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SUMMARY 

With the rapid depletion of our most important chemical feedstock—crude oil—ever looming it is 

important to explore the possibility of alternate carbon sources for the production of polymers and 

other chemicals. Sulfur, a by-product of the petroleum industry, offers an incredibly cheap and 

accessible building block for the polymerisation of such materials. By reacting canola oil, an 

inexpensive and abundant plant extract with sulfur through inverse-vulcanisation, our lab has 

developed a new high-sulfur-content rubber from renewable and waste materials. 

This rubber is able to remove various species of toxic mercury from air, water and soil, and inclusion 

of sodium chloride as a porogen in synthesis affords a porous version of this material with improved 

mercury binding capabilities and also the capacity to absorb crude oil and diesel; key polluters in 

ocean oil spills. 

The use of sulfur polymers as biomedical implants was also explored with the incorporation of 

therapeutic molecules for controlled and targeted delivery within the body. 
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1. THE USE OF SULFUR IN MERCURY REMEDIATION

Introduction 
With the rapid depletion of fossil fuels, it is important to explore the possibility of alternate carbon 

sources for the production of polymers and other chemicals1, 2. Several recent advances have been 

made in producing functional polymeric materials from economical or renewable sources, particularly 

in the field of polysulfide materials3. Recent estimates put annual generation of excess sulfur at 7 

million tons, produced primarily from the hydrodesulfurisation of crude oil. Since this largely untapped 

resource was recognised, research into novel high sulfur-content materials has picked up 

significantly3. From advanced Li-S batteries4, 5 to advanced optical materials6 and other high-sulfur-

content polymeric materials7. Inspired by these developments we looked to utilise sulfur to create 

new polymeric materials by combining organic monomers from renewable or waste sources with 

sulfur. Literature precedent suggested terpenes might be good candidates as monomers8-10 and so 

the citrus terpene limonene was used to form our first generation material: Sulfur Limonene 

Polysulfide. Affinity for heavy metals, a property conferred by the high content of sulfur, was 

hypothesised and demonstrated by the Chalker laboratory in 2016. This thesis follows from this initial 

work and encompasses the development of a subsequent generation of sulfur polymer and the 

exploration of its applications in environmental remediation and human health. 

Mercury pollution 
Mercury pollution is a global crisis that affects the lives of millions of people. Each year up to 9,100 

tonnes of mercury are emitted into the atmosphere: approximately 500 from natural sources 

(depending on the frequency natural occurrences such as volcanic eruptions and geothermal 

activity), approximately 2,500 from anthropogenic sources and a significant contribution from 

re-emission of legacy mercury emissions from soils and oceans11. Of the mercury emitted by human 

activity, the combustion of fossil fuels for domestic and industrial use, and metal and cement 

production makes up the majority of the output at 52 %, the highest output from any single sector 

however is from a practice that accounts for 38 % of all anthropogenic mercury emitted and is totalled 

from a large number of small, isolated locations around the world – artisanal gold mining. 
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Figure 1.1 | Current estimates of annual mercury distribution in the atmospheric mercury cycle (reproduced 

under a creative commons attribution license11). “Percentage increase in mass due to human activities” is 

totalled in consideration of the output of mining activities since the 16th century. 

 

Artisanal and Small Scale Gold Mining (ASGM) occurs in over 70 countries across Africa, South 

America and South-East Asia12, employing 10–19 million people, including millions of child labourers. 

This informal industry produces 15–25 % of the world’s gold supply13. The United Nations 

Environmental Programme (UNEP) estimates this practice introduces an average of 1,000 tonnes 

of mercury into the environment each year11; 40 % as vapour emissions to the atmosphere and 60% 

as liquid elemental mercury released into the hydrosphere through rivers, lakes and soil. Exact 

numbers are difficult to define as in many cases the practice is outlawed13, directly or indirectly from 

the banning of mercury use, resulting in a mercury black market and an aversion to outside 

monitoring. ASGM involves the direct and intentional use of mercury to remove gold from its ore by 

first mixing the two together and then boiling off the mercury from the amalgam formed. This 

procedure, often carried out with a hand torch and in the miners’ homes or in gold shops in villages 

leads to serious harm to themselves, their families and communities. Mercury vapour is a powerful 

neurotoxin that results in irreversible brain damage and loss of motor function in those exposed 

directly and developmental defects in children exposed in-utero14-16. These dangers are not isolated 

to these communities, as emission into the global mercury cycle can result in deposition in an entirely 

different continent11.  
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Figure 1.2 | Location and intensity of intentional mercury usage in artisanal and small scale goal mining, 

reproduced under a creative commons attribution license13 

The effects of global mercury pollution arise in the developed world most notably as toxic sealife. 

Mercury emitted from fossil fuel combustion and refinement is deposited in soil and water where 

environmental forces act upon it to mobilise mercury through the surrounding ecosystem17. Mercury 

can range in mobilisation from a readily mobile chemical form to tightly bound in a soil matrix 

depending on mercury speciation and soil chemistry17. In general terms, these states can be 

categorised as: Dissolved, as a free ion or soluble complex.  Non-specifically adsorbed, for example 

by electrostatic forces. Specifically adsorbed, by covalent or coordinative forces. Chelated, as an 

organo-mercury complex. Or precipitated, as a salt (sulfide, carbonate, hydroxide etc.). 

Methylation and demethylation, and oxidation and reduction of mercury affect mercury mobility in 

the environment. These reactions are influenced by changes in pH and redox potential of soil, the 

presence of organic matter that binds to mercury, and minerals or bacteria that provoke reactions 

with mercury. Anaerobic bacteria are responsible for the methylation of mercury in soil or water. 

Methyl mercury is a highly toxic form of mercury that bioaccumulates through the aquatic food chain 

resulting in carnivorous fish that are harmful for human consumption18, 19. Atmospheric deposition of 

mercury to surface soil and water can directly influence the concentration of mercury and 

methylmercury in fish19 and even with no local mercury emissions, 10–30 % of mercury deposition 

can come from intercontinental sources20. A comprehensive approach of intercepting mercury before 

it enters the atmosphere (by primary emission or re-emission) is just as important as cleaning 

polluted water and soil directly for this reason. 
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Current remediation efforts 
Current remediation efforts target both the removal of mercury from water and soil to clean 

contaminated areas and prevent re-emission and also the prevention of primary emission by 

intercepting flue streams in the coal and gas industries. An overview of techniques to combat 

contaminated soil are given in table 121. 

 
Technique Description Limitations Waste stream 

Soil 

washing 

Physical separation of soil 

layers to concentrate Hg into a 

smaller volume followed by 

chemical extraction 

Physical separation can be 

difficult in complex or viscous soil 

samples 

Contaminated 

sludge/water 

Stabilisation 

and 

solidification 

Stabilisation of mercury as an 

insoluble form followed by 

entrapment in a rigid matrix 

Increases volume of treated 

material, long term monitoring 

required 

None 

Thermal 

treatment 

Use of heat and reduced 

pressure to volatise mercury 

followed by condensation and 

capture 

High capital cost: Requires 

specialised facilities and 

chemical treatments. 

Off gas, waste 

water if pre-treated 

(to assist melting) 

Biological 

and 

microbial 

Use of mercury-resistant 

microorganisms and plants to 

absorb mercury and reduce its 

bioavailability 

Requires more studies to 

evaluate efficiency— 

infrastructure may require 

indefinite monitoring 

Potential Hg 

emission from 

microbe/plant 

volatisation 

Table 1 | Overview of current mercury remediation strategies 

 

Stabilisation and solidification techniques rely primarily on the use of sulfur or selenium for their high 

affinity for mercury, and in the case of sulfur, polymerisation ability. This technique also has the 

benefit of not only producing no new waste but valorising a waste stream of the petroleum industry 

that produces over 70 million tonnes of sulfur each year as a by-product of the hydrodesulfurisation 

of crude oil7. As the Chalker research group focuses on the development of a novel class of sulfur 

polymers to tackle mercury pollution, this technique was evaluated as part of this thesis. 
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Sulfur-Based Solutions 
Current methods see the stabilisation of mercury compounds achieved through one, or a 

combination of three methods: mercury sulfide or selenide formation, entrapment in an insoluble, 

specialised cement matrix or though amalgamation with other metals. The latter generally involves 

the solidification of liquid mercury with copper or zinc, though it is doubtful whether the solid product 

shows any advantage over elemental mercury in the areas of solubility or vaporisation 

characteristics22. Sulfur forms a strong bond with mercury to form mercury sulfide, HgS, known by 

its ore name cinnabar. Fortuitously HgS is classified as non-hazardous waste23 making it an ideal 

target product in remediation efforts. Depending on reaction conditions HgS may form one of three 

crystal structures: Hexagonal (α-HgS), cubic (β-HgS) or trigonal (γ-HgS). The alpha form is the most 

ideal sulfur-stabilised form of mercury, but only seems to be prioritised by remediation efforts where 

the choice exists and is not a difficult priority to maintain: some stabilisation methods seem to favour 

the formation of one morphology over the other with seemingly little or no control and a working 

method is prioritised over investigations into the mechanics of HgS formation. Selenium reacts 

similarly, forming mercury selenide (tiemannite). If mercury is present in inorganic form, sulfide-

containing agents are required to form mercury sulfide22. 

𝐻𝐻𝐻𝐻 + 𝑆𝑆𝑆𝑆 → 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 

𝐻𝐻𝐻𝐻 + 𝑆𝑆 → 𝐻𝐻𝐻𝐻𝐻𝐻 

𝐻𝐻𝐻𝐻2+ + 𝐻𝐻𝐻𝐻− → 𝐻𝐻𝐻𝐻𝐻𝐻 + 𝐻𝐻+ 

Figure 1.3 | General reaction mechanisms for reaction of mercury with selenium, sulfur and thiol 

compounds. 
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Technique Description Limitations Scale 

DELA, 

Germany 

Sulfur is added to a modified cement mixer that 

is purged with N2, kept under light vacuum and 

heated to >580 °C. Stoichiometric amount of Hg 

is added slowly and spontaneously reacts to 

form a both α and β-HgS. 

Requires high 

temperature and 

nitrogen 

atmosphere 

Pilot: 500 kg per 

day 

Full: Estimated  

3–6 t per day in 

continuous or 

batch operation 

STMI, France Hg and Sulfur are mixed (1:1–1:3) in apparatus 

resembling a rotary evaporator and rotated at 

50 rpm over 2 hours. Functions at 20 °C but  

60–80 °C preferred. Produces β-HgS. Excess 

Hg can be cleared of volatiles, distilled and 

recovered in same apparatus. 

Requires 

specialised 

apparatus, small 

scale 

Semi-pilot:  

1 kg per batch 

CENIM, Spain 1:1 Sulfur and Hg mixed in a planetary ball mill 

containing stainless steel balls and milled at 400 

rpm for approximately 1 hour. 

Requires 

specialised 

apparatus 

N/A 

Bethlehem 

Apparatus 

Elemental Hg is reacted with vapourised sulfur 

to form HgS, stored as pellets after blending with 

polymer. 

Requires 

specialised 

apparatus and 

high temperature 

300–1,000 t 

mercury per year  

(1 – 3 t per day) 

Wet Process Hg dissolved in strong acid, addition of aqueous 

sulfide solution results in precipitation of black 

cinnabar. For radioactively contaminated 

mercury, the product is then bound in a 

polysiloxane matrix 

Produces Hg-

contaminated 

water waste 

stream and 

gaseous H2S 

Radioactive 

samples max, 

1 L—considered 

challenging to 

upscale 

HgS by 

shaking 

Finely powdered sulfur is beaten in a paint 

shaker with stainless steel milling balls for 

1 hour. Hg is added and the mixture shaken 

longitudinally for 1 hour, then transversely for 

1 hour.  99.96% mercury is converted to the final 

product. 

May require 

specialised 

apparatus, 

demonstrated 

only on small 

scale 

1 kg batches 

Sulfur Polymer 

Cement  

(Brookhaven 

National Lab) 

Hg contaminated waste or liquid Hg is mixed 

with a powdered sulfur cement (95 % sulfur, 5 % 

organic modifiers) in a 0.2:3.0 ratio and mixed at 

120–150 °C for 4–8 hours. The molten product 

is cast and cooled, trapping mercury in a sulfur 

polymer matrix. 

Requires elevated 

temperature 

Pilot: 55 gallon 

drum of waste soil 

or 62 kg 

radioactive 

mercury per batch 

Shearing  

(Westinghouse 

Savannah 

River Co.) 

5:1 ratio of Hg and sulfur is blended with high 

shear. >5000 rpm produces more stable α-HgS, 

<5000 rpm produces β-HgS but with less danger 

of overheating. 

Requires 

specialised 

apparatus 

N/A 



7 

Table 2 | Current sulfur-based stabilisation and solidification methods for mercury remediation. Information 

provided by companies mentioned22. Procedures purely designed for dealing with radioactive mixed mercury 

waste excluded as they are all inherently more complex and costly to implement.  

Several technologies are currently in place and in development that utilise sulfur and selenium’s 

affinity for mercury to capture and stabilise mercury from contaminated water and soil. A brief 

overview of methods that utilise sulfur is given in table 2. Selenium stabilisation methods follow 

similar procedures but haven’t been as widely adopted as selenium is generally a more expensive 

element to acquire22. A prevalent feature in these commonly used sulfur stabilisation methods is the 

requirement to process contaminated waste off-site. In general, specialised apparatus under 

controlled heating and/or pressure, are needed to combine the sulfur and mercury-contaminated 

waste to form and mould the final product. We identify these as two major drawbacks limiting 

application on a mass scale and in developing nations. A promising new direction has arisen in the 

emerging field of inverse vulcanised high-sulfur sulfur polymers.  

Direct Processing of Sulfur 
Direct use of sulfur generally follows one of two pathways: Melt-diffusion of molten sulfur, or vapour 

(or solution) dispersion3. The former has been widely used to diffuse sulfur through mesoporous 

carbon and carbon nanotube networks as well as metal-organic frameworks to impart 

sulfur-properties to an ordered and rigid system. Similarly vapour-phase diffusion has been used in 

an analogues process carried out under vacuum at higher temperatures. Sulfur’s low cost and low 

enthalpies of vaporisation and sublimation pose little obstruction to the processing of these materials, 

the high cost and demanding requirements to produce nanostructured hosts are where difficulties 

arise3. 
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Figure 1.4 | A selection of monomers used in inverse vulcanisation reproduced under a creative commons 

attribution license24 

 

The discovery of inverse vulcanisation has triggered a resurgence in sulfur research, with promising 

applications in new materials. In this process large quantities of sulfur may be valorised into 

polymeric materials that contain up to 90 % sulfur by weight with only a small quantity of organic 

crosslinker, in contrast to classic vulcanisation in which sulfur is used as the crosslinker. Current 

uses of sulfur polymers, many prepared and published during the development of this thesis, include 

cathode materials for lithium-sulfur batteries25-53, IR-transparent lenses54-60,  gas separation61, 62, 

heavy metal remediation63-73, solar cell electrolytes74-76, water splitting77, thermal insulation78, 

dynamic and self-healing materials79-86, and platforms for nanoparticle synthesis87, 88, among others. 

Instead of dispersing sulfur throughout a rigid matrix, cross-linking of polymeric sulfur with a diene 

co-monomer produces a rigid and stable polymer with high sulfur content. Sulfur exists as a multitude 

of allotropes, with the most abundant and stable being powdered octasulfur (α-S8). S8 has a melting 

point of 119.6 °C, however continued heating results in a second phase change at 159.4 °C, sulfur’s 

“floor temperature”. At this temperature, sulfur-sulfur bond scission occurs to produce a linear chain 

of sulfur atoms, with thiyl radicals at each terminus. These radicals are able to react further with 

sulfur, leading to ring-opening polymerisation. The resulting polymeric sulfur is not stable and 

backbiting leads to the regeneration of the S8. In inverse vulcanisation, an alkene is used to react 

with the radical sulfur chains through a thiol-ene reaction, providing a stable polymer. The termination 

event is thought to occur through radical recombination24.  
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Figure 1.5 | Proposed inverse vulcanisation reaction procedure for Sulfur-random-DIB Copolymer 

Inverse vulcanisation was first demonstrated by Pyun et al. in 20137 with the co-polymerisation of 

molten sulfur with diisopropylbenzene (DIB) to create a glassy red plastic. Since then several groups 

have replicated this reaction with a variety of alkenes, alkynes and natural olefins resulting in a wide 

array of inverse vulcanised sulfur polymers to date (Fig. 1.4). Our first attempt to develop a new 

material by inverse vulcanisation resulted in a viscous red wax we termed sulfur-limonene 

polysulfide, prepared from only sulfur and the citrus terpene limonene66. 

Figure 1.6 | Inverse vulcanisation reaction of sulfur (S8) with limonene: 80 % of the product mixture is a mix of 

sulfur-limonene polysulfides ranging in molecular weight from 300–800 Da. Volatile materials that make up the 

remaining 20 % are removed by distillation. 

Exploration of inverse vulcanisation has seen contributions from many groups but is still in its infancy 

with opportunities not just in optimisations to currently documented materials (seen already in 

foaming to tune surface area for mercury remediation efforts65) but in the synthesis, characterisation 

and development into useful devices of entirely new materials. 

By utilising inexpensive, renewable and waste materials to process sulfur into polymeric materials, 

we aimed to synthesise a material that will offer a scalable and widely applicable alternative for 

mercury remediation. During my Honours year we published our work on Sulfur-Limonene 

Polysulfide as proof of this concept: made from sulfur, a by-product of the petroleum industry, and 

limonene, a by-product of the citrus industry, Sulfur-Limonene Polysulfide is able to sequester 

inorganic mercury from water66. The next step through my PhD was to extend this chemistry into 

several different areas, as well as to improve on this technology with the exploration of different 

chemical feedstocks to produce a mercury-sequestering material from inexpensive reagents through 

a facile and non-hazardous process, able to sequester different types of mercury (organic, inorganic, 
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elemental, liquid or vapour). Ideally the material would be applicable for use on-site to capture 

mercury pollution from a wide variety of pollution hotspots from contaminated water and soil to 

filtering the off-gases from coal-fired power plants and gold mines before it escapes to the 

atmosphere. 
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Green chemistry and polymers made from sulfur

Max J. H. Worthington, Renata L. Kucera and Justin M. Chalker*

Polymers are among the most important mass-produced materials on the planet, yet they are largely

derived from a finite supply of petrochemicals. To ensure the sustainable production of polymers and

functional materials, alternative feedstocks are required. This Perspective examines this challenge in the

context of an emerging class of polymers made from elemental sulfur. Because sulfur is a by-product of

the petroleum industry, converting it into useful polymers and related materials is an advance in waste

valorisation. Additionally, co-polymerisation of sulfur with renewable monomers represents an additional

contribution to sustainability. These reactions are often solvent free and benefit from full atom economy,

futher augmenting their Green Chemistry credentials. Applications of these materials will be discussed,

with a spotlight on environmental benefits. A forward looking assessment of the opportunities for using

sulfur polymers in Green Chemistry is also included.

Introduction

The impact of synthetic polymers and functional materials on
human life is profound. Such materials ensure access to clean
air and water,1,2 medical devices that improve quality of life,3,4

sustainable power generation and energy storage,5,6 building
materials for transportation and infrastructure,7 high-tech
devices for communication and information processing,8,9

fibres for functional textiles,10,11 and a host of other far-reach-
ing capabilities.12–14 Our everyday routines and economies

also rely heavily on synthetic polymers, especially plastics.
With approximately 322 million tonnes of plastics produced in
2015,15 polymers are among the most widely produced syn-
thetic materials on Earth. To ensure sustainable access to
these materials, it is imperative that the synthesis of polymers
aligns with the principles of Green Chemistry.16,17 Given that
the vast majority of synthetic polymers are derived from finite
resources such as petroleum feedstocks,18 a grand challenge in
polymer chemistry is to identify sustainable building blocks
that provide monomers already in use or polymers that are
functional equivalents to existing macromolecules. To this
end, the Green Chemistry and polymer communities have
made some admirable gains. Through the use of safer sol-
vents,19 greener and catalytic processing,16,20 starting materials
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derived from renewable biomass,21,22 re-purposing agricultural
and industrial waste as a starting material,20,23,24 using CO2 as
a monomer18 or converting it into a traditional olefin
monomer,25 and designing new strategies for recycling and
bio-degradation,26,27 the Green Chemistry metrics over the life-
time of synthetic macromolecules have improved.
Simultaneously, the introduction of new polymers that address

these concerns also improves the outlook for sustainability
and environmental benefit. In this Perspective, we discuss one
of these classes of new materials—polymers made from sulfur
—and the many ways in which they are green in their prepa-
ration and use. While this class of materials alone will not
solve the problem of polymer sustainability, it may contribute
in several important ways. Accordingly, this Perspective exam-
ines how polymers made from sulfur can be derived from
waste and renewable sources, and how the resulting materials
can be used in applications that benefit the environment
(Fig. 1).

Sulfur: a widely available and
underused building block

Sulfur has been used for many centuries in applications as
diverse as medicine, fabric bleaching, construction of lamp
wicks, gun powder formulation and then more recently in the
vulcanisation of latex.28,29 In these cases, sulfur was sourced
largely through geological deposits.28 With the growing con-
cerns for acid rain, however, the desulfurisation of crude oil
shifted the major share of sulfur production to the petroleum
sector from 1970 to 1990.29 By removing sulfur from crude oil
and natural gas, SO2 emissions from combustion of pet-
roleum-derived fuels are curtailed, preventing acid rain.29 In
the desulfurisation process, the sulfur atoms in H2S and organo-
sulfur compounds are ultimately converted to elemental
sulfur.30 Although elemental sulfur is not toxic,31 it is a flam-
mable solid32 so finding productive uses for this stockpiled
material is important. With approximately 70 million tonnes
produced each year from petroleum refining,28,33 elemental
sulfur is widely available and inexpensive (∼$120 USD per
tonne).33 A significant portion of sulfur is used in the indus-
trial production of sulfuric acid, and in the United States 90%
of all sulfur consumption is tied to the synthesis of H2SO4.
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Fig. 1 Polymers are largely derived from a finite resource: petroleum. However, the future of polymer synthesis will depend on sourcing monomers
from alternative feedstocks such as renewable biomass, agricultural waste, and industrial by-products such as CO2 and sulfur. This Perspective
examines the opportunities in Green Chemistry afforded by the use of sulfur as a building block for functional materials that benefit the environ-
ment. The tree and oil barrel graphics were licensed from 123RF.com with image credit to lilu330 and dvarg, respectively. Copyright 123RF.com.
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On a smaller scale, sulfur is used directly in the production of
rubber34 and fertiliser.28 Modern synthetic chemistry has also
benefitted from the versatile chemistry of elemental
sulfur.35–37 Still, there is a net excess of several millions of
tonnes of sulfur produced each year in petrochemical refin-
ing.29 This excess sulfur is accumulated and stored in megaton
deposits, often open to the environment (Fig. 2). Finding

large-scale uses for this sulfur, such as conversion to useful
polymers, would be an important advance. And while any
product made from this sulfur should rightly be classified as
petroleum-derived, there are also well-established methods to
access this abundant element directly from geological sources,
should this prove necessary in the future.38 In the first
instance, however, it is best to take advantage of the excess
waste sulfur generated by the petroleum industry. In doing so,
this by-product is repurposed for value-added applications—a
clear opportunity to develop novel sulfur chemistry.

Polymers and materials made
from sulfur

Given the wide availability of sulfur, there has been a resur-
gence in using it as a starting material for polymers and
materials.38–41 In order to make polymers directly from sulfur,
however, there are several challenges. The main limitation has
been the instability of polysulfides42 made by the ring-opening
polymerisation (ROP) of sulfur (Fig. 3).35,43 When elemental
sulfur is heated above its floor temperature (159 °C), S–S bond
homolysis provides thiyl radicals that attack and open the ring
of another molecule of S8.

43,44 The polymerisation is then pro-

Fig. 2 A stockpile of sulfur produced from the hydrodesulfurisation
process in petroleum refining. Approximately 70 million tonnes of sulfur
were produced in 2015 by the petroleum industry. Image credit: Gord
McKenna, made available through a Creative Commons license: https://
www.flickr.com/photos/gord99/5170487123/.

Fig. 3 Mechanistic aspects of inverse vulcanisation. Sulfur is heated to a temperature at which S–S bonds undergo homolysis and generate thiyl
radicals. These thiyl radicals react with sulfur (S8 or polysulfides) and alkene co-monomers. Without an alkene cross-linker, the terminal thiyl radicals
are unstable and decompose (through backbiting, for instance) to reform S8. Addition of the thiyl radical to the alkene, followed by radical termin-
ation, provides stable polysulfide polymers. The termination may result in polysulfide loops by intramolecular thiyl radical recombination. Where
H-atoms are available (as allylic or benzylic H-atoms, for instance) thiyl groups can be converted into thiols and chain transfer results in increased
branching.
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pagated by repeated ring-opening and S–S bond formation
between S8 and the growing polysulfide chain (Fig. 3).
However, the reaction is reversible and the terminal thiyl rad-
icals of the polysulfide can depolymerise and expel S8 or other
cyclic sulfur species. Backbiting is one mechanism by which
this depolymerisation may occur (Fig. 3), providing thermo-
dynamically favoured S8 in preference to terminal thiyl rad-
icals.43 To provide stable polysulfide polymers, the thiyl rad-
icals must be quenched before depolymerisation. Pyun, Sung,
Char and collaborators have shown that trapping the thiyl rad-
icals with polyenes can provide a stable polymer made predo-
minately from elemental sulfur.45 As outlined in Fig. 3,
addition of the linear polymeric sulfur to polyenes results in
branching of the polymeric chains. In the termination events,
the thiyl radicals are thought to be quenched by at least two
different mechanisms. In one case, intramolecular recombina-
tion of thiyl radicals would provide stable polysulfide loops
(Fig. 3).45 In cases where H-atoms are available (e.g. allylic and
benzylic hydrogen atoms from the alkene co-monomer),
H-atom abstraction may convert the thiyl radical to a thiol
(Fig. 3).38,46 Notably, the H-atom abstraction pathway would
result in chain transfer processes that ultimately lead to
increased branching at the alkene co-monomer (Fig. 3). In any
case, by quenching the thiyl radicals in the polysulfide
polymer, the depolymerisation is suppressed and a stable
macromolecule is obtained. In classic vulcanisation, elemental
sulfur is used in relatively small quantities to cross-link latex
or other preformed polymers. In the so-called inverse vulcani-
sation in Fig. 3 (coined by Pyun, Sung, Char and collabor-
ators),45 the alkene co-monomer is used in relatively small
amounts and links together and branches the polysulfide poly-
mers. Through inverse vuncanisation, polymers containing
very high sulfur content can be obtained (typically 50–90%
sulfur by mass). Of relevance to Green Chemistry, inverse vul-
canisation does not require exogenous solvents or reagents in
the synthesis. The sulfur and alkene are used as co-monomers
and the reaction medium. Furthermore, the reaction is entirely
atom economical, with all of the starting material incorporated
into the product.

In Pyun’s seminal report, he and his collaborators used 1,3-
diisopropylbenzene (DIB, 1) as the organic cross-linker. In the
event, sulfur was heated to 185 °C to initiate ring-opening poly-
merisation. Addition of DIB (typically at a feed ratio of
10–50 wt%) resulted in cross-linking and vitrification within
minutes (Fig. 4a). The resulting red polymeric glass is referred
to as poly(sulfur-random-1,3-diisopropenylbenzene), or poly
(S-r-DIB). Because of the high sulfur content (typically targeted
at 50–90 wt% sulfur) and the polysulfide structure of the back-
bone of the polymer, poly(S-r-DIB) has several interesting
chemical, material, and optical properties. For instance, the
poly(S-r-DIB) polysulfides are redox active and useful as next
generation cathode materials for lithium–sulfur batteries, as
Pyun and co-workers demonstrated in their original45 and sub-
sequent studies.47–51 The high sulfur content also imparts a
high refractive index and an IR region of transparency that is
convenient for night vision, thermal imaging and other optical

applications.52–54 Furthermore, the S–S crosslinks of the poly-
sulfide are dynamic, which allows for straightforward repair of
the polysulfide by thermal annealing.53,55

These creative contributions from Pyun and co-workers
have since inspired further exploration of inverse vulcanisation
with a variety of unsaturated cross-linkers to obtain polysul-
fides with complementary properties (Fig. 4). Pyun and associ-
ates showed, for instance, that inverse vulcanisation using
triene 2, provides a polysulfide with improved thermomechani-
cal properties in the form of a higher glass transition tempera-
ture (over 100 °C) than the first generation poly(S-r-DIB) which
possessed a Tg of 43–49 °C.54 In other studies, inverse vulcani-
sation with divinylbenzene (DVB, 3),56–58 styrene (4),46 and
α-methylstyrene (5),59 demonstrated that traditional and
widely available monomers for radical polymerisation can also
be converted into polysulfides. In the case of DVB, the syn-
thesis of the corresponding polysulfides was informed by early
studies in the Pyun laboratory in 2011 when sulfur was used as
a reaction medium to prepare gold nanoparticles and related
composites. In this prescient study, sulfur was cross-linked
with DVB.60 The more recent DVB polysulfides, prepared by
inverse vulcanisation, could be fashioned into a highly IR
transparent thin film,56 or used as a cathode material for Li–S
batteries.58 The co-polymerisation of sulfur, DVB, and bis-mal-
eimide 6 also provided a novel cathode material for Li–S
cells.57 In the case of styrene, important mechanistic aspects
of the polymerisation were revealed in the inverse vulcanisa-
tion. Specifically, chain transfer reactions can occur after thiyl
radicals abstract the benzylic hydrogen atom available after
styrene is incorporated into the polysulfide (see Fig. 3 for
related processes). The chain transfer results in branching—
despite styrene having only one alkene—and provides a stable
polysulfide that is resistant to depolymerisation.46 The result-
ing polymers were further tested for their potential as cath-
odes. For α-methylstyrene, the resulting polysulfide was used
as a reaction medium for CdS nanoparticle synthesis. This was
possible because the polysulfide derived from 5 was a liquid at
the temperature of the CdS synthesis (200 °C). The CdS nano-
particles formed could then be isolated by centrifugation after
dissolving the polysulfide in chloroform.59 These studies by
Luscombe built upon prior work in nanoparticle composite
preparation by Pyun60 and Char61 in which liquid sulfur and
polysulfides formed from DVB60 or oleylamine (7)61 provided a
matrix for the synthesis of gold and PbS nanoparticles.

To improve the prospects of polysulfides as cathode
materials, several polymers have been prepared by inverse vul-
canisation that contain polythiophene cross-linkers that over-
come the high resistivity of sulfur. For example, polythio-
phenes such as 8 and 9 contain alkene end groups that can be
cross-linked by inverse vulcanisation.62,63 An alternative
approach features monomer 10 in which the inverse vulcanisa-
tion is carried out first, with a second-stage electrochemical
oxidation of the polysulfide providing the target polythiophene
polymer.48 This tandem and orthogonal polymerisation strat-
egy is notable not only for its entry to polythiophenes after
inverse vulcanisation, but also for the manner in which it
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installs complementary and distinct polymer backbones. Such
sequential cross-linking has also been studied by Kiskan and
Yagci using monomer 11. In this report, inverse vulcanisation
of 11 was followed by ring-opening polymerisation of the
oxazine to provide polysulfide phenolic networks reinforced by
both polysulfide branching and polybenzoxazine cross-
linking.64

Dienes 12 and 13 were also used to form polysulfides, with
further testing as cathode materials in Mg–S and Li–S cells.65,66

The polyether groups were proposed to increase ion mobility of
the magnesium or lithium ions. Other studies toward novel
cathode materials also revealed that poly-alkynes are suitable
monomers for the synthesis of polysulfides. Alkyne 14 provides
highly crosslinked polysulfides in which thiyl radicals of the
growing polysulfide can add multiple times to the alkyne
carbons.67 In the case of di-yne 15, addition of sulfur to the
alkynes ultimately provides a thiophene derivative that is cross-
linked through polysulfide linkages.68

Fig. 4 (a) Inverse vulcanisation of 1,3-diisopropenylbenzene (DIB) provides the polysulfide poly(sulfur-random-1,3-diisopropenylbenzene), or poly
(S-r-DIB).45 The polymer can be processed, moulded and cured in a variety of architectures. The image of the poly(S-r-DIB), cured in a petri dish,
was adapted with permission from ref. 55. Copyright 2014 American Chemical Society. (b) A selection of unsaturated cross-linkers used for inverse
vulcanisation and related reactions used to access polysulfide polymers. The corresponding authors and the associated citations are indicated for
reference.

Perspective Green Chemistry

2752 | Green Chem., 2017, 19, 2748–2761 This journal is © The Royal Society of Chemistry 2017

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 8
/2

3/
20

19
 5

:0
4:

53
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7gc00014f


It should also be noted that while alkene and alkyne cross-
linkers are highlighted in Fig. 4, other functional groups react
with sulfur in which alternative mechanisms are operative in
the inverse vulcanisation. For instance, Park has illustrated
how polythiols such as trithiocyanuric acid can be used to
prepare sulfur-rich polymers by reaction with elemental
sulfur.69 Coskun and Choi have also explored aromatic thiol
cross-linkers in inverse vulcanisation.70 The same laboratories
also described a unique cross-linking mechanism in which
thiyl radicals of the polysulfide chain insert into aromatic C–H
bonds.70,71 These materials were tested further as cathodes for
Li–S batteries.69–71

In the survey of unsaturated cross-linkers for inverse vulca-
nisation discussed so far, many are relatively valuable fine
chemicals. Other than the monomers 3–5, which are available
in bulk quantities because of their use in traditional poly-
merisations, alkenes 1–15 in Fig. 4 are comparatively expen-
sive, require multiple steps to prepare, or are simply not avail-
able in the multi-kilogram quantities required for bulk
polymer synthesis. These features may be irrelevant for high-
end applications where monomer cost and raw material supply
are not primary considerations. Also, it is entirely possible that
increasing demand for these cross-linkers, and their polysul-
fides, could lead to bulk production and lower cost. These
future prospects aside, there is still a mismatch in scale and
supply of these co-monomers when compared to sulfur, which
is available in multi-million tonne quantities. It is therefore
worthwhile to consider other co-monomers for inverse vulcani-
sation that are available on large scale as either industrial by-
or co-products or renewable feedstocks from biological
sources. In considering such co-monomers for inverse vulcani-
sation, the excess sulfur produced industrially can be produc-
tively consumed. This strategy also draws strong links to the
principles of Green Chemistry by using industrial by-products
and renewable feedstocks as the sole materials in the synthesis
of valuable polymers. Monomers 16–24 were explicitly chosen
for use in inverse vulcanisation because they address this over-
arching goal of sustainability.72–78 The resulting polysulfides
have also been employed in applications that benefit the
environment, such as environmental remediation and sustain-
able energy technologies. These polysulfides, and their appli-
cations in Green Chemistry, are discussed in more detail in
the next two sections.

Polysulfides for environmental
protection and remediation

Using sulfur as a monomer aligns with several principles of
Green Chemistry in that its polymerisation benefits from excel-
lent atom economy and does not require solvent. Furthermore,
because sulfur is a by-product of the petroleum industry, using
it as a starting material is an advance in waste valorisation.
The environmental benefits are compounded when sulfur is
co-polymerised with a renewable olefin and the resulting
polymer is used in pollution monitoring and remediation.

Specifically, the high sulfur content of these polysulfides is
expected to impart affinity for soft Lewis acids, such as certain
heavy metals. But, in contrast to elemental sulfur, the polysul-
fide polymers have the capacity to be processed into forms
that confer mechanical, chemical and thermal properties that
are complementary or superior to elemental sulfur.

Our lab contributed in this regard with the development of
a polysulfide made from elemental sulfur and D-limonene
(Fig. 5a).72 The D-limonene monoterpene (16) is found in the
zest of citrus fruit and is produced on the order of 70 000
tonnes per year in the citrus industry through steam distilla-
tion of the non-edible peel.79 By simply reacting sulfur with
D-limonene using an inverse vulcanisation protocol, a poly-
sulfide wax was formed that was effective in capturing palladium
and mercury salts.72

Palladium is a valuable catalyst in a variety of organic trans-
formations,80,81 and its recovery from waste streams is desir-
able. More recently palladium has been identified as a pollu-
tant leached from catalytic converters by automobile exhaust.82

The capture of palladium therefore confers both economic
and environmental benefits, so it is valuable to know that poly-
sulfides can be used to recover this transition metal.

Mercury is a highly toxic metal that is encountered in a
variety of industrial activities such as oil and gas refining, coal
combustion and artisanal and small-scale gold mining.83

Exposure to mercury can lead to serious health problems,

Fig. 5 (a) A polysulfide made from elemental sulfur and D-limonene.
(b) The limonene polysulfide changes colour from dark red to yellow upon
binding to mercury(II) and removing it from water. (c) The chromogenic
response to mercury(II) is selective among the metals screened in the
study. These images are reproduced with permission from the authors
and ref. 72 under a Creative Common License.
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including debilitating neurological and embryotoxic effects.84

The remediation of mercury pollution is therefore essential in
protecting the environment and human health. For these
reasons, it was encouraging that the limonene polysulfide was
effective in removing highly toxic mercury(II) from water.72 The
mercury removal was even suitable for remediating pond water
littered with silt and other debris.72 Upon capture of the
mercury(II), the polysulfide underwent a colour change from
dark red to yellow—revealing an additional (and unexpected)
sensing capability of the material (Fig. 5b). The chromogenic
response was selective for mercury(II) among the metals inves-
tigated in this report (Fig. 5c).72

The Green Chemistry aspects in this limonene polysulfide
synthesis are worth noting. The synthesis does not require
exogenous reagents or solvents, it requires only limonene and
sulfur.72 Like the majority of inverse vuncanisations, the syn-
thesis of the limonene polysulfide is highly atom-economical,
though some small molecule by-products such as p-cymene
were produced.72 Furthermore, both co-monomers can be con-
sidered by- or co-products of industrial processes, so this is an
example of a value-added material made entirely from re-pur-
posed waste.

