm 1cm lcm lcm lcm

lcm

Figure 154 — Images of composites formed by reactive compression moulding of mixtures of

50-poly(S-r-canola) and y-Fe>O3 nanoparticles.
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5.5.3 Characterization of 50-poly(S-r-canola) / y-Fe,O3 nanoparticles

The distribution of nanoparticles was observed via SEM / EDX analysis to be evenly
distributed throughout the bulk material. The SEM images and EDX mappings of the cross-

sections and surfaces for the 25% composite is shown in Figure 155.

25% Composite SEM EDX
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Surface

EDX analysis reveals that the 25% composites surface consisted almost entirely of sulfur.
Chapter 4 revealed that when the 50-poly(S-r-canola) polymer underwent reactive compression
moulding, unreacted sulfur within the polymer migrates though the bulk of the material to the
surface where it combines to form a high sulfur content surface layer. This explains the high
sulfur content signal on the surface of the 25% y-Fe;O3; composite sample. These results
suggest that the sulfur surface layer is prominent for samples with y-Fe>O3 below 25%. While
the formation of this sulfur layer was not an intentional outcome, it is possible that it could

provide an insulating and protective layer for the composite.

50% Composite SEM EDX
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Figure 156 — SEM / EDX analysis of cross-section and surface of 50% composite mat.
As the y-Fe>Os content is increased to 50% (Figure 156) the y-Fe,Os starts to become
incorporated into the high sulfur content surface layer and the signal for Fe increased. It was

also noted that the Fe and S signals appeared to be relatively uniformly distributed across the

surface.
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Figure 157 — SEM / EDX aalsis of cross—sectio and surface of 75% composite mat.

The signal for Fe increased as its content increased to 75% (Figure 157) however the

distribution across the surface wasn’t as uniform as it was for the 50% sample.

90% Composite SEM EDX
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Figure 158 — SEM / EDX analysis of cross-section and surface of 90% composite mat.

The 90% sample (Figure 158) consisted mainly of signals from Fe and O however S signals
were distributed across the surface. The distribution of y-Fe;O3 nanoparticles throughout the
bulk of the material was relatively uniform in all samples with the least uniformity being shown
in the 75% composite. Next to investigate the thermal properties of the composites,

simultaneous thermal analysis was performed (Figure 159). It was noted that a large percentage
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of each material remained after heating to 800 °C. The mass remaining after heating increased

with and corresponded to the y-Fe>Oj; content of the composite tested.
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Figure 159 — DSC (left) and TGA (right) plots for composites with varying y-Fe,O3 contents.

STA also demonstrated that the different composition materials react relatively similarly in
terms of heat flow. Next the chemical structures of the various composites were investigated.

Initially FTIR analysis was performed (Figure 160).
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Figure 160 — FTIR analysis of composites containing from 25-90% y-Fe>O3 nanoparticles in

a 50-poly(S-r-canola) matrix as well as the 0 and 100% controls.

All expected peaks for the 50-poly(S-r-canola) polysulfide were observed. The only significant
difference observed was the transmittance peaks between 600 and 800 cm™! which appears to
increase in intensity with an increase in y-Fe2Os content. These results showed no indication
that the y-Fe»Os; nanoparticles and the 50-poly(S-r-canola) polymer reacted during the

preparation of the composite material. To further investigate the possibility of a chemical
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reaction occurring, as opposed to just physical encapsulation, STA analysis was repeated on
the starting materials under the reaction conditions used to prepare the composites (Figure 161).
Any clear changes in the heat flow profile, not observed by the samples individually, could
suggest that a chemical reaction, other than the S-S exchange reaction of the 50-poly(S-7-

canola), is occurring.

27 - - 110
25 - 0 wt% no compression - 90
——— 25 wt% no compression 8
§23 7 100 wt% no compression - 70 L
§,21 | Composite reaction temp L 50 g
% o 90 wt% no compression E
— [}
L 19 - - 30 &
" £
o -
T17 | - 10
1 5 T T T T T -1 O
0 5 10 15 20 25 30

Time (minutes)
Figure 161 — DSC analysis of composites individual components under reaction conditions

without pressure applied.

It’s clear that no significant difference is observed between the different samples suggesting
that no reaction was occurring under the heat conditions alone. The small differences observed
are likely due to differences in thermal conductivities of the samples. To determine whether
the pressure had played a role in the reaction, each sample underwent compression at 40 MPa

for 20 minutes before being placed in the DSC. Results are shown in Figure 162.
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Figure 162 — DSC analysis of composites individual components under reaction conditions

with 40 MPa pressure applied to sample before analysis.
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It was clear from these results that compression resulted in an obvious difference in heat flow
profiles throughout the reaction conditions used. Interestingly the 50-poly(S-r-canola) polymer
controls heat profile did not change significantly after moulding. The y-Fe;O3 sample showed
the largest change in heat flow with the 90% composite and 25% composites decreasing in heat
flow by an amount which corresponded to the amount of y-Fe;Os; contained within the
composite. These results provide further evidence to suggest that a reaction is occurring
between the y-Fe>O3 nanoparticles when pressure was applied at 100 °C. As compression of a
material is shown to result in a change in observed thermal conductivity, it’s important to
determine whether the differences observed by STA analysis were due to a chemical change or
a physical change. To determine this the thermal conductivities of the different samples were
investigated. Both powdered and moulded 20% composite samples were investigated and
compared with that of the 50-poly(S-r-canola) polymer. For powdered samples 20.0 g of
composite was packed in 50 mL plastic vials. For moulded samples, two 20.0 g composite mats
were prepared. It was noted that inserting the conductivity probe into these samples resulted in
fractures and breaks to the material. To ensure that an accurate thermal conductivity
measurement was obtained, a metal sleave specifically calibrated for use with the thermal
conductivity probe was sandwiched between two pre-made 20.0 gram composite mats.
Extended time and reduced pressure (10 MPa, 100 °C, 60 minutes) were used in this case to
limit any possible damage caused to the metal sleave during moulding. Images of the prepared

samples are shown in Figure 163.

20g 20g
« ) 4
1cm = » 1cm

Figure 163 — Images of powdered composite (left), 20.0 g composite mats (middle) and the
40.0 g composite mat with the metal thermal conductivity meter probe casing embedded within

it (right).

For the powdered samples the particles were lightly compressed to ensure maximal contact
with the probe. The probe was then placed directly in the centre of the powder ensuring that
the probe wasn’t in contact with the walls of the tube. For the moulded sample the probe was

inserted directly into the metal sleeve embedded in the moulded composite mat. In both cases
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the probe was coated in ceramic thermal compound paste (Arctic Silver Arctic Alumina) before
being inserted ensuring that maximum contact was achieved between the sample and the probe.

The samples with the probes inserted are shown in Figure 164.
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Figure 164 — Image showing the samples with probe inserted for thermal conductivity

measurement.

The thermal conductivity and resistivity results for both the powders and mats are shown

below in Figure 165 and 166.
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Figure 165 — Thermal conductivity results for the magnetic composite and the 50-poly(S-r-

canola) mats and powder.
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Figure 166 — Thermal resistivity results for the magnetic composite and 50-poly(S-r-canola)

mats and powder.

The powder was shown to have a lower thermal conductivity than the mat. This was expected
as in a powder the heat must transfer through the air between particles whereas is the moulded
sample the heat is only transferred directly through the material. The thermal conductivity of
air is 0.020 W.m™'.K'! resulting in a substantial decrease in observed thermal conductivity.*¢!
For this reason, the thermal conductivity of the moulded sample gives a more accurate reading
into the thermal conductivity value of these composites than the powders value. The thermal
conductivity value for the powder is still important as it gives an insight into how quickly this
material will heat up and cool down when in powdered form or bulk form. The 50-poly(S-r-
canola) showed larger thermal conductivity than the 25% composite. This result can be used to
explain the DSC results above. The higher thermal conductivity of the 50-poly(S-r-canola)
polymer leads to smaller heat flow values. Although STA analysis was inconclusive evidence

from FTIR prompted further investigation into the chemical structure of the composites. XPS

analysis was performed on the sample and the results are shown below.
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Figure 167 — XPS results showing the relative concentrations of different atoms on the

composites surface.

Initially the relative intensities of each atom in the samples were compared (Figure 167). The
Fe content on the surface was very low until approximately 50%. This is likely due to the
formation of the sulfur layer, on the surface, observed under SEM, blocking direct
measurement of the Fe below it. Above 50 wt%, the Fe content is large enough that it is
incorporated into the sulfur layer and it can be seen under XPS. As the Fe>O3 nanoparticles
content increased, the carbon and sulfur signals decreased whilst the signals for oxygen and
iron increased, as expected. The different species of carbon observed in the samples is shown

in Figure 168.