Building upon the use of polysulfides in mercury capture,
Hasell and co-workers85 studied both the limonene polysul-
fide72 and Pyun’s poly(S-r-DIB) co-polymer45 in the removal of
mercury(II) chloride from water. Their team found the active
surface of the limonene polysulfide, due to its soft waxy
nature, can actually be regenerated by the mechanical force of
stirring.85 More impressively, the authors disclosed a method
to form polysulfide foams from the polymers using supercriti-
cal carbon dioxide.85 The foam dramatically increases the
surface area and the polymer’s ability to capture mercury(II)
from water (Fig. 6). For instance, a foam prepared from
Pyun’s poly(S-r-DIB) was able to reduce the concentration of
mercury(II) in water from 2000 ppb to ∼80 ppb after a 3 hour
incubation. Translation to a continuous process was also
demonstrated where the polysulfide foam was packed into a
column as a solid adsorbent for water purification.85

The Hasell laboratory has since extended these foams to
polysulfides made from the reaction of sulfur with the low
cost, industrially produced monomer dicyclopentadiene (21)
and renewable terpenes such as myrcene (18), farnesol (19)
and farnesene (20).74 Again the high surface area imparted by
supercritical carbon dioxide foaming or using sodium chloride
as a porogen allowed efficient sequestration of inorganic
mercury from water. In this study, the authors deliberately
explored renewable alkene cross-linkers so the preparation of
the polysulfides is imminently scalable and sustainable—a
necessary requirement for applications in environmental pro-
tection and remediation.

Another effective method for imparting high surface area to
polysulfide polymers is electrospinning.86,87 Theato and co-
workers recently demonstrated for the first time that polysul-
fides prepared by inverse vulcanisation, such as poly(S-r-DIB),
are compatible with electrospinning.88 Using a carrier polymer
such as high molecular weight poly(methyl methacrylate)
proved important in accessing uniform fibres with diameters
on the order of 1 micron (Fig. 7).88

The high surface area of these fibres was beneficial in
mercury uptake studies in which an impressive 98% of
mercury(II) could be removed in just a few seconds from water
containing 20 ppm HgCl2. The authors also demonstrated a
higher affinity of the polysulfide fibres for Hg2+ than for other
metals ions examined (Cd2+, Co2+, Cu2+, Fe3+, Pb2+, and
Zn2+).88 The rapid binding to mercury and high distribution
coefficients (Kd) on the order of 105 mL g−1 bode well for appli-
cations of electrospun polysulfides in water filtration devices.

The polysulfide polymers prepared by inverse vulcanisation
can be further converted to porous carbon materials.89 The
Hasell laboratory showed that heating the polysulfides at
750 °C in a furnace under a flow of argon leads to the thermal
extrusion of sulfur and sulfurous by-products—some of which,
the authors note, could be recycled and re-used. The remain-
ing carbonised product is porous and doped with between 7
and 14% sulfur—a value independent of the amount of sulfur
in the original polysulfide.89 The authors further characterised

Fig. 6 A porous version of poly(S-r-DIB) was prepared by foaming with
supercritical CO2. This material was effective in removing mercury salts
from water. The image was adapted from ref. 85 with permission from
the Royal Society of Chemistry.

Fig. 7 Electrospinning a blend of poly(S-r-DIB) and poly(methyl meth-
acrylate) provides uniform fibres with very high surface area. The fibres
showed excellent performance in capturing water soluble mercury.
Adapted from ref. 88 under a Creative Commons License.
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the gas sorption properties for their porous carbonaceous
materials made from both Pyun’s poly(S-r-DIB) and Chalker’s
sulfur-limonene polysulfide.89 Remarkably, these porous
materials were complementary in their gas adsorption selecti-
vity. The carbon derived from the poly(S-r-DIB), for instance,
was microporous and readily adsorbed nitrogen and carbon
dioxide. In contrast, the porous carbon derived from the
sulfur-limonene polysulfide occluded nitrogen, but readily
adsorbed hydrogen and carbon dioxide.89 Porous materials are
widely used in a variety of industrial separations and environ-
mental applications,90 such as gas separations,91 carbon
dioxide sequestration,92,93 oil spill cleanup,94 waste treat-
ment,95,96 and water purification.97 The authors also explicitly
point out that the synthesis of polysulfides by inverse vulcani-
sation is atom-economical, solvent free, and makes use of
industrial by-products such as sulfur and limonene.89

Therefore, Hasell’s work constitutes an important advance not
only in waste valorisation and sustainable material synthesis,
but also how such materials can be tailored for environmen-
tally focussed end uses.

Polysulfides for sustainable energy
production and storage

Sustainable energy production and storage are two of the great-
est challenges facing our species.98,99 And while it is still an
exploratory period for polysulfides, several studies using these
high sulfur content materials have revealed promising results
in energy generation and battery research.

Liu, Gardner and Kloo, for instance, recently demonstrated
that polysulfides prepared by inverse vulcanisation work as
hole-transport materials in solid-state dye-sensitised solar
cells.100 Using poly(S-r-DIB) at 50% sulfur by weight, the
authors demonstrated a power conversion efficiency of 1.5%.
While this result is modest in comparison to high-perform-
ance dye-sensitised solar cells, the very low cost of the sulfur
polymer will likely lead to further studies to improve its per-
formance in generating power from sunlight.

Polysulfides prepared by inverse vulcanisation have also
been used in the photochemical generation of hydrogen fuel.
Zhang and co-workers prepared poly(S-r-DIB) as nanowires and
explored their use in the photochemical splitting of water with
visible light to generate hydrogen, a clean-burning fuel.101 The
nanowires were prepared using an anodic aluminium oxide
membrane as a template, in which poly(S-r-DIB) was syn-
thesised and cured. The template was removed by etching with
sodium hydroxide, providing the polysulfide nanowires. The
photocatalytic activity of these polysulfide nanowires was
superior to bulk sulfur, a feature attributed in part to their
high surface area. This study is an important report of the
ways in which inexpensive sulfur can be converted into a valu-
able catalyst that can harness visible light for the generation of
clean fuels.

In a third area of energy research featuring polysulfides,
polymers prepared by inverse vulcanisation have been inten-

sely studied as next-generation cathode materials for batteries.
Because many forms of sustainable energy production are
intermittent (e.g. solar and wind power), high performance
energy storage is required.99 Because Li–S cells have a theore-
tical capacity and power density that exceeds current Li-ion
technology, and sulfur is very inexpensive, there has been
intense interest in developing practical Li–S cells.102,103 The
original report on inverse vulcanisation by Pyun and associates
explored, among other things, the use of their poly(S-r-DIB)
polymers as cathode materials.45 One of the main objectives
was to determine if their sulfur–DIB co-polymers could
address the rapid capacity loss and short cycle lifetimes of
typical Li–S cells. Indeed the authors found that poly(S-r-DIB)
at 90 wt% sulfur and 10 wt% DIB displayed superior capacity
to sulfur over hundreds of cycles.38,45,47,49 Specific capacities
on the order of 1000 mA h g−1 over 100 cycles are especially
encouraging.47 A key to this success is the polysulfide’s ability
to suppress lithium sulfide deposits on the cathode and
protect it against mechanical wear.38

Since these reports,45,47,49 many more studies have emerged
in which inverse vulcanisation and related processes are used
to prepare cathode materials and other composites with high
sulfur content.46,48,50,51,57,58,62,63,65–71,73,75–78,104–109 Rather
than reiterate these achievements here, we instead highlight
some recent efforts where renewable alkenes were used in the
inverse vulcanisation. In this way, the cathode materials can
be prepared entirely from waste and renewable resources,
thereby raising their Green Chemistry profile. Theato, for
example, prepared polysulfides from plant trigycerides
(linseed oil, sunflower oil, and olive oil) and sulfur in an
inverse vulcanisation procedure.76 A simplified structure of the
triglyceride monomer (23) is shown in Fig. 4. And while oleic
acid is shown as the fatty acid in 23, it should be noted that
polyunsaturated linoleic acid is also a major component of
these triglycerides.76 The resulting material was a polysulfide
rubber containing embedded particles of free sulfur. The
materials were studied as cathode materials for “green Li–S
batteries.”76 Encouragingly, the authors discovered high initial
specific capacities (880 mA h g−1) and established a bench-
mark in capacity retention for these green materials over 100
cycles (63%). In a similar effort, Mecerreyes and co-workers
explored the inverse vulcanisation of the renewable alkenes
diallyl disulfide and myrcene, derived from alliums and
thyme, respectively.73 Subsequent electrochemical tests
demonstrated the use of the polysulfides as cathode materials
for Li–S batteries.73 Initial capacities of 770 mA h g−1 and
790 mA h g−1 were measured for the diallyl disulfide and
myrcene polysulfides, respectively, with a capacity retention of
about 80%.

Renewable monomers 22 and 24 have also been reported
recently in inverse vulcanisation, with further electrochemical
testing. Polyisoprene 22, for instance, can be converted to a
polysulfide very similar to vulcanised rubber, but with higher
sulfur content necessary for use as a cathode.75 Importantly 22
is a renewable polyene. similarly, 24 is interesting in that it is
derived in part from an agricultural waste material, cardanol,
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and therefore provides an advance in waste valorisation as well
as a contribution to sustainable power storage materials.77,78

The merger of waste sulfur and renewable plant oils to
access polysulfides is an important effort in sustainable syn-
thesis. Furthermore, the polysulfides are useful in a variety of
applications that benefit the environment. In particular, these
materials have been demonstrated to be effective in power
generation and storage, photocatalysis for the production of
clean fuels, and sequestration of heavy metal pollution. These
green applications are summarised in Fig. 8.

Green chemistry outlook for sulfur
polymers

The sustainable synthesis of polymers and functional
materials is critical for our future. Among the diverse efforts
toward this goal, polymers made from sulfur have emerged as
a new class of materials useful in several applications. Because
sulfur can be considered a by-product of the petroleum indus-
try, the preparation of high sulfur polymers is an innovative
example of waste valorisation. Furthermore, the syntheses of
sulfur polymers typically benefit from high atom economy and
often require no solvent—two ways in which they align with
priorities of Green Chemistry. Further benefits to the environ-
ment come from preparing these polymers through the co-
polymerisation of sulfur and renewable alkenes such as ter-
penes and triglycerides. Additionally, several recent reports
were discussed in which these polysulfide materials were used
to capture heavy metal pollution, and generate and store
power. In this way, the synthesis and application of polymers
made from sulfur provides a broad platform for sustainable
science and technology. In order to realise the full benefit of
these features, however, there are several challenges on the
horizon. We outline these challenges and opportunities to

help motivate future research in the Green Chemistry of poly-
mers made from sulfur.

Controlled polymerisation of sulfur at low temperature

The microstructure of polysulfides prepared by inverse vulcani-
sation can be controlled in part by simply varying the feed
ratio of sulfur to alkene.38 Higher levels of sulfur result in
longer stretches of catenated sulfur atoms (higher sulfur rank),
while lower levels provide shorter stretches of sulfur atoms
between the alkene co-monomer (lower sulfur rank). This
feature allows some control over the level of crystallinity, as
higher levels of sulfur in the polysulfide result in more crystal-
line polymers. Nonetheless, inverse vulcanisation still provides
a statistical distribution of polysulfide microstructures. It
could be advantageous, perhaps, to devise alternative poly-
merisation conditions in which the sulfur rank, cross-linking,
molecular weight and polydispersity can be better controlled.
Such control would benefit fundamental studies in how
specific polysulfide structures affect their function. In Green
Chemistry, for instance, control over the polysulfide structure
would allow the preparation of materials with optimised
electrochemical properties for power generation and storage,
or optimal structures for binding a particular heavy metal pol-
lutant. While devising methods for the controlled polymeris-
ation of sulfur are a task for future research, there have been
some notable efforts to use reversible addition–fragmentation
chain transfer (RAFT) to control the rate of inverse vulcanisa-
tion.108 This strategy also provides a polysulfide with dormant
RAFT groups ligated to the polymer, presenting further oppor-
tunities for post-synthetic functionalisation.108 These early
steps in controlling the polymerisation of sulfur will help
guide future efforts to exact more control of polysulfide
structure.

Limited control of inverse vulcanisation is due, in part, to
high temperatures employed in the polymerisation (typically

Fig. 8 Polysulfides prepared by inverse vulcanisation have been explored in diverse areas of sustainability including power generation, power
storage, photocatalytic water splitting, and environmental remediation. Graphics of solar panels, batteries, gas cylinders, and mercury symbol were
licensed from 123RF.com, with image credit to Michael Rosskothen, mrgao, Oleksandr Marynchenko, and 3dalia, respectively. Copyright 123RF.com.
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160 to 200 °C). These temperatures likely lead to random and
equilibrated microstructures, due to thermal scission and
recombination of S–S bonds in the polysulfide backbone. The
high temperatures could also lead to side reactions such as
undesired H-atom abstraction, chain transfer, or oxidation.
When limonene is used as the alkene cross-linker, for
instance, its oxidation by sulfur to p-cymene was an undesired
side reaction.72 The high temperatures used for inverse vulca-
nisation also necessitate energy input that violates a principle
of Green Chemistry. It is therefore worth identifying alternative
methods for polymerising sulfur at lower temperatures. In
doing so, energy input would be reduced, side reactions may
be suppressed, and it is likely that more control could be
exerted over the polymerisation. To achieve this aim in radical
polymerisation of sulfur, it is likely that alternative methods of
initiation will be required, as well as a suitable solvent or form
of sulfur that is miscible with the co-monomer or reaction
medium. It may be the case that entirely different mechanisms
of polymerisation are required. For instance, ionic conden-
sation polymerisation of polysulfides and haloalkanes pro-
ceeds efficiently at 30 °C.110

The ability to carry out polymerisations of sulfur at lower
temperature will also allow a far greater range of alkene cross-
linkers to be used in the reaction. Using the standard inverse
vulcanisation protocol, the alkene typically requires a relatively
high boiling point. In Fig. 4, for instance, most of the alkenes
have a boiling point higher than 160 °C. Of these co-mono-
mers, styrene has the lowest boiling point at 145 °C. If the
radical polymerisation of sulfur can be carried out at lower
temperatures, alkenes with lower boiling points could then be
readily employed as co-monomers. As the material properties
of the polysulfide also depend on the alkene, this is an impor-
tant way in which complementary materials can be accessed.
Even the relatively small panel of alkenes in Fig. 4 illustrate
this point: inverse vulcanisation with 1 provides a glass,45

while 16 provides a wax72 and 23 a rubber.76

Green solvents for polysulfide synthesis and processing

While inverse vulcanisation can be executed under solvent
free conditions (i.e. the unsaturated cross-linker is reacted
with molten sulfur and polysulfide pre-polymers), it is worth
considering what green solvents are available for both poly-
sulfide synthesis and processing. In the relatively few solu-
tion-phase syntheses of polysulfides by inverse vulcanisation,
non-green organic solvents such as o-dichlorobenzene,63 pyri-
dine111 and carbon disulfide67 have been used because of
their relatively high boiling points and ability to solvate
sulfur. Likewise, in experiments that required manipulation
of polysulfide polymers in solution (such as casting polysul-
fides into thin films or electrospinning polysulfide solutions),
non-green solvents such as dimethylformamide,69,88 aceto-
nitrile,77 tetrahydrofuran,61,77,88 and 1,2-dichlorobenzene,52

were used. It is therefore worthwhile to identify safe, sustain-
able and biodegradable solvents suitable for the synthesis
and manipulation of sulfur polymers. The limited solubility
of sulfur and sulfur-rich polymers, as well as the high reac-

tion temperatures typically used in inverse vulcanisation,
make this a largely unmet challenge.

Notably, a few reports have integrated green solvents into
the processes involving sulfur polymers. Pyun, Char and co-
workers, for instance, have made progress in interfacial con-
densation polymerisations in water, studying inorganic poly-
sulfides (NaS-[S]n-SNa, derived from sodium sulfide and
elemental sulfur) and their reaction with 1,2,3-trichloro-
propane.110 The polymer products presented as nanoparticles
containing above 75% sulfur by mass. While this polymeris-
ation is mechanistically distinct from inverse vulcanisation, it
is a clear demonstration of converting elemental sulfur into
polymers in a safe and relatively green aqueous solvent.
Importantly, even though the polymer particles were not
soluble in water, they could be processed as dispersions.

For polysulfide processing, super critical carbon dioxide
has been explored by Hasell and co-workers in the preparation
of polysulfide foams, as described previously and shown in
Fig. 6.74,85 In addition to establishing a route to high surface
area polysulfides, Hasell’s work illustrated that super critical
carbon dioxide can innervate and swell polysulfides—perhaps
providing a lead for further studies in solvating polysulfide
melts or pre-polymers. As supercritical carbon dioxide is recog-
nised as a relatively green solvent for polymer processing,112

its use in the manipulation of polysulfides is encouraging.
Outside of these few studies, the integration of green sol-

vents with sulfur polymer synthesis and processing is limited.
There is clearly an opportunity for further progress in identify-
ing green solvents for sulfur polymer chemistry.

Toxicity of polysulfides

A central tenet of Green Chemistry is the design of safer
chemicals. While elemental sulfur is non-toxic, little is known
about the toxicity of polysulfide polymers. For the polysulfide
prepared using sulfur and limonene,72 it was shown by our
team and collaborators that nothing toxic was leached from
the material into water, as indicated by cell viability assays of
HepG2 and Huh7 liver cells. This result was used as motiv-
ation to explore these polysulfides for water purification in
both natural waterways and in municipal water systems—
research that is ongoing in our lab. Other than these relatively
simple tests, there have not been additional toxicity studies on
polymers prepared by inverse vulcanisation. It is likely that the
toxicological profile will vary based on the organic cross-linker
and its products of biodegradation. As this information
becomes available, it will help guide the use of these polymers
in environmental and biological applications.

Biodegradability of polysulfides

The persistence of polymers in the environment is cause for
concern.113 A future line of research in the biodegradability of
sulfur polymers is therefore worth considering. The mechan-
ism of degradation will likely depend on both the polysulfide
stability and the organic cross-linker. For instance, the S–S
bonds of polysulfides are susceptible to reduction and photoly-
sis, so polysulfide polymers might be degraded by reductases
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found in living organisms or after long-term exposure to sun-
light. Additionally, by using cross-linkers that contain labile
groups, biodegradability can be programmed into polysulfides.
Polyenes 10, 12, 13, and 23, for instance, contain esters that
can hydrolyse—perhaps slowly upon exposure to water or at
the provocation of esterases. It remains to be seen whether
these reactions are efficient, and if the products of degradation
are ecologically innocuous, but the chemical lability of polysul-
fides could potentially be leveraged in the preparation of poly-
mers with programmed lifetimes and biodegradability.

Recycling polysulfides

Consideration of polymer lifetime also prompts investigation
of recycling methods. Unlike traditional polyolefins, which
contain a very stable backbone of carbon–carbon bonds, poly-
sulfides are comprised of relatively labile S–S bonds. It is there-
fore intriguing to consider ways in which polysulfides pro-
duced on an industrial scale could be depolymerised back to
re-usable monomers or oligomers. Such a process does not
necessarily have to provide S8 and the original alkene, but only
a suitable precursor to other polysulfide polymers. Relatedly,
polysulfides may be amendable to repair or restructuring by
virtue of dynamic S–S bonds. Reports in thermal healing of
fractured poly(S-r-DIB) bode well for such strategies.53,55

Commercial use and scalability

Commercial and industrial uptake of polysulfide materials pre-
pared by inverse vulcanisation is required for wide impact in
Green Chemistry. Otherwise, the applications in Fig. 8 will be
confined to the research laboratory. One technical hurdle that
will need to be overcome is the large-scale preparation of high-
sulfur polysulfides (>50% sulfur) by inverse vulcanisation. As
classic vulcanisation has long been used for the commercial
production of rubber, factice, ebonite, and other sulfur-rich
materials (typically containing up to 30% sulfur by mass),34

this challenge seems surmountable. Moreover, kilogram scale
inverse vulcanisations have been reported.49 Yet, it is possible
that commercial applications in energy and environmental
protection would require hundreds of kilograms or even
tonnes of polymer. In meeting such demand, the complex
thermodynamics and changes in viscosity during inverse vul-
canisation would make even pilot-scale batch processing a
challenge. Therefore, it may be necessary to develop continu-
ous processes for polysulfide production in which the scale of
the reaction at any given time is relatively small, but sustained
or parallel operation provides several kilograms of polymer or
pre-polymer per hour. In one form, this may involve the direct
polymerisation of sulfur and the alkene in an extruder. This
reactive extrusion process would provide the polysulfides on a
large scale and likely benefit from a superior safety profile
when compared to batch methods.

Targeting problems of scale

In several parts of this Perspective it was argued that making
polymers from elemental sulfur constitutes waste valorisation.
The excess sulfur produced from petroleum refining demands

such efforts. However, this excess sulfur problem will not be
seriously addressed by inverse vulcanisation unless commer-
cial production of polysulfides proves viable. It is therefore
worthwhile considering sectors of the economy that would
benefit from industrial production of polysulfides made from
low-cost alkenes and elemental sulfur. Likewise, the potential
benefits in Green Chemistry will only have impact if such poly-
sulfides are deployed in applications and problems of
immense scale. Several of these areas have been mentioned
already, with power generation, power storage, water and air
purification, and environmental remediation likely requiring
industrial scale polysulfide production for serious impact.
Other areas such as construction and agriculture may also
benefit from an industrial supply of inexpensive polysulfides,
so there are ample opportunities for future research to benefit
these sectors. In our own efforts, we are aiming to devise new
and versatile sulfur polymers—made entirely from renewables
and industrial waste—that benefit the environment and align
with values and priorities of Green Chemistry.
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2. POLYSULFIDE SYNTHESIS
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Synthesis and characterisation of a canola oil polysulfide 
Sulfur-Limonene Polysulfide, useful as it was at demonstrating the capability of sulfur polymers to 

capture mercury, unfortunately required further processing to develop it into a useful device1. The 

first goal in this project was to develop a material to overcome its shortcomings, including the strong 

odour and tendency to flow at room temperature. A sorbent that can be prepared in a solid form in a 

single step would be desirable. We theorised that vegetable oil triglycerides would make a suitable 

substitution for limonene as the fatty acid chains, though non-homogenous, could contain multiple 

points of unsaturation and the mobility to position favourably to bond to multiple sulfur chains. Our 

sulfur-limonene synthesis protocol needed some refining to adapt to the triglyceride crosslinker, but 

the result was a solid brown rubber with only a slight sulfurous odour—a great result for a first attempt 

at a second generation of polysulfide. First 20.0 g sulfur was heated above its floor temperature of 

159 °C, the point at which sulfur bonds begin to cleave and form thiyl radicals. This is observable as 

a colour change from yellow to orange. If left above this temperature without interference the colour 

will continue to change to red and the sulfur will solidify, this indicates bonding of radical sulfur chains 

and formation of polymeric sulfur. Sulfur is not stable in this form and will eventually reform S8 

however. Once orange, the temperature was raised to 180 °C and an equal mass of canola oil drip-

fed into the molten yellow liquid with stirring over ca. 5 minutes to ensure the temperature did not 

drop significantly and cause sulfur to crystallise. Over the following 10 minutes, the reaction mixture 

changes from two phases: orange, opaque molten sulfur and clear yellow canola oil, to a single 

phase that moves from orange to brown and darkens further as the reaction proceeds. At the end of 

this time, the mixture will suddenly increase in viscosity and requires careful control of magnetic 

stirring to keep moving, finally vitrifying to a brown friable polymer (Fig. 2.1). The product was left at 

temperature for a further 10 minutes to cure and then allowed to cool to room temperature to be 

removed from the reaction vessel. By blending the polysulfide in a food processor for a few minutes 

and passing through gradation sieves, material could be isolated at different particle sizes. In case 

of the formation of trace H2S, all material after blending was washed for 90 minutes in 0.1 NaOH, 
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followed by a wash in water. The resulting material we define as a canola oil polysulfide, sieved to a 

series of particle diameters: >5.0 mm (large), 2.5–5.0 mm (medium), 1.0–2.5 mm (small) and 

<1.0 mm (fine). We initially began synthesising canola oil polysulfide at 40.0 g quantities in round 

bottom flasks with magnetic stirrers but have since optimised and upscaled to batches more than 10 

times greater. For the experiments that follow it should be assumed the synthesis was carried out in 

flasks at the lower scale, different procedures will be detailed as they become relevant and the 

product given a different name to differentiate the synthetic process, though the materials remain 

chemically identical. 

Figure 2.1 | Anticlockwise from top: Synthesis of canola oil polysulfide, simplified oleate-only triglyceride 

shown. Canola oil polysulfide as synthesised. Canola oil polysulfide milled to indicated particle size 

Characterisation of the material was quite thorough: Scanning electron microscopy (SEM) revealed 

two distinct regions across the surface, amorphous polysulfide regions and microtextured crystalline 

regions (Fig. 2.2). Energy-dispersive X-ray spectroscopy (EDX) showed the former to contain both 

carbon and sulfur whereas the latter contained vastly more sulfur atoms. On the surface of the 

polysulfide the distribution of these two regions seemed quite even, however cutting open a particle 

and looking at a cross section revealed that within the polysulfide the amorphous region made up 

the bulk of the material and the crystalline regions of high sulfur were mostly present along the 

surface. Some sulfur was trapped inside, but not nearly as much as was on the outside. Auger 

spectroscopy of the polymer surface shows heterogenous distribution of sulfur and carbon that 

corroborate EDX observations (Fig. 2.2). 
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Figure 2.2 | a – c. SEM micrographs of canola oil polysulfide at increasing focus. d. SEM micrograph of 

polysulfide and corresponding Auger spectroscopy maps of carbon (e) and sulfur (f). 
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Raman analysis showed similar results. Depending on where the detector was pointed on the 

surface the spectra could shift between showing a spectrum near identical to orthorhombic sulfur, or 

a spectrum with peaks shared between sulfur and canola oil. In the spectra with more canola oil 

character the peaks at 450 cm-1 and 470 cm-1 see a change in peak height, with the latter diminished 

compared to the former and the presence of a new peak, shouldering at 505 cm-1 (Fig. 2.3). Other 

than that the sulfur seems to have reacted and its stretching modes altered, it is difficult to precisely 

determine what has changed in chemical structure. Perhaps the peak at 505 cm-1 is indicative of 

carbon-sulfur bonding, or perhaps the shift represents a change in sulfur rank from S8 to a different 

number of sulfur atoms in crosslinked chains. 

Figure 2.3 | Raman analysis of canola oil polysulfide and starting materials. 

FTIR provided our earliest spectroscopic evidence of reactivity between the starting materials. A 

peak at 3000 cm-1 in canola oil was not present in the spectra after reaction, indicating consumption 

of the alkenes available in oleic (1), linoleic (2) and linolenic (3) fatty acid chains (Fig. 2.4). Beyond 

this there was very little changes in the spectra, so the triglyceride seems to remain intact throughout 

the process, with just the radical thiol-alkene reaction diminishing the carbon-carbon double bond 

stretching signal. 
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Figure 2.4 | ATR FTIR analysis of canola oil polysulfide and starting material. The alkene peak at 3000 cm-1 

is diminished from the starting material to the polysulfide. 

Thermomechanical analysis of the polysulfide began with simultaneous thermal analysis (STA): both 

thermal gravimetric analysis (TGA) and dynamic scanning calorimetry (DSC) data was acquired from 

a single instrument. Essentially the polysulfide is weighed and heated at a controlled temperature 

ramp and the mass change and energy required to maintain temperature recorded over time. This 

allows the analysis of phase changes and also sample purity. Monitoring began at 50 °C and the 

temperature ramped to 700 °C at 20 °C min-1 under nitrogen. Over this temperature range it was 

observed that the polysulfide contains two forms, as it exhibited two thermal decomposition events, 

seen as mass losses in the TGA—first at 230 °C and second at 380 °C (Fig. 2.5). The first also 

coincides with a large endotherm in the DSC, where thermal decomposition of the polysulfide begins. 

STA analysis of sulfur and canola oil revealed the origin of these two decomposition steps, sulfur 

begins to degrade at 230 °C with a mass loss onset of 290 °C, and canola oil 350 °C with an onset 

of 380 °C. The mass losses displayed in the polysulfide essentially correspond to the sulfur and 

canola oil components individually, confirmed also by the fact that each loss accounts for 

approximately half of the analysed material and the reactant ratio used in synthesis was 1:1. Through 

more thorough DSC analysis made capable by the acquisition of a more accurate instrument, the 

glass transition temperature was determined to be -12.2 °C. What this means is that below this 

temperature, the polysulfide is more rigid, whereas above it retains the rubbery properties observed 

at room temperature. Paired with the previous DSC results this affords an operating window of -12.2 

to 230 °C in which the polysulfide is thermally stable, below which its mechanical properties will 

change to become less flexible and above which it begins to degrade. Thinking forward to potential 

applications for the polysulfide, it can be inferred from this that anything involving water should not 
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pose a temperature issue. Also revealed by DSC analysis was the presence of free sulfur within the 

polysulfide. Utilising a 1:1 ratio of sulfur and canola oil, chosen just for simplicity and to maximise 

the use of both starting reagents, it appeared that though all sulfur seemed to be incorporated into 

the final product, some of it had not fully reacted. This was visible as a small endotherm in the DSC 

profile between 110 and 140 °C with a peak at 125 °C (Fig. 2.5).  

Figure 2.5 | STA analysis of canola oil polysulfide 

To determine the precise amount of free sulfur, a calibration curve of sulfur mass against the energy 

released by its melting at ca. 125 °C was plotted. Polysulfides were prepared at different reactant 

ratios (30, 50, 60, and 70 wt. % sulfur) for comparison by STA (Fig. 2.6). As the amount of sulfur in 

the reaction increased, so too did the amount of free sulfur. Likely not just due to the increase in 

sulfur, but also less available triglyceride alkenes for the sulfur to bind to. Polysulfide prepared at 

30 wt. % sulfur contained 3.8 % free sulfur, 50 wt. % contained 9.0 %, 60 wt. % contained 23.3 %, 

and 70 wt. % contained 38.1%. This data seems to correlate to an exponential relationship such that 

the percentage of total sulfur is proportional to the natural log of the percentage of free sulfur 

embedded in the polymer. 

This seems to indicate that under the reaction conditions, all feed ratios tested will result in some 

amount of free sulfur embedded in the polymer. In order to maximise the use of both starting 

materials, and because many experiments that will appear in later chapters had been started using 

polymer of that ratio, and further for the sake of simplicity, a 1:1 ratio of sulfur and canola oil was 

continued with to form the polysulfide. It may be that not just the fully reacted sulfur, but the free 

sulfur embedded in the polysulfide may be responsible for some of the phenomena described in later 

chapters for example.  
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Figure 2.6 | Comparison of free sulfur by DSC of canola oil polysulfide prepared with different sulfur ratios. 

On top of changing the sulfur ratio to see how it affected the material, the identity of the unsaturated 

fatty acids in the triglyceride was also considered. To determine if the triglyceride structure of canola 

oil was required to form a solid material, the vegetable oil was substituted for oleic acid. After 4 hours 

under the reaction conditions however, though the mixture thickened and formed one phase, no 

vitrification was observed. The mixture did change colour however, so the formation of short oleic 

acid-polysulfides seems possible. From this and other experiments varying ratios of canola oil and 

oleic acid compared to sulfur, it appears that the connecting of fatty acids into a triglyceride does aid 

in the inverse vulcanisation process by packing more reactive alkene handles into each individual 

molecule, resulting in increased crosslinking.  

Further to this, different vegetable oils were also tested—olive and sunflower oils. Different vegetable 

oils contain different distributions of fatty acids among their triglycerides. To determine their 

composition, each oil was subject to a transesterification, and then the resulting methylated fatty 

acids analysed by gas chromatography-mass spectrometry (GC-MS). Each oil contained a small 

proportion of saturated fatty acids (stearic, palmitic, mystiric), a higher proportion of 

monounsaturated (oleic, paullinic, palmitoleic), and then a small portion also of polyunsaturated 

(linoleic, linolenic). Except for the sunflower oil, which had a much greater deal of the 

polyunsaturated fats than the other two (Fig. 2.8). All oils were rendered into brown rubbers by the 

inverse vulcanisation procedure, similar to canola oil. Olive oil took the same amount of time as 

canola oil to vitrify, resulting in a light brown rubber after cooling, and sunflower oil with its increased 

alkene content from polyunsaturated fatty acids vitrified in nearly half the time to give a rubber of a 
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darker brown than canola oil (Fig. 2.7). In both cases a 1:1 mass ratio of sulfur and vegetable oils 

were used. By DSC analysis, the olive oil polysulfide contained 17.1 % free sulfur, and the sunflower 

oil polysulfide 15.2 %, both more than the 9.0 % of canola oil polysulfide. Increased alkene content 

along the same triglyceride might account for this observation: More alkenes for cross-linking results 

in faster cross-linking, which increases viscosity quicker and so decreases mobility and interaction 

opportunities, resulting in less reaction of sulfur overall. 

Figure 2.7 | Photograph of polysulfides prepared with different cooking oils. Canola oil (a), olive oil (b), 

sunflower oil (c) and waste cooking oil (d). 

Also analysed and tested was a used vegetable oil sample from a campus café. This waste 

cooking oil, if viable as a replacement for pristine canola oil, would prove a crucial 

development, increasing the material’s pertinence to green chemistry by deriving every atom in 

its structure from waste streams. Sulfur is by-product of a petroleum industry that has little use for 

it and is produced at a scale much greater than it is consumed by other industries, resulting in 

global megaton deposits. Using it in this capacity is not taking away from any other use, nor does 

it require the application of extraneous energy or chemicals to refine for synthesis. Analysis of the 

waste oil revealed a ratio very similar to sunflower oil: 53 % monounsaturated, 34 % 

polyunsaturated, and 13 % saturated fatty acid (Fig. 2.8). Despite this composition, the time for the 

material to vitrify was closer to canola oil than sunflower, perhaps due to interference by foodstuff 

impurities the oil was used to cook. Free sulfur was measured at 15.6 %, close to the ratio in 

sunflower oil polysulfide. 
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Figure 2.8 | Relative composition of cooking oils used to synthesise polysulfides. 

STA analysis revealed little difference between vegetable oil polysulfides: All display two mass 

losses, the first at approximately 210 °C and the second at approximately 330 °C (Fig. 2.9). Each 

displays a similar heat flow profile with small peaks from free sulfur at 120 °C and a significant 

endotherm at 280 °C as the polysulfides decompose. A high-resolution scan through 100–125 °C 

reveals some slight differences in the free sulfur peaks however. All share a peak at 120 °C, but 

peaks of varying heights also appear at 106 °C and 114 °C (Fig. 2.9). This may relate simply to the 

packing of free sulfur within the polymer, or perhaps sulfur chains of different rank. With a faster 

temperature ramp these peaks all seem to be merged into one, as in the full DSC trace from 50 to 

650 °C (Fig. 2.5). In determining free sulfur by DSC, the full range of peaks from 100 to 150 °C were 

considered. 

Figure 2.9 | TGA (left) and DSC (right) analysis of polysulfides prepared with different cooking oils. 

It came to our attention early in the project that a material similar to canola oil polysulfide had been 

developed in the 1960s. Factice, produced industrially as a plasticising additive for polymer 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Canola Oil Olive Oil Sunflower Oil Fryer oil

saturated monounsaturated polyunsaturated



30 

manufacture, is formed from the vulcanisation of vegetable oil. Typically using lesser quantities of 

sulfur, such as 5–25 % sulfur by mass. Despite these differences in motivation however there was 

every chance factice could share the same properties as our canola oil polysulfide regarding the 

applications we were testing in, and so samples were purchased to compare. Three variants were 

acquired from Deutsche Oelfabrik Gesellschaft (D.O.G.): F10, F17 and F25 factices (Fig. 2.10), were 

the number after “F” corresponds to the targeted average percentage of sulfur in each (referred to 

as “sulfur grade” by D.O.G.).  

Figure 2.10 | Photographs of canola oil polysulfide (a) and F10 (b), F17 (c) and F25 (d) grade factice. 