181



Relative Intensity
© 0 0o 0o O = =
O N & OO 0O O DN

.: + @ — }

R NP°

Oo(\\(o\ JF NP° ¢ NP° . F NP° K- oNP°

250/ 5()0/ 1 50/ o 9()0/ ,\OQOI
—-o-C(C6) —e—C(C-Csp3) ——C(C-O) -e-C(C=0)
Figure 168 — XPS results showing the relative concentrations of different carbon centred

functional groups present on the surface of the composite mats.

As expected, the C-C bonds decreased with increasing y-Fe2O; content. Unexpectedly the
signal corresponding to C-O groups increased as the y-Fe>O3 content increased. A possible
explanation for this is that the presence of y-Fe>Os disrupts the migration of sulfur to the surface
resulting in a higher C-O and C=0 signal being observed. Next the signals corresponding to

different sulfur species were investigated (Figure 169).
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Figure 169 — XPS results showing the relative concentrations of different sulfur centred

functional groups present on the surface of the composite mats.

From 0-50 wt% y-Fe>O3, the polymeric high sulfur content layer blocks the bulk material being
observed. Above 50 wt% an oxidised form of sulfur was observed. This species could

potentially be of the form SOx. This result suggest that the polymeric sulfur is being oxidised
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by the y-Fe>O3 nanoparticles or air. Finally, the different Fe species were investigated (Figure

170).
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Figure 170 — XPS results showing the relative concentrations of different carbon centred

functional groups present on the surface of the composite mats.

Up to 50 wt % y-Fe>O3 content, the only Fe species observed by XPS was Fe(III). Above 50
wt% the species Fe(Il), Fe(x~Fe304) and FeO(OH)x were also observed. It should be noted
that the 100% sample also contains all 4 of these species suggesting that a reduction reaction
is taking place between the y-Fe:O3 nanoparticles under reactive compression moulding
conditions resulting in the formation of Fe(Il) species. Each Fe species showed a decreased
signal at 90 wt% compared to the pure sample except for the Fe(II) signal. This is the only peak
which signal that shows a significant difference to the control suggesting if a reaction is taking
place between the y-FeoOs; nanoparticles and the polymer, its likely an oxidation of sulfur
converting Fe(IIl) into Fe(Il). SEM / EDX suggests that the y-Fe>O3 nanoparticles aggregate
forming bulk y-Fe>O3 particles during the reactive compression moulding process. This is
shown in Figure 171. The iron is shown with EDX analysis and appears to have aggregated
into a layer on the surface. To confirm that the nanoparticles had aggregated into bulk material

XRD analysis was performed on the samples (Figure 171).
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Figure 171 — SEM / EDX analysis highlighting regions on the composites surface whereby the

y-Fe>Os3 nanoparticles appear to have aggregated.

XRD analysis was used to investigate any differences in the crystal structures for the Fe;Os3,

50-poly(S-r-canola) and any other species formed during their reaction.
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Figure 172 — XRD plots for 0-90% composite powders and 100% y-Fe>O3 nanoparticles before

and after moulding.

XRD analysis (Figure 172) revealed that the signals corresponding to the starting material do
no change significantly after moulding suggesting little to no reaction has occurred. These same
signals are present in all samples with their intensities decreasing with a decrease in Fe content.
The inverse is true for the 50-poly(S-r-canola) signals whereby they decrease in signal as their
wt% in the composite decreases. These results indicated that there was no change in chemical
structure. In summary whilst FTIR and XPS provided some evidence to suggest a reaction had

occurred, XRD and STA did not. The small amount of evidence gained suggests that if any
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reactions are occurring, it is likely some form of polysulfide oxidation. XPS suggested the
reaction could be an oxidation of sulfur to form SOx groups (sulfoxides, thiosulfinate,
thiosulfonates, etc). Fe,O3 has been shown to act as a catalyst in the solid-state oxidation of
soot through direct contact.’®? It’s possible that under the high pressure and temperature
conditions used to prepare the composites (100 °C, 40 MPa), the Fe,O3 particles partially
oxidised a small extent of the 50-poly(S-r-canola) polymer resulting in the increases in oxidised
sulfur signals observed. It is also possible that sulfur oxidation occurred under these conditions
due to air and not the Fe>Os particles. These sulfur oxidation signals may have also been present
on the surface only and not within the bulk. Further investigation would be required to
determine the exact mechanism of this sulfur oxidation. As iron is known to react with sulfur
under elevated temperatures we hypothesised that the polysulfide may bind directly with the
iron during composite preparation.’®> No evidence of Fe-S bond formation was observed.
These results suggest that whilst a small amount of sulfur oxidation could be occurring, it is
likely that the Fe,Os3 particles are being physically embedded withing the polymer matrix and
not chemically binding with it. While any chemical differences would be interesting to
investigate, they didn’t affect the materials functionality and for this reason these differences

were left for future work and focus shifted back towards applications of these composites.
5.5.4 Applications: Magnetic filtration

The use of these materials for magnetic filtration was investigated. The composite with the
lowest y-Fe2O3 nanoparticle content (~13.33%) was ground into a fine powder suspended in
water. A magnet was then used to filter the composite particles from the water resulting in

complete removal of the composite from the water (Figure 173).

1cm

Figure 173 — Images demonstrating the ability to filter out the composite particles using

magnetic filtration.
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Using this composite for magnetic filtration was investigated further by treating a solution of

HgCl> (150 ppm) containing insoluble mine tailings (Figure 174).

lcm lcm Ilcm

Figure 174 — Images demonstrating the magnetic filtration and separation of the composite

powder from a tailings / water slurry.

The magnetic composite effectively removed 98.6% of the HgCl, before being removed via
magnetic filtration followed by magnetic separation from the solid ore. It should be noted that
this is 98.6% of the HgCl> remaining in solution after the addition of the fine tailings. The
amount remaining after addition of fine tailings is shown in Table 7 as the control sample.
HgCl, concentrations before and after treatment were determined using cold vapor atomic

absorption (CVAA) spectroscopy. The treatment results are shown in Table 7.

Sample Concentration (ppm)
Initial 9.3+£0.16
Control 0.48 £0.15
Treated 0.0067 £ 0.0066

Table 7 — Results from mercury treatment

The composite powders after magnetic filtration are shown below in Figure 175. It was noted
that small amounts of remanent ore was present and not removed apon the first magnetic

filtration step.
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Treatment 1 Treatment 2 Treatment 3 Recovered from waste

1em 1175g 1.1054 g 12154 g tem 02256 g

Figure 175 — Images showing the composite material directly after magnetic filtration /

separation from the sand / water slurry.

The separated sorbent material contained some remanent ore which wasn’t removed during the
magnetic filtration process. To further isolate the magnetic composite material from the ore,

magnetic separation was performed on the physical mixture of ore and composite powder.

lcm

Figure 176 — A) 47 x 22 mm ceramic magnet in plastic zip lock bag before separation, B)
Image showing the magnetic composite bound to the plastic bag with a magnet inside it shown

n A.

A plastic bag was placed over the magnet (Figure 176) to ensure a simple removal of magnetic
composite through simple removal of the magnet from the bag. This protected magnet was then
used to magnetically separate the sand from the composite material. This is shown in Figure

177.

A
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Figure 177 — A) Magnetic composite contaminated with sand, B), Magnet inside a Ziplock
bag being used to magnetically separate the composite from the sand C), Magnetic composite

material stuck to the magnet leaving only sand behind D), Sand remaining after separation step.

Shown above, by simply passing the bag containing the magnet over the sand / composite
mixture, the composite powder was magnetically attracted, and pulled up into contact with the
bag. The sand wasn’t magnetic and remained in the container effectively separating the
particles from one another. The final percentage of recovered composite was 99%. Finally, the
ability to use this magnetic functionality to separate the magnetic / 50-poly(S-r-canola) from
other components in a multicomponent composite material. To do this, 20 wt% composite
powder was formed into a composite with waste PVC shavings. This is shown below in figure
178. Once formed the composite was ground back up into a fine powder and the magnetic

separation process used above was performed.

Figure 178 — 50-poly(S-r-canola) / Fe2O3 / PVC blend before (left) and after (right) being

moulded into a composite mat.

The mat was then ground back into a fine powder and magnetic separation was used to separate
the magnetic composite from the PVC shavings. The magnetic separation process is shown in

Figure 179.