FTIR comparison to canola oil polysulfide showed identical peaks, unsurprisingly as the starting 

materials were the same and the synthetic procedure very similar. Raman analysis showed a 

decrease in sulfur signal (peaks at 432 and 470 cm-1) in F25 (25 wt. % sulfur) compared to polysulfide 

(50 wt. % sulfur), even more so in F10 (10 wt. % sulfur). Peaks corresponding to the canola oil 

component however appear in all spectra unchanged, all in line with a polysulfide of lesser sulfur 

content. STA analysis reveals a similar trend to canola oil polysulfide – two mass losses occur 

separately, however two endotherms occur corresponding to both losses, rather than just the first 

(Fig. 2.11). It seems that in the polysulfide, this second endotherm is present (Fig. 2.11), but is simply 

small enough compared to the first that is masked by the baseline that tends to trend upwards sharply 

once all material has decomposed (Fig. 2.5). With less sulfur incorporated in factice, the first 

endotherm is weaker and the second becomes prominent. From this we can at least conclude that 

the sulfur component requires more energy per mass to decompose than the canola oil component 

as the latter is able to escape notice where sulfur content is significant.  
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Figure 2.11 | Comparison by STA of canola oil polysulfide and F17 grade factice 

To scrutinise the importance of the order of addition of reactants, that is, to see if classic or inverse 

vulcanisation are truly independent reactions in the context of polysulfide synthesis, polysulfide was 

prepared in two ways. One, following standard procedure, the other, by switching the order of 

addition of starting materials—canola oil was brought up to 180 °C, and then sulfur added slowly 

over 5 minutes. Both reactions proceeded through the formation of a single phase, then colour 

change through orange to brown, then vitrification to give a brown rubber. STA analysis showed no 

thermochemical differences between the two materials, except when focusing solely on the melting 

peak of free sulfur (Fig. 2.12). Classically vulcanised canola oil polysulfide exhibits a single peak at 

120 °C, and inverse vulcanised two peaks: the same, with a very similar height and area at 120 °C, 

and a second lower intensity peak at 114 °C. By the DSC calibration for free sulfur mentioned earlier, 

the classically vulcanised polysulfide contained 8.8 wt. % free sulfur to the inverse vulcanised 

polysulfide’s 9.0 wt. %, values within 0.2 % of one another. It is likely that canola oil polysulfide is 

not unique in this regard, as there is growing literature on the dynamic nature of S-S bonds within 

such polysulfides2-11. During synthesis the scrambling of labile S-S bonds that can form, break back 

to radical chains and then reform occurs until crosslinking increases the viscosity, cuts mobility and 

forms a solid polymer. 
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Figure 2.12 | Comparison of free sulfur by DSC of canola oil polysulfide prepared by classic or inverse 

vulcanisation. 

Synthesis of a porous polysulfide 
In 2016 and 2017, the Hassel group published works in which they took a series of 

inverse-vulcanised polysulfides and attempted to process them post-synthesis to enhance mercury-

binding affinity12-14. One such technique was the templating of pre-polymers on a sodium chloride 

mould to cure mesoporous, mercury-sorbent materials. Inspired by this, we sought to simplify the 

process and apply it to canola oil polysulfide, to increase porosity with minimal extra steps or 

reagents. By simply including table salt (NaCl) in the synthesis of the polysulfide, followed by 

chopping and then washing with water, we were able to achieve our goal. The precise ratio of salt to 

include was informed by studying the product after synthesis: too much would hinder the reaction 

process, too little would limit pore and channel formation, without which removal of the salt would 

not be trivial. 70 wt. % of the reaction mixture as NaCl was found to be ideal, allowing for particles 

as large as 5.0 mm in diameter to be purged of salt by a simple washing step. 
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Figure 2.13 | Porous polysulfide prepared as 5.0 mm cubes (left) and an SEM micrograph of a cross-section 

of porous polysulfide showing pores and channels formed in synthesis (right). 

Cubic NaCl crystals, ground in a mortar and pestle before use in polymer synthesis, were found to 

have an average side length of 289.7 microns with a standard deviation of ± 62.4. After synthesis, 

pore size was measured as 119.2 ± 53.0 microns by the same method with an average distribution 

(distance between pores) of 57.8 ± 33.2 microns. Though in the same order of magnitude, pore 

diameter is less than half that of the salt template the polymer is forming around. It may be that after 

washing the polymer expands into this void space, or that the attrition from stirring the reaction 

mixture causes fracturing of the salt. More likely though is that crystals aggregate to form the larger 

pores and channels that are not easy to identify from a cross-section of the polysulfide and so the 

count is skewed towards smaller, more easily distinguishable pores. For this reason, the size of the 

salt crystals likely gives a more precise description of the void spaces within the polymer. Porous 

polysulfide density was measured by averaging that of 7 cubes with 5.0 mm sides and found to be 

0.521 g/cm3 with a standard deviation of ± 0.060; Purely from the difference in density 

measurements, with all salt washed out porous polysulfide has a theoretical void volume of 56.3 %, 

so has more than doubled in volume and greatly increased in surface area for the same mass of 

non-porous polysulfide. BET analysis for an accurate determination of surface area was attempted 

but unfortunately was not possible as surface area was too low for the instrument. 

Thermal analysis revealed an identical DSC and TGA trace to non-porous canola oil polysulfide 

(Fig. 2.14), and Tg by DSC was very close at -12.9 °C to the non-porous polysulfide’s -12.2 °C. 

   
5 mm 1 mm 
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Figure 2.14 | STA analysis of porous polysulfide. 

In an attempt to install thiol surface functionality, a change that might aid in mercury binding, porous 

polysulfide was treated with sodium borohydride to reduce sulfur-sulfur linkages. ¼ and 1 equivalent 

(in relation to incorporated S8) NaBH4 in methanol broke the polymer down slightly into smaller 

particles during the 1 hour incubation but did not result in any additional thiol functionality as tested 

for with Ellman’s reagent. 4 molar equivalents NaBH4 proved too harsh a reducing environment and 

caused the polysulfide particles to clump and darken in colour. A control of untreated polysulfide also 

showed no difference from an Ellman’s control, indicating no reaction with Ellman’s reagent and thus 

no reactive thiols present on the polysulfide’s surface.  

To truly exploit the abundant and inexpensive nature of canola oil polysulfide’s starting materials, 

and to meet the needs of the applications we were discovering (see later chapters), it became evident 

we would need to significantly up-scale production. With the use of an overhead mechanical stirrer, 

we were able to accommodate and process a 2.5 kg reaction mixture in a 4.7 L steel vessel, for a 

yield of 750 g porous or “low density” polysulfide (full procedure in experimental section). To 

efficiently break this much material into smaller chunks a meat grinder was used, however the 

particle sizes achieved by this method were smaller than with the previous methods (0.5 to 3 mm, 

where our first synthesis afforded 0.2 to 12 mm particles and we aimed for a maximum 5 mm to aid 

with salt washing for the porous synthesis). Under SEM, porosity of these new particles was not 

immediately evident in the same way it was for larger particles produced by previous methods. For 

this reason, it seemed prudent to classify this product slightly differently, as we were not explicitly 

producing larger particles with high porosity but were breaking these particles down further into a 

low density powder. As with the porous polysulfide before it, thermal analysis showed an STA trace 

identical to the original, non-porous canola oil polysulfide. 
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Figure 2.15 | Illustrative diagram of porous and low-density polysulfide synthesis. 

Pyridine was the only solvent able to dissolve the polysulfide, and even then, it is not clear if what is 

occurring is solvation or a chemical reaction to break down the polymer15. When canola oil polysulfide 

is submerged in pyridine, the solvent begins to change colour from clear to a cloudy brown as the 

polymer falls apart and dissolves. Often a yellow powder remains, sunken in solution. Initially it was 

thought that perhaps this was elemental sulfur, either free sulfur trapped within the polysulfide or 

released by a reaction to break it down. Collection and analysis by STA however confirmed this to 

just be canola oil polysulfide still, undissolved and broken down to a fine powder. Allowing the solvent 

to evaporate and drying the product results in reformation and recovery of the polymer. A proposed 

mechanism for the reaction of pyridine with the polysulfide is offered in Fig. 2.16. This allows for 

interesting applications in drop-casting of polymer coatings that will be explored in later chapters. As 

it is the only way to solvate the polymer, pyridine was the solvent used to obtain information where 

liquid samples were required. 

 

Figure 2.16 | Proposed mechanism for the reversible reaction of canola oil polysulfide with pyridine. A 

simplified structure of the polysulfide is shown where R groups correspond to the alkyl components of the 

polymer bonded to sulfur and n ≥ 1 such that the minimum sulfur rank is 3. The reaction products dissolve in 

pyridine giving the appearance that the polysulfide itself dissolves in the solvent. The reaction is reversible in 

that evaporation of pyridine produces a modified canola oil polysulfide in which the sulfur-sulfur bonds have 

been scrambled. 
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In understanding the mechanism of synthesis several questions still need answering: How much of 

the sulfur is consumed? How long are the sulfur chains? Are they all the same length or are they 

present as a distribution? Also, to what extent are the canola oil molecules incorporated—are all 

points of unsaturation fully reacted or do some remain? The latter of these is the simplest to answer 

with NMR spectroscopy, as we are dealing with the monitoring of organic components. Fig. 2.17 

contains the 1H NMR spectra of canola oil and canola oil polysulfide, with integration of the alkene 

protons and fatty acid CH3 end-groups shown. Over the course of the reaction, the alkene signal is 

diminished by 87 %, corresponding to an equal percentage consumption of alkene. For the other 

questions, the answer is not so simple to elucidate spectroscopically. An average sulfur rank can be 

determined theoretically if we assume full reactivity: At an equal mass ratio of sulfur to oil, canola oil 

polysulfide contains 8.42 sulfurs per alkene, olive contains 9.41 and sunflower 5.79. If we remove 

from the equation the sulfur that did not react (determined as free sulfur previously by DSC) and also 

the alkenes that did not react (determined just above by NMR), this estimate increases to an average 

of 8.81 sulfur atoms in each sulfur chain in canola oil polysulfide. 



37 

 
Figure 2.17 | 1H NMR spectra of canola oil polysulfide with assignments (top) and canola oil (bottom) 

Important for polymer analysis also is its molecular weight, obtainable usually by gel permeation 

chromatography (GPC). Canola oil polysulfide was dissolved in pyridine then diluted with THF to a 

solvent mix of 95% THF, 5% pyridine for a concentration of 3 mg mL-1 polysulfide. The mobile phase 

for the experiment was the same solvent mixture: 95 % THF, 5 % pyridine. Compared to polystyrene 

standards prepared in the same solvent and to the same concentration, GPC revealed a very broad 

molecular weight distribution with two distinct peaks. The stretch runs through a polystyrene-

equivalent weight average range of approximately 19,700 g mol-1 down to approximately 800 g mol-1, 

with peaks at 5,010 and 1,350 g mol-1. GPC comparison is commonly made to linear polystyrene 



38 

standards; however, the canola oil polysulfide is likely not a linear molecule and so the molecular 

weight is only apparent and relative to polystyrene, not absolute. For comparison, canola oil was 

also dissolved in the same solvent mixture and analysed by GPC, eluting at a time corresponding to 

1,362 g mol-1. The canola oil used in polymer synthesis has an average molecular weight of 

877.7 g mol-1 determined by addition of GC-MS fragments, 65% of the reported value. Depending 

on how canola oil polysulfide travels through the column, this could make the molecular weight quite 

different. Lacking known polysulfide GPC standards however, a polystyrene reference is the best 

available alternative. 

Figure 2.18 | GPC analysis of canola oil polysulfide (low density) and starting material. Spectra of relevant 

polystyrene standards (molecular weight in legend) are included for comparison. 

By definition a fully crosslinked thermoset polymer should have an infinite molecular weight, as such 

these GPC results would indicate that canola oil polysulfide simply isn’t fully crosslinked. This may 

be true, or it may be that the material analysed is not truly the polysulfide, but the result of the reaction 

of canola oil polysulfide with pyridine. It is likely the pyridine breaks down the polymer as in the 

proposed mechanism in Fig. 2.16, and so the molecular weights observed are the minimal mass and 

not of the intact polymer. 

To review, canola oil polysulfide is prepared by the thorough mixing of sulfur and canola oil at 180 °C 

for 20 minutes. No exogenous solvents are required; molten sulfur is both a reactant and the solvent. 

Other vegetable oils may be supplemented, with sunflower, olive and vegetable oil previously used 

to fry food in a campus cafeteria all tested. The product is a friable brown rubber, with a different hue 

depending on the oil used. It remains elastic over its Tg of -12 °C and stable under its first thermal 
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decomposition at 230 °C. All starting material is incorporated into the product, but not all is reacted, 

some sulfur remains free and embedded in the polysulfide structure. The polysulfide can be prepared 

with the inclusion and subsequent separation of NaCl by washing with water to make it porous, 

increasing surface area and reducing density. The reaction can be performed at a scale affording up 

to 750 g of product in one batch, milled to a low density, porous powder. In using used fryer oil and 

sulfur from the desulfurisation of crude oil, all starting materials can be sourced from waste streams. 

Sodium chloride used to install pores and channels can also be theoretically recovered and re-used 

to eliminate further waste generation. 
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2.1 POLYSULFIDE SYNTHESIS EXPERIMENTAL 

General Experimental Considerations 

IR Spectroscopy: Infrared (IR) spectra were recorded on a Fourier Transform spectrophotometer 

using the ATR method. Absorption maxima are reported in wavenumbers (cm-1). 

NMR Spectroscopy: Proton nuclear magnetic resonance (1H NMR) were recorded on a 600 MHz 

spectrometer. All chemical shifts are quoted on the δ scale in ppm using residual solvent as the 

internal standard (1H NMR: CDCl3 δ = 7.26). 

GC-MS: Gas chromatography-mass spectrometry (GC-MS) was carried out on a Varian CP-3800 

using a Phenomonex Zebron ZB5MS, 5 %-phenyl-arylene-95 %-dimethylpolysiloxane column 

(30 m long × 25 mm film thickness × 0.25 mm ID). The injection temperature was set at 220 ºC, the 

column temperature at 190 ºC, and the gas flow rate 1.2 mL min-1. Electron ionization was used to 

obtained nominal masses. 

Raman Spectroscopy and Microscopy: Raman spectra were acquired using a Witec alpha300R 

Raman microscope at an excitation laser wavelength of 532 nm with a 40× 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. Confocal Raman images were also acquired with integrations 

between 1 to 6 seconds per pixel. Each pixel in the Raman images represents a Raman spectrum 

with the number of pixels in a typical Raman image representing hundreds to thousands of spectra. 

Confocal Raman images are generated by plotting the intensity of a specified region of each Raman 

spectrum that corresponds to a material, versus the X-Y position of the excitation laser as it scans 

the sample surface. 

Raman data were also obtained using an XplorRA Horiba Scientific Confocal Raman microscope. 

Spectra were acquired using a 50X objective (numerical aperture 0.6) at an excitation wavelength of 

532 nm. Typical integrations times for the spectra were 20 to 60 s and averaged from 1 to 3 

repetitions. 

SEM and EDS: 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. 

XPS: X-Ray Photoelectron Spectroscopy was performed on a Leybold Heraeus LHS-10 with a 

SPECS XR-50 dual anode source operating at 250 W. Base vacuum pressure in the analysis 

chamber was better than 5×10-9 torr. All spectra were taken with the 1253.6 eV Mg-Kα anode with 

the analyser pass energy set to 20 eV. Survey spectra were taken ‘constant retarding ratio mode’, 

while high resolution spectra were taken in fixed analyser transmission mode. 
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Auger Spectroscopy: Scanning Auger Electron Spectromicroscopy was performed on a PHI710 

Scanning Auger Nanoprobe. Samples were sputter coated with 2 nm of platinum prior to analysis. 

The vacuum pressure in the analysis chamber during analysis was maintained below 10-9 Torr. 

Electron beam energies used for analysis ranged between 3 kV and 10 kV, with a beam current of 

between 3 and 10 nA. 

Dynamic Mechanical Analysis: Dynamic Mechanical Analysis was performed on a TA Q800 DMA 

in tension mode. Samples were prepared as short bars with dimensions of 1.4 cm × 0.8 cm × 0.2 cm. 

The sample was cooled to -100 ºC and then heated to 170 ºC at 3.0 ºC min-1. 

Simultaneous Thermal Analysis: Simultaneous Thermal Analysis (STA) was carried out on a 

Perkin Elmer STA8000 simultaneous thermal analyzer. A sample size between 11 and 15 mg was 

used in each experiment. The furnace was purged at 20 mL min-1 with either nitrogen or air, as 

indicated, and equilibrated for 1 minute at 30 ºC before each test. Heating was carried out up to 

700 ºC using either 5 ºC min-1 or 20 ºC min-1 heating rates, as indicated. The temperature was held 

isothermally at 700 ºC at the end of each experiment to oxidize remaining organic matter. 

Differential Scanning Calorimetry (DSC): Differential Scanning Calorimetry (DSC) was carried out 

using a Perkin Elmer DSC 8000 with nitrogen furnace purged at 20 mL min-1. Samples were 

approximately 7 mg and sealed in aluminium sample pans. The sample was cooled to -80 ºC, held 

for 5 minutes, and then heated to 300 ºC at 10 ºC min-1. 
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Synthesis 

20.0 g sulfur was melted above its floor temperature of 159 °C with stirring and then raised to 180 °C. 

The molten sulfur turned from yellow to orange as sulfur-sulfur bonds cleave to form thiyl radicals. 

20.0 g canola oil was then added dropwise and stirred more vigorously to thoroughly blend the two 

layers together. After 10 minutes the product solidified. The solid was allowed to cure at this 

temperature for a further 10 minutes. The material was then blended for 3 minutes in a food 

processor achieving particle sizes from 0.2 to 12 mm in diameter with an average diameter of 2 mm. 

In case of H2S formation the material was stirred with 0.1 M NaOH for 90 minutes followed by 

washing with 3 aliquots of 40 mL deionised water under vacuum filtration. The material was then left 

to dry in fumehood for 24 hours. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



46 

SEM Analysis 

Canola Oil Polysulfide was prepared to standard procedure and then cut and filtered through a series 

of sieves to give particle sizes between 0.5 and 1.0 mm in diameter. Material was affixed to an SEM 

pin with carbon tape and sputter coated with platinum at 5 nm for analysis by SEM. 

Figure 2.1.1 | SEM images of canola oil polysulfide at increasing magnitude. Top: a single particle 

of canola oil polysulfide approximately 200 microns in length. Bottom: Images taken at high 

magnitude, demonstrating both microtextured regions of high sulfur and amorphous polysulfide 

regions. 
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FTIR Analysis 

No pre-treatment was required to examine canola oil polysulfide by ATR-FTIR. Canola oil was also 

analysed to determine functional differences before and after the reaction with sulfur. 

 
Figure 2.1.2 | Absorbance mode ATR-FTIR spectra of canola oil polysulfide 

 
Figure 2.1.3 | Absorbance mode ATR-FTIR spectra of both canola oil polysulfide and canola oil, key 

stretches are indicated. 

 

IR analysis shows the presence of carbonyls (1742 cm-1), indicating the canola oil’s triglyceride 

structure remains intact. The absence of alkene stretches (1600 cm-1 and over 3000 cm-1) in the 

polysulfide is consistent with reaction of sulfur with the alkenes of the triglyceride. 
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Raman Analysis 

Raman analysis performed by Christopher Gibson 

No pre-treatment was required to examine canola oil polysulfide by ATR-FTIR. Canola oil and sulfur 

were also analysed to determine differences in bonding before and after synthesis. 

Figure 2.1.4 | Raman spectra of canola oil polysulfide against starting materials: canola oil and sulfur 

Raman analysis shows stretches at 343 cm-1 and 471 cm-1, indicative of S-S stretching modes1, 

consistent with a polysulfide material. 
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Simultaneous Thermal Analysis 

 
Figure 2.1.5 | STA (DSC and TGA) of canola oil polysulfide. 

 

Simultaneous thermal analysis indicates degradation occurs over two steps: An initial 50% mass 

loss at 230 °C followed a second at 380 °C. This analysis also indicates the presence of a small 

amount of unreacted sulfur in the polysulfide by the peak in the DSC running through sulfur’s melting 

point (ca. 115 °C, the use of technical grade sulfur may result in variation) from 110 °C to 140 °C 

with a peak maxima of 120 °C. The large endotherm beginning at 230 °C corresponds to the thermal 

decomposition of the polysulfide and coincides with the first mass loss event in the TGA. 
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Figure 2.1.6 | STA (DSC and TGA) of elemental sulfur. 

Figure 2.1.7 | STA (DSC and TGA) of canola oil. 
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Figure 2.1.8 | DSC analysis of polysulfide and starting materials, canola oil and sulfur. The melting 

of elemental sulfur occurs at 125 °C, visible in both the sulfur and polysulfide spectra.  

 

 
Figure 2.1.9 | TGA analysis of polysulfide and starting materials, canola oil and sulfur. Sulfur begins 

to boil and is lost to air at ca. 230 °C and canola oil at ca. 380 °C, matching the two distinct mass 

losses in the polysulfide’s trace.  

 
 
 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

50 150 250 350 450 550 650

H
ea

t f
lo

w
 (%

)

Temperature (°C)

Polysulfide

Canola Oil

Sulfur

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

50 150 250 350 450 550 650

M
as

s 
(%

)

Temperature (°C)

Polysulfide

Canola Oil

Sulfur



52 

Dynamic Mechanical Analysis 

DMA analysis performed with the help of Johnathan Campbell 

Polysulfide (50 wt. % sulfur) was prepared to standard procedure within a beaker rather than a round 

bottom flask, and a bar of dimensions 1.4 cm × 0.8 cm × 0.2 cm cut out of the solid product to analyse 

mechanical properties by tension mode DMA. 

Figure 2.1.10 | Tension-mode DMA of canola oil polysulfide 

Storage Modulus drop onset Loss Modulus peak Tan Delta (Loss/Storage) Peak 
-32 ºC -42 ºC -9 ºC

By the Tan Delta peak the canola oil polysulfide’s Tg is -9 ºC, below this temperature the material 

will be in the glassy region and brittle, above this (and at room temperature) the material will be in 

the rubbery plateau: elastic and malleable. 
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Solubility 

500 mg Canola Oil Polysulfide was left to incubate for 24 hours with 5 mL various solvents in 20 mL 

glass vials. The liquid was then filtered by vacuum, washed with 3 × 5 mL aliquots of the dissolving 

solvent and transferred to pre-weighed 50 mL round-bottom flasks. The solvents were removed by 

rotary evaporation the precipitate weighed. 

 

Solvent Solubility (mg mL-1) Mass dissolved polymer per mass solvent (w/w%) 

Water 0.0 - 

Acetonitrile 0.2 0.02 

Methanol 0.6 0.08 

Ethanol 1.5 0.19 

Acetone 4.4 0.55 

Ethyl Acetate 5.8 0.64 

Hexane 7.9 1.21 

THF 18.3 2.06 

Dichloromethane 18.4 1.39 

 

Canola oil polysulfide requires very harsh organic solvents to dissolve and is most soluble in DCM. 

In all solvents tested polysulfide is only sparingly soluble and in no case did all polysulfide dissolve. 
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Free (unreacted) sulfur content 

Quantitative DSC was used to determine free sulfur content in Canola Oil Polysulfide. S8 has a 

distinctive DSC peak at 125 °C that stretches from 100 °C to 150 °C (fig. 2.1.13). Further testing 

showed the area of this peak increases linearly with sulfur weight. On average 1 mg sulfur gave a 

response of 49.3 J g-1 within the range tested. By taking the area of this same peak as it appears in 

a known mass of canola oil polysulfide tested under identical DSC parameters, the weight percent 

of free sulfur in the polysulfide can be determined: 8.19 mg of Canola Oil Polysulfide gave a response 

of 36.15 mJ, or 4.41 J g-1, 8.96 % of the S8 response. From this canola oil polysulfide would seem to 

contain 9.0 % free or unreacted sulfur. 

Figure 2.1.11 | S8 mass versus heat flow response by dynamic scanning calorimetry (DSC) 

Sample ∆H (J g-1) Free sulfur (wt. %) 
Canola oil polysulfide (30 wt. % sulfur) 1.866 3.8% 

Canola oil polysulfide (50 wt. % sulfur) 4.4079 9.0% 

Canola oil polysulfide (60 wt. % sulfur) 11.467 23.3% 

Canola oil polysulfide (70 wt. % sulfur) 18.721 38.1% 

Olive oil polysulfide (50 wt. % sulfur) 8.43 17.1% 

Sunflower oil polysulfide (50 wt. % sulfur) 7.4529 15.2% 

Waste oil polysulfide (50 wt. % sulfur) 7.667 15.6% 

Classically vulcanised “factice” (50 wt. % sulfur) 4.3174 8.8% 
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Figure 2.1.12 | Comparison of total sulfur in synthesis against the percentage of free sulfur in the 

product. 

 

 
Figure 2.1.13 | DSC of polysulfide with region indicating the melting of free sulfur highlighted. 
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Alternative Sulfur-Canola Oil Ratios 

Syntheses of oleic acid and vegetable oil (including canola oil of varying brands) polysulfides 

performed by Renata Kucera as part of an undergraduate research project. Note: “Sulfur” refers to 

analytical-grade sulfur purchased from Sigma-Aldrich, “crude sulfur” refers to technical grade sulfur 

acquired from industrial sources. 

 

Sulfur and oleic acid 
With stirring (at 1,000 rpm), sulfur (500 mg) was melted above its floor temperature (159 ˚C) and 

subsequently the temperature was raised to 180 ˚C. As the sulfur melted, its colour changed from 

yellow to orange as thiyl radicals were formed. 0.56 mL of oleic acid (d = 0.895 g mL-1) was added 

dropwise to the molten sulfur. Over a period of 2 hours, the mixture gradually changed colour from 

yellow/orange to dark brown/black. After 2 hours and a dark brown/black viscous product was seen. 

 

Sulfur and canola oil (Black and Gold) (1:1 ratio) 
With stirring (at 1,000 rpm), sulfur (500 mg) was melted above its floor temperature (159 ˚C) and 

subsequently the temperature was raised to 170 ˚C. As the sulfur melted, its colour changed from 

yellow to orange as thiyl radicals were formed. 0.56 mL of canola oil (d = 0.88 g mL-1) was added 

dropwise to the molten sulfur at 170 ˚C and the temperature was then raised to 180 ˚C. Within 

15 minutes of the addition of canola oil, the mixture had solidified to form a brown/black solid product 

which was allowed to cure for a further 1 hour 45 minutes.   

 

Sulfur and canola oil (Black and Gold) (2:1 ratio) 
With stirring (at 1,000 rpm), sulfur (1 g) was melted above its floor temperature (159 ˚C) and 

subsequently the temperature was raised to 170 ˚C. As the sulfur melted, its colour changed from 

yellow to orange as thiyl radicals were formed. 0.56 mL of canola oil (d = 0.88 g mL-1) was added 

dropwise to the molten sulfur at 170 ˚C and the temperature was then raised to 180 ˚C. Within 

25 minutes of the addition of canola oil, the mixture had solidified to form a brown/black solid product 

which was allowed to cure for a further 1 hour 35 minutes.   

 

Sulfur and canola oil (Black and Gold) (1:2 ratio) 
With stirring (at 1,000 rpm), sulfur (500 mg) was melted above its floor temperature (159 ˚C) and 

subsequently the temperature was raised to 170 ˚C. As the sulfur melted, its colour changed from 

yellow to orange as thiyl radicals were formed. 1.12 mL of canola oil (d = 0.88 g mL-1) was added 

dropwise to the molten sulfur at 170 ˚C and the temperature was then raised to 180˚C. Within 

25 minutes of the addition of canola oil, the mixture had solidified to form a brown/black solid product 

which was allowed to cure for a further 1 hour 35 minutes.   
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Sulfur, oleic acid and canola oil (Black and Gold) 
With stirring (at 1,000 rpm), sulfur (500 mg) was melted above its floor temperature (159 ˚C) and 

subsequently the temperature was raised to 170 ˚C. As the sulfur melted, its colour changed from 

yellow to orange as thiyl radicals were formed. 0.56 mL of oleic acid (d = 0.895 g mL-1) was added 

dropwise to the molten sulfur at 170 ̊ C and the temperature was then raised to 180 ˚C. Over a period 

of 1 hour, the reaction mixture gradually darkened to a dark brown/black colour and remained liquid. 

After 1 hour, 0.8 mL of canola oil (d = 0.88 g mL-1) was added dropwise to the reaction mixture and 

no immediate change was observed. Next, a total of 3.2 mL canola oil was added in 4 aliquots at 

20 minute intervals with no change being observed. After a further 20 minutes, a dark brown/black 

viscous product was seen. 

 

Sulfur and pre-mixed oleic acid and canola oil (Black and Gold) (1:1:1 ratio) 
With stirring (at 1,000 rpm), sulfur (500 mg) was melted above its floor temperature (159 ˚C) and 

subsequently the temperature was raised to 170 ˚C. As the sulfur melted, its colour changed from 

yellow to orange as thiyl radicals were formed. Oleic acid (0.56 mL) and canola oil (0.41 mL) 

(pre-mixed) were added dropwise to the molten sulfur at 170 ̊ C and the temperature was then raised 

to 180 ˚C. Over a period of 2 hours, the mixture gradually changed colour from yellow/orange to dark 

brown/black. After 2 hours, a dark brown-black viscous product was seen. 

 

Table of polysulfide products formed from alternate ratios of sulfur to canola oil— 

Reactants with mass ratio Product description 

1:1 sulfur & oleic acid Dark brown viscous liquid (did not vitrify) 

1:1 sulfur & canola oil Dark brown rubbery solid 

2:1 sulfur & canola oil Dark brown rubbery solid (took longer to solidify) 

1:2 sulfur & canola oil Dark brown rubbery solid (took longer to solidify) 

1:1:1 sulfur, canola oil & oleic acid Dark brown viscous liquid (did not vitrify) 
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Alternative Sulfur and Olefin Sources 

Sulfur and sunflower oil (Black and Gold) (1:1 ratio) 
With stirring, sulfur (500 mg) was melted above its floor temperature (159 ˚C) and subsequently the 

temperature was raised to 180 ˚C. As the sulfur melted, its colour changed from yellow to orange as 

thiyl radicals were formed. 0.5 mL of sunflower oil (d = 1 g mL-1) was added dropwise to the molten 

sulfur and the stirring was raised to 1,500 rpm. Over a period of 20 minutes, the mixture gradually 

changed colour from yellow/orange to dark brown. After 20 minutes, a dark brown solid product was 

seen. 

Sulfur and extra virgin olive oil (Foodland) (1:1 ratio) 
With stirring, sulfur (500 mg) was melted above its floor temperature (159 ˚C) and subsequently the 

temperature was raised to 180 ˚C. As the sulfur melted, its colour changed from yellow to orange as 

thiyl radicals were formed. 0.5 mL of olive oil (d = 1 g mL-1) was added dropwise to the molten sulfur 

and the stirring was raised to 1,500 rpm. Over a period of 20 minutes, the mixture gradually changed 

colour from yellow/orange to dark brown. After 20 minutes, a dark brown liquid product was seen 

with some crystallised sulfur. 

Crude sulfur and canola oil (Black and Gold) (1:1 ratio) 
With stirring, crude sulfur (500 mg) was melted above its floor temperature (159 ˚C) and 

subsequently the temperature was raised to 180 ˚C. As the crude sulfur melted, its colour changed 

from yellow to orange as thiyl radicals were formed. 0.56 mL of canola oil (d = 0.88 g mL-1) was 

added dropwise to the molten crude sulfur and the stirring was raised to 1,500 rpm. Over a period of 

25 minutes, the mixture gradually changed colour from yellow/orange to dark brown. After 

25 minutes, a dark brown solid product was seen. 

Crude sulfur and canola oil (Foodland) (1:1 ratio) 
With stirring, crude sulfur (500 mg) was melted above its floor temperature (159 ˚C) and 

subsequently the temperature was raised to 180 ˚C. As the crude sulfur melted, its colour changed 

from yellow to orange as thiyl radicals were formed. 0.55 mL of canola oil (d = 0.9 g mL-1) was added 

dropwise to the molten crude sulfur and the stirring was raised to 1,500 rpm. Over a period of 

25 minutes, the mixture gradually changed colour from yellow/orange to dark brown. After 

25 minutes, a dark brown solid product was seen. 
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Crude sulfur and canola oil (Gold’n Canola) (1:1 ratio) 
With stirring, crude sulfur (500 mg) was melted above its floor temperature (159 ˚C) and 

subsequently the temperature was raised to 180 ˚C. As the crude sulfur melted, its colour changed 

from yellow to orange as thiyl radicals were formed. 0.5 mL of canola oil (d = 1 g mL-1) was added 

dropwise to the molten crude sulfur and the stirring was raised to 1,500 rpm. Over a period of 

20 minutes, the mixture gradually changed colour from yellow/orange to dark brown. After 

20 minutes, a dark brown solid product was seen. 

 

Table of polysulfide products formed from alternate sulfur and olefin sources— 

 

Reactants (1:1 mass ratio) Product description 

Sulfur & sunflower oil (Black & Gold) Dark brown rubbery solid 

Sulfur & extra virgin olive oil (Foodland) Dark brown viscous liquid with crystal sulfur visible 

Crude sulfur & canola oil (Black & Gold) Dark brown rubbery solid (took longer to solidify) 

Crude sulfur & canola oil (Foodland) Dark brown rubbery solid (took longer to solidify) 

Crude sulfur & canola oil (Gold’n Canola) Dark brown rubbery solid (took slightly longer to 

solidify) 
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Comparison of canola oil polysulfide prepared by inverse- and classic-vulcanisation.  
Canola oil polysulfide was prepared with 50 wt. % sulfur according to the standard inverse 

vulcanisation procedure. For classic vulcanisation, canola oil (10.0 g) was heated to 180 ºC in a 

250 mL round bottom flask with stirring. Sulfur (10.0 g) was then added in several portions over 

5 minutes. The mixture was stirred vigorously for an additional 15 minutes, after which time the 

mixture reached its gel point and formed a brown rubber very similar in appearance to the product 

formed from inverse vulcanisation. STA of both samples revealed a similar decomposition and 

calorimetric profile. 

 

 
Figure 2.1.14 | Thermal gravimetric analysis and dynamic scanning calorimetry of the canola oil 

polysulfide prepared at 50 wt. % sulfur using inverse vulcanisation and classic vulcanisation. By STA 

analysis the method of synthesis does not seem to influence the thermal stability of the product. 

 
  

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

5

10

15

20

25

30

35

40

50 150 250 350 450 550 650
R

el
at

iv
e 

m
as

s 
(%

)

R
el

at
iv

e 
H

ea
t F

lo
w

 (m
J/

g)

Temperature (°C)

Inverse Vulcanisation Heat Flow
Classic Vulcanisation Heat Flow
Inverse Vulcanisation Weight %
Classic Vulcanisation Weight %



61 

DSC of canola oil polysulfide prepared by traditional vulcanisation and inverse vulcanisation 
Dynamic scanning calorimetry was repeated, with a focus on the region where sulfur melts. Slightly 

more free sulfur was observed when using inverse vulcanisation (9 % free sulfur) compared to 

traditional vulcanisation (8 % free sulfur). 

 

 
Figure 2.1.15 | Dynamic scanning calorimetry of canola oil polysulfide prepared at 50 wt. % sulfur 

using inverse vulcanisation and classic vulcanisation. The region of free sulfur is shown to illustrate 

a subtle difference in the materials. 
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Glass transition temperature by DSC for non-porous polysulfide (50 wt. % sulfur) 
Glass transition temperature can also be determined by DSC as the onset of shift in the baseline. 

The glass transition temperature of the non-porous canola oil polysulfide was -12.2 ºC, as 

determined by DSC. This is very close to the Tg previously determined by DMA but is demonstrated 

to occur at the same temperature through multiple heating and cooling cycles for the same sample 

of polysulfide by DSC. 

Figure 2.1.16 | Determination of Tg using DSC for the polysulfide prepared at 50 wt. % sulfur. 

Polysulfide was heated to 35 ºC and cooled to -35 ºC for 3 cycles. Top: whole spectra, bottom: focus 

on the glass transition. 
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Canola Oil Polysulfide from Different Reactant Ratios 

 
Figure 2.1.18 | 9:1 through to 1:9 produced from standard synthesis protocol. 10:0 unreacted canola 

oil and 0:10 unreacted crystal sulfur (powdered sulfur melted then cooled in water) for comparison. 

After some modification to the synthesis protocol, 30 wt. % sulfur was found to be feasible in forming 

a solid polymer. 