A

1cm
Figure 179 — Images showing the process of magnetically separating the composite from other

components in a solid-solid mixture.
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The small PVC pieces had small portions of composite material stuck to their surface after
grinding back into a powder. This meant that although the PVC particles were not magnetic
the small portions of composite bound to their surface were. This meant that the PVC particle
still felt a small force under a magnetic field. In order to ensure that the PVC particles were not
recovered with the composite the magnet was held further away from the mixture (3 cm)
meaning that only the composite material not bound to the heavy PVC particles would be drawn
into the air and stick to the magnet. The recovered composite and the PVC/composite waste is

shown in Figure 180.

Figure 180 — Magnetic composite (left) and PVC with fine composite coating (right)

Most of the PVC was removed from the composite with only very small particles remaining.
The recovered particles are shown in Figure 180. These particles could have potentially been
removed using a finer particle size grinder method or by repeating the process multiple times.
This is the first time that magnetic filtration has been utilized to recycle individual components

within a composite material.
5.5.5 Applications: Microwave heating

Another interesting application of these magnetic composite materials is their ability to
undergo direct heating through microwave irradiation. Magnetic y-Fe2O3 nanoparticles can
undergo both dielectric heating and magnetorestricitive heating under the influence of
microwave irradiation. Due to the high content of y-Fe,O3 nanoparticles, the ability to heat this
composite using microwave irradiation was investigated. The heating of the composite was

compared to its individual constituents over 40 seconds.
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lcm lcm

Figure 181 — A) 0.1 grams of y-Fe>O3 nanoparticles (<50nm), B) 0.65 grams of 50-poly(S-r-

lcm

canola) polysulfide, C) 0.75 grams of 50-poly(S-r-canola) / y-Fe,O3 composite material.

The samples were first placed on PFTE paper (Figure 186) as it did not show any temperature
increase under microwave irradiation and therefore wouldn’t transfer extra heat to the samples
during testing. These sheets were placed directly into a household microwave with the
temperature being monitored before and after irradiation using a handheld IR thermometer.

The magnetic composite powder, 50-poly(S-r-canola) polymer and y-Fe>O3z nanoparticle were

investigated (Figure 182).
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Figure 182 — Temperature profile for 0 - 40 seconds of microwave irradiation for PTFE paper,

50-poly(S-r-canola), y-Fe;O3 nanoparticle control and 50-poly(S-r-canola) / y-FexOs

composite.

The y-Fe;Os; nanoparticle control demonstrated the highest temperature increase under
microwave irradiation followed by the 20% composite powder. The 50-poly(S-r-canola)
powder was almost identical to the PTFE control not showing any significant heating and

remained constant in temperature throughout the irradiation. This demonstrated how the
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addition of y-Fe2O; nanoparticles facilitates the microwave heating of 50-poly(S-r-canola)
polymers, something which wasn’t previously possible. It was noted that over 40 seconds of

irradiation resulted in degradation of the composite material (Figure 183).

lcm lcm

Figure 183 — Image showing the magnetic composite before (left) and after (right) 50 seconds

of microwave irradiation. This demonstrates that under 50 seconds of irradiation the composite

will start to decompose.

The temperature being measured by the handheld IR thermometer is the temperature on the
surface of the composite. As the 50-poly(S-r-canola) polymer doesn’t heat up under microwave
irradiation the only source of heat is from the nanoparticles. The heat produced from the
nanoparticles during microwave irradiation must then transfer to the 50-poly(S-r-canola)
polymer and through its bulk to the surface before being measured. This means that the
temperature at the nanoparticle / 50-poly(S-r-canola) interface would be higher than the
temperature being observed at the surface. Although the temperature measured after 40 seconds
was ~127 seconds, the nanoparticle control had reached 200 °C meaning that the temperature
at the 50-poly(S-r-canola) interface would be approaching degradation temperature. This
should be avoided as degradation is a fire hazard and would lead to the generation of toxic SO>
gas. As microwave heating is possible with this material, the ability to perform reactive
compression moulding in the microwave was investigated. A syringe was used to compress
composite particles into a cylinder shape (Figure 184). Irradiation time of 20 s was initially

used, followed by 2 more irradiation times of 15 seconds, to ensure the reaction completed.
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Figure 184 — Syringe with composite in before moulding into disk.
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Figure 185 — Images showing the composite disks made from the magnetic composite using

reactive compression moulding in the microwave.

Using this method magnetic composite disks (Figure 185) and cylinders (Figure 186) could be
prepared.

—

i lcm

Figure 186 — Syringe containing unmoulded composite (Left) and the resulting moulded

composite cylinder (Right).

This cylinder was shown to retain its magnetic properties after moulding. This was

demonstrated by showing its affinity towards a permanent magnet (Figure 187).
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1cm

Figure 187 — A) Image demonstrating the ability to pick up the magnetic composite cylinder

using a magnet, B) Image of composite cylinder after an additional 20 seconds of heating.

Although the initial sample was irradiated for 20 seconds without issue, the final bulk material
decomposed when heated for 20 seconds. This is half the 40 seconds required for the powder
in earlier experiments. This corresponds well with the results from the thermal conductivity
experiments which showed that the powdered composite displayed double the thermal
conductivity compared to the bulk form. To highlight this difference, the same experiment was
repeated comparing the 50-poly(S-r-canola) / y-Fe,O3 blend with the 50-poly(S-r-canola) / y-
Fe>O3 composite in both powder and bulk form (Figure 188).

Before moulding After moulding After moulding
powder powder disk

lcm lcm lcm

Figure 188 — Images of the 50-poly(S-r-canola) blend before moulding (Left), the powdered

composite (middle) and the composite moulded into small disk (right).

193



The samples were placed on PTFE paper and placed inside a household microwave. The
temperature of the samples after 20 seconds irradiation was recorded using a FLIR thermal

imaging camera in hotspot mode.

150 max 156 °C

17.0 $FLIR
Figure 189 — FLIR thermal imaging of unmoulded blend before and after microwave

irradiation for 20 seconds.

The blend (Figure 189) demonstrated the highest observed temperature increase (135.2 °C).
This was expected as the y-Fe,O3 nanoparticles cover the surface of the 50-poly(S-r-canola)

polymer and the temperature measured is that of the nanoparticles directly.

150 max 105 °C

17.0 $FLIR
Figure 190 — FLIR thermal imaging of composite powder before and after microwave

irradiation for 20 seconds.

As expected, the composite powder (Figure 190) showed a decreased temperature increase in

comparison to the blend, increasing in temperature by 73.9 °C.

150 max 141 °C

17.0 $FLIR
Figure 191 — FLIR thermal imaging of composite disk before and after microwave

irradiation for 20 seconds.
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The composite disk (Figure 191) showed a significantly higher recorded temperature than the
composite powder. This is because the 50-poly(S-r-canola) is a thermal insulator and holds the
heat generated by the Fe nanoparticles under microwave irradiation. Heat does not need to
transfer through the air between particles to contribute to other particles heating up, it does so
directly through the composite. This results in a higher number of heat sources contributing to
the temperature increase at each location on the material. This results in the higher temperature
observed. The temperature observed by the disk was smaller than that observed by the blend.
This was expected as in the case of the blend the nanoparticles were measured directly whereas
in the composite the surface temperature of the 50-poly(S-r-canola) was instead measured. The
microwave irradiation heating rate of the various y-FeoOs composites were investigated.
Thermal conductivity measurements revealed that powdered samples conduct heat differently
to bulk samples and therefore heating experiments were performed on 0.5 X 0.5 cm square
composite mats of equal thickness (approximately 2 mm). It was demonstrated that the rate of
heating under microwave irradiation was directly proportional to the number of y-Fe;O3
nanoparticles the composite contained (Figure 192). The heating profiles for each composite
were recorded and used to create an equation which allows one to calculate the irradiation time
required for a composite to reach a specific temperature depending on its y-Fe2O3 content. This
was important to ensure that degradation could be avoided to minimize both the hazards

involved and any damage to the samples.
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Figure 192 — Plot of temperature against microwave irradiation time (s) for each composite.
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Figure 193 — Plots for temperature vs time for each y-Fe;O3 content composite with a linear

line of best fit added.

The slope for the lines of best fit for the plots in Figure 193 are equivalent to the heating rate

under microwave irradiation.

Fe Content (wt%) Rate (°C/s)

25 6

50 14
75 23
90 27

Table 8 — Results for heating rate of composite materials with different y-Fe>Os contents.

The weight percentages of y-FeOs nanoparticle were plotted against their corresponding
heating rates (Figure 194) shown in Table 8. This demonstrated a linear relationship with an

R? value of 0.9947.
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Figure 194 - Microwave heating rate of the composite against the y-Fe>Os content of the
composite material.