 

 
Figure 2.1.19 | STA analysis of polysulfides prepared at different reactant ratios.  All polysulfide 

samples show very similar DSC and TGA profiles with an increased TGA onset at 260 ˚C with 

increasing sulfur content. This again indicates the first drop corresponds to the thermal 

decomposition of sulfur within the material. A second mass loss follows at ca. 400 ˚C corresponding 

to the loss of the canola oil component. 
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Figure 2.1.20 | DSC analysis of polysulfide prepared at different reactant ratios, focusing only on 

the melting point of free sulfur. With increasing sulfur content, the amount that is not incorporated 

into the polysulfide and instead remains as free sulfur also increases. At 30 wt. %, 4 % of the final 

material remains free sulfur. At 50 wt. % this rises to 9 % and 70 wt. % sulfur results in 38 % of the 

final product as free sulfur. 
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Other Inverse Vulcanised Vegetable Oils 

Sunflower and olive oil polysulfides were prepared using the same procedure as canola oil 

polysulfide: Sulfur (20.0 g) was added to a 250 mL round bottom flask and heated, with stirring, to 

180 °C. After 5 minutes of heating at this temperature the sulfur turned from a yellow to an orange 

liquid. At this point, the sunflower or olive oil (20.0 g) was added dropwise over 5 minutes. After 

12 minutes, the reaction with sunflower oil reached its gel point and formed a rubber. The reaction 

with the olive oil reached its gel point after 21 minutes of reaction time. Both samples were left to 

cool for 15 minutes before removing from their flasks. A third reaction prepared with canola oil was 

carried out for comparison. All samples were independently washed by submerging in 0.1 M aqueous 

NaOH for 90 minutes followed by washing with DI water and drying in a fume hood. The samples 

have the same physical appearance, but are coloured in different shades of brown: 

 

 
Figure 2.1.21 | A polysulfide rubber is obtained by the reaction of an equal mass of sulfur and olive 

oil, sunflower oil, or canola oil. The time to reach the gel point is shorter for sunflower oil, likely 

because of its higher polyunsaturated linoleic acid content in the triglyceride. 
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Vegetable Oil Composition 

The fatty acid compositions of canola, olive and sunflower oils (used to produce inverse vulcanised 

vegetable oils) were deduced by transesterification of the triglycerides to form fatty acid methyl esters 

followed by GCMS analysis. 

Method 
Transesterification protocol performed by Renata Kucera as part of an undergraduate research 

project. GC-MS analysis was performed by the author. 

Vegetable oil triglycerides were separated into individual long chain fatty acids and glycerol by 

transesterification, followed by GCMS analysis to identify the fatty acid methyl esters present. 1.0 g 

of each vegetable oil (canola, sunflower, olive) was placed in methanol (100 mL) and the mixture 

was subsequently cooled to 0°C in an ice bath followed by the addition of sodium methoxide 

(100 mg) to the mixture. The mixture was stoppered and stirred vigorously with a magnetic stirrer 

bar (~1000 rpm) at room temperature for 24 hours. An ice bath was used to cool the mixture to 0 °C 

and the reaction was quenched with 0.1 M HCl (10 mL). The mixture was diluted with ethyl acetate 

(150 mL) and water (150 mL) to separate and extract the aqueous and organic layers. Water 

(3 × 50 mL) and brine (3 × 50 mL) were then used to wash the ethyl acetate layer. The ethyl acetate 

layer was extracted, dried with sodium sulfate, filtered and dried under high vacuum. Samples were 

diluted (1 drop in 2 mL chloroform) for GC-MS analysis and run to a procedure adapted from 

literature for the determination of fatty acid methyl esters2: Hold at 50 ˚C for 1 min, ramp from 50 to 

200 ˚C at 25 ˚C min-1 (6 min), slow to a 3 ˚C min-1 rate from 200 to 230 ˚C (10 min). Hold at 230 ˚C 

for 25 min. then ramp to 280 ˚C at 25 ˚C min-1 (2 min) and hold at 280 ˚C for 10 min. Total run time 

54 minutes. Injection temperature was 250 ˚C, flow rate 1.2 mL min-1, stabilisation time 30 s. 
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Results 
 
Fatty acids (as methyl esters) Canola Oil (%) Olive Oil (%) Sunflower Oil (%) 

oleic 78.7 77.7 37.3 

linoleic 14.2 8.91 50.0 

palmitic 4.01 9.89 0.064 

stearic 1.82 2.26 5.40 

paullinic 0.66 0 0 

palmitoleic 0 0.63 0 

arachidic 0 0.31 0.14 

linolenic 0 0.16 0 

2,4 di(methylethyl) phenol 0.075 0.092 0.050 

myristic 0.036 0 0.040 

margaric 0.028 0 0 

unknown 0.44 0.073 6.86 

 

Methyl ester molecular ions determined by comparison to major fragmentation product of M-31, 

indicating loss of OCH3 (MW 31 Da)  

 

 

 

Average sulfurs per alkene 
With a thorough analysis of fatty acid composition, the average number of sulfur atoms per alkene 

can be calculated, a value that should indicate the sulfur rank (average polysulfide length) of the 

polymer. 

 Canola oil Olive oil Sunflower oil 

Calculated molecular weight (g mol-1) 877.69 875.68 822.92 

Average number of alkenes per triglyceride 3.251 2.903 4.433 

Average number of sulfur atoms per alkene 8.422 9.410 5.790 
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Figure 2.1.22 | Canola oil and olive oil show very similar fatty acid profiles containing comparable 

levels of oleic acid (the major monounsaturated fatty acid in both oils). Their main difference is in 

polyunsaturated fatty acid content, where canola oil contains 59 % more linoleic acid with the 

difference made up by palmitic acid (saturated) in olive oil. Sunflower oil differs quite greatly from 

canola and olive oil, containing half as much monounsaturated fatty acids (oleic acid) as either 

canola or olive oil with 3.5–5.5 times the amount of polyunsaturated fatty acids (linoleic). 
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GC-MS Traces 

 
 

 
 

Figure 2.1.23 | GC-MS analysis of the products of transesterification of canola oil. Fatty acids are 

present as methyl esters. Top: Full spectra; Bottom: Region up to 120,000 counts only. 
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Figure 2.1.24 | GC-MS analysis of the products of transesterification of olive oil. Fatty acids are 

present as methyl esters. Top: Full spectra; Bottom: Region up to 120,000 counts only. 
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Figure 2.1.25 | GC-MS analysis of the products of transesterification of sunflower oil. Fatty acids are 

present as methyl esters. Top: Full spectra; Bottom: Region up to 120,000 counts only. 
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Characterisation of Waste Vegetable Oil (Fryer Oil) 
Waste vegetable oil (1.00 g) was mixed with methanol (100 mL) in a 250 mL round bottom flask and 

cooled to 0 °C. Sodium methoxide (100 mg) was then added to the stirred mixture. The reaction 

mixture was stoppered and stirred vigorously at room temperature for 24 hours. Vigorous stirring is 

important to ensure effective mixing of the two phases present at the start of the reaction. After 

24 hours, the reaction was cooled to 0 °C and quenched with 0.1 M HCl (10 mL). The mixture was 

transferred to a separatory funnel and then diluted with ethyl acetate (100 mL) and water (150 mL). 

The organic layer was isolated and then washed with water (3 x 50 mL) and brine (3 x 50 mL) before 

drying (sodium sulfate), filtering and concentrating under reduced pressure. Analysis by 1H NMR and 

GC-MS following the protocol described above2 revealed clean conversion to the fatty acid methyl 

esters. Yield for fatty acid methyl esters from 1.00 g vegetable oil: 970 mg. 

Figure 2.1.26 | GC-MS analysis of the products of transesterification of waste fryer oil from McHugh’s 

cafe. Fatty acids are present as methyl esters.  

Major products were fatty acid methyl esters of oleic (52.84 %), linoleic (34.14 %), palmitic (10.00 %), 

and stearic acids (2.87 %) with other unidentified materials comprising 0.15 % of the non-solvent 

peaks. 
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Products of transesterification of vegetable oils (fatty acids as methyl esters) 

Figure 2.1.27 | Charts representing the relative composition of waste fryer oil. Left: Separated as 

individual fatty acids; Right: Grouped by degree of saturation.   

Simultaneous thermal analysis of vegetable oils used in the synthesis of the polysulfides

Figure 2.1.28 | STA of pristine canola oil. Endotherms are displayed upwards. 
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Figure 2.1.29 | STA of pristine sunflower oil. Endotherms are displayed upwards. 

Figure 2.1.30 | STA of pristine olive oil. Endotherms are displayed upwards. 
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Figure 2.1.31 | STA of waste fryer oil. Endotherms are displayed upwards. 
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DSC of polysulfides prepared from canola, sunflower, olive and recycled cooking oils 

Figure 2.1.32 | Normalised DSC of polysulfides prepared from canola oil, sunflower oil, olive oil and 

recycled cooking oil (waste fryer oil) in the region in which unreacted/free sulfur results in a phase 

transition. While the TGA and DSC were largely the same (see below for full DSC) regardless of the 

oil source, subtle variations in the region between 100 and 125 ºC were noted, as shown in the 

figure. These endotherms correspond to the melting of free sulfur. 

Figure 2.1.33 | Full DSC trace of polysulfides prepared from canola oil, sunflower oil, olive oil and 

recycled cooking oil. 
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Figure 2.1.34 | TGA trace of polysulfides prepared from canola oil, sunflower oil, olive oil and 

recycled cooking oil. 
 

 
Figure 2.1.35 | FT-IR comparison of canola oil polysulfide and recycled cooking oil polysulfide. 

Traces are very similar. Noise from 2000 to 2200 cm-1 is an artefact of the instrument and not due to 

the polysulfide. 
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Comparison to Factice 

Factice is a commercially available rubber material and plasticiser used in the rubber industry. 

Similar to canola oil polysulfide, it is synthesised from only canola oil and sulfur with the key 

difference being the reaction process. The polysulfide is produced by the inverse vulcanisation of 

canola oil, where canola oil is added dropwise to molten sulfur to crosslink long sulfur chains. Factice 

is produced by the vulcanisation of canola oil, where sulfur is added dropwise to canola oil to 

crosslink triglyceride molecules. Factice is generally produced to a target weight % sulfur (denoted 

as the material’s “grade”), where different grades offer slightly different physical properties. 3 grades 

were acquired from D.O.G. Chemie: F10, F17 and F25 where the number after F denotes the 

percentage sulfur content. 

Figure 2.1.36 | Photographs of canola oil polysulfide and D.O.G. factice of different grades for 

comparison. 

Canola oil polysulfide F10 grade factice 

F17 grade factice F25 grade factice 
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FTIR 

 

 
Figure 2.1.37 | Layered FTIR spectra canola oil polysulfide, pristine canola oil and D.O.G. factices. 

Noise in the spectra from 1900 - 2200 cm-1 is an artefact due to the instrument in solid phase analysis 

by ATR FTIR. 
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Raman 

Raman analysis performed by Christopher Gibson 

Figure 2.1.38 | Raman spectra of canola oil polysulfide and factice 

Peaks highlighted in yellow have corresponding peaks in the S8 control spectra, those in orange 

have corresponding peaks in the canola oil reference spectra. Both factice and canola oil polysulfide 

contain a new shoulder to the major sulfur peak at 500–505 cm-1. It is currently unclear what this 

corresponds to; whether this indicates S-C bonds or perhaps sulfides present in the polymer. 
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STA 

 
Figure 2.1.39 | Comparative STA (TGA in green, DSC in orange) spectra of three grades of factice. 

 

All factice grades show very similar DSC and TGA profiles with an increased TGA onset beginning 

at 280 ˚C with increasing grade (sulfur content) followed by a second mass loss occurring sharply 

from 400 ˚C. 

 

0.4

0.5

0.6

0.7

0.8

0.9

1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

100 150 200 250 300 350 400 450 500 550 600

He
at

 F
lo

w
 (f

ra
ct

io
n)

M
as

s (
fr

ac
tio

n)

Temperature (°C)

STA factice comparison 

F10 Weight
F17 Weight
F25 Weight
F10 Heat
F17 Heat
F25 Heat



82 

Figure 2.1.40 | Overlayed polysulfide and factice STA (TGA in blue, DSC in orange) spectra. Solid 

line: Polysulfide data; Spaced line: Factice data.  

Canola oil polysulfide and factice at first glance seem quite dissimilar in their DSC and TGA profiles. 

By TGA we see two distinct drops in sample mass in canola oil polysulfide first at 280 ˚C, 

corresponding to loss of sulfur, then 400 ˚C corresponding to the loss of the canola oil component. 

A similar profile is seen in factice (F17 shown) with the first mass loss far less pronounced, 

presumably due to the decreased sulfur content. In DSC can be seen multiple peaks for the 

polysulfide and only 2 major peaks for factice. Peaks at 300 ˚C and 430 ˚C are present in both 

profiles, the first indicating sulfur sublimation and the second carbonaceous material sublimation. 

The third peak unique in the polysulfide spectrum occurs at 130 ˚C and corresponds to free, 

unreacted sulfur present in the polysulfide structure. Oddly this peak does not appear in factice 

despite the manufacturer’s report claiming it to contain a similar percentage of free sulfur. 
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Porous Polymer synthesis 

 

14.00 g NaCl was ground to a fine powder in a mortar and pestle and left until required in synthesis. 

3.00 g sulfur powder was poured, using a powder funnel, into a 250 mL round bottom flask containing 

a 40 mm oval stirrer bar. The RBF was placed into an aluminium heating block preheated to 180 °C 

to melt the sulfur with slow (50 rpm) stirring as required. Once the heating block had reached 180 °C 

and the sulfur had melted into an orange liquid, 3.00 g canola oil was added dropwise over 2 minutes. 

After the addition of all canola oil, the ground NaCl was added portion-wise over 5 to 10 minutes. 

During this time the mixture thickened and stirring was reduced accordingly to ensure continued 

mixing. Approximately 15 to 20 minutes after the addition of all NaCl, the mixture vitrified to a brown 

solid. At this point the RBF was taken off the heat and allowed to cool to room temperature for 1 hour. 

Polymer was removed from the RBF by abrasion and then blended for 1 minute in a food processor.  

 
Figure 2.1.41 | Simplified diagram of porous polymer synthesis demonstrating introduction of 

porosity from salt crystals embedded in the polymer structure. 

 

There were 2 washing steps. For the first, the blended material (20.0 g) was placed into a 250 mL 

beaker along with 150 mL DI water and a 30 mm straight stirrer bar and left for 1 hour with medium 

stirring (600 rpm). After vacuum filtering with a further 2 × 50 mL water and leaving to dry overnight, 

powdered salt became visible on the surface of the polymer. To remove this residual salt, a second 

wash was required. The polymer was placed in a plastic container with 100 mL water and shaken 

vigorously for 30 seconds. Vacuum filtration was repeated, and the polymer allowed to dry overnight 

once more. The material was now ready for use, final yield was 6.0 g. 
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Figure 2.1.42 | Left: polymer before wash procedure, right: polymer after wash procedure 

It is recommended at least 20.0 g material be blended at any one time to ensure the effectiveness 

of this step. For washing more material in a single process – determine the amount of water required 

by noting the total amount of salt present (e.g. 42.0 g), determining the water saturation limit for this 

amount at room temp (359 g L-1, so 117 mL for 42.0 g) and multiplying that amount by 4 

(117 × 2 = 468 mL) to hasten the process. Use at least this much water in the first wash step, less 

can be used for the second wash. 
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STA porous polysulfide 

 
Figure 2.1.43 | STA trace of 9.13 mg porous (70 wt. % NaCl) polysulfide (1:1 sulfur - canola oil)  

 

 
Figure 2.1.44 | STA trace of 10.64 mg porous (50wt. % NaCl) polysulfide (1:1 sulfur - canola oil)  
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120 °C peak (100 - 150) 270 °C peak (200 - 300) 400 °C peak (380 - 420) 
50% NaCl 67.524 mJ 1596.024 mJ 301.804 mJ 

70% NaCl 63.913 mJ 2059.879 mJ -16.264 mJ (no peak)

From previous sulfur testing, the area of the peaks at 120 °C corresponds to free sulfur content. In 

the 50 % salt polysulfide this equates to 12.9 % and in the 70 % salt 14.2 % free sulfur respectively. 

For comparison, non-porous canola oil polysulfide of the same sulfur - canola oil ratio has registered 

free sulfur levels of 8.96 % to 15.43 % previously. The peak at 400 °C we believe to be due to the 

presence of NaCl, this peak appears quite strongly in the 50 % NaCl polymer in which channels are 

not fully formed, but not in the 70 % variant. We attribute this to increased porosity, with channels 

formed throughout the polymer that allow more, if not all salt to be removed in the washing step. 
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Raman Analysis of 70 wt. % Salt Porous Canola Oil Polysulfide 

Raman spectra acquired by Christopher Gibson and further processed by Jason Gascooke 

 

 
Figure 2.1.45 | Raman spectra of canola oil polysulfide. Top: porous polymer; Bottom: non-porous 

polymer for comparison. 

 

By Raman spectroscopy, the porous material is identical to the non-porous material, sharing the 

same trace and major peaks. As in the analysis of the non-porous polysulfide, there was variation in 

the spectra acquired across the polysulfide surface, with some regions displaying strong sulfur 

stretching signals (<550 cm-1) only and others, as above, showing varying signal intensities for the 

peaks related to carbon bonding. The spectra above was chosen as it displayed all present features. 
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SEM Analysis of 70 wt. % Salt Porous Canola Oil Polysulfide 

Figure 2.1.46 | Left: Canola oil polysulfide, right: porous polysulfide (70 wt. % NaCl). With the 

inclusion of NaCl in synthesis, the polymer vitrifies around the crystals, leaving pores in the material 

once the salt has been washed away. 
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Salt Crystal Analysis 

Salt crystals, prepared for use in polymer synthesis, were sputter coated (Pt, 5.0 nm) and analysed 

by SEM spectroscopy. Analysis was performed on a Hitachi TM4000Plus tabletop SEM. Special 

thanks to Dr Martin Cole of NewSpec Pty Ltd, Myrtle Bank, South Australia for facilitating trial use of 

the instrument. 

 
Figure 2.1.47 | SEM images of NaCl crystals as used in polymer synthesis. Left: SE, right: BSE. The 

side lengths of 38 cubes were measured using annotation tools within the SEM analysis software 

package. The average side length was found to be 289.7 microns with a standard deviation of ± 62.4. 

The maximum size was 435 and the smallest 168, giving a range of 267 microns. 

 

 
Figure 2.1.48 | Raw annotated images of salt crystals 
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Density Measurements of Porous Polymer 

Porous polysulfide was cut into approximately 5.0 mm cubes during synthesis, before removal of 

salt. This was found over several syntheses to be the upper limit of sample thickness that would 

consistently result in complete removal of salt during the washing step. After purification (washing of 

salt and drying) actual sample dimensions were measured and the mass and volume correlated to 

determine density. From an average of 7 samples the density was determined to be 0.521 g cm-3 

with a standard deviation of ± 0.060 (11.5 %). Large variations are due to inconsistency in pore and 

channel sizes throughout the material. 

Figure 2.1.49 | Approximately 5.0 mm-side polysulfide cubes 

Given 70 wt. % of the reaction was sodium chloride, with a density of 2.16 g cm-3, any 1.0 g of 

material before washing should contain 0.7 g of salt with a volume of 0.324 cm3. During the washing 

step, the dimensions of the polysulfide remain the same with a reduction in mass down to just that 

of the sulfur and canola oil components (30 wt. %) to give porous polysulfide with the density 

measured above. So the resulting 0.3 g polymer has a void volume of 0.324 cm3, but a total volume 

of 0.576 cm3, resulting in a 56.3 % void volume. 

5 mm 
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NaBH4 Reduction of Porous Canola Oil Polysulfide 

In an effort to introduce thiol functional groups into the polysulfide, sodium borohydride was used to 

reduce surface sulfur-sulfur linkages. 

 

2.00 g Porous Polysulfide (50:50 sulfur-canola oil prepared with 70 wt. % NaCl) was measured into 

a 100 mL RBF with 0.1546 g NaBH4 (1 molar equivalent NaBH4 to S8 used in the syntheses of porous 

polymer). 10 mL methanol was added, and the solution stirred (20 mm oval stirrer, 200 rpm) for 

1 hour. Initial addition of methanol resulted in evolution of H2 gas, visible as violent bubbling of the 

mixture (now yellow) for the first 20 seconds. The solution was quenched with 10 % HCl and diluted 

with water (10 mL) before washing under vacuum filtration with 5 × 20 mL DI water. After leaving the 

washed polymer to dry overnight, the product was weighed to determine yield and thiol content 

tested by Ellman’s reagent. 

 

This procedure was repeated with 0.0341 g NaBH4 and 0.5941 g NABH4, representing ¼ and 4 molar 

equivalents respectfully. 

 

Results 
The polymer samples treated with ¼ and 1 equivalents NABH4 were both broken down moderately 

to smaller sized particles. Some large particles remained in both cases. The samples treated with 4 

equivalents NABH4 resulted in a clumped, dark brown material—destroyed under the harsher 

conditions. 

 

   
Figure 2.1.50 | Left: untreated porous polymer; Right: 1 eq. NaBH4 treated porous polymer 
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Ellman’s Test for thiol content 
This experiment was performed by Renata Kucera as part of an undergraduate research project. 

Method 
500 mg porous polysulfide treated with ¼ eq. NaBH4 and 500 mg porous polysulfide treated with 

1 eq. NaBH4 were prepared in a 50 ml centrifuge tubes with inclusion of 10 mg Ellman’s reagent in 

10 mL phosphate buffer (100 mM, pH 8) and mixed on the end-over-end mixer (25 rpm) for 2.5 hours. 

After this time, each sample was vacuum filtered and stored in a 15 mL centrifuge tube 

overnight. The following day, the Cary 60 UV-Vis was used to measure the absorbance of 

each sample (undiluted) in triplicate at 412 nm with phosphate buffer as the blank between 

measurements. 

Results 
Sample Absorbance (A.U.) 

Replicate 1 Replicate 2 Replicate 3 Average 
Control (Ellman’s + Buffer) 0.5259 0.5189 0.5253 0.5234 

Porous polysulfide treated with ¼ eq. 

NaBH4 

0.8586 0.8546 0.8467 0.8533 

Porous polysulfide treated with 1 eq. 

NaBH4 

0.5306 0.5269 0.5314 0.5296 
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Analysis of thiol-content on the canola oil polysulfide surface using Ellman’s test 
This experiment was performed by Renata Kucera as part of an undergraduate research project. 

 
Method 
A sample of canola oil polysulfide (1.00 g, 50 % sulfur) was placed into each of three 50 mL centrifuge 

tubes along with 8 mL phosphate buffer (100 mM, pH 8) and Ellman’s reagent (8 mg, 0.020 mmol). 

As a control, Ellman’s reagent was also added to three separate samples of buffer in the same way, 

except in the absence of polymer. All samples were mixed on a lab rotisserie for 1 hour at room 

temperature before filtering. The filtrates were then diluted 7-fold and analysed by UV-Vis 

spectroscopy. Absorbance at 412 nm are listed below. No reaction with Ellman’s reagent was 

observed, as no significant increase in absorbance at 412 nm was observed (student t-test). 

Therefore, thiol content on the polymer is negligible and consistent with the proposed polysulfide 

structure. 

 

Results 
 

 Ellman’s only control,  
absorbance (A.U.) 

Polymer with Ellman’s reagent, 
absorbance (A.U.) 

Test 1 0.0720 0.0753 

Test 2 0.0637 0.0762 

Test 3 0.0822 0.0628 

Average 0.0726 0.0714 

 

Ellman’s test for thiol content on the canola oil polysulfide (50 % sulfur). No thiols were detected. 
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Porous canola oil polysulfide pore size and distribution 

Figure 2.1.51 | Cross section of a particle of porous canola oil polysulfide 

Pore diameter 
Pore diameter was measured along the longest edge of 50 randomly selected pores in fig. 2.1.51 

Average pore size ± std. dev. = 119.2 ± 53.0 µm 

Range = 160.5 µm 

Pore distribution 
Pore distribution was measured as the shortest distance from 50 randomly selected pores in 

fig. 2.1.51 to the next closest in a random direction. 

Average distance pore-to-pore ± std. dev. = 57.8 ± 33.2 µm 

Range = 138.0 µm 
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Glass transition temperature by DSC for porous polysulfide (50 wt. % sulfur) 
The glass transition temperature of the porous canola oil polysulfide was -12.9 ºC, as determined by 

DSC: 

 
 

 
Figure 2.1.52 | Determination of Tg using DSC for the porous Canola Oil Polysulfide prepared at 

50 wt. % sulfur. Polysulfide was heated to 35 ºC and cooled to -35 ºC for 3 cycles. Top: whole 

spectra, bottom: focus on the glass transition. 
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Low density polysulfide up-scaled Synthesis (2.5 kg reaction mixture) 

This procedure was optimised and written by Louisa Esdaile 

 

The reaction apparatus was assembled in a fume hood as follows: an overhead mechanical stirrer 

(Heidolph Hei-TORQUE 200) was secured on an H-frame stand and equipped with a stainless steel 

impeller (15 cm square blade fig. 2.1.53). A stainless steel reaction vessel (4.7 L, 20 cm diameter) 

was placed on a hotplate equipped with temperature probe. The reactor handles were further 

secured to the H-frame stand with cable ties. Because the reaction vessel is magnetised, the reactor 

is further secured by attraction to the magnetic hotplate. The impeller blade was positioned several 

millimetres from the bottom of the reaction vessel and the temperature probe and a large plastic 

funnel were secured so that they would not come into contact with the rotating impeller. An image of 

the setup is shown below: 

 

 
Figure 2.1.53 | Reactor apparatus (left) and impeller (right) used in large-scale synthesis of polymer  

 

Canola oil (375.0 g, either pristine food grade or recycled used cooking oil) was added to the reaction 

vessel. The overhead stirrer was set to 90 rpm, and the oil was heated to 170 °C, with the 

temperature of the oil monitored and controlled directly with a temperature probe. Sulfur (375.0 g) 

was then added through the funnel at a rate such that the internal temperature did not fall below 155 

°C. The addition of sulfur was carried out over approximately 5-10 min. The reaction initially appears 



97 

as two transparent liquid phases: the molten sulfur and sulfur pre-polymers from ring-opening 

polymerisation appear as an orange or red bottom layer and the canola oil forms a light yellow top 

layer. At this scale, the two phases begin to react and form an opaque mixture over the duration of 

the sulfur addition. Once the reaction mixture appears opaque and two distinct layers are not visible, 

the sodium chloride porogen was added. Accordingly, sodium chloride (1750 g, finely ground in a 

blender) was added through the funnel at a rate such that the internal temperature did not drop below 

155 ºC. Upon commencing the addition of the sodium chloride, the reaction temperature was set to 

180 °C to compensate for the internal temperature drop. The full addition of sodium chloride was 

carried out over 15-20 min. 

 

Upon completion of the salt addition, the reaction mixture was typically an orange, opaque and 

relatively free-flowing slurry. Upon continued heating at 180 °C, the mixture thickens and darkens to 

a brown colour. The reaction was stopped when the viscosity increases to a point at which the 

overhead stirrer registers a torque of 40 N•cm. This change typically occurs 10-15 minutes after the 

addition of the sodium chloride is complete. At this stage of the reaction, some gas may be evolved 

(H2S) so operation in a fume hood is essential. Overheating or prolonged heating at 180 ºC also 

leads to additional gas evolution, so the reaction was shut down immediately when the torque of the 

stirrer was 40 N•cm. To stop the reaction, the stirrer and the hotplate are turned off at the power 

source, the cable ties are cut, and the hot plate is removed, and the reaction vessel is placed on a 

trivet to prevent further heating. The polymer (a soft rubber) is friable, allowing straightforward 

removal of the impeller with a spatula. To remove the polymer from the reaction vessel, it was broken 

into large chunks with a large spatula or paint scraper (Fig. 2.1.54). The polymer was then processed 

with a mechanical grinder to provide particles between 0.5 and 3 mm. Typically >2.48 kg of the 

polymer salt composite was isolated at this stage (Fig. 2.1.55).  

 

 

 
Figure 2.1.54 | The canola oil polysulfide and salt composite, after breaking down into large pieces 

with a spatula or paint scraper. 
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Figure 2.1.55 | The canola oil polysulfide salt composite is a friable rubber, easily processed into 

particles using a mechanical grinder. 

To remove the sodium chloride porogen, the polymer was washed repeatedly with DI water. In a 

representative procedure, the polymer (2.5 kg of the polymer salt composite) was added to a 20 L 

bucket along with 17 L of DI water. The mixture was stirred using an overhead stirrer (200 rpm, 

30 min). The polymer was then isolated by filtration through a sieve (0.5 mm cut-off) and washed 

three more times in a similar manner. After the final wash, the polymer was filtered through a sieve 

(0.5 mm) and pressed with a piece of flat plastic to squeeze out excess water. The polymer was then 

dried in the sieve by passing warm air through the material (5-24 hours, 18 - 42 °C). A final drying 

step was carried out by placing the polymer in a plastic tray in a fume hood until the mass of the 

polymer was constant (1-3 days). The final mass of the product varies with water content, which can 

be up to 2% by mass). Typically, 750 g to 768 g of the final polymer are obtained (Fig. 2.1.56). 
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Figure 2.1.56 | Washed and dried porous canola oil polysulfide, prepared on a 750 g scale. 
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STA analysis of low density polysulfide 

Figure 2.1.57 | Low-density polysulfide prepared using the large-scale method described above 

shows an identical STA trace to that of the material prepared using the previous method3. The first 

mass drop over 200–280 °C corresponds to the loss of the sulfur component, the second mass loss 

from 350–500 °C corresponds to degradation of the vitrified canola oil component. The polysulfide 

is most accurately described as a composite of sulfur and vitrified canola oil. The small peak in heat 

flow at 120 °C corresponds to the melting of free sulfur trapped within the composite. The area of 

this peak correlates to the mass of free, unreacted sulfur present. 

Figure 2.1.58 | The STA trace of low-density polysulfide formed with fryer oil is very similar to that 

of pristine canola oil. A standard curve correlating sulfur mass to the area of the heat flow peak at 

120 °C (indicating the melting of free sulfur) was prepared previously3 and used here to determine 

the level of free sulfur present in the low-density polysulfides. The 120 °C peak in the canola oil 

sample corresponds to 16.1 % free sulfur and the fryer oil corresponds to 19.0 % free sulfur. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

5

10

15

20

25

30

35

50 150 250 350 450 550 650

W
ei

gh
t (

%
)

He
at

 F
lo

w
 (m

W
)

Temperature (°C)

STA Trace of Porous Canola Oil Polysulfide from Large-Scale Batch

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

5

10

15

20

25

30

35

50 150 250 350 450 550 650

W
ei

gh
t (

%
)

He
at

 F
lo

w
 (m

W
)

Temperature (°C)

STA Trace of Porous Fryer Oil Polysulfide from Large-Scale Batch



101 

SEM Analysis of Low-Density Polysulfide 

Samples were loaded onto aluminium SEM studs with adhesive carbon tape and sputter coated with 

platinum, achieving a surface coating of 5.0 nm Pt. Studs were then loaded on to the sample stage 

of an FEI Inspect 50 SEM with EDX analyser. 

 

Canola Oil Polysulfide 

  
Figure 2.1.59 | Left: a single particle of low-density polysulfide; right: the same particle, at greater 

magnification.  

 

Fryer Oil Polysulfide 

  
Figure 2.1.60 | Left: SEM image of low-density polysulfide prepared from fryer oil; right: the same 

location, at greater magnification.  
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Even with the inclusion of salt in the syntheses, porosity of the material is not immediately discernible. 

Despite this the material bears a lower density and performs more efficiently in oil removal than non-

porous polysulfide. EDX analysis shows the presence of C, O and S peaks in both samples, 

consistent with previous EDX analysis of porous polysulfide3. 



103 

Canola Oil Polysulfide Analysis by GPC 

Method 
Polystyrene standards were prepared to 3 mg mL-1 in a solvent mixture of 5 % pyridine and 95 % 

THF. Canola oil polysulfide was also prepared in solution to the same concentration by first 

dissolving in pyridine, then diluting with THF to the same solvent ratio. 

 
Instrument Parameters 
Shimadzu Prominence UPLC. Solvent: 5 % Pyridine in THF Flow Rate: 1.00 mL min-1 Column: 

Phenomenex Linear(2) THF with guard column 

 
Results 
 

 
Figure 2.1.61 | Chromatogram of calibration standards 

 

 
Figure 2.1.62 | Calibration curve – Log (MW) vs. retention time, R2 = 0.9988 
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Figure 2.1.63 | Chromatogram of polymer sample 

 

 
Figure 2.1.64 | Chromatogram of polymer sample (pink) against blank sample (blue) – The peak at 

12.5 minutes present in all samples, including the blank, signifies the injection event and end of the 

run. 

 

Analysis shows distinct elution of polystyrene standards and a strong correlation between retention 

time and molecular weight. The polymer sample exhibits two peaks, broad and blended together at 

11.613 and 11.977 minutes, the former corresponds to a number average MW (Mn) of 4193 and 

weight average (Mw) of 5097. The latter a Mn 1735 of and an Mn of 1808, unfortunately falling just 

short of the lowest polystyrene standard and lying outside of the calibration curve. 
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Revised experiment 
The experiment was run a second time with the following changes, addressing the shortcomings of 

the first:  

• Flow rate changed to 0.75 mL min-1 to hopefully extend run time and achieve greater 

separation  

• Lower MW polystyrene standards included in the analysis 

• Canola oil (monomer) also ran to show differences between the reacted and unreacted 

material 

 

 

 
Figure 2.1.65 | Full GPC trace of canola oil polysulfide and pristine canola oil overlayed with a series 

of polystyrene standards of known molecular weight. 
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Figure 2.1.66 | Calibration curves – linear correlation to all data points R2 = 0.9949 (top), linear fit 

on only those data points relevant to the sample (R2 = 0.9880 (left), 3rd order fit to only the data points 

relevant to the sample (R2 = 0.9999) (right). 

Though the full spectrum of standards gave a strong linear correlation (R2 = 0.9949), it did not hold 

so well when applied to only those data points at retention times relevant to the sample. When 

reducing the plotted points from the full 9 down to these 5 the R2 value dropped below 0.99. Applying 

a 3rd order polynomial relationship raised this value back above 0.99 to 0.9999, a significant 

improvement. 
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Figure 2.1.67 | GPC trace of canola oil polysulfide and pristine canola oil overlayed with polystyrene 

standards of known molecular weight. 

 

 
Figure 2.1.68 | GPC trace of canola oil polysulfide and pristine canola oil 
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The polysulfide sample exhibits two peaks, one broad, fronting peak, and the second overlapping 

the first but in the same location and same width as that of the pristine canola oil sample. Whether 

this represents unreacted canola oil within the sample or smaller polysulfide oligomers is not clear. 

It could also be due to the destruction of polymer in the process of analysis – perhaps even as early 

as the dissolution in pyridine, causing the appearance of lower molecular weight components. When 

compared to a series of polystyrene standards of known molecular weight, canola oil recorded a 

number average of 1215 and a weight average of 1362. The polysulfide showed number averages 

3945 (broad first peak) and 1236, with weight averages of 5010 (broad peak) and 1350. For 

comparison, a single triglyceride molecule of canola oil should show an average molecular weight of 

883 Da (biodieseleducation.org – find better source), 65% of the recorded value. If we assume this 

ratio is applicable to the polysulfide sample, this results in a modal molecular weight of 3248 over 

the first broad peak and 875 for the second peak. For reference, S8 has a molecular weight of 256.5, 

if the polysulfide were breaking down to its constituent parts a sulfur peak might also be expected 

along with canola oil. 
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Effect of Mixing Duration on Final Product 
 

Method 
3 batches of Canola Oil Polysulfide were synthesised to standard procedure (20.0 g sulfur and 20.0 g 

canola oil) with each stirrer bar removed at different time interval during synthesis. The aim was to 

determine if there was a point during synthesis where stirring could be stopped without affecting the 

final product. 2 batches of polysulfide were also produced by classic vulcanisation to determine if 

order of addition of reactants played a role in the requirement for thorough mixing. 

 

Results - Inverse Vulcanisation 
Mass 
sulfur  

Mass 
canola oil 

Time stirrer 
removed* 

Description at time Product 

20.21 g 20.13 g 8 min. One phase, dark 

orange 

Liquid, partial gel at reactant 

interface. Sulfur crystallising. 

20.42 g 20.39 g 19 min. One phase, dark 

brown 

Two phases: gel-like and 

sticky top layer, hard lower 

20.05 g 20.14 g 31 min. One phase, dark 

brown, slightly more 

viscous 

Two phases: gel-like and 

sticky top layer, hard lower. 

*time after all reactants were combined 

 
Results - Classic Vulcanisation 
Mass 
sulfur 

Mass 
canola oil 

Time stirrer 
removed* 

Description at time Product 

20.32 g 20.07 g 17 min. One phase, red-brown Two phases: liquid top layer, 

hard, solid lower 

20.08 g 20.01 g 17 min. One phase, dark brown Two phases: gel-like and 

sticky top layer, hard lower 

*time after all reactants were combined 

 

Conclusion 
In all cases were stirring was stopped early, the final product did not form correctly. From this it can 

be concluded that continuous stirring is required right up to gel point in order to form a homogenous 

canola oil polysulfide. 
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Lipid analysis of oils 
Experiments performed by Renata Kucera as part of an undergraduate research project. 

Vegetable oil (1.00 g) was mixed with methanol (100 mL) in a 250 mL round bottom flask and cooled 

to 0 °C. Sodium methoxide (100 mg) was then added to the stirred mixture. The reaction mixture 

was stoppered and stirred vigorously at room temperature for 24 hours. Vigorous stirring is important 

to ensure effective mixing of the two phases present at the start of the reaction. After 24 hours, the 

reaction was cooled to 0 °C and quenched with 0.1 M HCl (10 mL). The mixture was transferred to 

a separatory funnel and then diluted with ethyl acetate (150 mL) and water (150 mL). The organic 

layer was isolated and then washed with water (3 x 50 mL) and brine (3 x 50 mL) before drying 

(sodium sulfate), filtering and concentrating under reduced pressure. Analysis by 1H NMR and GC-

MS revealed clean conversion to the fatty acid methyl esters. Typical yields for fatty acid methyl 

esters from 1.00 g vegetable oil: Canola oil: 800 mg; Sunflower oil: 800 mg; Olive oil: 780 mg.  

Figure 2.1.69 | 1H NMR (600 MHz, CDCl3) of fatty acid methyl esters derived from canola oil (top), 

sunflower oil (middle) and olive oil (bottom). The alkene region is expanded, showing differences in 

unsaturation. 
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Sulfur and fatty acid methyl ester obtained from canola oil 
Sulfur (87 mg, 0.34 mmol S8) was added to a 100 mL round bottom flask and then heated to 180 ºC 

with stirring. The methyl ester prepared from transesterification of canola oil with sodium methoxide 

(100 mg) was then added to the sulfur. The reaction was stirred at 180 ºC for 30 minutes and then 

cooled to room temperature to provide a viscous black oil. The mixture was analysed directly by 
1H NMR. All alkene peaks (5.0–5.5 ppm) were consumed in the reaction. 

 
Figure 2.1.70 | | 1H NMR (600 MHz, CDCl3) of the dissolvable fraction of the reaction of sulfur and 

fatty acid methyl esters derived from canola oil. 
 

Sulfur and fatty acid methyl ester obtained from sunflower oil 
Sulfur (404 mg, 1.56 mmol S8) was added to a 100 mL round bottom flask and then heated to 180 ºC 

with stirring. The methyl ester prepared from transesterification of sunflower oil with sodium 

methoxide (500 mg) was then added to the sulfur. The reaction was stirred at 180 ºC for 30 minutes 

and then cooled to room temperature to provide a viscous black oil. The mixture was analysed 

directly by 1H NMR. All alkene peaks (5.0–5.5 ppm) were consumed in the reaction. 

 
Figure 2.1.71 | 1H NMR (600 MHz, CDCl3) of the dissolvable fraction of the reaction of sulfur and 

fatty acid methyl esters derived from sunflower oil. 
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Sulfur and fatty acid methyl ester obtained from olive oil. 
Sulfur (440 mg, 1.72 mmol S8) was added to a 100 mL round bottom flask and then heated to 180 ºC 

with stirring. The methyl ester prepared from transesterification of olive oil with sodium methoxide 

(Fig S3) (500 mg) was then added to the sulfur. The reaction was stirred at 180 ºC for 30 minutes 

and then cooled to room temperature to provide a viscous black oil. The mixture was analysed 

directly by 1H NMR. All alkene peaks (5.0–5.5 ppm) were consumed in the reaction. 

Figure 2.1.72 | 1H NMR (600 MHz, CDCl3) of the dissolvable fraction of the reaction of sulfur and 

fatty acid methyl esters derived from olive oil. 

To confirm that sulfur reacts at the alkenes present in the vegetable oils, the reaction between 

elemental sulfur and the methyl ester derived from each oil was studied. NMR analysis of the polymer 

formed from the triglyceride and sulfur was not pursued because the product was insoluble in 

chloroform at room temperature. 
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Scanning Auger Electron Spectromicroscopy of canola oil polysulfide 
Auger experimental performed by Alex Sibley 

 

The non-conductive nature of the samples meant that for a useful Auger Electron Spectrum to be 

obtained, a 2 nm layer of platinum was needed to provide conductivity to the surface of the sample. 

The elemental maps of carbon and sulfur show that the carbon-sulphur ratio varies spatially. 

  

 
 
Figure 2.1.73 | Top: Auger spectroscopy of the canola oil polysulfide (50 wt. % sulfur) revealed 

strong signals for carbon and sulfur, consistent with the proposed structure. Bottom: Auger imaging 

of representative sections of the canola oil polysulfide (50 wt. % sulfur), with atomic mapping of sulfur 

and carbon. 
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Confocal Raman images of Canola Oil Polysulfide (50 wt. % sulfur) 
Experiments performed by Christopher Gibson 

Confocal Raman images were acquired for the canola oil polysulfide and are displayed in 

Figure 2.1.74. Figure 2.1.74a is an optical image of the sample with figures 2.1.74b and c 

representing confocal Raman images (30x30 µm) of exactly the same area of the sample. Figures 

2.1.74d and e are zoomed in Raman images (15x15 µm) of the same area with the centre of each 

image corresponding to the white and black crosses in figures 2.1.74b and c. The data in figures 

2.1.74b and d were generated by plotting the intensity of the 470 cm-1 region of each Raman 

spectrum while the data in figures 2.1.74c and e were generated by plotting the intensity of the 2900 

cm-1 region of each Raman spectrum. The Raman spectra that are present in the brighter regions of

figures 2.1.74b and d typically have the appearance of the sulfur starting material and the Raman

spectra that are present in the brighter regions of figure 2.1.74b and e typically have the appearance

of the canola oil polysulfide copolymer (50 wt.% sulfur). It is apparent from figure 2.1.74b that there

are regions of free sulphur embedded in the polysulfide matrix that form what appear to be small

microparticles (5 to 15 µm in size). This data supports the SEM/EDS analysis as well as other results

recently reported in the literature on related composites.

Figure 2.1.74 | Optical image (a) of a section of the canola polysulfide with corresponding confocal 

Raman images of the same region (b and c). The number of pixels in b and c is 70 × 70 (4900) with 

the integration time per pixel equal to 1 second. The confocal Raman images in d and e are zoomed 

in areas of b and c and correspond to exactly the same area of the sample. The centre of each image 

in d and e is denoted by the white and black crosses displayed in b and c. The number of pixels in d 

and e is 35 × 35 (1225) with the integration time per pixel equal to 6 seconds. 
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Toxicity Studies 
Experiments performed by Ines Albuquerque 

Cell culture 
Huh7 and HepG2 (ATCC® HB-8065™) cells were routinely grown in a humidified incubator at 37 ºC 

under 5% CO2 and split before reaching confluence using TrypLE™ Express. Both cell lines were 

grown on DMEM medium supplemented with 10% heat-inactivated FBS, 2 mM GlutaMAX™, 10 mM 

HEPES, 1% NEAA, 1 mM sodium pyruvate, 100 units/mL penicillin and 100 μg mL-1 streptomycin. 

All reagents were bought from Gibco, Life Technologies (USA), unless otherwise stated. 

Cytotoxicity and estimation of IC50 of HgCl2 in HepG2 and Huh7 cells. 

Cytotoxicity of HgCl2 was assessed using a CellTiter-Blue® Cell Viability Assay (Promega, USA), a 

fluorescent dye approach based on the ability of metabolically active cells to convert the dye 

resazurin to the fluorescent resorufin product. Briefly, cells were seeded at a concentration of 

10,000 cells per well (100 μL) in flat-bottom 96 well-plates and allowed to adhere and adapt to the 

plates for 24 h. At this point, culture medium was exchanged to complete medium supplemented 

with increasing concentrations of HgCl2 in technical triplicates (1, 5, 10, 30, 60, 80, 100 μM). Plates 

were incubated for 22 h 30 min, at which time cell viability was assessed by exchanging the culture 

medium to medium supplemented with CellTiter-Blue Reagent (dilution 1:20 from commercial stock) 

and incubated for another 1 h 30 min, before analysis of fluorescence on an Infinite M200 (Tecan, 

USA) plate-reader (λexc=530, λem=590). Relative fluorescence units (R.L.U.) were normalized to the 

values obtained for the appropriate vehicle controls. Results are shown as average of 3 independent 

experiments. A sigmoidal curve (variable slope) was fitted to each dataset, using GraphPad Prism 

v5 software, and used to calculate the half maximal inhibitory concentration (IC50) of HgCl2 on both 

cell-lines. The average IC50 was 40 μM for HepG2 cells and 34 μM for Huh7 cells. 
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Figure 2.1.75 | Dose-response curve and IC50 measurement of HgCl2 in HepG2 and Huh7 cells. The 

average IC50 was 40 μM for HepG2 cells and 34 μM for Huh7 cells.

Cytotoxicity of mercury-treated and untreated polysulfides in HepG2 and Huh7 cells.  
Cells were cultivated as described above and seeded in 24 well-Transwell® plates at a concentration 

of 30,000 cells/well (300 μL) and allowed to adhere to the bottom of the well for 24 h. At this point, 

culture medium was removed and 200 μL of fresh complete medium was added to the bottom layer. 

Also, 3.75 mg or 37.5 mg of treated or untreated polysulfide was added to each insert in technical 

duplicates, and 100 μL of complete medium was added on top of the polysulfide, thus creating a 

continuous layer of medium on top of the cells and the polysulfides. Cells were incubated for another 

22 h 30, at which time cell viability was assessed as described above. Results are  shown as average 

of 3 independent experiments (bars), and error bars represent standard error of the mean. There 

was no difference in cell viability for the cells treated with polymer and cells treated with the polymer 

bound mercury. Under these conditions, neither the polymer nor the polymer-bound mercury exhibit 

significant toxicity. 
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Notes for figures 2.1.76 and 2.1.77: 

Dose 1 = 37.5 mg of polymer in 300 mL of culture medium 

Does 2 = 3.75 mg of polymer in 300 mL of culture medium 

The polymer treated with HgCl2 contained 2.2 mg HgCl2 per gram of polymer 

The polymer treated with Hg(0) contained 79 mg mercury per gram of polymer 

 

 
Figure 2.1.76 | Cell viability of HepG2 and Huh7 cell lines grown in presence of canola oil polysulfide 

(50 wt.% sulfur). There was no difference in cell viability for the cells treated with polymer and cells 

that were untreated. This experiment demonstrates that the polysulfide is not toxic. 

 
Figure 2.1.77 | Cell viability of HepG2 and Huh7 cell lines grown in presence of polymer-bound 

mercury. There was no difference in cell viability for the cells treated with polymer and cells treated 

with the polymer-bound mercury. Under these conditions, neither the polymer nor the polymer-bound 

mercury exhibit significant toxicity. 
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3.  SULFUR POLYMERS FOR MERCURY CAPTURE 
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Initial Experiments 
The starting point for exploring the applications of the canola oil polysulfide was this question: Did 

the canola oil polysulfide, like the sulfur-limonene polysulfide, capture mercury? And if it did, what 

advantages did it have over other sorbents? To answer the first questions, 2.0 g polysulfide was 

submerged in a 5 mL aqueous solution of 20 mg mL-1 HgCl2 for 24 hours. The polymer was removed, 

washed with DI water and the filtrate combined and dried to determine remaining mercury chloride. 

Of an average of triplicate measurements, 45.5 mg of the initial 100 mg remained in solution with 

54.5 % removed over the 24 hours. Not only was this an excellent start for a preliminary experiment, 

but it revealed something unexpected about the polysulfide—after being subject to the 

mercury-spiked water the polysulfide had turned grey. Scanning electron microscopy (SEM) and 

energy-dispersive x-ray spectroscopy (EDX) revealed nano-sized particles of mercury chloride were 

bound to the surface (Fig. 3.1d). Auger spectroscopy was also able to detect the presence of 

mercury, but an accurate surface map was not possible to produce due to excessive charging of the 

sample. X-ray photoelectron spectroscopy (XPS) imparted significant detail on the chemistry of the 

binding event, revealing a binding energy associated with mercury-sulfur bonding. The adsorption of 

mercury chloride from solution is not just due to physical interaction but a chemical bond-forming 

reaction is occurring to bring the two together. 
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Figure 3.1 | a. Canola oil polysulfide, as synthesised; b. canola oil polysulfide after reaction with HgCl2; c. SEM 
image of canola oil polysulfide; d. SEM image canola oil polysulfide after reaction with HgCl2, nanoparticles of 
mercury are visible as bright dots along the polysulfide surface; e. HgCl2 removed from 10 mL of a 10 mg mL-1 

solution by increasing amounts of polysulfide. A log curve has been fitted to model the trend. 

The colour-changing result was particularly interesting because of the prospect for mercury 

sensing, or perhaps self-indicating when the sorbent would need to be replaced if used in a filter. 

Varying the mass of polymer to the same mass of mercury as the previous experiment (100 mg 

as a 10 mL aqueous solution at 10 mg mL-1) found that with 8.0 g of polysulfide, over 90% of 

the mercury chloride present in solution could be removed in 24 hours. Varying the 

concentration of HgCl2 in solution, 2.0 g polysulfide seemed to remove a similar percentage 

of mercury at 5, 10, and 20 mg mL-1: 75.8, 63.2 and 61.9 %, respectively over 24 hours. 

At higher concentrations the polysulfide removes a higher mass of mercury chloride from 

solution but becomes increasingly less capable of lowering the concentration to the same extent. 

It should be noted at this point that the concentrations tested are far greater than is relevant to 

environmental remediation and were chosen first to facilitate simple gravimetric analysis—

environmentally relevant mercury will be addressed further on. 

To determine efficacy as a mercury sensor, polysulfide was incubated in a series of 10-fold dilutions 

of aqueous HgCl2 from 10.0 to 0.001 mg mL-1 and monitored every 24 hours for 4 days. After 

the first day, polymer incubated at the highest concentration of 10 mg mL-1 mercury had 

undergone a change in colour from brown to grey. The same change was visible in the first dilution 

of 1.0 mg mL-1, though to a lesser extent. No colour change was visible in the lower 

concentrations over the full time-course, and the colour of those that changed did not change 

further with continued exposure.  

The simplest form of mercury to test due to its solubility, mercury chloride poses a good initial 

target for mercury remediation efforts. It is however neither the most prevalent form of mercury 

pollution encountered in the environment or the most toxic1. To pose any use in clean-up or capture 

of mercury pollution our polymer would ideally need to be able to bind elemental mercury, 

organo-mercury (methyl mercury for example) and/or Hg-NOM (mercury bound to natural organic 

matter). The latter often poses a significant problem to deal with as mercury can be present in 

secluded pockets of organic macromolecules that hinder displacement by competing chemicals2, in 

this case the reactive sites of canola oil polysulfide. The least toxic of these to start with was 

elemental mercury. 2.0 g 
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polysulfide and a bead of mercury weighing 170 mg were placed together with 7 mL DI water (to aid 

in mixing and mass transfer) in a glass vial and stirred magnetically at 1,500 rpm for 24 hours. As in 

the HgCl2 experiment before, the polysulfide once again changed colour; its whole surface had 

turned black. XRD analysis revealed the product to be a spectral match for metacinnabar, or mercury 

suflide, a common mercury ore. Essentially the polysulfide had reacted with the liquid mercury and 

immobilised it as a (non-toxic) solid. This is an important aspect of the polymer that is distinct from 

other sorbents: the polymer reacts with mercury and does not merely bind physically. After drying, 

no further mercury was visible, and the mass balance indicated over 99 % yield of the two starting 

materials in the black product. In the case of mercury metal, the chromogenic response was always 

seen across the experiments undertaken. In an experiment to specifically test the conditions under 

which the polymer would change colour, canola oil polysulfide and mercury were mixed together in 

an end-over-end mixer for 24 hours at ratios from 3.5 to 20.7 mg mercury per gram polymer, in every 

case all polysulfide involved had turned black. No mercury nanostructures could be identified along 

the surface as in the inorganic mercury test purely by SEM, but EDX mapping revealed a consistent 

spread of Hg signatures. Breaking open a single particle to analyse a cross section, the black colour 

change seemed isolated purely to the surface of the polymer, affirmed by EDX mapping that showed 

no penetration of Hg into the core of the polymer. Auger electron spectroscopy, a sensitive elemental 

analysis technique with a penetration depth under 100 angstroms, did not suffer the same charging 

issues as with the HgCl2-treated polysulfide and was also able to detect and map mercury on the 

polysulfide. The very shallow penetration depth of this technique shows that the binding is indeed 

occurring at the surface. XPS revealed the same binding signal as in the HgCl2 treated polysulfide, 

that of an HgS species, corroborating the XRD findings. Interestingly this XPS signal for both HgCl2 

and Hg0 bound to the surface was that of mercury in the 2+ oxidation state. For the former this 

indicates no change, but for Hg0 this represents a change in speciation and thus perhaps a different 

binding mechanism. 

Figure 3.2 | a. Canola oil polysulfide after reaction with elemental mercury; b–e. SEM image of Hg0-treated 

polysulfide (b) and corresponding Auger maps of carbon (c), sulfur (d) and mercury (e); f. Hg0-treated 

polysulfide split for SEM analysis of the cross section g-i. SEM image of cross-section - surface is upper region, 

inner is lower (g) and EDX maps of sulfur (h) and mercury (i), both more prominent at the surface. 
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Stability of the polysulfide-mercury product 
It would be of little use to sequester mercury contamination if the polysulfide did not also retain it 

over time. Polysulfide previously used to bind mercury chloride (79.42 mg g-1) and elemental mercury 

(2.16 mg g-1) were incubated separately in milliQ water for 24 hours to determine if bound mercury 

would leach. By inductively coupled plasma mass spectrometry (ICP-MS), the concentration of 

mercury in the incubation medium was 0.57 ppb for the Hg2+ treated polymer and 46.99 ppb for the 

Hg0 treated. If all mercury had leached the concentration would reach 6,942,000 ppb Hg2+ and 

216,000 ppb Hg0 and so the quantity leached represents < 0.00001% of the inorganic and 0.02% of 

the elemental mercury bound. The discrepancy between the two mercury species may be explained 

by difficulties in separation of unreacted mercury from the polysulfide. Between the sequestration 

and leaching experiments both samples were washed in milliQ water to remove excess unbound 

mercury—efficient in the case of water-soluble mercury chloride but likely not with metal mercury. 

Regardless, mercury was found to be bound securely to the polysulfide, with very little leaching into 

pure milliQ water.  

It would similarly be of little use to sequester mercury contamination if the mercury-polysulfide 

product continued to exhibit toxicity. Cytotoxicity was examined through a collaboration with the 

Bernardes group at the Instituto de Medicina Molecular, Lisbon. HepG2 and Huh7 (immortal hepatic 

cancer cell lines commonly used in toxicity studies) cells were cultivated and seeded in 24-well 

Transwell plates for 24 hours. After seeding, medium was exchanged for a fresh solution and HgCl2 

and Hg0- treated polysulfides (2.2 mg g-1 and 79 mg g-1 bound mercury respectively) were submerged 

using inserts that held the material in solution but out of contact with cells. After a 23 hour incubation, 

no difference in cell viability was observed—neither the mercury chloride or elemental 

mercury-treated polysulfides exhibited significant toxicity to cells. 

As detailed in the previous chapter, factice is a commercially available plasticising agent of 

vulcanised canola oil, similar to canola oil polysulfide but prepared with lesser sulfur content (under 

25 wt. %) and often as a formulation containing more than just sulfur and cooking oil. Given the 

similarities it was expected it too might have an affinity for mercury, and so samples provided by 

D.O.G. Chemie were tested in similar experiments. F10, F17 and F25 grade factices (containing

12.6 %, 17.7 % and 22.9 % sulfur respectively were incubated in 5 mL of an aqueous 20 mg mL-1

HgCl2 solution (100 mg total HgCl2). Factices were portioned such that the amount of sulfur used in

synthesis was equal to that of the polysulfide used for comparison in the same experiment: 0.50 g.

In this way the experiment would both indicate if factice had an affinity for inorganic mercury but also

elucidate the roll reacted sulfur plays in binding. 3.96 g F10, 2.92 g F17 and 2.18 g F25 were used.

On average, the indicated masses of F10 removed 91.2 %, F17 removed 88.2 % and F25 removed

84.6 %, all more so than the same mass of canola oil polysulfide had previously been shown to

remove. This result also seems to indicate that the total sulfur content does have a bearing on HgCl2
uptake as the amounts removed in each case were all within 6.6% of one another despite the



123 

difference in total mass. Increased mass of factice, despite the difference in sulfur content, does lead 

to an increase in mercury uptake though. The triglyceride component also contributing to binding 

could explain this, as more than just the sulfur appears to have a bearing on mercury removal. In 

regard to elemental mercury, 2.8 g F17 (0.50 g total sulfur content) was mixed with a magnetic stirrer 

with 217 mg Hg0 in 10 mL DI water for 24 hours. 117 mg mercury was removed by factice, 100 mg 

remained. Even with minimal (1.15 ± 0.25 % as determined by the manufacturer) free sulfur present, 

factice was capable of binding mercury, indicating that free sulfur is not required—a concern that 

had arisen from the revelation that up to 9 % free sulfur was incorporated into canola oil polysulfide. 

To align with our goals of producing functional materials from waste- or by-products, it is insufficient 

for any function of the canola oil polysulfide to not be applicable when it is synthesised from used 

cooking oils. Initial tests with pristine canola oil minimise the influence of impurities but observations 

must then be replicable in the waste-oil variant. To this end experiments were repeated with 

polysulfide prepared from used fryer oil as characterised in the previous chapter. 1.0 g of this 

recycled-oil polysulfide was able to remove 26.9 % total HgCl2 from a 5 mL solution containing 

100 mg over 24 hours, less than the same mass of canola oil polysulfide. The trend seen previously 

in factice that the amount of mercury chloride removed was proportional to the sulfur content of the 

polysulfide is not repeated here, indicating some other factor between factice and inverse vulcanised 

polysulfides that seems to be affecting uptake. It may be that additives used in the production of 

D.O.G. Chemie’s factice are contributing in some way, or that the method of synthesis bears more 

reactive sites on the surface of the material, or that the canola oil or vegetable oil cross-linker also 

binds to mercury. Testing elemental mercury, 1.0 g polysulfide from recycled cooking oil (0.50 g total 

sulfur content) was mixed with a magnetic stirrer with 171 mg Hg0 in 10 mL DI water for 24 hours. 

116 mg mercury was removed by the polysulfide, 55 mg remained. Fryer oil polysulfide is capable 

of binding mercury as with pristine canola oil polysulfide. Interestingly factice and fryer oil polysulfide 

removed the same mass of elemental mercury, containing the same total mass of sulfur, despite the 

previous observation that this wasn’t a trend for mercury chloride. 
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Figure 3.3 | Mercury chloride removal efficiency of multiple materials over multiple experiments. In each case 

material was incubated in 5 mL of a 20 mg mL-1 aqueous solution for 24 hours. Left: Percentage of HgCl2 

sequestered increases as mass of canola oil polysulfide (non-porous) increases, a log curve is fitted to 

demonstrate the trend. Recycled canola oil polysulfide is less efficient at the same mass as canola oil 

polysulfide, factice is more efficient. Powdered sulfur alone is far less efficient at HgCl2 removal than the 

polysulfides. Right: The same graph normalised to the mass of sulfur present in each sorbent. For canola and 

recycled oil polysulfides this is 50 % but varies with factice grade. Higher masses of lower grade factice 

removed more mercury from solution, indicating there is more influencing uptake than the percentage of sulfur 

incorporated. 

Sulfur polymers are not wholly unique in their chromogenic response to mercury, this appears to be 

a feature inherited from the large amount of sulfur present within them. In mixing (1,500 rpm with a 

magnetic stirrer bar) powdered sulfur with a bead of elemental mercury in water, the sulfur turned 

from yellow to grey, much like canola oil polysulfide in the presence of inorganic mercury. 

Interestingly, when the experiment was repeated with crystalline sulfur (formed by the melting and 

then rapid cooling of powdered orthorhombic sulfur), the sulfur turned from yellow to black. Binding 

of mercury by sulfur is a known phenomenon but is subject to several disadvantages that prompted 

us to take this investigation further. Firstly, there is the mechanical aspect of using sulfur as a filter. 

Powdered sulfur is generally too fine to pack, which would result in clogging for any flowthrough 

process, and crystallised sulfur is very brittle, breaking easily under pressure. Polymeric sulfur too 

also has its own disadvantages, mainly in that it is unstable and breaks back down to S8 and so has 

little use as a reliable, long-term device. Sulfur alone is also inefficient at binding inorganic mercury 

without significant heat and/or pressure applied, demonstrated in Fig. 3.3. Inverse vulcanisation 

offers an alternative method of polymerising sulfur that could address these shortcomings.  
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Figure 3.4 | a-b. Powdered sulfur and elemental mercury before (a) and after (b) mixing in water for 24 hours; 

c-d. Crystal sulfur and elemental mercury before (a) and after (b) mixing in water for 24 hours. 

Environmental mercury 
The most arduous form of mercury to remediate is that bound to natural organic matter (Hg-NOM). 

We did not have the facilities available locally to test the polysulfide’s efficacy in this regard, but 

through a collaboration with Oak Ridge National Laboratory we were able to export samples to test. 

Suwannee River aquatic natural organic matter (SR-NOM), a standard reference material was mixed 

with Hg(NO3)2 to prepare Hg-NOM complexes with a molar mercury-carbon ratio of 1.8×10-5 in 

10 mM pH 7.8 sodium phosphate buffer. 30 mL dilutions of this solution to a series of concentrations 

from 0.2 to 7.7 µg L-1 Hg-NOM were each added to 100 mg polysulfide in 40 mL amber borosilicate 

glass vials and mixed for 48 hours on a rotary shaker. Three variations of the polysulfide were tested: 

non-porous canola oil polysulfide, porous polysulfide, and partially reduced porous polysulfide. 

Solutions of Hg(NO3)2 were also prepared as a NOM-free control. Hg-NOM adsorbed by the 

polysulfide was plotted against the equilibrium concentration of each experiment to determine 

correlation. A non-linear relationship was observed, and a Langmuir isotherm determined as a good 

fit to describe the data. For the Hg(NO3)2 -only control, a linear correlation was observed and plotted 

in each case. A simpler method of quickly determining the comparable efficiency of the polysulfides 

in adsorbing Hg-NOM can be determined by expressing the results as the percentage of sorbate 

removed at a given concentration. At the lowest initial concentration of 0.2 µg L-1 Hg 

(1/300 sorbent/solution ratio), non-porous polysulfide had a 36 % removal efficiency, porous 

polysulfide: 79 %, and the partially reduced porous polysulfide: 81 %. The lower end of the Hg-NOM 

concentrations tested better represents a real-world contamination scenario and so provides the 

most relevant point of comparison. From the Langmuir plots we can read for the non-porous, porous, 

and partially reduced polysulfides equilibrium constants of 1.35, 0.46 and 1.29 L µg-1, and sorption 

capacities of 0.21, 1.11 and 0.44 µg g-1 respectively. This demonstrates, over the full range of 

concentrations tested, more rapid uptake of Hg-NOM by the non-porous and surface treated 

polysulfide, but a greater capacity for Hg-NOM adsorption by the marginally slower porous 

polysulfide. Overall a very promising result for a notoriously challenging contaminant. 
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In an experiment also undertaken at Oak Ridge National Laboratory, sulfate release into water by 

canola oil polysulfide was measured. Sulfate-reducing bacteria have been linked to mercury 

methylation in marine environments and so the formation of from sulfur polymers has the potential 

to feed into methyl mercury synthesis3. During the previously described batch sorption experiment, 

final Hg-NOM and Hg(NO3)2 solutions were also tested for the presence of sulfate ions by ion 

chromatography. It was discovered that sulfates were present in the Hg-NOM solutions, with a linear 

relationship between the initial concentration of mercury with the concentration of sulfate. In the 

samples containing no NOM however, sulfate concentrations were negligible (<100 µg per g 

polysulfide). We can conclude that the sulfate present is derived almost entirely from those naturally 

occurring in the NOM and that the polysulfide (porous or partially reduced porous) does not 

significantly contribute to the sulfate present. 

After our limonene polysulfide paper was published, our lab was contacted by many people 

concerned with and looking for solutions to mercury pollution. Many were individuals concerned with 

high levels of bioaccumulated mercury in the fish they were eating, an issue perhaps best tackled at 

the source of pollution rather than by the end user. Among them though were environmental 

agencies, included the United Nations Environment Programme, keen to assess the feasibility of 

mercury-binding sulfur polymers in an industry we hadn’t been made aware of before: Artisanal and 

small-scale gold mining (ASGM). An overview is given in chapter 1 but in short, ASGM accounts for 

approximately 25 % of the worlds gold and occurs throughout South America, Africa and South-East 

Asia. In the process, mercury is used intentionally to remove gold from ore and then volatised by 

hand to recover the gold. There are two key waste streams of mercury that result from this process. 

The first is mercury vapour released in gold recovery. The second is mercury lost among waste ore 

and loam deposited in rivers, polluting drinking and irrigation water. To tackle the first issue, canola 

oil polysulfide would need to be able to capture mercury from the air. In a collaboration with RMIT in 

Melbourne, 300 mg porous canola oil polysulfide was loaded into a fixed bed-reactor and mercury 

vapour at 586.4 μg Nm-3 (N2 carrier gas) flowed through at 0.1 L min-1. Residence time under these 

parameters was 0.24 seconds, a demanding test of the polysulfide’s capability. Reactor temperature 

was increased in increments of 25 °C from 25 °C to 100 °C for a total of four tests. In all tests the 

polysulfide captured a portion of the mercury passed through the reactor, but it was most efficient in 

doing so at 75 °C, removing 66.5 %. Sequestered mercury was determined by cold vapour atomic 

fluorescence spectroscopy of mercury captured in traps at the end of the flow channel. A negligible 

amount (<<1%) was oxidised to mercury(II), most trapped was mercury(0). Not all mercury vapour 

was captured during the experiment, but for such a short residence time this was a very promising 

result that we can take forward into developing air filters using sulfur polymers.  

Tackling the second source of environmental mercury pollution from ASGM first required us to 

determine the nature of the mercury lost—mercury flour is the term used for unreacted mercury that 

remains trapped in fine loam after the amalgamation process that floats along the top of waste water 
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outlets to settle on banks down-river or pollute waterways. A bead of mercury was dropped into a 

sample fine loam sourced from the author’s garden and mixed in a centrifuge tube on an 

end-over-end mixer for 24 hours. After this time there were no visible traces of mercury remaining, 

the loam looked indistinguishable from a sample that had not been subjected to mercury. SEM/EDX 

analysis revealed the mercury to be present as microbeads, coated in fine soil particles inhibiting 

aggregation. It is in this state, induced by mixing in trommels with earth and ore that mercury is lost 

in waste streams. Not only is this damaging to the health of those in the area but also represents a 

substantial loss of an expensive commodity miners could otherwise be feeding back into the 

amalgamation process. In a test to determine the efficacy of canola oil polysulfide in capturing this 

type of mercury, 5.0 g of the soil previously spiked with mercury and mixed to simulate mercury flour 

was further mixed for 24 hours in a 50 mL centrifuge tube with 5.0 g canola oil polysulfide of a 

controlled particle range of over 2.5 mm and under 5.0 mm. After this time the whole mixture had 

turned black. Polysulfide particles were simple to isolate with the use of a 2.5 mm mesh sieve, all of 

which had turned from brown to black during mixing, indicating binding of mercury and the formation 

of metacinnabar. The polysulfide itself was not all that appeared black though, the abrasion of the 

mixing process seemed to have powdered enough of the reacted polysulfide and dispersed it 

throughout the soil that it all appeared to be black. SEM/EDX analysis revealed that microbeads of 

mercury still remained in the mercury flour sample after treatment with polysulfide, and so despite 

the colour change indicating a reaction between mercury and the polysulfide, under the conditions 

tested not all had been removed.  
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Figure 3.5 | a. Fine loam; b. Fine loam after 24 hours in an end-over-end mixer with elemental mercury, the 

mercury is no longer visible; c. Hg0-treated loam after 24 hours in an end-over-end mixer with canola oil 

polysulfide, the bulk of the loam has changed colour from brown to black; d-e. Canola oil polysulfide particles 

2.5 – 5.0 mm in diameter before (d) and after (e) mixing with Hg0-treated loam, the polysulfide has changed 

colour from brown to black, indicating Hg uptake and HgS formation; f-h. SEM image of a concealed 

microparticle of mercury after 24 hours mixing with soil. Elemental analysis by EDX confirms the sphere to be 

mercury (h) and the flakes coating it to be aluminium and silicon oxides present in the soil (g). 

Methoxyethyl mercury chloride (MEMC) is an organomercury compound used as a fungicide to 

prevent pineapple disease on sugar cane crops here in Australia. A ChemWatch Review MSDS 

provided by the US Environmental Protection Agency assigns the chemical a Hazard Alert Code of 

4, the highest possible, assigning corrosive, toxic, health and environmental hazard GSH labels. 

MEMC is described as toxic if swallowed, and fatal in contact with skin or if inhaled with an LD50 of 

22 mg kg-1 in rats via ingestion. The manufacturer’s safety data sheet4 and directions for use5 do not 

fail to mention this information, but their handling instructions are alarming in that it instructs the user 

to “dispose of the discarded dip and spray solutions by combining with sand/soil mixture and bury 

under 500 mm of soil away from water sources and homes” and to “not contaminate streams, rivers 

or waterways with the chemical or used containers”. Our primary concern, and that of the National 

Environmental Science Program’s, the organisation that approached us about the use of MEMC in 

Australia, was the fate of this mercury being sprayed on crops along the Queensland coast. Given 

the molecule’s hydrophilicity, irrigation was quite likely to dilute and carry it away into local 

waterways, and so our first thought was to develop canola oil polysulfide as a filter for irrigation 
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water. In a first test, to see if our polysulfide was capable of sequestering the organomercury 

compound, a solution of aqueous MEMC as store-bought commercial fungicide was diluted down 

from 120 g L-1 to the recommended operating concentration of 0.15 g L-1 in milliQ water. 10 mL of 

this solution was incubated in a 50 mL centrifuge tube with 2.0 g porous polysulfide without agitation 

for 24 hours. The incubation was prepared in triplicate. After this time the solution’s prominent clear 

pink colour had reduced in intensity, and ICP-MS analysis revealed a drop in concentration from 

0.149 ± 0.008 g L-1 to 0.03 ± 0.00007 g L-1, a 98% reduction in mercury. Not only did our polysulfide 

sequester MEMC from a commercial formulation, but even in this initial test it removed a significant 

amount. This was a useful first step in confirming this, but the greater challenge would be to adapt 

the polymer to a continuous filtration process where irrigation water is flowed through directly, rather 

than collected for treatment.  
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Figure 3.6 | a-c. Concentration of mercury remaining in a solution of MEMC prepared to working concentration 

before (b) and after treatment with canola oil polysulfide (c). Either the compound is coloured or commercial 

MEMC contains a coloured compound, either way a decrease in colour intensity accompanies a decrease in 

MEMC concentration; d-h. Concentration of mercury remaining in a solution of MEMC prepared to working 

concentration after passing through syringe filters packed with soil (d), canola oil polysulfide mixed with soil 

(e), soil layered on canola oil polysulfide (f) and polysulfide only (g). 

10 mL syringe columns were prepared containing 3.0 g porous canola oil polysulfide. We were also 

interested to see how soil might interact with MEMC solution, and so syringe columns were prepared 

containing 3.0 g of soil, a mixture of 1.5 g soil and 1.5 g polysulfide representing polymer 

administered to soil, and layered variant with 1.5 g soil atop 1.5 g polysulfide separated with cotton 

wool, representing a barrier of polysulfide in soil. 3 mL MEMC at operating concentration was added 

to the top of the column by pipette, and the plunger carefully re-inserted with gentle pressure to elute 

the solution over approximately 2.5 minutes. Eluted solutions were prepared for ICP-MS analysis to 

determine remaining mercury content. The column containing soil alone reduced the mercury 
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present from 0.149 to 0.080 g L-1, a 46 % reduction where porous polysulfide of the same mass 

reduced the concentration to 0.40 g L-1, 73 % less. The mixed samples gave interesting results: The 

layered sample saw a reduction of 75 % mercury, marginally better than just polysulfide alone, and 

the mixed sample only removed 66 %. Though soil itself was capable of retaining MEMC, this 

difference can likely be attributed to the aqueous solution taking the preferred path through the soil, 

avoiding the hydrophobic polysulfide to an extent. We have determined with this experiment that soil 

alone is capable of removing nearly half of the mercury from an operating solution of MEMC at a 

ratio of 1 mL g-1 with a residence time of under 3 minutes. How long this mercury remains bound we 

do not know, whether it becomes bound to natural organic matter or is washed away with subsequent 

irrigations to become lost to waterways. Either way it is clear that the use of MEMC is introducing 

mercury to the environment and the use of absorbent materials to minimise the run-off is far less 

preferable to the alternative of simply not introducing the mercury in the first place. 
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Abstract: Mercury pollution threatens the environment and

human health across the globe. This neurotoxic substance is
encountered in artisanal gold mining, coal combustion, oil

and gas refining, waste incineration, chloralkali plant opera-

tion, metallurgy, and areas of agriculture in which mercury-
rich fungicides are used. Thousands of tonnes of mercury

are emitted annually through these activities. With the Mina-
mata Convention on Mercury entering force this year, in-

creasing regulation of mercury pollution is imminent. It is
therefore critical to provide inexpensive and scalable mercu-

ry sorbents. The research herein addresses this need by in-

troducing low-cost mercury sorbents made solely from
sulfur and unsaturated cooking oils. A porous version of the

polymer was prepared by simply synthesising the polymer

in the presence of a sodium chloride porogen. The resulting
material is a rubber that captures liquid mercury metal, mer-

cury vapour, inorganic mercury bound to organic matter,

and highly toxic alkylmercury compounds. Mercury removal
from air, water and soil was demonstrated. Because sulfur is

a by-product of petroleum refining and spent cooking oils
from the food industry are suitable starting materials, these

mercury-capturing polymers can be synthesised entirely
from waste and supplied on multi-kilogram scales. This

study is therefore an advance in waste valorisation and envi-

ronmental chemistry.
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Introduction

Mercury pollution threatens the health and safety of millions
of humans across the globe.[1] This neurotoxic metal is encoun-

tered in many industrial activities including coal combustion,
oil and natural gas refining, waste incineration, chloralkali plant

operation and waste discharge, and various metallurgic pro-
cesses.[2] Mercury is used intentionally in artisanal and small-

scale gold mining (ASGM)[1a] and in agricultural practices that
still rely on fungicides that contain highly toxic alkylmercury
derivatives.[3] ASGM is especially problematic, with widespread

and increasing incidence in developing nations due to rising
gold prices.[4] In this practice, liquid mercury is mixed with

crushed ore in order to extract gold as an amalgam. The amal-
gam is then isolated by hand and then heated with a torch to

vaporise the mercury and separate it from the gold.[5] About

12–15 % of the world’s gold is generated in this way through
the efforts of approximately 15 million miners, many of whom

are children.[4a] It is estimated that, each year, up to
1400 tonnes of mercury are released to land and water due to

ASGM alone,[4a] with devastating effects on the health of
miners and children in these communities.[6] Because mercury

pollution from ASGM occurs primarily in low-income nations,

cost-effective and technologically simple methods for remedia-
tion are urgently needed. These crises have been highlighted

in news reports in recent years,[7] and at least one national
emergency has been declared in response to mercury pollu-

tion due to gold mining.[7d]

Increasing regulation of mercury emissions is on the horizon,

with the Minamata Convention entering full force this year.[8]

In order to comply with these regulations, it is imperative that
versatile and inexpensive mercury sorbents be introduced.[2a, 9]

Additionally, sorbents that can be deployed across large geo-
graphic areas are important in remediation efforts associated

with practices such as ASGM that may result in the contamina-
tion of thousands of acres of land.[7d] Currently, high per-

formance activated carbons and silver impregnated zeolites

are widely used as mercury sorbents in the petroleum and
waste sectors.[2b] While these sorbents are effective in continu-

ous industrial processes, the cost is still too-often prohibitive in
non-commercial efforts to remediate contaminated ecosystems

of large area.[9, 10] Additionally, activated carbon is highly flam-
mable[11] and often requires an oxidant additive (e.g. immobi-

lised sulfur, bromine, or chlorine) to convert mercury metal to
an immobilised mercury(II).[12] And while the investigation of
economical sorbents such as used vehicle tires,[13] clays,[14] and

various forms of biomass[14] is encouraging, these materials act
primarily as a ligands for Hg2 + . A general sorbent for mercury

must accommodate the many forms commonly encountered
in remediation including liquid mercury metal, matrix-bound

mercury metal, mercury vapour, organomercury compounds

and inorganic mercury complexed to organic ligands such as
humic matter.[2a, 9] In an effort to address these problems, we

herein introduce sulfur polymers, made through the co-poly-
merisation of sulfur and cooking oils (including waste cooking

oils), that capture diverse forms of mercury pollution in air,
water and soil.