A simple linear model was used to estimate the time required to get the polymer to 100 °C:
Heating rate = 0.3337 X (Fe,05%) — 2.6457 Equation 9

Therefore, to increase temperature by 100 °C:

100 = (Heating rate) X T

100 = (0.3337 x (Fe,05%) — 2.6457) X T

Therefore

. 100
0.3337x(Fe;03%)—2.6457

Equation 10

Using this equation, it is possible to estimate the irradiation time required to heat bulk
composite to 100 °C depending on the y-Fe>Os content. It’s important to note that this equation
is only applicable to bulk sample and not powdered samples. Powdered samples would require
a higher irradiation time to achieve the same temperature as the bulk. This was observed in the
previous heating experiment whereby the powdered composite did not increase in temperature
as much as the bulk sample under the same irradiation times. Although reactive compression
moulding starts with a powdered form of the composite, the process involves compressing the
particles into a bulk form in which case the equation is applicable. This equation can therefore

be used to determine the optimised irradiation time required for a sample of given y-Fe;O3
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content to undergo reactive compression moulding under microwave irradiation without

overheating the sample.
5.4.6 Applications: Electrical and mechanical components

Another application of magnetic composites is in electronics and robotics. These fields require
new, inexpensive lightweight materials which can work efficiently in their desired applications.
To demonstrate the use of our 50-poly(S-r-canola) / y-Fe>O3 composite material in these fields,
the 75% composite was moulded into a cylinder by compacting the composite within a 5 mL
syringe and using reactive compression moulding in the microwave under the previously
defined optimized conditions. This composite cylinder was then investigated for use as the
active magnetic component of a solenoid valve switch. To do this a solenoid valve, whose
schematics are shown below, was deconstructed. The operator (part that responds to magnetic
fields) was replaced with the composite cylinder and the valve was reconstructed. A small steel
spring was added to the top of the composite cylinder to ensure that the cylinder remained
closed when the solenoid was not on. The cylinder was placed inside a plastic cylinder (radius
= 1.0 cm, thickness = 0.2 cm) before being placed into the solenoid coil. This was to ensure
that the composite cylinder fitted tightly, and no leaks were possible. The construction process

is depicted in Figure 195.
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Figure 195 — A) Image of initial operator inside solenoid valve and its replacement prepared
by the composite material. B) Images describing the process of re-constructing the solenoid

valve with the magnetic composite material used as the composite material.

After replacing the solenoid valve switch’s operator, the solenoid valve setup was clamped in
a vertical position and plastic tubing was used to connect the inlet of the solenoid to a dropping
funnel. A second piece of tubing was attached to the outlet of the solenoid valve. A beaker was
placed below the outlet tube to catch the flow through. To better visualize the experiment, a
coloured FeClsq) solution was added into the dropping funnel. The funnel was opened to allow

the solution to meet the closed inlet on the valve. The power to the solenoid valve was turned
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on and the valve was switched to the on position. The FeClsq) solution flowed through the

solenoid valve and into the beaker. This is shown in Figure 196.
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Figure 196 — Images showing the working solenoid valve with magnetic composite replacing

off

the operator inside it.

When the valve was turned back off, the flow of the FeCl; stopped. This suggested that the
composite cylinder was able to effectively act as the operator in a magnetic solenoid valve.
This simple demonstration illustrates how the composite made by reactive compression

moulding can be used as a component in a mechanical device such as a solenoid.
5.5 Conclusions

A sustainable multifunctional magnetic composite material is prepared directly from 50-
poly(S-r-canola) polymer and vy-Fe;Os nanoparticles using a process called reactive
compression moulding. This involves blending 50-poly(S-r-canola) polymer with y-Fe;Os
nanoparticles then placing the mixture in a hot press at 40 MPa at 100 °C for 20 minutes. The
composite material was shown to retain 50-poly(S-r-canola) polymers chemical reactivity
towards HgCl> whilst the incorporation of the y-Fe;Os nanoparticles facilitated magnetic
filtration further simplifying the remediation process whilst reducing solid waste production.
The magnetic properties of the nanoparticles facilitate rapid heating under microwave
irradiation. The process used to prepare and mould the composite material, reactive
compression moulding, has been demonstrated to occur rapidly using microwave irradiation as
the heating source. The rate of heating of the composite was shown to be directly proportional
to the y-Fe2O3 content of the composite. Reactive compression moulding using microwave
irradiation was utilized to prepare a cylinder of 75 wt% y-Fe2O3 composite material which was

shown to replace the original magnetic component of a commercial solenoid valve. This
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reduced the weight of the component 10-fold and demonstrated the potential to use these

magnetic composites as components in electrical and mechanical systems.
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6.0 Conclusions and outlook