Elemental sulfur is a readily available and inexpensive mate-
rial produced in excess of 50 million tonnes each year as a by-

product of petroleum refining.[15] Elemental sulfur can capture
and stabilise mercury,[16] but it suffers from several chemical

and physical limitations that make it inconvenient to use di-
rectly in remediation. For example, elemental sulfur is flamma-

ble with a low ignition temperature (190 8C), it readily sub-
limes, it is prone to caking and increases hydraulic resistance

during filtration, it does not wet and mix well in batch process-

ing of waste fluids, and it is difficult to prepare as durable par-
ticles of a desired size.[15a, 17] Furthermore, sulfur may decom-
pose in the environment to sulfate, which can increase the
abundance of sulfate-reducing bacteria that are the primary

producers of the highly toxic methylmercury in soils and sedi-
ments.[18] There is therefore an interest to discover new forms

of sulfur that benefit from the high affinity of this chalcogen

for mercury, but do not suffer from the limitations of elemental
sulfur noted here.

Recently, the synthesis of polysulfides by inverse vulcanisa-
tion[19] has ushered in a new class of materials with high sulfur

content. Pioneered by Pyun, Char, and co-workers,[19, 20] this
process involves melting elemental sulfur and then heating it

above its floor temperature of 159 8C. Thermal homolysis of S@
S bonds in S8 leads to radical ring-opening polymerisation.[17, 19]

Subsequent trapping of the thiyl radical end groups of the

sulfur polymers with a polyene provides a cross-linked polysul-
fide.[19] The polymers formed by inverse vulcanisation have

been explored in a variety of contexts due to their interesting
optical, electrochemical and self-healing properties.[20, 21] Our

laboratory recently introduced a polysulfide prepared by the

inverse vulcanisation of the renewable plant oil limonene, and
explored its use in the remediation and sensing of Hg2 + in

water.[22] Further studies lead by Hasell[23] and Theato[24] re-
vealed effective ways to increase the surface area of polymers

prepared by inverse vulcanisation (by foaming or electrospin-
ning, respectively) in order to increase performance in Hg2 +

capture. While these studies motivate deployment of polysul-

fides for mercury remediation, the cost, scalability, and ease of
use are issues that must be addressed before uptake is feasi-

ble.[4b] Additionally, these preliminary reports[22–24] only studied
the purification of water containing inorganic HgCl2, so it is
not yet established whether these sulfur polymers are effective
in capturing mercury metal, inorganic mercury bound to natu-

ral organic matter (Hg-NOM),[25] or organomercury com-
pounds—forms of mercury pollution commonly encountered
in the field. We therefore set out to identify polysulfides made

from feedstocks that are highly abundant, very inexpensive
and easy to handle, and then tested them on diverse forms of

mercury pollution in air, water and soil.
Unsaturated oils from rapeseed, sunflower, and olive plants

are attractive as chemical building blocks because they are re-
newable and can be produced on all inhabited continents.[26]

The alkene functional groups in these triglycerides also provide

the requisite points for cross-linking during inverse vulcanisa-
tion. It was anticipated that the Z stereochemistry of these al-

kenes, imparting strain to the olefin, would facilitate rapid re-
action with sulfur radicals produced in inverse vulcanisation
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(Figure 1 a). Historically, the reaction of sulfur and unsaturated
plant oils has been used to make factice and ebonite. Factice

is a gel-like modifier used in the manufacture of various rub-
bers and pencil erasers, typically prepared with up to 25 %

sulfur by weight.[27] Ebonite is a hard and durable building ma-

terial formed by the prolonged heating of sulfur (&30–
50 wt %) with natural rubber, often in the presence of unsatu-

rated additives such as linseed oil.[28] We reasoned that inverse
vulcanisation of unsaturated plant oils would provide a variant

of these materials with very high sulfur content (50 % or more
sulfur by mass). Following similar logic, Theato and co-workers

also explored the inverse vulcanisation of linseed, sunflower,

and olive oils, and used these polymers as cathode materials.[29]

Here we considered that used cooking oils (often comprised of

canola and sunflower oils) could be recycled and employed as
a starting material. Both sulfur and cooking oils are produced

in multi-million tonnes each year, so the large-scale supply of
raw materials would be addressed at the outset.[26, 30] Addition-

ally, the high levels of sulfur in the proposed co-polymer were
anticipated to impart high affinity for various forms of mercury.
Finally, because sulfur is a by-product of petroleum refining[15b]

and used cooking oils are a by-product of the food industry,[31]

there is the intriguing prospect of making a mercury-binding

polymer, in a single, solvent-free step, in which every atom in
the product is derived from industrial waste.[21d]

Results and Discussion

Polymer synthesis

As a starting point, the reaction between sulfur and food
grade canola oil was investigated. In the event, sulfur was first

melted and then heated further to 180 8C to initiate ring-open-
ing polymerisation. An equal mass of canola oil was then

added slowly to maintain an internal temperature of approxi-
mately 180 8C. The reaction was initially two phases, so rapid

stirring was used to ensure efficient mixing (Figure S1). After

10 minutes the mixture appeared to form one phase and
within 20 minutes of total reaction time, a solid brown rubber

formed (Figure 1). Essentially quantitative yields were obtained
and no solvents or exogenous reagents were required in the

synthesis. A similar material was produced using both sunflow-
er and olive oil (Figure S2), though sunflower oil typically

reached its gel point within 10 minutes of total reaction time

at 180 8C. We attributed this difference in time required to
reach the gel point to the variation in unsaturation between

the plant oils. These differences were determined by conver-
sion of the vegetable oils to their fatty acid methyl esters by
treatment with sodium methoxide in methanol (Figure S3).
Analysis of these esters by GC-MS revealed a far higher per-

centage of polyunsaturated linoleic acid in sunflower oil (50 %)
compared to canola oil (14 %) and olive oil (9 %). Oleic acid
was the major fatty acid component in the canola oil and olive
oil triglyceride, making up about 78 % of the fatty acids in
both oils (Figure S4–S5).

Subsequent experiments focused on canola oil because of
its widespread use in the food industry.[26b, 31] The amount of

sulfur that could be incorporated into the polymer was there-

fore investigated (Figure 1 b). At 10 % sulfur by weight, a vis-
cous oil was obtained. From 20 % to 70 % sulfur by weight, a

rubber was obtained. With increasing sulfur content, the prod-
uct became more brittle (Figure S6). The polymer prepared at

50 % sulfur by weight and 50 % canola by weight was selected
for subsequent experiments in mercury binding. At this

Figure 1. A polysulfide rubber with high sulfur content was formed by the reaction of elemental sulfur with canola oil, sunflower oil, or olive oil. (a) General
structure of a plant oil triglyceride (oleic acid is shown here as the major fatty acid component) and the product formed by co-polymerisation with sulfur.
(b) Photograph of the product formed by the reaction of canola oil and sulfur, with varying weight percentages of sulfur. (c) Photographs of the canola oil
polysulfide (50 % sulfur) after passing through sieves.
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composition, substantial sulfur would be available to capture
mercury, and the particles would not be too brittle for use in

applications that require filtration or sieving. This composition
also ensured that a substantial amount of both sulfur and

cooking oil were used to synthesise the polymer—an impor-
tant consideration in waste valorisation.

The inverse vulcanisation reaction using canola oil was easily
scaled to 40 g total polymer without incident. Larger batches

are likely possible, but this scale allowed for relatively uniform

mixing and temperature control. Running these reactions in
parallel batch reactors allowed us to make more than 10 kg of

this polymer to date. To prepare the polymer as particles, the
rubber was milled in a blender to give particles less than

12 mm in diameter. These particles could be further parti-
tioned according to size by passing through sieves (Figure 1 c).
Finally, when waste cooking oil obtained from a local caf8 was

used in the synthesis, there was no substantial difference in
the polymerisation when compared to pure canola oil pur-

chased from a supermarket (Figure S7). In this way, the polysul-
fide polymer was derived entirely from industrial waste.

Polymer characterisation

Reaction of sulfur at the alkenes in the canola oil was consis-
tent with the disappearance of the C=C stretch at 1613 cm@1

and the alkene C@H stretch at 3035 cm@1 in the IR spectrum of
the polymer (Figure S8). While the product had limited solubili-

ty in CDCl3, 1H NMR of the soluble fraction indicated that al-

kenes were consumed in the reaction, though the gel point
was reached before all alkenes were consumed (Figure S9).

The ability of sulfur to react efficiently at the alkene of the
fatty acid esters was also inferred by 1H NMR spectroscopic

analysis of the product formed when the methyl ester derived
from each of the plant oils was treated with sulfur under the

polymerisation conditions (Figure S10). Notably, the products

obtained from the inverse vulcanisation of the fatty acid
methyl esters were viscous oils rather than solid polymers, indi-

cating the key structural role the triglycerides play in cross-link-
ing.

Analysis of the milled polymer by SEM revealed a locally
smooth surface yet a high level of microscale features that im-
parted high surface area (Figure 2 a and Figure S11). The sur-
face was rich in sulfur and carbon, as indicated by elemental
mapping via EDS (Figure S12) and Auger spectroscopy (Fig-

ure 2 b and Figures S13–14) and fully consistent with the sulfur
and canola oil building blocks. The presence of polysulfides
was inferred by confocal Raman microscopy with S@S stretch-
ing detected at 432 and 470 cm@1 (Figure S15).[22, 32] Interesting-

ly, confocal Raman microscopy also revealed domains of very
high sulfur, some of which appeared as sulfur particles embed-

ded in the polymer and on the surface of the polymer (Fig-

ure S16). EDS of these domains also indicated very high levels
of sulfur (Figure S12). No thiols were detected on the surface,

as inferred by the lack of reactivity with thiol-specific Ellman’s
reagent (Figure S17).

Thermal analysis (TGA and DSC) of the canola oil polysulfide
revealed several important properties of the polymer. First,

thermal degradation featured two major mass losses, with the

first onset at 230 8C and the second at 340 8C (Figure 3 a and
Figure S18). The first mass loss was due to decomposition of

polysulfide domains, as increasing sulfur content was correlat-

ed with greater mass loss in the first decomposition at 230 8C
(Figure 3 a). The second mass loss was therefore the thermal

decomposition of the canola oil domain of the polymer. (Ther-
mal analyses of the unmodified cooking oils and elemental
sulfur were also carried out for comparison, Figure S19–S20).
DSC revealed that above 30 % sulfur by mass, there was an en-

dotherm between 100 and 150 8C (Figure 3 b). This transition
was attributed to the melting range of free sulfur. By integrat-
ing each area of these endotherms, an estimate of free sulfur
was made (Figure S20–S23). The polysulfide made from 50 %
canola oil and 50 % sulfur, for instance, was estimated to con-

tain about 9 % free sulfur by mass. The polysulfides made from
60 and 70 % sulfur, in comparison, were estimated to contain

23 % and 38 % free sulfur, respectively. Considered with the
SEM, EDS and Raman data, these results suggested that sulfur
reacted with canola oil up to a composition of 30 % sulfur by

mass. Above this level, the excess sulfur is trapped in the poly-
mer matrix as microparticles. Similar thermal analyses were ob-

served for polysulfides prepared from sunflower oil, olive oil
and used cooking oil (Figures S24–S26). The interpretation of

Figure 2. Surface analysis of the canola oil polysulfide. (a) Scanning electron
microscopy revealed a locally smooth surface and microscale features.
(b) Auger spectroscopic imaging revealed high carbon and sulfur content on
the polymer surface, consistent with the canola oil and sulfur monomers
used in the synthesis. Representative images are shown.
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these results was consistent with the characterisation of relat-

ed polymer composites formed from vegetable oils and sulfur,
as reported by Theato and co-workers.[29]

It was noteworthy that while the IR and Raman spectra of

the canola oil polysulfide and commercial factice were similar
(Figure S27–S28), the TGA profiles were slightly different. For

instance, commercial factice with the highest percentage of
sulfur (25 %) had a higher onset of degradation of the sulfur

domain (280 8C) compared to the polysulfide prepared by in-
verse vulcanisation (230 8C) (Figure S29–S30). We therefore

wondered if there was a difference in the material formed by

inverse vulcanisation (where canola oil is added to a sulfur pre-
polymer at 180 8C) and classic vulcanisation (where sulfur is

added portionwise to canola oil at 180 8C—a method of factice
production). Executing both protocols with equal masses of

canola oil and sulfur on a 40 g reaction scale provided essen-
tially the same rubber material, as indicated by physical ap-

pearance, TGA and DSC (Figure S31). Only a very minor differ-

ence in endotherm of free sulfur was observed (Figure S32).
Therefore, the order of addition of the sulfur and canola oil did

not appear to make a major difference in the product obtained
on this time scale and temperature. We suspect that the reac-
tion mixture equilibrated to a similar composition of sulfur and
polysulfide polymers in both reactions before reaching the gel
point. With that said, there may be subtle differences in the

products of inverse and classic vulcanisation (such as the
number and length of sulfur chains), that are not revealed by
the TGA and DSC experiments.

Dynamic mechanical analysis (DMA, Figure S33) was carried
out at variable temperature to estimate the glass transition
temperature (Tg) of the canola oil polysulfide. To accomplish

this, the polymer was synthesised as previously described,

except a beaker was used as the reaction vessel. After the syn-
thesis, the rubber was carefully cut into a bar (1.4 cm V

0.8 cm V 0.2 cm) suitable for DMA. Subsequent DMA analysis
revealed the peak of the tangent delta (Tt), an estimate of the

Tg, at @9 8C. Independently, a Tg, of @12.2 8C was inferred by
DSC (Figure S34).

Mercury capture from water

Because the polysulfide surfaces were rich in sulfur, affinity for

mercury was anticipated. Indeed inorganic polysulfides have

been explored to some extent for mercury capture in water,
though these materials have limited shelf-life and need to be

prepared as needed.[33] Before the canola oil polysulfide was
tested, the polymer was briefly washed with aqueous NaOH

(0.1 m) to ensure no small molecule thiols such as trace H2S
were present that might confound the mercury binding experi-

ments. This control measure was taken in light of a report by

Char, Pyun and co-workers that H2S may be produced during
some inverse vulcanisation reactions.[34] After washing further

with water and drying in air, the polymer was then tested for
mercury binding. In an initial test, 2.0 g of the canola oil poly-

sulfide (50 % sulfur by weight) was simply incubated, without
stirring, in a 5.0 mL aqueous solution of HgCl2 (3.5 ppm in
Hg2 +). After 24 hours, the polymer was removed by filtration

and the concentration of mercury in the water was quantified
by ICP-MS. Typically 90 % of the soluble mercury was captured
after this single treatment, with the treated water containing
0.35:0.1 ppm Hg2 + (the average of triplicate experiments). At

higher concentrations of HgCl2, the polymer performed similar-
ly, with a single treatment of 8.0 g of the polysulfide removing

91 % of Hg2+ from a 5.0 mL sample of 74 mm HgCl2 after

24 hours (Figures S35–S37). Surprisingly, the polysulfide
changed colour in this experiment, from brown to grey (Fig-

ure 4 a). This result suggested that the polysulfide might self-
indicate when bound to a specific amount of Hg2 + . Because

this chromogenic response was only obvious above 5 mm
HgCl2, it is unlikely to be useful in sensing low levels of Hg2 + .

However, it might be useful in monitoring the lifetime of a

filter or other remediation device containing the polymer,
where the colour change is observable after binding sufficient

mercury.
After washing the Hg2 +-treated polymer extensively with

water, SEM and EDS analysis of the surface indicated the pres-
ence of mercury-rich nanoparticles (Figure S38–S39)—a result

Figure 3. Thermal analysis of the canola oil polysulfide. (a) Thermogravimetric analysis (TGA) of the canola oil polysulfide prepared by inverse vulcanisation at
30, 50, and 70 % sulfur by mass. (b) Differential scanning calorimetry (DSC) of the canola oil polysulfide between 100 and 125 8C revealed that when more
than 30 % sulfur was used in the synthesis, free sulfur was detected. For full thermal analysis of the polymers, including comparison to unreacted vegetable
oils and elemental sulfur, see pages S24–S31.
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consistent with our previous studies on the interaction of Hg2 +

with polysulfides.[22] It was also encouraging to note that the
mercury was strongly bound to the polymer and minimal

leaching was observed when the polymer-bound mercury was
incubated in pure water. For example, after 1.0 g of the poly-

sulfide captured 79 mg of HgCl2, the polymer was transferred
to a 10 mL sample of milliQ-purified water and incubated for

24 hours. The concentration of mercury in the water was mea-

sured by ICP-MS to be 0.57 ppb, a level that is within regulato-
ry limits for drinking water (Figure S40).[35] Because Hg2 + is

highly soluble in water, these low levels of leaching are a testa-
ment to the high affinity of the polymer to inorganic mercury.

The most prevalent form of mercury encountered in ASGM
is mercury metal. It was therefore critical to assess how the

polysulfides interacted with liquid mercury. In the first instance,

1.00 g of the canola oil polysulfide (50 % sulfur by weight) was
added to a vial of water containing 100 mg of elemental mer-

cury. The three-phase mixture was stirred vigorously at room
temperature. After 4 hours, no mercury was visible and the

polymer had undergone a dramatic colour change from brown
to black (Figure 4 a and Figure S41). After 24 hours of total

treatment, the polymer was isolated by filtration, washed thor-

oughly with water and then dried to a constant mass of
1.099 g. By mass balance, this result indicated that 99 % of the

mercury metal was captured by the polymer. EDS imaging (Fig-
ure 4 b and Figure S42) confirmed the surface of the polymer

to be rich in mercury, as did Auger and XPS spectroscopic anal-
ysis (Figures S43–S44).

Characterisation by XRD revealed that the major product

was metacinnabar, a form of mercury sulfide (Figure S45). Im-
portantly, because metacinnabar is non-toxic and insoluble in

water, it has been proposed as a form in which mercury could
be immobilised safely.[16, 36] Additionally, the oxidation of mer-

cury metal to metacinnabar provides an essentially non-volatile
form of mercury, thereby lowering the risk of inhalation and

transmission of the pollution through air.[16] Gratifyingly, the

polysulfide prepared from used cooking oil behaved similarly
in the capture of mercury metal, so there is no requirement to

use pristine vegetable oils in the polysulfide synthesis (Fig-
ure S46).

It is important to note that the mechanism of mercury metal
capture was distinct from that of HgCl2. In the case of liquid

mercury metal (Hg0), the metal was oxidised by the polysulfide.

The oxidant (S@S) could be derived either from free sulfur em-
bedded in the polymer or the polysulfide cross-links, as the

amount of total mercury captured was correlated with total
sulfur content (Figure S46). Because of this, factice containing

as little as 1 % free sulfur by mass was also effective in captur-
ing mercury metal, though a higher mass of total factice was

required because of its lower total sulfur content (17 % total

sulfur, Figure S46). For Hg2 + , the sulfur of the polysulfide acted
as a ligand to sequester the salt. In both cases, the final oxida-

tion state of the mercury bound to the polysulfide was mercu-
ry(II). This result was consistent with XPS analysis in which the

4 f photoelectron peak after capture of either HgCl2 or Hg0 had
a binding energy consistent with that of a mercury(II) sulfide

(Figure S44). At the same time, the structure of the mercury(II)

product was different, as the HgCl2 presented as surface-
bound nanoparticles and the mercury metal was converted to

metacinnabar. The greater sensitivity in the chromogenic re-
sponse for mercury metal perhaps owed its origins to this

structural difference. For instance, when 20 g of the polysulfide
was exposed to 72 mg of mercury metal, the entire surface

polymer sample appeared black (Figure S47). This result en-

courages future exploration of the canola oil polysulfide as a
sensor for metallic mercury.

Mercury capture from soil

Arguably the most challenging pollution to remedy in ASGM

communities is mercury-contaminated soil. When mercury
metal is mixed with ore to form gold amalgams, the mercury is
dispersed as microbeads that are covered with particles of soil
and other debris. This soil-bound mercury does not coalesce
and, despite the high density of mercury, it can float on water.

This so-called “mercury flour” can be carried by waterways and
threaten the environment and human health beyond the loca-

tion of the mine.[5a] A simple and cost-effective method for

treating floured mercury is currently an outstanding problem
for ASGM communities.[5] We therefore turned to mercury-con-

taminated soil and studied how the canola oil polysulfide
might be used in its remediation.

We first prepared mercury flour by using an end-over-end
mixer to mill liquid mercury (200 mg) and 5 g fine loam

Figure 4. Mercury capture from water. (a) The canola oil polysulfide was effective in capturing both Hg2 + and Hg0 from water. The polymer changes colour to
grey when it binds to Hg2 + and to black when it reacts with liquid Hg0. (b) EDS analysis confirmed mercury was bound to the surface of the polymer.
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comprised of soil particles less than 0.5 mm. While the charac-
teristic silver coloured mercury was visible to the naked eye at

the start of the mixing, it gradually dispersed into the soil as
very fine beads over the course of several hours. After

24 hours, the mercury-soil mixture was indistinguishable from
the untreated soil (Figure S48). The floured mercury was ana-

lysed by SEM and EDS (Figure S49–S51), revealing microscale
beads of mercury, with smaller soil particles adhered to the

surface (Figure S50–S51). Figure 5 a shows a representative

mercury bead, about 50 mm in diameter. To determine if the
canola oil polysulfide could capture this floured mercury, the

soil (5.0 g) was then treated with the canola oil polysulfide
(5.0 g) containing 50 % sulfur by weight. Polymer particles of

2.5–5.0 mm were used so that they could be separated from

the soil using a sieve. The solid mixture was milled using an
end-over-end mixer. After 24 hours of treatment the polymer

had clearly turned black (Figure 5 b), as observed in previous
reactions with mercury metal. Separating the polymer from

the soil using a sieve allowed analysis by EDS that verified mer-
cury bound to the polymer (Figure S52–S53). Notably, the abili-

ty to isolate the polymer particles from soil provided a distinct

advantage of the canola oil polysulfide over elemental sulfur.
Additionally, while the amount of milling time and mass of

polymer required for full remediation will need to be opti-
mised for each type of soil and sediment, this initial demon-

stration of mercury removal from contaminated soil was an en-
couraging advance in dealing with mercury flour.

Toxicity studies and prospects for in situ mercury remedia-
tion

In any remediation effort, the lifetime of the mercury-binding

material must be considered. Because of our interest in mercu-
ry pollution relevant to ASGM, we realised that the limited re-

sources in these regions might prohibit separation of the poly-
mer from soil and tailings post-treatment. Furthermore, areas

of contaminated soil can span several thousand acres,[7d] so

complicated remediation protocols are simply not practical.
We therefore considered whether in situ remediation or immo-
bilisation would be appropriate—a practice where the polymer
would be milled into the contaminated area and left in the en-
vironment after treatment.[9] Decreased mobility of mercury
and low-toxicity would be required for this to be a viable strat-

egy. The formation of metacinnabar in the reaction of mercury

metal with the polymer was therefore encouraging, given its
low propensity for leaching and low toxicity.[16, 36] These proper-

ties notwithstanding, we thought it would be useful to carry
out our own assessment of toxicity of the polymer and the

polymer-bound mercury.
To assess toxicity, HepG2 and Huh7 human liver cells were

cultured in the presence of both the unmodified canola oil

polysulfide and the mercury treated polysulfide. In these ex-
periments, the polymer samples were added to the permeable

insert of Transwell cell culture plates. The insert effectively
acted like a “teabag” where any mercury or other toxic materi-

als leached into the growth media would be available to the
cells (Figure 6 a). There was no difference in cell viability be-

tween the untreated cells and the cells treated with polymer,

so the canola polysulfide itself exhibited no cytotoxicity in this
assay (Figure S54). More impressively, neither the polysulfide

used to capture HgCl2 nor the polysulfide used to capture mer-
cury metal exhibited cytotoxicity in this experiment, as mea-

sured by cell viability (Figure 6 b–c and Figure S55). The poly-
mer used to capture mercury chloride contained 2.2 mg of

mercury per gram of polymer. The polymer used to capture

mercury metal contained 79 mg of mercury per gram of poly-
mer. Neither sample leached sufficient mercury to affect liver

cell viability when 37.5 mg of polymer was added to the
300 mL well in the culture medium. In contrast, the addition of

an aqueous solution of mercury chloride to the cells, in the ab-
sence of polymer, resulted in rapid cell death with and IC50 of

34 and 40 mm for Huh7 and HepG2 cells, respectively (Fig-
ure S56). For the polymer bearing captured mercury chloride, if
all mercury were released into the growth medium, the con-

centration of mercury would be 1 mm Hg2 + , more than 30
times the measured IC50 for HgCl2. For the polymer that oxi-

dised and captured mercury metal, if all of this mercury were
released into the growth medium, the concentration of mercu-

ry would be approximately 50 mm. Therefore, both mercury

chloride and the oxidised mercury metal adhered to the poly-
mer and were non-toxic to the cells.

These results encourage consideration of the canola oil poly-
sulfide as a material for in situ remediation where the polymer

is mixed into mine tailings and contaminated soil to capture
mercury and render it far less toxic, less volatile, and insoluble

Figure 5. Remediation of simulated mercury flour. (a) SEM analysis of mercu-
ry flour showing a microbead of elemental mercury with soil particles
bound to the surface. (b) Milling the simulated mercury flour with the
canola oil polysulfide led to capture of the mercury. The polymer particles,
bound to mercury, could be separated from the soil with sieves.
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in water. We propose, in the first instance, that the product of
this process could be left at the site of contamination. While

ultimately mercury will need to be phased out in ASGM prac-

tice, and it is ideal to remove all mercury from the site of con-
tamination, in situ remediation using the canola oil polysulfide

is a relatively simple measure to address the extensive mercury
pollution these communities face in the short-term.

Synthesis of a porous canola oil polysulfide

The reaction of elemental mercury with the canola oil polysul-
fide was relatively slow, taking several hours in the experi-

ments described in Figure 4 and Figure 5. For mercury vapour
capture after coal combustion or during oil and natural gas re-

fining, the process must be very rapid and continuous. We rea-
soned that increasing the surface area of the canola oil poly-
sulfide would help the rate of mercury binding and reaction

by increasing the amount of available sulfur. A porous version
of the polysulfide was therefore prepared by synthesising the

polymer in the presence of a sodium chloride porogen—a
tactic inspired by a salt templating protocol recently reported

by Hasell.[37] In the synthesis, sulfur and canola oil were reacted
directly as before and then sodium chloride (previously ground

in a mortar and pestle) was added slowly to the reaction mix-

ture. After reaching the gel point, the polymer–salt mixture
was removed from the reaction vessel and milled into particles

approximately 0.1–1.0 cm in diameter (Figure S57). These parti-
cles were then washed twice in water to leach the sodium

chloride from the polymer. The resulting polymer—obtained in
quantitative yield—was sponge-like and contained micron-

scale pores and channels, as revealed by SEM analysis (Figure 7

and Figure S58). During the optimisation of this protocol, it
was found that a large excess of sodium chloride was required

(70 % of the total mass of the reaction mixture was sodium
chloride). If less sodium chloride were used, substantial
amounts of salt particles remain trapped in the polymer
matrix. At the higher levels of sodium chloride, >99 % of the
porogen can be leached from the polymer. The Raman spec-
trum (Figure S59) of the porous polysulfide was similar to the

non-porous polymer, as was the thermal stability and Tg

(@12.9 8C) (see TGA and DSC analysis, Figure S60–S61). 1H NMR
analysis of the CDCl3 soluble fraction of the polymer was also

similar to the non-porous variant (Figure S62). One notable dif-
ference in the porous polysulfide was absence of sulfur micro-

particles that were prominent in the non-porous version.
Though free sulfur was detected in the DSC analysis of the

Figure 6. Toxicity assays of polysulfide after capturing mercury chloride or
mercury metal. Cell viability was assessed using the CellTiter-Blue Cell Viabili-
ty Assay, and values obtained for cells exposed to mercury-treated polymers
were compared to values obtained for untreated polymers. (a) Cells were
seeded in a 24-well plate and the polymers were added to the bottom of a
Transwell insert, submerged in the cell culture medium. (b) Cytotoxicity anal-
ysis for the mercury chloride-treated polymer, in Huh7 and HepG2 cells. The
polymer treated with HgCl2 contained 2.2 mg HgCl2 per gram of polymer.
(c) Cytotoxicity for the elemental mercury-treated polymer, in Huh7 and
HepG2 cells. The polymer treated with Hg0 contained 79 mg mercury per
gram of polymer. Bars represent average of biological triplicates, and error
bars represent standard error of the mean. “Dose 1”: 3.75 mg polymer/
300 mL of culture medium. “Dose 2”: 37.5 mg polymer/ 300 mL of culture
medium. Under these conditions, no evidence of toxicity was revealed for
any sample of the polymer-bound mercury.

Figure 7. A porous version of the canola oil polysulfide. (a) Canola oil and
sulfur were co-polymerised in the presence of a sodium chloride porogen.
Removing the sodium chloride was achieved by soaking the milled polymer
in water. The product is a sponge-like material. (b) SEM analysis of a cross-
section of a particle revealed the presence of pores and channels on the
order of 100–200 microns in diameter.
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porous polymer (13 % by mass, Figure S60), the sodium chlo-
ride porogen apparently restricted the formation of larger

sulfur particles.

Removal of mercury from gas streams

With a porous version of the canola oil polysulfide in hand, its
ability to react with and capture elemental mercury gas was
assessed. A 300 mg sample of the polymer was loaded in a

quartz glass reactor, with the polymer occupying a volume of
approximately 0.4 cm3. A stream of nitrogen containing mercu-

ry vapour was passed through the reactor, with the flow rate
(0.1 L min@1) and level of mercury (586.4 mg Nm@3) precisely

maintained using a mass flow controller (Figure S63). Mercury
capture was determined by measuring the difference in the

amount of mercury delivered to the reactor and that detected
in downstream KMnO4 traps (Figure S63). At 25 8C, the polymer

removed 7 % of the mercury from the gas stream. Reasoning

that the reaction between the polysulfide and mercury would
increase by heating the reactor, the experiment was repeated

at 50, 75 and 100 8C (Figure 8 and Figure S64). Of these tem-

peratures, 75 8C resulted in the highest mercury capture, ena-
bling the canola oil polysulfide to react with and sequester
67 % of the mercury. This unoptimised mercury removal effi-
ciency is quite remarkable considering the residence time for
this experimental setup is a mere 0.24 seconds, a timeframe

compatible for typical waste incineration and fossil fuel proc-
essing. This feasibility study should therefore encourage con-
sideration of these polysulfides as inexpensive mercury sorb-
ents for gas streams contaminated with mercury.[38]

Removing mercury bound to organic matter (Hg-NOM) from
water

Mercury bound to natural organic matter (NOM) is often con-

sidered a recalcitrant form of pollution because humic matter,
regularly containing thiols and sulfides, binds tightly to mercu-

ry. In natural and contaminated aquatic systems, mercury pre-
dominantly has an oxidation state of + 2, but Hg2 + does not
occur as a free, monatomic ion complexed only by water mole-

cules. In freshwater streams and sediments, Hg2 + is typically
bound by nucleophilic functional groups, which are present at
high abundance in NOM. This complexation of mercury and
methylmercury with NOM is known to affect its mobility, as
well as chemical and biological transformation in aquatic envi-
ronments.[25]

For the polysulfide polymer to capture this mercury, a ligand

exchange would need to occur. In addition to testing the non-
porous and porous polysulfide for its ability to displace NOM,

some of the porous polymer was partially reduced with
sodium borohydride to install thiols that could perhaps facili-

tate this process and bind mercury (Figure S65). Testing this
hypothesis, sorption isotherms for Hg(NO3)2 and a Hg-NOM

complex were determined at environmentally relevant mercury

concentrations between 0.2 and 16 mg L@1. Over this concentra-
tion range, sorption of Hg(NO3)2 was found to follow a linear

isotherm, confirming that in the absence of NOM all three
forms of the polysulfide removed >90 % of the mercury in so-

lution and the sorbent did not approach saturation or Hg
binding capacity (Figure S66). By comparison, when mercury is

associated with NOM (i.e. , Hg-NOM), functional groups on

NOM compete with the polysulfide for mercury binding. Nev-
ertheless, the removal efficiency at low Hg-NOM concentra-

tions for the porous and the reduced porous polysulfide
reached 79 and 81 %, respectively (Figure S66). The removal ef-

ficiency of the non-porous polysulfide, in contrast, was only
36 %.

As Hg-NOM concentrations increased, the removal efficiency

decreased, as indicated by a fit of the equilibrium data to the
Langmuir sorption isotherm. The sorption capacity for the

porous polysulfide reached a value of 1.11 mg-Hg/g-sorbent
under the experimental conditions (Figure S66). The results

clearly show that the porous polysulfide material can effective-
ly outcompete NOM, particularly at concentrations typically en-
countered in mercury contaminated freshwater systems. Partial

reduction of the polymer surface to install thiols had only a
small impact on removal efficiency in the presence of Hg-NOM

and resulted in a lower sorption capacity compared to the
porous polysulfide.

Additionally, we investigated whether sulfates were released
from the porous polysulfide and its partially reduced deriva-
tive. Sulfate release from sulfur-based sorbents may enhance

mercury methylation by promoting sulfate-reducing bacteria,
which are considered the primary methylators in marine and
estuarine environments.[18b, c] The assessment of sulfate release
was accomplished in batch experiments by combining 30 mL

of phosphate-buffered Hg(NO3)2 or Hg-NOM complex with
100 mg of the porous canola oil polysulfides followed by

Figure 8. Mercury vapour capture using the porous canola oil polysulfide.
75 8C was found to be an optimal temperature for capturing mercury in a
continuous process, with 67 % of the mercury removed from the gas stream
over a residence time of approximately 0.24 seconds. The higher tempera-
ture increases the rate at which the polymer oxidises the mercury gas.
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equilibration over 48 hours. The sulfate concentration in the fil-
tered sample was then analysed by ion chromatography and

normalised to the mass of the sample. The results indicated
that sulfate release was typically below 100 mg g@1 and did not

significantly elevate sulfate naturally present in the NOM used
in the experiments (Figure S67). Therefore, the deployment of

the polysulfide sorbent is not expected to enhance mercury
methylation by stimulating sulfate reducing bacteria in the

system.

Sequestering an organomercury fungicide

Organomercury compounds have long been used as fungi-
cides to protect grain seeds, sugarcane setts and other crops.[3]

While some of these fungicides have been restricted or
banned, their continued use in both industrialised and devel-

oping nations is cause for concern.[2a] These mercury deriva-

tives are highly toxic because they can be absorbed through
the skin and enter and damage the central nervous system.[1b]

These fungicides are known to compromise the health of
marine life[39] and accidental ingestion by humans has led to

death, with the most infamous episode occurring in Iraq in
1971, where wheat seeds coated with mercury-based fungi-

cides were mistakenly consumed as food by thousands of
people.[40] Sorbents that are effective at capturing these fungi-
cides could find use in preventing harmful runoff from fields to
which they are applied. Accordingly, the porous canola oil
polysulfide was tested in its ability to capture a representative
mercury-derived fungicide, 2-methoxyethylmercury chloride
(MEMC)-a fungicide that is still used by sugarcane, rice and

potato growers in several countries.[39]

To test whether the porous canola oil polysulfide could
remove this compound from water, an aqueous solution of

MEMC was prepared at 0.15 g L@1 (a typical operating concen-
tration for the fungicide) and then 10 mL of this solution was

incubated with 2.00 g of the porous polymer for 24 hours.
After this time, the concentration of mercury was determined

by ICP-MS. Remarkably, 98 % of the mercury was removed
from solution, whereas the mercury concentration did not

change in solutions not treated with the polymer (Figure 9 and
Figure S68). To determine if this remediation could be translat-

ed to a continuous process, a series of columns were prepared
in which the porous polysulfide and soil were used as filtration

media (Figure 9 and Figure S69). Next, 3 mL of the 0.15 g L@1

MEMC solution was passed through each column and the mer-
cury concentration of the flowthrough was determined by ICP-
MS. Soil alone (3.0 g) retained 46 % of the mercury; soil and
polymer (1.5 g each) mixed randomly together retained 66 %
of the mercury; soil (1.5 g) layered on top of the polymer
(1.5 g) retained 75 % of the mercury; and polymer alone (3.0 g)

retained 73 % of the mercury. The total elution time for each
column was approximately 2.5 minutes, so the mercury reten-
tion process is relatively fast. These results suggest the porous

polysulfide might be useful as a soil additive that can reduce
the levels of mercury-based fungicides that leach into agricul-

tural wastewater.

Conclusion

Sulfur and unsaturated cooking oils were co-polymerised to
form a polysulfide rubber that captured mercury from air,
water, and soil. Because sulfur is a by-product of the petroleum
industry and recycled cooking oil was a suitable starting mate-
rial, the novel polymer can be made entirely from repurposed
waste. This research is therefore an addition to the growing

body of literature dedicated to preparing sulfur polymers with
sustainable and low-cost cross-linkers.[21d, 22, 29, 37, 41] The synthesis
required a single, operationally simple chemical reaction. No

purification was required and the transformation featured
complete atom economy. A porous version of the material was

Figure 9. Trapping an organomercury fungicide, (2-methoxyethylmercury chloride, MEMC), using the porous canola oil polysulfide. (a) Incubating a 0.15 g L@1

aqueous solution of MEMC with 2.0 g of the porous canola oil polysulfide for 24 hours resulted in the removal of 98 % of the mercury in solution. (b) Filters
were constructed in the barrel of 10 mL syringes using soil (3.0 g), a random mixture of soil (1.5 g) and porous polysulfide (1.5 g), layers of soil (1.5 g) and
polymer (1.5 g) separated by cotton, and solely porous polysulfide (3.0 g). Cotton plugs were used at the base of each column. Passing 3 mL of the MEMC so-
lution (0.15 g L@1) resulted in reduction of mercury in the flowthrough. The soil layered on the polymer and the polymer alone were most effective, removing
75 and 73 % of the mercury, respectively.
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also prepared using a sodium chloride porogen. The materials
were demonstrated to be effective in capturing common

forms of mercury pollution including liquid mercury metal,
mercury vapour, inorganic mercury and organomercury com-

pounds. The rapid reaction between the porous version of the
polymer and mercury bode well for multiple industrial applica-

tions. The low-cost will also motivate uptake in developing na-
tions struggling to control mercury pollution associated with

gold mining. Neither the polymer nor the mercury-bound poly-

mer were toxic to human cells, which prompts consideration
of the polysulfide for in situ remediation of mine tailings, soil

and agricultural wastewater. Currently, we are working with a
variety of industrial partners, environmental agencies, and

other non-profit firms to deploy this technology at sites
plagued with mercury pollution.
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3.1 SULFUR POLYMERS FOR MERCURY CAPTURE 
EXPERIMENTAL 

Hg(II) 

2.0 g Canola Oil Polysulfide was left in a glass vial with 5 mL of a 20 mg mL-1 aqueous HgCl2 solution 

(100 mg HgCl2) for 24 hours. A control sample containing just water and no HgCl2 was also produced. 

After the 24 hours, the aqueous solution was washed from the polysulfide by vacuum filtration with 

3 aliquots of 5 mL deionised water. The aqueous solution was then transferred to a pre-weighed 50 

mL round bottom flask and the water removed by rotary evaporation. The white precipitate that 

formed within the round bottom flask was then weighed as remaining HgCl2. Three replicates were 

tested, and an average taken. 

On average 45.5 mg HgCl2 (with a range of 7.3 mg) remained in solution, with 54.5 mg removed by 

the 2 g polysulfide. The polysulfide also underwent a change in colour during the incubation, from 

brown to grey (fig. 1). 

Figure 3.1.1 | Canola Oil Polysulfide. Left: as synthesised using standard procedure, right: after 

treatment with HgCl2 (20 mg mL-1, 24 hours). The material has turned from brown to grey. 
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Effect of canola oil polysulfide mass on mercury(II) capture 

The general procedure above was repeated with different quantities of canola oil polysulfide: 250 mg, 

500 mg, 1.0 g, 2.0 g, 4.0 g and 8.0 g. The volume and concentration of aqueous HgCl2 remained the 

same for each sample. The incubation time, 24 hours, also remained the same. Two replicates were 

prepared for each sample and an average taken, except in the case of the 8.0 g sample. 

 

Polysulfide (g) HgCl2 remaining (mg) HgCl2 sequestered (mg) Range (mg) 
0.25 90.7 9.3 5.1 

0.5 81.7 18.3 2.8 

1 60.2 39.8 9.2 

2 41.6 58.4 0.7 

4 22.5 77.5 0.1 

8 9.4 90.6 - 

 

As the mass of polysulfide increases, the mass of HgCl2 remaining in solution after the 24 hour 

incubation decreases. 

 

 
Figure 3.1.2 | Effect of canola oil polysulfide mass on aqueous HgCl2 capture. A log curve seems to 

accurately describe the correlation between mass of polysulfide and mass of mercury sequestered. 
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Effect of Hg(II) concentration on mercury(II) capture 

The general procedure above was repeated with different concentrations of mercury chloride: 20, 10 

and 5 mg mL-1. The volume (5 mL) and mass of polysulfide (2 g) remained the same for each sample. 

The incubation time, 24 hours, also remained the same. Two replicates were prepared for each 

sample and an average taken. 

 

HgCl2 
(mg mL-1) 

Total HgCl2 
(mg) 

HgCl2 remaining 
(mg) 

HgCl2 sequestered 
(mg) 

Range 
(mg) 

% HgCl2 
sequestered 

5 25 6.0 19.0 2.3 75.8 

10 50 18.4 31.6 1.0 63.2 

20 100 38.1 61.9 1.7 61.9 

 

 

 

 
Figure 3.1.3 | Effect of HgCl2 concentration on aqueous HgCl2 capture 
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Figure 3.1.4 | Effect of HgCl2 concentration on percentage of aqueous HgCl2 captured 
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Hg(0) 

2.0 g canola oil polysulfide prepared to standard procedure and 170 mg elemental mercury were 

added with a stirrer bar to a glass vial with 7 mL DI water. The solution was spun at 1,500 rpm for 

24 hours. After this time no elemental mercury was visible and the polysulfide had changed colour 

from brown to black (Fig. 3.1.5) 

Figure 3.1.5 | Canola oil polysulfide. Left: as synthesised using standard procedure, right: after 

treatment with Hg0 (170 mg mercury, 2.0 g polysulfide, 24 hours). The material has turned from 

brown to black. 

Figure 3.1.6 | Canola oil polysulfide. Left: single pellet after treatment with Hg0, right: same pellet 

cracked open. The polysulfide only alters colour at the surface. 
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Control 1: Powdered sulfur with mercury(0) 
 

 

 

 

 

 

 

 
Figure 3.1.7 | Powdered sulfur and elemental mercury spun at 1,500 rpm for 20 hours. 

After 24 hours the bead of mercury had disappeared and the powdered sulfur had turned from yellow 

to grey, similar to the colour of the polysulfide on binding to mercury chloride. 

Control 2: Crystal Sulfur with mercury(0) 
 

 

 

 

 

 

 

 
Figure 3.1.8 | Crystal sulfur and elemental mercury spun at 1,500 rpm for 20 hours. 

After 24 hours the bead of mercury had disappeared and the crystalline sulfur had turned from yellow 

to black, similar to the colour of the polysulfide on binding to elemental mercury. 

Control 3: Canola Oil Polysulfide without mercury(0) 
 

 

 

 

 

 

 

 
Figure 3.1.9 | Canola Oil Polysulfide spun at 1,500 rpm for 20 hours. 

After 24 hours no change had occurred, indicating long periods of high-rpm stirring was not 

responsible for the colour change. 
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SEM Analysis  

The untreated Canola Oil Polysulfide above was prepared to standard procedure and then ground 

and filtered to give particle sizes between 0.5 and 1 mm in diameter. To prepare the mercury 

chloride-treated sample these particles were incubated with an aqueous mercury chloride solution 

for 24 hours resulting in a grey material calculated to consist of 3.5 % mercury chloride. 
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Mercury chloride-treated canola oil polysulfide 

 
 

Figure 3.1.11 | SEM images of polysulfide surface after treatment with mercury chloride 

 

Canola oil polysulfide seems to consist of two components: nano-to-micrometre sized crystalline 

regions and an amorphous region that forms the base structure of the material. The only major 

difference in morphology (beyond the optical colour change) visible by SEM analysis are the 

presence of nanometre-sized particles dotted across the outer amorphous regions of the polysulfide. 

This can be seen most clearly in comparing figures 3.1.10 (bottom right) and 3.1.11 (bottom right). 
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EDX analysis of mercury chloride-treated polysulfide surface 

Figure 3.1.12 | SEM image indicating spots for EDX analysis 

EDS Spot 1 EDS Spot 2 EDS Spot 3 

HgCl2 nanoparticle Amorphous section Crystal section 

Mercury shoulder visible to the 

left of the major sulfur peak. 

Characteristic X-rays for 

chlorine also present. 

Both sulfur and carbon present 

in high quantity. Oxygen also 

present; consistent with a 

sulfur-canola oil mixture. 

Sulfur peak very prominent. 

Carbon and oxygen peaks 

present but with minimal 

signal. 

The Polysulfide seems to consist of two regions: Firstly, an amorphous component that makes up 

the vast majority of the material, strong peaks for carbon, oxygen and sulfur are all present from 

EDX analysis, consistent with a polysulfide material consisting of the starting materials sulfur and 

canola oil. Also present are crystalline segments with very high sulfur content and minimal canola 

oil-affiliated peaks. These crystal segments coat the surface of the polysulfide and can also be found 

dispersed throughout. Raman data indicates the presence of pure S8 within the sample, these 
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crystalline regions are potentially either pure S8 or exist as a different, high-sulfur-content polysulfide 

network to the amorphous regions. 
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EDX analysis of elemental mercury-treated polysulfide surface 
A particle of the polysulfide 10 mm in diameter having been treated with elemental mercury was cut 

open and imaged by SEM with elemental composition given by EDX analysis. 

Figure 3.1.13 | SEM image of polysulfide cross-section. Upper left: surface, lower right: interior 

Figure 3.1.14 | SEM image (left) and EDX map of sulfur (middle) and mercury (right) distribution. 

Mercury is primarily adhered to the surface of the polysulfide, with very little, if any, permeating the 

polymer. 

Figure 3.1.15 | The surface of the canola oil polysulfide (50 % sulfur) reacts with mercury metal, 

forming a black product. EDS analysis verifies mercury is found on the surface of the material. 



144 

Auger Analysis 

Experiments performed by Alex Sibley 

 

Canola oil polysulfide 

 
Elemental Hg treated polysulfide 

 
Signal was too poor to acquire an accurate elemental map of the HgCl2-treated polysulfide due to 

significant charging 
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Canola oil polysulfide 

Elemental Hg treated canola oil polysulfide (region 1) 
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Elemental Hg treated canola oil polysulfide (region 2) 

 
HgCl2 treated canola oil polysulfide 

 
Figure 3.1.16 | Auger analysis of canola oil polysulfide before and after exposure to elemental 

mercury or mercury chloride. Mercury is detected on the surface of the polysulfide after exposure to 

both mercury species. 
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XPS analysis of mercury-treated canola oil polysulfide before and after mercury capture 
Experiments performed by Alex Sibley 

 

 

 
Figure 3.1.17 | XPS analysis of the canola oil polysulfide revealed the mercury ‘4f’ photoelectron 

peak for both the mercury chloride capture (b) and mercury metal capture (c). The observed binding 

energy is associated with mercury bound to sulphur (~101eV for HgS) for both samples. In the case 

of Hg0
 capture, this is consistent with oxidation of mercury to metacinnabar. 
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XRD Sample Preparation  
XRD data acquired by Nick Adamson 

 

1.24 g elemental mercury was added to a 50 mL centrifuge tube containing 2.47 g sulfur and mixed 

for 24 hours using an end-over-end mixer. Similarly, 2.47 g of canola oil polysulfide (50 wt. % sulfur, 

< 0.5 mm particle size) was mixed with 1.52 g elemental mercury in an end-over-end mixer for 

24 hours. Unreacted sulfur, unreacted polysulfide, as well as those samples reacted with elemental 

mercury, were all ground to a fine powder using a mortar and pestle in preparation for loading on an 

XRD sample stage. The XRD spectra obtained for both reactions was metacinnabar, as it was 

identical to previously published XRD spectra.2 It can therefore be concluded that the black material 

that results from the reaction of mercury metal and the S-S bonds of the canola oil polysulfide is 

metacinnabar 
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Figure 3.1.18 | XRD scans of a, elemental sulfur, b, metacinnabar prepared by the reaction of sulfur 

and mercury metal c, canola oil polysulfide (50 % sulfur) and d, metacinnabar formed by reaction of 

polysulfide and mercury metal. 
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Mercury capture using polysulfide prepared from recycled cooking oil 
1.0 g of the polysulfide (50 % sulfur) prepared from recycled cooking oil was placed in a 25 mL round 

bottom flask equipped with a stirrer bar, along with elemental mercury (171 mg) and 10 mL DI water. 

The flask was sealed and the mixture stirred for 24 hours. During this time the polysulfide turned 

black, and some unreacted elemental mercury was still visible. The polymer and mercury were 

separated by mixing with equal volumes of hexane and water. The polymer remained at the phase 

boundary and the mercury settled to the bottom of the aqueous phase. The water and mercury were 

isolated and separated from the polymer. The mercury was then separated from the water by 

transferring to a separatory funnel and diluting with dichloromethane. The mercury-dichloromethane 

mixture was then isolated, and the dichloromethane evaporated in a fume hood. The mass of the 

unreacted mercury was recorded. 

 
Mercury capture using Factice F17 (D.O.G.) 
2.8 g of F17 grade D.O.G. Factice was placed in a 25 mL round bottom flask equipped with a stirrer 

bar, along with elemental mercury (217 mg) and 10 mL DI water. The flask was sealed and the 

mixture stirred for 24 hours. During this time the factice darkened in colour, and some unreacted 

elemental mercury was still visible. The factice and unreacted mercury were separated by mixing 

with equal volumes of hexane and water. The polymer remained at the phase boundary and the 

mercury settled to the bottom of the aqueous phase. The water and mercury were isolated, and 

separated from the polymer. The mercury was then separated from the water by transferring to a 

separatory funnel and diluting with dichloromethane. The mercury-dichloromethane mixture was 

then isolated and the dichloromethane evaporated in a fume hood. The mass of the unreacted 

mercury was recorded. 

 

Sample F17 factice Polysulfide from recycled cooking oil 

Polymer (g) 2.8 1.0 

Sulfur (g) 0.50 0.50 

Hg0 (mg) 217 171 

Hg0 removed (mg) 117 116 

% Hg0 removed 49 70 

Hg0 removed per gram polymer (mg) 40.9 ± 2.8 114.5 ± 28.9 

 
Factice F17 (17 % sulfur) and a polysulfide prepared from recycled cooking oil (50 % sulfur) were 

compared in their reaction with mercury metal. An amount of polymer was added such that the mass 

of sulfur was the same. Both samples captured virtually the same amount of mercury metal, 

suggesting that the amount of mercury that can react corresponds to the amount of sulfur in the 

polysulfide. This result also suggests that the polysulfides in factice can react with mercury metal 

and that free sulfur is not required. 
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Point of Colour Change 

1.0 g Canola Oil Polysulfide was left to incubate for 24 hours in 5 mL solutions of Hg in 2% HNO3 

ICP standard solution and aqueous HgCl2 over a range of concentrations. 

Figure 3.1.19 | After 24 hours, a colour change of brown to grey was observed in the 10 mg mL-1 

HgCl2 sample, with a slight colour change also visible in the 1 mg mL-1 sample. No other samples 

(0.1 ppb – 1000 ppb Hg in 2% HNO3 ICP standard solution or 0.001 – 0.1 aqueous HgCl2) showed 

a visible colour change. No further change was observed passed the first 24 hours. 
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Sensitivity of chromogenic response of canola oil polysulfide to mercury metal 
In order to test the sensitivity of the polysulfide’s response to elemental mercury, quantities of 

mercury ranging from 72 to 285 mg were added to 10 and 20 g quantities of polysulfide in separate 

50 mL centrifuge tubes (Fig. 3.1.20). The polymer-mercury mixtures were rotated on a lab rotisserie 

for 24 hours and any changes to the mixture recorded. In all cases the polymer turned black, 

indicating reaction of mercury with the polysulfide. Given the intensity of the colour change, it is 

presumed that the polymer may also turn black when exposed to lesser quantities of elemental 

mercury than shown here. Because of the difficulties in measuring small quantities of metallic 

mercury, this experiment was not pursued further. From these results we can conclude that mercury 

can be detected by visual inspection after the reaction of mercury and the canola oil polysulfide at 

ratios of 3.6 mg of mercury per gram of polymer or lower. 

 

 
Figure 3.1.20 | Preliminary study of the sensitivity of the canola oil polysulfide in its detection of 

metallic mercury 
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Mercury leaching by ICP-MS 

1.0 g samples of mercury chloride-treated and elemental mercury-treated polysulfides were 

incubated in 10 mL milliQ water for 24 hours. The water was then tested by ICP-MS against an ICP 

standard of Hg in 2 % HNO3 (1 % HNO3 and 1 % HCl in water used as a diluent) to determine the 

concentration of mercury that had leached from the polymer over this time. Tests were run in 

duplicate, an untreated sample of canola oil polysulfide was also incubated in water and tested as a 

control. All samples were diluted 1/10 in a 1 % HNO3 and 1 % HCl in water matrix. Samples were 

run in He mode to ensure ions flew monatomcally (for example Hg ions, not HgCl2). Mercury chloride-

treated polysulfide contained 79.42 mg HgCl2 per gram polysulfide. Elemental mercury-treated 

polysulfide contained 2.16 mg Hg per gram polysulfide. 

Calibration curve 

Figure 3.1.21 | Calibration standards of 0.4, 0.5, 0.8, 1, 2, 5, 10, 20 and 50 ppb Hg in 2 % HNO3 

gave an accurate calibration curve with high linearity. 
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Results 
Sample Conc. Hg 

(ppb) 
Description 

Hg (1) 61.52 Elemental mercury treated polysulfide 24hr incubation water 

Hg (2) 32.46  

Average 46.99  

HgCl2 (1) 0.51 Mercury chloride treated polysulfide 24hr incubation water 

HgCl2 (2) 0.64  

Average 0.57  

Water 0.24 milliQ water (control) 

Polysulfide 0.30 Untreated Canola Oil Polysulfide 24hr incubation water (control) 

 

Spike Recovery (QC) 
Samples were diluted 10-fold and spiked with 2 mL 20 ppb Hg stock (4 ppb mercury). The solution 

was then made up to volume with 1 % HNO3 and 1 % HCl in water. Values below have been 

multiplied by 10 to account for the 1/10 dilution. 

Sample Spike conc. 
(ppb) 

Neat sample 
conc. (ppb) 

Measured 
conc. (ppb) 

Expected 
conc. (ppb) 

Difference 
(Recovery) 

Hg Spike 39.60 61.52 106.97 101.12 105.79% 

HgCl2 Spike 39.60 0.51 40.65 40.11 101.35% 

Water Spike 39.60 0.24 40.23 39.84 100.98% 

 

A spike recovery within 80–120 % is considered accurate, these results do not deviate higher than 

106 %. 
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Internal Standard Recovery (Matrix Effects) 

Figure 3.1.22 | Internal standard (Indium) recovery indicates a uniform acid matrix across all 

samples. 

Conclusion 
Of a maximum 79.42 mg HgCl2 with 69.42 mg as Hg2+ (6,942 ppm in 10 mL water) bound to the 

mercury chloride treated polysulfide, an average of 0.57 ppb leached into milliQ water over 24 hours. 

Of a maximum 2.16 mg Hg (216 ppm in 10 mL water) bound to the elemental mercury treated 

polysulfide, an average of 46.99 ppb leached into milliQ water over 24 hours. This could potentially 

be due to the difficulty in separating residual elemental Hg from the polysulfide after reacting the two 

together to form the treated polymer, resulting in residual unreacted Hg. 
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Mercury flour simulation 

 

Introduction 
The process of ASGM produces multiple waste streams, the most difficult to tackle is the product of 

mercury beads struck into ore and soil formed during the amalgamation procedure. This material is 

very difficult to separate into its component parts and is commonly lost in mine tailings, floating off 

on the surface of waste streams. This leads to significant loss of gold and further environmental 

pollution as mercury too is lost, beaten into the dirt and milled ore. The tainted ore lost this way is 

referred to as mercury flour1. We proposed to simulate the formation of this material by spinning 

elemental mercury with fine dirt and then treating the contaminated dirt with canola oil polysulfide. 

Both soil and polymer will be tested for traces of Hg by SEM/EDX analysis before and after treatment. 
 
Results 
 

Soil 
 

Soil mixed with elemental mercury 

  
 

Figure 3.1.23 | Soil mixed with mercury appears no different to the eye than soil without mercury. 
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SEM and EDX analysis of simulated mercury flour 

Figure 3.1.24 | In a cursory SEM and EDS scan, it is difficult to detect mercury in the simulated 

mercury flour. Left: Soil sieved to fine particles no greater than 0.50 mm in diameter. Right: EDX 

scans over an area approximately 10 mm2 did not return a clear indication of mercury due to the 

formation of mercury microspheres that are difficult to detect. 
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Figure 3.1.25 | SEM and EDS analysis of mercury flour. After thorough searching, mercury was 

detected as microspheres dispersed in the soil. This floured mercury is covered in micro- and 

nano-particles of soil. The soil prevents the mercury from coalescing. 
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Figure 3.1.26 | SEM and EDS analysis of mercury flour. The SEM image reveals micro- and 

nano-particles of soil adhering to the surface of the mercury microsphere. Orange: Microparticle of 

mercury, coated in nanoscale soil particles. Blue: Soil particle, adsorbed to the surface of a mercury 

microparticle. 
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Capturing mercury flour using the non-porous canola oil polysulfide 
5.0 g canola oil polysulfide (50 % sulfur) of a particle range of 2.5 – 5.0 mm was isolated using a 

sieve. These particles were added to 5.0 g of the simulated mercury flour and mixed in a 50 mL 

centrifuge tube on an end-over-end mixer for 24 hours. A control sample treated identically but 

without the addition of mercury was also prepared for comparison. Over this time, the polymer in the 

presence of mercury turned black, indicating reaction with the mercury flour. The polymer in the soil 

in which no mercury was added remained brown. The polymer particles were then separated from 

the bulk of the soil using a sieve. EDS analysis clearly indicated that mercury was bound to the 

polymer. This experiment demonstrates that the canola oil polysulfide, prepared as a particle, can 

capture mercury from soil and then be isolated using a sieve. 

 

Soil before treatment Polymer before treatment Polymer after treatment (no Hg) 

   

Hg-soil before treatment Hg Soil after treatment Polymer after treatment 

   
 

Figure 3.1.27 | Mixing polysulfide with soil containing mercury results in a colour change in the 

polymer from brown to black, indicating mercury capture and HgS formation. The soil also changes 

colour to black during this process, as fine particles of polymer that has reacted with mercury are 

mixed throughout and difficult to recover by separating by particle size. Mixing soil containing no 

mercury with the polysulfide results in no colour change to the polymer or soil. 
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Figure 3.1.28 | Left: Polymer mixed with soil for 24 hours and separated by sieving and washed with 

3 × 10 mL water to remove some of the soil particles.. Right: Polymer mixed with simulated mercury 

flour, separated by sieving and washed with 3 × 10 mL water to remove some of the soil particles. 

For both, the upper image is an SEM micrograph, the lower an EDX spectra  from an area of the 

imaged polymer particle. The canola oil polysulfide reacts with mercury flour. SEM and EDS analysis 

of the particles isolated from the soil after treatment are shown. The particle isolated from the 

mercury flour clearly trapped mercury. 
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Mercury flour leaching by ICP-MS 

Soil from the author’s garden in Glenalta, SA was crushed and run through a 0.5 mm gauge sieve 

to achieve a fine particle size. Aliquots of 5.0 g each were distributed among three 50 mL centrifuge 

tubes. To two tubes, approximately 200 mg elemental mercury was added. All centrifuge tubes were 

rotated on a lab rotisserie (30 rpm) for 3 days to ensure thorough mixing. After this time, 5.0 g of 

polysulfide (0.5–1.0 mm diameter particles, 50 wt. % sulfur) was added to one of the tubes containing 

elemental mercury and all centrifuge tubes were rotated again for 3 days. 20 mL pure milliQ water 

was added to each sample and left to incubate for 24 hours. 5 mL of each sample was filtered 

through a 20 µm filter to remove excess soil and polymer. All samples were prepared in duplicate.  

All samples were diluted 100-fold in a 1 % HNO3 and 1 % HCl in water matrix and run in KED mode 

against calibration standards prepared from a stock solution of Hg in 2 % HNO3 (diluted with a 

1 % HNO3 and 1 % HCl water matrix). 

 

Calibration curve 

 
Figure 3.1.29 | Calibration standards display a linear relationship with high confidence 

 
 
 
 
 
 
 
 
 
 
 
 

y = 0.0442x - 0.0009
R² = 0.9999

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

0.900

0 2 4 6 8 10 12 14 16 18 20

H
g-

H
e 

20
2 

(c
ps

)

Concentration (ppb)



163 

Internal Standard Recovery (Matrix Effects) 

Figure 3.1.30 | Internal standard (Indium) recovery indicates a uniform acid matrix across all 

samples. 

Results 

Note: Polysulfide sample did not turn black (indicating binding to mercury) as expected. 

Sample Conc. Hg 
(ppb) 

Description 

Mercury flour, polymer 

treated (1) 

583.4 Water incubated in Soil, mixed with mercury for 3 days, 

then mixed with polysulfide for 3 days. 

Mercury flour, polymer 

treated (2) 

558.4 Water incubated in Soil, mixed with mercury for 3 days, 

then mixed with polysulfide for 3 days. 

Average 570.9 

Mercury flour (1) 68.85 Water incubated in Soil, mixed with mercury for 3 days. 

Mercury flour (2) 89.50 Water incubated in Soil, mixed with mercury for 3 days. 

Average 79.18 

Soil (1) 0.607 Water incubated in Soil. 

Soil (2) 0.644 Water incubated in Soil. 

Average 0.626 
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Sample Hg0 (g) Maximum possible 
Hg0 concentration 
(ppb) 

Measured Hg0 
concentration 
(ppb) 

Percentage 
Leached 

Mercury-laden soil, 

polymer treated (1) 

0.2219 11,040 583.4 5.28% 

Mercury-laden soil, 

polymer treated (2) 

0.1865 9,295 558.4 6.01% 

Average 5.65% 

Mercury-laden soil (1) 0.3499 17,469 68.85 0.39% 

Mercury-laden soil (2) 0.2497 12,495 89.50 0.72% 

Average 0.56% 

Soil (control) (1) 0 0 0.607 - 

Soil (control) (2) 0 0 0.644 - 

Spike Recovery (QC) 
Samples were diluted 1/10 and spiked with 0.050 mL 100 ppb Hg stock (5 ppb mercury). The solution 

was then made up to volume with 1% HNO3 and 1% HCl in water. Values below have been multiplied 

by 10 to account for the 1/10 dilution. 

Sample Spike 
conc. (ppb) 

Sample 
conc. (ppb) 

Measured 
conc. (ppb) 

Expected 
conc. (ppb) 

Recovery 

Mercury flour, polymer 

treated spike 

4.782 0.572 5.269 5.355 98.41% 

Mercury-laden soil 

spike 

4.796 0.0670 4.696 4.863 96.56% 

Soil (control) spike 4.854 0.0006 4.690 4.855 96.61% 

Conclusion 
With the inclusion of polysulfide, more mercury was found to leach from mercury-laden soil and into 

the incubation water than without. As the polysulfide has previously shown to bind to elemental 

mercury bound within soil, this was an unexpected result. This may be explained in the reaction 

mechanism that binds mercury to the polysulfide. Oxidation of elemental mercury, followed by 

oxidative addition into the polysulfide domains of the polymer may not occur in one concerted step, 

with oxidated Hg2+ being lost into the incubation medium before having a chance to bind to the 

polysulfide. This may explain why, by ICP-MS, far more (an average of 570.9 ppb versus an average 

of 0.0670 ppb mercury) leached from the polymer treated sample than the untreated mercury-laden 

soil sample. 
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Raman 

Raman spectra acquired by Christopher Gibson 

Figure 3.1.31 | Raman spectra of Canola Oil Polysulfide 

Figure 3.1.32 | Raman spectra of HgCl2-treated canola oil polysulfide overlayed on spectra of 

untreated sample. 

Raman analysis shows stretches at 343 cm-1 and 471 cm-1, consistent with S-S stretching modes, 

consistent with a polysulfide material. After treatment with HgCl2, fluorescence is present across the 

whole spectrum. 
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Mercury vapour experiments using the porous canola oil polysulfide 
Hg0 vapour tests performed by Deshetti Jampaiah, Ylias Sabri and Suresh Bhargava. 

Hg0 removal tests were performed using a fixed bed-reactor as shown in Fig. 3.1.33. The inlet Hg0 

vapour was generated using a mercury permeation device (VICI metronics), which was operated at 

60 °C. The porous canola oil polysulfide (300 mg) was placed in the quartz glass reactor (1 cm 

internal diameter), occupying a volume of approximately 0.4 cm2. N2 gas with a flow rate of 

0.1 L min-1, which contained 586.4 μg Nm-3 Hg0, was introduced to the reactor using mass flow 

controllers. At this volume of sorbent and flow rate, the residence time is 0.24 seconds—a 

challenging test for the polysulfide sorbent. All elemental and oxidised mercury exiting the reactor 

were measured quantitatively using a modified Ontario Hydro Method (OHM), in which KCl (0.01 M) 

and KMnO4/H2SO4 (20 mg L−1) impinger solutions were used in the train of traps as mercury 

absorbing media. Elemental mercury (Hg0) is captured by the KMnO4 solution, whereas any oxidised 

mercury (Hg2+) is trapped by the KCl solution. The remaining adsorbed mercury was retained on the 

canola oil polysulfide. Cold vapour atomic fluorescence spectroscopy (CV-AFS) was used to 

measure the collected Hg from the system after the Hg0 removal experiments. In all experiments, the 

amount of oxidised mercury (Hg2+) collected from the KCl traps was negligible (<< 1% of total Hg). 

Hg0 removal efficiency of material was determined by the following equation: 

𝐻𝐻𝐻𝐻0 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (%) =  
𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖0 − 𝐻𝐻𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜0

𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖0
× 100 (%) 

Figure 3.1.33 | Schematic diagram of the experimental setup for testing the canola oil polysulfide as 

a sorbent for mercury vapour  
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The effect of operating temperature on mercury removal efficiencies of the developed material was 

tested by varying the reactor temperature from 25–100 °C. It was hypothesised that the rate of 

reaction between the mercury vapour and the polysulfide would increase with temperature—a 

requirement for continuous processes with short residence times such as those in this experiment.  

It was found that the material had highest Hg0 removal efficiency of 66.5 % at 75 °C. 

 

 
Figure 3.1.34 | 75 ºC was found to be an optimal temperature for capturing mercury in a continuous 

process, with 66.5 % of the mercury removed from the gas stream over a residence time of 

approximately 0.24 seconds. 
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Experiments on mercury bound to natural organic matter (NOM) 
NOM and sulfate release experiments performed by Katherine Muller and Alexander Johs 

 
Materials and Methods 
Mercury speciation can significantly affect reactivity of mercury and its interaction with sorbent 

materials. The speciation of mercury in aquatic ecosystems is typically dominated by association 

with natural organic matter (NOM). Suwannee River aquatic natural organic matter (SR-NOM), 

reference material 2R101N (International Humic Substance Society) and a 1 ppm Hg(NO3)2 standard 

(Brooks Rand Instruments, Seattle, WA, USA) were used to prepare Hg-NOM complexes containing 

40 μg L-1 Hg and 2400 μg L-1 total carbon (CNOM) equivalent to a molar Hg:CNOM ratio of 1.8×10-5. 

SR-NOM was dissolved in 10 mM sodium phosphate buffer (pH 7.8) and filtered through a 0.2 μm 

syringe filter to remove residual particulates. Hg(NO3)2 was added and the pH was re-adjusted to 7.8 

and allowed to age at 4 ºC for at least 5 days. The Hg-NOM stock solution was diluted with 10 mM 

sodium phosphate buffer to obtain working solutions with Hg concentrations from 0.2 to 7.7 μg L-1. 

A dilution series of the 1 ppm Hg(NO3)2 standard in 10 mM sodium phosphate buffer was prepared 

as an NOM-free control. 

 

Sorption isotherms were determined in triplicate batch experiments by adding 30 mL Hg-NOM 

complex at Hg concentrations of 0.2, 0.4, 0.7, 1.5, 3.6 and 7.7 μg L-1 or Hg(NO3)2 in phosphate buffer 

at concentrations of 0.2, 0.5, 0.8, 1.6, 4.0 and 16 μg L-1 to 40 mL amber borosilicate glass vials 

containing approximately 100 mg of canola oil polysulfide (COP), porous COP or partially reduced 

porous COP after equilibration for 48 hours on a rotary shaker. The suspensions were filtered 

through a 0.2 μm polyethersulfone (Supor®) syringe filter for total mercury and sulfate analyses by 

ion chromatography. To determine Hg equilibrium concentrations, 5 mL of the filtered samples were 

oxidized by addition of 150 μL BrCl. An aliquot of this solution was added to an excess of 20% (w/v) 

stannous chloride and purged with ultrahigh purity N2. The amount of emerging Hg0 was determined 

by a cold vapor atomic absorption spectroscopy (CV-AAS) Zeeman effect mercury analyzer (Lumex 

RA-915+, Ohio Lumex Company, Inc., Twinsburg, OH, USA). The concentration of sorbed Hg was 

determined by difference between the known initial amount of Hg added and the equilibrium aqueous 

Hg concentrations, which also included Hg sorbed to the wall of the amber glass vials 

 
Results & Discussion 
Within the tested concentration ranges, a linear correlation was obtained for the sorption to all COP 

variants when Hg was added as Hg(NO3)2. The sorption isotherms with Hg added as Hg-NOM show 

a nonlinear characteristic, which was approximated by the Langmuir isotherm model. The Langmuir 

adsorption isotherm assumes monolayer adsorption onto a surface containing a finite number of 

uniform adsorption sites. The surface reaches a saturation point, where maximum sorption of 
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adsorbate on a monolayer is reached. The relationship between adsorbed and solution 

concentrations for the Langmuir isotherm is as follows. 