The synthesis of a sustainable polymeric material from sulfur and canola oil has been
demonstrated using the process termed inverse vulcanisation. These polymers were prepared
with varying amounts of sulfur, with and without porosity and through both conventional and
microwave heating strategies. The rapid synthesis of these polymers using microwave heating
was an important discovery as it not only reduced the time required to prepare these polymers,
but it also facilitated their preparation in places with limited resources expanding the materials
viability. This is also the only example of microwave heating being utilised for initiating the
inverse vulcanisation reaction. This is because sulfur will not heat upon microwave irradiation
alone, the microwave irradiation heats the canola oil which transfers to the sulfur to initiate the
reaction. After preparing and characterising these materials, their use as iron pollution sorbents
was investigated. These materials have been investigated as sorbents in mercury remediation
previously however this was the first instance where iron pollution has been investigated. There
remains a small amount of heavy metal pollutants in which these sulfur polymers have not been
investigated already as sorbent materials. Investigating the interactions of these polymers with
different metals and the various complex’s they form in aqueous solution is the next step for
future work. The sustainable 50-poly(S-r-canola) polymer was also shown to be an effective
support material for powdered activated carbon, increasing its safety profile and facilitating its
use within continuous flow and filtration-based systems. The 50-poly(S-r-canola) / PAC blend
was demonstrated to be an effective sorbent material for the remediation of the persistent
organic pollutants, PFOA and PFOS from water. Future work in this field would be to
determine a suitable method to recover the PFOS and PFOA from the sorbent material after
remediation. A method for reforming and remoulding the 50-poly(S-r-canola) polymer, termed
reactive compression moulding was created and then investigated as a potential method for
recycling the material after use. This method was demonstrated to work effectively even when
waste 50-poly(S-r-canola) sorbent, previously saturated with Fe(III), was used. This is the first
time in literature that a heat induced sulfur exchange reaction has been used to facilitate the
recycling and reforming of these thermoset sulfur polymers. Although saturation of the
polymer with Fe(III) showed no impact on the reactive compression moulding process, the
effects of saturation with other compounds should be investigated as future work. Reactive
compression moulding was also utilised as a method for preparing composite materials from
sulfur polymers. Filler materials were simply mixed in with the 50-poly(S-r-canola) polymer
particles before moulding to form the desired composite. It was shown that the use of different

types and amounts of filler materials allowed one to control the resulting mechanical properties
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of the moulded mats. This was important as it allows for the tailoring of the materials properties
to suit specific applications. Future work would encompass the use of various other filler
materials and compositions to optimise the materials use in specific applications. Next, by
using y-Fe2O; nanoparticles as the filler material, multifunctional magnetic composite
materials were prepared. In these composites the magnetic nanoparticles were encapsulated by
the 50-poly(S-r-canola) polymer forming a relatively homogenous composite mat after
undergoing reactive compression moulding. By crushing this mat up into a powder, it was able
to be used efficiently to treat HgCl> solution as well as be removed from solution using
magnetic filtration. This was an important discovery as it adds further capabilities and scope to
using 50-poly(S-r-canola) polymers in remediation processes. The inclusion of the magnetic
nanoparticles also facilitated the microwave heating of the composite mats, something which
was not possible with the 50-poly(S-r-canola) polymer on its own. This allowed for the rapid,
reactive compression moulding of the composite materials using microwave irradiation. The
heating rates for each composite were shown to share a linear relationship with the amount of
nanoparticles present in the composite. Using this relationship, the optimal reaction conditions
where determined and reactive compression moulding was implemented to form magnetic
composite disks and cylinders. To demonstrate the potential use of these magnetic composite
materials in mechanical and electrical systems, the active magnetic component of a solenoid
valve was replaced with one made from the magnetic composite material. The solenoid valve
was demonstrated to work with the magnetic composite component replacing the original
component and in turn reducing its weight tenfold. Future work will investigate the use of these

composites as components in various other mechanical and electrical systems.
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