𝑌𝑌 =  
𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚 × 𝐾𝐾𝐿𝐿 × 𝐶𝐶𝑒𝑒𝑒𝑒

1 + 𝐾𝐾𝐿𝐿 × 𝐶𝐶𝑒𝑒𝑒𝑒

Where Y is the concentration of the adsorbate on the sorbent, Ymax is the sorption capacity, Ceq is the 

solution concentration at equilibrium and KL is the Langmuir adsorption equilibrium constant. The 

isotherm fits for all COP variants are shown in Fig. 3.1.35. The results show that all tested COP 

samples removed >90 % of Hg when added as Hg(NO3)2. The strong complexation of mercury with 

functional groups on NOM competes with the sorption of Hg to any sorbent, thus presenting a unique 

challenge for the removal of Hg from contaminated ecosystems. Under the conditions of the isotherm 

experiments, a dilution series was prepared from a concentrated Hg-NOM stock solution. Thus, the 

concentration of Hg is coupled the concentration of NOM. In a freshwater creek ecosystem, the level 

of NOM can span a wide range of concentrations, while the level of Hg typically corresponds to the 

low end of the experimental range, even in contaminated systems2. Efficient removal of Hg from 

solutions containing strong Hg-NOM complexes is achievable as it is determined by the sorbent to 

solution ratio and the concentration of Hg-NOM. A measure of how efficient the sorbent can remove 

the contaminant at a specific concentration can be obtained as follows: 

𝑅𝑅(%) =  
𝐶𝐶0 − 𝐶𝐶𝑒𝑒𝑒𝑒

𝐶𝐶0
× 100 

Where R is the removal efficiency, C0 is the initial Hg concentration and Ceq is the Hg concentration 

after equilibration with the sorbent. Surface modification of canola polysulfide had a significant impact 

on Hg removal, with the higher surface area of the porous versions significantly improving removal 

efficiency. At the lowest initial Hg-NOM concentrations (0.2 μg L-1 Hg) and a sorbent to solution ratio 

of 1/300, R was 36 % for non-porous canola oil polysulfide, 79 % for porous canola oil polysulfide, 

and 81 % for the partially reduced porous polysulfide. The results show that the surface modification 

of COP, particularly the increased surface area in porous COP, results in a highly effective sorbent 

which can sorb Hg in the presence of competing ligands such as NOM. 
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Figure 3.1.35 | Equilibrium sorption data (dots) and fits to isotherm models for the sorption of Hg at 

low mercury concentrations. 95% confidence bands are shown in gray. A. Unmodified COP with Hg 

added as Hg(NO3)2 and linear fit (blue), residual standard error of the fit: 0.21 μg g-1; B. Unmodified 

COP with Hg added as Hg-NOM complex and model fit to the Langmuir isotherm model (red). 

Langmuir fit parameters: KL = 1.35 L μg-1, Ymax = 0.21 μg g-1, residual standard error of the fit: 

0.032 μg g-1; C. Porous COP with Hg added as Hg(NO3)2 and linear fit (blue), residual standard error 

of the fit: 0.71 μg g-1; D. Porous COP with Hg added as Hg-NOM complex and model fit to the 

Langmuir isotherm model (red). Langmuir fit parameters: KL = 0.46 L μg-1, Ymax = 1.11 μg g-1, residual 

standard error of the fit: 0.061 μg g-1; E. Partially reduced porous COP with Hg added as Hg(NO3)2 

and linear fit (blue), residual standard error of the fit: 0.65 μg g-1; F. Partially reduced porous COP 
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with Hg added as Hg-NOM complex and model fit to the Langmuir isotherm model (red). Langmuir 

fit parameters: KL = 1.29 L μg-1, Ymax = 0.44 μg g-1, residual standard error of the fit: 0.065 μg g-1. 

Sulfate release from the porous canola oil polysulfide 
High sulfate concentrations in low oxygen subsurface environments can result in increased 

production of methylmercury. Sulfate-reducing bacteria have been associated with mercury 

methylation and are considered the primary methylators in marine and estuarine environments3,4. 

We therefore determined sulfate concentrations in solutions obtained from batch sorption studies 

(see Fig. 3.1.36). Briefly, 30 mL Hg-NOM complex dissolved in 10 mM sodium phosphate buffer 

(pH 7.8) at various concentrations were added to amber glass vials containing approximately 100 mg 

of canola oil polysulfide and equilibrated for 48 hours on a rotary shaker. The solid to solution ratio 

was constant for all samples. Sulfate concentrations were determined by ion chromatography with a 

Dionex ICS 2100 AS9HC9 (Dionex Instruments Corporation, Sunnyvale, CA, USA) from filtered 

sample solutions using 9 mM K2CO3 as the eluent. The amount of sulfate released was normalised 

to the mass of the polysulfide for each sample. The amount of sulfate released correlated with the 

concentration of Hg-NOM initially added to the sample (Fig. 3.1.36). In the absence NOM, sulfate 

concentrations were typically <100 μg per g of sorbent. For samples containing NOM, the sulfate 

concentration was proportional to the NOM concentration. 

Figure 3.1.36 | Sulfate concentrations normalized to mass of sorbent in 48 h batch equilibrium 

experiments for porous canola oil polysulfide (PCOP) and the partially reduced porous canola oil 

polysulfide (RPCOP). 
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MEMC Fungicide ICPMS Experiment 

 

Method 

2.00 g porous canola oil polysulfide was incubated with 10 mL MEMC fungicide diluted to a typical 

operating concentration (0.15 g L-1 Hg as methoxyethyl mercuric chloride) for 24 hours. Commercial 

MEMC contains a pink dye as a visual indicator of spillage and contamination, even after the 800-fold 

dilution down to working concentration the colour is quite pronounced (Fig. 3.1.17). During the 

incubation however, after just 4 hours the solution had become clear, indicating perhaps that the 

polysulfide had sequestered the dye from solution – an unexpected side effect. Notably during and 

after incubation the polysuflide itself did not change colour, remaining light-brown. This is in line with 

previous experiments with lower concentrations of mercury, but also shows the dye has not simply 

bound to the surface but somehow has become inactive (colourless).  

 

 
Figure 3.1.37 | Photo of samples after 24 hour incubation. Left to right: MEMC after treatment with 

polysulfide, MEMC, polysulfide. 

 

Samples were diluted 100,000 fold in a 2 % HNO3 acid matrix and analysed for Hg content on a 

Perkin Elmer NexION ICPMS in KED mode (Flinders Analytical, South Australia). Calibration 

standards were prepared from a stock solution of 1,000 ppm Hg in 2 % HNO3 (Chem-Supply, South 

Australia). 
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Results 

Figure 3.1.38 | Hg concentration as measured by ICPMS, averages of triplicate samples. 

After incubation with porous polysulfide (0.20 g per mL MEMC), the Hg concentration in MEMC 

fungicide was significantly reduced. Treated samples contained only 2.0 % of the mercury present 

in the untreated samples on average. 

Quality Control - Calibration Curve 

Figure 3.1.39 | Calibration standards graphed as raw detector intensity against prepared Hg 

concentration 
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Internal Standard (Matrix effects, sampling consistency) 

 
Figure 3.1.40 | Internal standard (indium) recovery – fluctuations in concentration generally 

remained consistent between 90 and 100%, indicating Hg readings may also have drifted similarly. 

This drift is taken into consideration when reporting concentrations by the ICP-MS Syngistix software 

package. 

 

Spike Recovery 

Sample Conc. from 
sample (ppb) 

Conc. from 
spike (ppb) 

Total conc. 
(ppb) 

Measured 
conc. (ppb) 

Recovery 

Treated 0.135 4.968 5.103 4.186 82.02 % 

Untreated 6.923 5.072 11.996 12.418 103.52 % 

Control 0.055 5.083 5.138 4.271 83.12 % 

 
Samples were spiked with a known concentration of Hg from a calibration standard and the 

calculated and measured concentrations compared to determine the recovery. For the untreated 

MEMC sample containing a higher concentration of mercury, only a 3.52 % difference is observed. 

In the samples containing less mercury however the difference is as high as 17.98 %. This may in 

part be due to inaccuracies in measuring very small masses, only 50 mg of sample was used in each 

case. 
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Polysulfide Column - Shirtan Fungicide ICPMS Experiment 

Method 
4 syringe columns were prepared containing a) 3.00 g soil b) 1.50 g soil and 1.50 g porous canola 

oil polysulfide (polymer) mixed together c) 1.50 g soil and 1.50 g polymer separated into layers by 

cotton wool and d) 3.00 g polymer. Syringes were prepared in triplicate. To each column, 3 mL 

MEMC fungicide at operating concentration (0.15 g L-1 Hg as methoxyethyl mercuric chloride) was 

carefully pipetted into the opening and allowed to soak for 2 minutes. After this time the syringe 

plunger was used to force elution of the solution over 30 seconds. In the case of the soil sample, 

solution soaked into the column by gravity. For the sample containing the hydrophobic polymer 

however, slight pressure (from the syringe plunger) was applied in order to saturate the column. 

MEMC fungicide solutions that had passed through polymer appeared a paler pink than the 

intensely coloured solution at operating concentration. The solution that had only passed through 

soil remained strongly coloured.  

Figure 3.1.42 | Photo of columns before use. Left to right: Soil only, soil and polymer mixed together, 

soil and polymer layered with cotton wool, polymer only. 

Samples were diluted 100,000 fold in a 2 % HNO3 acid matrix and analysed for Hg content on a 

Perkin Elmer NexION ICPMS in KED mode (Flinders Analytical, South Australia). Calibration 

standards were prepared from a stock solution of 1,000 ppm Hg in 2 % HNO3 (Chem-Supply, South 

Australia). 
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Results 

 
Figure 3.1.43 | Hg concentration after passing through soil and/or polymer columns as measured 

by ICP-MS. 

 

After passing through the column, mercury concentration had decreased in all samples. With only 

soil in the column, only 54.0 % of the initial mercury remained. This number is improved however by 

the presence of the polymer, where a mixture of soil and polymer leaves only 34.4 % of mercury. 

Where the solution is forced to pass directly through polymer this value is decreased again, with a 

soil; polymer layered mixture and a column of only polymer leaving 25.1 % and 26.6 % mercury 

respectively: A single 2 minute pass at a ratio of 1 g polymer per 1 mL MEMC fungicide at operating 

concentration (0.15 g L-1) removed 73.4 % mercury. 
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Quality Control 

Calibration Curve 

Figure 3.1.44 | Calibration standards graphed as detector intensity (counts per second) against 

prepared Hg concentration (ppb) 
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Internal Standard (Matrix effects, sampling consistency) 

 
Figure 3.1.45 | Internal standard (indium) recovery – fluctuations in concentration generally 

remained consistent between 90 and 110 %, indicating Hg readings may also have drifted similarly. 

This drift is taken into consideration when reporting concentrations by the ICP-MS Syngistix software 

package. The anomalous sharp drop at sample 69 corresponds to a replicate of “soil and polymer 

layered” and was not included when calculating averages. Argon bottles were switched during the 

run, it may have been at this position. This sample was excluded from averaged measurements. 
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Mercury run-over 

Figure 3.1.46 | The full ICPMS run list in order. Peak-to-peak concentrations of blank samples are 

indicated to highlight run-over of mercury from one reading to the next. Even with rinsing and blank 

samples between sampling some mercury can remain on the column and elute into the next sample. 

This is most obvious in the blanks after a sample containing a high concentration of mercury. The 

inclusion of extra blanks and rinsing steps in this way is recommended to minimise the effects of Hg 

bleeding into later samples. No samples were suspected to be affected significantly by this as even 

in the most extreme case the difference between the blanks between samples is only 0.14 ppb where 

all samples registered over 3.5 ppb, a difference of under 5 %. 
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4. SULFUR POLYMERS FOR OIL REMEDIATION
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Ocean oil spills 
For as long as petrochemicals remain a crucial component of human society, the threat of oil spills 

remains an enduring threat to human health and marine life. In 2015, an average of over 58 million 

barrels of crude oil and petroleum products were transported by sea every day, amounting to 61 % 

of the world’s total production for the year1. Accidental oil spills at sea have significant detrimental 

impacts on marine and coastal habitats2-5 and the health and wellbeing of humans who rely on those 

habitats for their livelihood. Destruction of fisheries through the killing or poisoning of sea life is one 

clear economic impact, but the release of toxic chemicals to the local environment can pose severe, 

chronic health effects for inhabitants living near the spill6.  

The fate of spilled oil is quite complex. In the initial event, volatile components are lost quickly to the 

atmosphere. In two such cases, the Exxon Valdez and Amoco Cadiz, as much as 30 and 40 % of 

the total mass of spilled material was lost to evaporation2. Thicker crude oils often contain a mixture 

of components that will react differently to conditions of open weather in turbulent seas. Oil will 

initially form a slick at the surface only a few millimetres thick, spreading out from the source, from 

there it is at the mercy of wave, wind and weather action. Dispersion of oil microparticles through 

wave action is one method that oil can be lost from the slick into the ocean. Conversely, sub-

millimetre particles of water can become trapped in the slick, forming an emulsion and increasing its 

size and thus the difficulty of remediation2. Slicks that reach the shore result in immediate harm to 

wildlife that come into contact. 

One such case, the Deepwater Horizon oil spill in 2010, saw some 4.9 million barrels7 released from 

a deep-sea wellhead that suffered a blowout when a series of automated safety procedures failed to 

halt a kick event. The blowout led to an explosion on the rig that resulted in the death of 11 crewmen 

and the destruction of the drilling pipe mining the seabed, stretching over 9 km below sea level7, 8. 

The Deepwater Horizon spill represents a unique scenario in which oil was not spilt directly on the 

surface, as in the case of a damaged tanker for example, but was the result of an open well stretching 

up from the sea floor, releasing oil up into the ocean. The depth of the spill meant response efforts 

took 3 months to seal the isolated wellhead, over a kilometre below sea level7. The response to oil 
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spills differs by case but often employs a mixture of techniques to remove or recover the oil. In the 

case of the Deepwater spill, 5 % was burned, 3 % was skimmed and 17 % was recovered through 

the riser pipe9. Of the oil that was released, about 5 % evaporated, 10 % reached the surface to form 

the slicks that at their largest covered over 40,000 km2 and the remainder dissolved or dispersed 

forming plumes in the water column5, 9. A controversial approach to the deep-sea release saw 

7,000 m3 of oil-dispersants applied intended to break up the slick and promote bio-remediation. 

During a previous major oil spill, these Corexit oil dispersants were implicated in health problems 

experienced by clean-up workers leading to their ban in the UK7. Approximately 40 % of these 

dispersants were applied directly at the wellhead and the remainder sprayed at the surface, covering 

less than 0.1 % of the cumulative area were slicks were detected5. The result of the Deepwater event 

was a slick that covered a cumulative area of 112,000 km2, the oiling of 2,100 km of shoreline in the 

Gulf of Mexico and damage to deep-sea and shoreline ecosystems5. Most fisheries in the affected 

areas closed leading to income loss and adverse physical and mental health effects were recorded 

in the human population7. 

 

The impacts and responses to such spills demonstrate a need for methods that can be deployed 

rapidly and on a large scale. The response portfolio from recent spills would benefit greatly from a 

solution that meets these targets and also removes the spilled oil from the environment. Currently 

dispersion into the environment, and not recovery, is the leading solution to act quickly and reduce 

environmental harm. Collection also carries the economic potential of recovering the lost oil on top 

of the environmental benefits. Canola oil polysulfide is a material prepared though a relatively simple 

synthesis from waste and renewable materials available worldwide. By including table salt as a 

porogen in synthesis the result is an oleophilic, porous and sponge-like rubber that we posit may be 

utilisable as a tool for oil recovery on a large scale. The validation of large quantities of waste sulfur—

from the petroleum industry—also represents a serendipitous, though ironic, case of a circular 

economy in which petroleum waste products would be used to reduce petroleum waste. 

 

Conventional oil spill response methods can be categorised into three distinct groups: mechanical 

control and recovery through barriers, skimmers or sorbents, chemical treatment such as 

dispersants, emulsion breakers gelling or sinking agents, and natural degradation - monitoring only 

with no countermeasure actions taken. In addition to these primary methods are more advanced or 

specialised responses, such as the promotion of bioremediation, or in-situ controlled ignition10. Sea 

state as well as oil type (viscosity and tendency to emulsify)11 both need to be considered when 

considering the appropriate response to a spill, with larger and more complex spills requiring an 

array of techniques, as seen in the response to the Deep Water Horizon and Exxon Valdez spills. In 

such cases, even the use of several conventional techniques at once cannot address the entirety of 

the spill, and so new and novel approaches are highly desirable. 
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Current conventional sorbents include three distinct types: Natural organics such as peat moss, 

vegetable fibres and straw typically absorb 3–15 times their weight, are inexpensive and readily 

available but lack selectivity, absorbing water along with oil leading to difficult recovery and sinking. 

Natural inorganics including clay, sand and volcanic ash typically absorb 4–20 times their weight, 

are also inexpensive and readily available but are difficult to apply as loose material and carry 

potential inhalation risks. The most widely used are synthetic sorbents; Hydrophobic polypropylene, 

polystyrene and polyester foams, with 70–100 times adsorption capacities, some of which can be 

re-used several times, suffer mainly from their fate after use as they lack biodegradability12. With a 

promising outlook for canola oil polysulfide’s biodegradability13, we hypothesised it could overcome 

this major shortcoming of other synthetic approaches. 

Also notable are the impressive advances made in the development of superhydrophobic/oleophillic 

and superhydrophillic/oleophobic materials for water/oil separation. These materials can exhibit 

absorption capacities hundreds of times their mass, but often suffer from difficult synthetic 

procedures, use of costly components or contain fragile nanostructures key to their effectiveness14. 

For and oil clean-up operation on turbulent seas a sorbent should ideally be inexpensive to produce, 

robust and deployable at scale, limiting the applicability of these advanced materials. 

Porous polysulfide as a sorbent for oil 
The first experiment was to simply float oil on water, apply the polysulfide and see if and how much 

it could absorb. Motor oil was floated atop DI water in a 20 mL glass vial, and polysulfide poured in. 

On contact with the oil, the polysulfide began to aggregate, drawing the oil in and forming a gel, all 

the while remaining floating on top of the water (Fig. 4.1b). For the cleaning of oil spills these are 

important and useful properties; Aggregation into a single location and buoyancy facilitate simple 

recovery of the polymer once it has reached capacity. The next property to test was simply how 

much oil the polysulfide could absorb: In a series of 20 mL glass vials, crude oil (Nockatunga, 

Australia) at volumes from 0.5 to 2.0 mL at 0.25 mL increments was carefully pipetted on to 5.0 mL 

DI water.1.00 g porous canola oil polysulfide as added to each vial and left for 5 minutes to collect 

the oil. Polysulfide aggregated as before, absorbing the oil. After removal of the oil-loaded polysulfide 

with forceps, a thin layer of oil still remained visible in the vials previously holding 1.25 mL oil or 

more. Those containing 0.5, 0.75 and 1.0 mL however seemed to have been cleared of oil. 

Unfortunately, this experiment was not as useful as we had hoped in determining a precise capacity, 

but it did show that we were testing at the right volume, hinting at a capacity for this particular variety 

of crude oil of 1 mL per gram polysulfide. A complimentary experiment was devised to determine a 

precise capacity and carried out with a variety of industrial oils that may be involved in spills: Two 

varieties of crude oil, one thin from an Australian wellhead in Nockatunga, and a thick sludge-like oil 

from a Texan wellhead. Motor oil (Castrol Magnatec 10W40) and Diesel were also included. In the 

experiment, porous polysulfide was cut into 5.0 mm cubes (Fig. 4.1d) using a scalpel and placed in 
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a glass petri dish containing a thin layer of oil such that the polymer was partially submerged. Time 

taken for the oil to wick up through the polysulfide block was monitored and once saturated, the block 

was lifted with forceps and excess liquid removed by dabbing on a separate glass dish. Absorbed 

oil mass was determined gravimetrically and capacity averaged over 5 replicates. Wicking time 

varied from 30 seconds to 5 minutes, but capacity remained quite close among the oils. The thinner 

Nockatunga crude oil absorbed into the polysulfide fastest with a 30 second wicking time at a 

capacity of 0.95 ± 0.15 mL per gram polysulfide. Diesel, also a thin oil saturated the polymer within 

a minute with the greatest capacity of 1.36 ± 0.39 mL g-1. The two thicker oils, motor oil and the 

Texan crude oil both required 5 minutes to soak up to the apex of the polymer with capacities of 

0.86 ± 0.14 and 0.95 ± 0.14 mL g-1 respectively. Canola oil polysulfide exhibited the same capacity 

for both crude oil samples, despite the differences in viscosity and density. As a control to determine 

specificity of the polysulfide to absorb oil exclusively, polymer cubes were partially submerged in DI 

water. After 5 minutes the mass difference was recorded, accounting for an equivalent capacity of 

0.056 ± 0.012 mL g-1 for water, 5.9 % of that of the crude oils. Water was not observed to wick up 

through the polysulfide and so the experiment was halted at the maximum time needed for all oils to 

absorb: 5 minutes. Water in this case is simply adhering to the polysulfide and a clear preference for 

oils is observed. 

Figure 4.1 | a-c: Motor oil on water before (a), during (b) and after (c) application of porous polysulfide to 

recover the oil. d: Porous canola oil polysulfide prepared as 5 mm cubes for use in wicking experiments. 

Contact angle measurements were able to further describe oleophilicity and quantify hydrophobicity. 

Across 15 different measurements, water contact angle of a 10 µL droplet averaged 130° ± 

10.5° with a minimum of 111° and maximum of 156° (Fig. 4.2e). Surface roughness or 

inhomogeneity of the porous polymer surface may influence this value, but the polymer is 

clearly hydrophobic. Repeating the same procedure with oil, carefully applying a 5 µL droplet 

of liquid to the surface of a 5 mm cube of polysulfide, resulted in absorption of the oil over a 

short period of time. The thicker oils took the longest to absorb, 50 seconds for the motor and a 

full minute for the Texas crude. The thinner oils were significantly quicker, at 3 seconds for the 

diesel and only 600 ms (measured from a video recording of the absorption process) for the 

Australian crude (Fig. 4.2). Contact angle over time for each oil was plotted to visualise the 

absorption process (Fig. 4.2f). This experiment clearly 
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demonstrates the hydrophobicity (perhaps to be expected of a polymer of sulfur chains and fatty 

acids) of the polysulfide and affinity for petroleum oils of a variety of viscosities, from crude to refined. 

Figure 4.2 | a-b: Screen-captures from a video recording of applying a droplet (approx. 5 µL) of Nockatunga 

crude oil (a) or Texan crude oil (b) to a 5 mm porous polysulfide cube in a contact angle goniometer c: As b, 

outside of the goniometer to demonstrate in colour. d-e: A droplet of water on a cube of porous polysulfide 

outside (d) and inside (e) the goniometer, where the latter was used to determine water contact angle. f: Graph 

of droplet contact angle over time. 
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Once captured, an obvious question is what is the final fate of the used sorbent? Given the 

compressibility of porous canola oil polysulfide, we thought it might be feasible to recollect oil after 

use by simple mechanical compression. By taking porous polysulfide saturated with motor oil and 

squeezing it between glass slides, oil could be recovered, though not without small portions of the 

polymer breaking under the stress in this initial crude test. With the recovery of absorbed oil, the fate 

of recovered polysulfide is the next to be brought into question. Given the separation of oil from 

polymer, could it simply be used again? To test, 1.00 g polysulfide was added to 1.00 mL motor oil 

floating on 5.00 mL water in a 20 mL glass vial. The polysulfide absorbed the oil and aggregated as 

before. This time however the polysulfide was removed after 5 minutes, compressed to recover the 

oil, and added back into a fresh vial of oil and water. The polysulfide acted as before, absorbing the 

oil and aggregating. It was removed and compressed, and the oil and polymer separated once more. 

The same batch of polymer was used a total of 5 times, visibly removing all oil for a total of 5.00 mL 

recovered by 1.00 g (Fig. 4.3), more than 5 times greater than the capacity reported in the wicking 

experiment. Polysulfide could feasibly be used over many more cycles, but each recovery step 

employed non-uniform, by-hand compression between two glass slides that led to deformation of 

the polysulfide. The test was stopped at 5 cycles because recovery of the polysulfide became 

difficult. SEM imaging, and FTIR and Raman analysis showed that after compression, some oil still 

remained on the surface of the polymer. SEM was also used to investigate the deformation of 

polysulfide that had not been in contact with motor oil; crushing of polysulfide particles leads to loss 

of equable pores and channels visible in un-crushed polysulfide, but the fracturing of the polymer 

particles seems to impart new void-space as oil capacity is not negatively impacted with each re-use.  

 

 
Figure 4.3 | a: Porous polysulfide compressed between glass slides after being used to absorb motor oil to 

separate and recover the oil and polysulfide. b-e: 1.0 g recovered polysulfide used for a second (b), third (c), 

fourth (d) and fifth (e) time to collect 1.0 mL motor oil with recovery by compression repeated between each 

re-use. Compression damage becomes more prominent with each recovery cycle. 

 

Deployment inside a semi-permeable membrane (a teabag-like bag for example) where particle 

deformation would not be a detriment to recovery or controlled compression that might not lead to 

deformation could result in vastly increased recyclability. To test the latter proposition, we undertook 

a collaboration with Jonathan Campbell of the Flinders Institute for Nanoscale Science and 

Technology. Over a series of experiments either sourced from literature or devised for dynamic 

mechanical analysis (DMA) we discovered that porous polysulfide could recover fully after 
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compression under a certain strain threshold. At 20 and 40 % strain, recovery was instantaneous. 

Deformation began to occur at 60 % strain with slight compression set but still instantaneous 

recovery. At 80 % strain compression set was far more noticeable and the polymer cube continued 

to decompress for up to 5 minutes after relieving compression (Fig. 4.4b). Compressing the polymer 

to such a thorough extent results in permanent damage. In a separate experiment, continued 

compression and decompression from 0 to 35 % strain was performed on a single polymer cube. 

Over 20 cycles permanent deformation of only 5.6 % was observed (Fig. 4.4c). The polymer soaked 

with oil was found to require slightly more force to compress to the same extent as the pristine 

polymer, but both followed a similar profile, compressing linearly with pressure up to approximately 

40 % strain but rapidly requiring more force to continue compression approaching the strain levels 

that result in deformation (≥60 %). 

Figure 4.4 | a: 5 mm cube of porous polysulfide before (top), during (middle), and after (bottom) compression 

between two glass slides. b: Cubes of porous polysulfide were compressed to 20, 40, 60 and 80 % strain for 

1 minute. Compression set (permanent deformation) begins to occur at 60 % strain and is far more prominent 

at 80 %. c: Force was applied to compress a porous polysulfide cube to 35 % strain over 1 minute and the 

ramped back down over 1 minute. This was repeated for 40 minutes to demonstrate compression set from a 

weaker force (as per b) over multiple compressions. 

To validate the need for porosity in the polysulfide, oil recovery was attempted with non-porous 

polysulfide. Hypothetically, if the mechanism of action was dependent primarily on the polysulfide’s 

hydrophobicity and not void space, it could result that non-porous polysulfide would be as efficient 

as the porous. Thus, the extra steps and reagents required in synthesis to impart porosity would 

simply be a waste of salt and water. To validate the green metrics of the polysulfide’s synthesis it 

was necessary to take a step back and test the simpler material. To a 20 mL glass vial was added 

8.0 mL DI water and 1.0 g Nockatunga crude oil (more water was required than in previous 

experiments to avoid the oil colliding with and remaining at the base of the glassware under gravity 

on addition). To this, powdered porous (low density polysulfide) or non-porous polysulfide was added 
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with swirling until no free oil was observed. Both porous and non-porous polymers aggregated with 

the oil as it was absorbed. On average of triplicate measurements, 0.50 g porous polysulfide was 

required for no oil to remain visible, whereas 1.19 g was required of the non-porous (Fig. 4.5). In one 

replicate the non-porous polysulfide-oil agglomerate sank in the vial. Not only was more than double 

the mass of non-porous polysulfide required to collect the same mass of oil, but it runs the risk of 

sinking, taking the oil with it and preventing recovery. In an identical experiment using 2.0 g motor 

oil on 25 mL water, 1.15 g porous polymer was required and 2.96 g non-porous. The latter again 

sinking to the bottom. These shortcomings together encourage the use of porous over non-porous 

polysulfide. Given the hydrophobicity of sulfur we also thought to repeat the experiment with just 

powdered S8. Initial addition followed a similar pattern to the polysulfides, aggregation with the oil, 

but with the addition of approximately 0.5 g sulfur the bulk began to clump and sink (Fig. 4.5d). The 

sunken sulfur-paste that formed sat at the bottom of the glass with a bubble of oil adhered to the 

surface having been dragged down with it. In total 1.23 g was added to agglomerate all oil, but in all 

cases the material sank, proving ineffective for recovery. Despite this it is still interesting to note that 

sulfur contributes to oil-binding, not just the triglyceride component of the polymer. 

 

 
Figure 4.5 | a-d: Nockatunga crude oil on water before (a) and after the addition of enough low density 

polysulfide (b), non-porous polysulfide (c) or powdered sulfur (d) to absorb the oil. More than double the mass 

of non-porous polysulfide compared to low-density was required to absorb the same volume of oil. Powdered 

sulfur agglomerated and sank on contact with crude oil. 

 

Experiments on a larger scale 
With the ambition of applying porous sulfur polymers as sorbents for large-scale oil spills, we would 

need to demonstrate effectiveness on a much larger scale. To a 3.0 L pyrex dish was added first 

500 mL deionised water, and then 100 mL motor oil that sat as two phases. To the oil was added 

100 g low density polysulfide (i.e. powdered porous polysulfide). Over 5 minutes the polysulfide 

visibly soaked up the oil and began to gel. Removal of the polymer from the surface was made 

simple with only a net, leaving clear water behind—all motor oil had been removed. Even at this 

scale the polysulfide continues to function as an oil sorbent with at least the same capacity as tested 

on the gram scale. However, more impressive would be something closer to a real-world scenario. 

DI water was replaced with sea water from Brighton beach, SA, a short drive from the lab, processed 

motor oil was replaced with the far more unpleasant Texan crude oil, and importantly the polysulfide 
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used was prepared from waste vegetable oil. Though not at the scale of a disastrous oil spill, this 

experiment would at least replicate crude oil on seawater with a sorbent prepared from waste 

materials. 100 mL crude oil was poured onto 1.50 L water (more water was required as the heavy 

oil would sink on addition and stick to the base) and 100 g waste-oil polysulfide was spread along 

the oil. Recovery of the polysulfide occurred after only 1 minute this time, proving to be sufficient as 

the polysulfide gelled, discoloured by the oil, and was equally simple to extract with a net (Fig. 4.6)15. 

Figure 4.6 | a-h: To 1.5 L seawater (a) 100 mL Texan crude oil was added (b) and then 100 g low density 

polysulfide prepared from waste cooking oil was applied (c). The polysulfide was spread across the surface 

(d) and left for 1 minute, during which time the oil migrated into the mass of the polymer, seen as a change in

colour (e). The resultant polymer-oil gel was removed with a simple net (f) revealing no free oil beneath (g).

Once all polymer had been recovered only water remained (h). i-k: Compression of polymer-crude oil gel by

household kitchen apparatus (a potato ricer) (i) facilitated separation of the oil (j) from the polysulfide (k).

In a more complex scenario such as turbulent open water contaminated with oil, simply applying 

polysulfide to the contaminant may not be so easy. The final task for this project was to address this 

concern by transforming the procedure to a continuous filtration process. A filtration device could 

also provide the added benefit of an isolated sorbent chamber in which saturated sorbent would be 
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pre-collected without the need for manual recovery. The pilot design involved the sealing of 30.0 g 

low density polysulfide inside PVC pipe with PVC-coated fibreglass yarn mesh at the inlet and cotton 

fabric at the outlet. A mix of 100 mL sea water and 10.0 mL Texas crude oil was passed through the 

assembled filter, it initially collected at the inlet but as it slowly passed through the column all that 

remained was water flowing out of the device into the collection beaker (Fig. 4.7)15. 

 
Figure 4.7 | a-d: A layered mixture of 10 mL crude oil on 100 mL seawater was passed through a gravity 

filtration device containing low density polysulfide. Crude oil is trapped by the polysulfide and only clear water 

elutes. e: Components of the polysulfide filtration device before use. f: Polysulfide collected after filtration of 

water from oil, some polysulfide has turned black indicating capture of crude oil. 

 

In conclusion, low density and porous canola oil polysulfide has been demonstrated to absorb 

petroleum oils: diesel, motor oil as well as thin and viscous crude oils on a short (< 1 min) timescale 

with a capacity that varies slightly based on experimental design but averages close to 1 mL g-1. Oil 

can be recovered from the polysulfide by compression and recovered polymer can be re-used to 

soak up oil to a similar capacity. This recycling process can be repeated multiple times to recover 

larger quantities of oil with the same supply of polysulfide. Low density polysulfide retains its 

oleophilic and hydrophobic properties at the 100 mL scale and remains floating on collection, 

facilitating simple recovery. And by incorporation of low density polysulfide in a simple filtration 

column, water-oil mixtures can be passed through to separate the two by absorption of the oil layer. 
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Further investigation is planned to demonstrate the use of canola oil polysulfide as an oil sorbent on 

even larger scales, incorporating the effects of wave action and open weather as well as the stability 

of the polysulfide itself under such conditions on a longer time scale. 

Biodegradation studies of the polymer and oil-polymer aggregate are planned for the future of this 

project. The Australian Maritime Safety Authority has expressed an interest in the polymer and its 

development into an oil-remediation device, prompting the need for details on the final fate and 

stability of the material. As a tool to be used alongside a panel of oil spill response mechanisms, we 

foresee the polymer as a tool for use in wetland and coastal areas where access it severely 

restricted, and where control of slicks is paramount in the case of an oil spill emergency. The porous 

polysulfide may fit an important niche in this area, where traditional sorbents are difficult to apply by 

air and dispersants are not applicable as they run the risk of dissolving natural plant waxes and 

damaging the environment. 
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Oil and hydrocarbon fuel spills continue to 
threaten both terrestrial and aquatic ecosys-
tems, with adverse effects on the environ-
ment,[1] economy,[1d] and human health.[2] 
The explosion on the Deepwater Horizon 
offshore drilling rig in 2010 and subsequent 
release of ≈4.9 million barrels of crude oil 
into the Gulf of Mexico is a reminder of the 
catastrophic scale on which these events can 
occur.[3] In addition to such large-scale oil 
releases, there are hundreds of smaller spills 
each year in which diesel fuel is a common 
form of hydrocarbon pollution.[4] Oil pollu-
tion is also a serious concern in developing 
regions where limited resources hamper 
the response to spills that threaten ground 
water, drinking water, and food staples such 
as fish and other aquatic organisms. The 

extensive oil pollution in the Niger Delta[5] and the Amazon basin 
of Ecuador[6] are prominent examples in this regard.

Because of these ongoing challenges with oil and fuel spills, 
there have been calls for research into cost-effective tech-
nologies that can facilitate the response to this pollution.[3a,7] 
Accordingly, there is wide interest in skimming technology and 
sorbents that can be produced and deployed on an immense 
and economically viable scale.[7,8] Regarding sorbents, these 
materials are typically most effective in oil capture if they are 
hydrophobic and have high surface area, low specific gravity 
and high buoyancy in water.[7,8] Mechanical recovery of the oil 
and sorbent reuse are also desirable features,[7,8] and low cost 
is critical for uptake in the field.[9] Impressive advances have 
been made for both sorbents and membranes, with highly 
effective materials reported for oil separation and recovery from 
water.[7,8] Nevertheless, the majority of these high-performance 
materials are not economically viable on the scale required for 
many remediation needs and most commercial sorbents are 
made from nonrenewable polypropylene fibers[10] or polyure-
thane foams.[8d] Additionally, while natural biomass and fibrous 
vegetation have been investigated as low-cost and sustainable 
sorbents,[11] these typically suffer from low buoyancy, high 
water sorption, or limited means by which to recover the oil.

In this report we introduce a new class of oil sorbents that is 
low-cost, scalable, and enable the efficient removal and recovery 
of oil from water. The key material is an elastic and porous copol-
ymer made from the direct reaction of sulfur and unsaturated seed 

Crude oil and hydrocarbon fuel spills are a perennial threat to aquatic envi-
ronments. Inexpensive and sustainable sorbents are needed to mitigate the 
ecological harm of this pollution. To address this need, this study features 
a low-density polysulfide polymer that is prepared by the direct reaction 
of sulfur and used cooking oils. Because both sulfur and cooking oils are 
hydrophobic, the polymer has an affinity for hydrocarbons such as crude oil 
and diesel fuel and can rapidly remove them from seawater. Through simple 
mechanical compression, the oil can be recovered and the polymer can be 
reused in oil spill remediation. The polysulfide is unique because it is pre-
pared entirely from repurposed waste: sulfur is a by-product of the petroleum 
industry and used cooking oil can be used as a comonomer. In this way, 
sulfur waste from the oil industry is used to make an effective sorbent for 
combatting pollution from that same sector.
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oils such as canola oil, with inexpensive sodium chloride crystals 
serving as a porogen to impart higher surface area to the pol-
ymer (Figure 1). Because sulfur is a by-product of the petroleum 
industry[12] and used cooking oils are suitable starting materials, 
this oil sorbent can be made entirely from industrial waste that 
is inherently low in cost. Furthermore, because both sulfur[12,13] 
and canola oil[14] are produced in millions of tonnes each year, 
the starting materials are sustainable and available on the scale 
required for addressing the oil spill problem.[15] Additionally, this 
advance would constitute a valuable use for sulfur polymers[16] 
that is distinct from recent applications of high-sulfur materials in 
battery technology,[16a,c] optics equipment,[16c,17] and heavy-metal 
remediation.[18] Importantly, a polysulfide made from sulfur and 
canola might also be effective in oil spill remediation because both 

comonomers are hydrophobic. Furthermore, a porous and flex-
ible version of this material might enable recovery of bound oil by 
simple mechanical compression. We therefore set out to test the 
hypothesis that hydrophobic, porous, and compressible sulfur pol-
ymers will enable the separation and recovery of oil from water.

The porous canola oil polysulfide was first prepared using 
either pristine, food-grade canola oil, or used unsaturated 
cooking oils obtained directly from a restaurant (Figures S1–S9, 
Supporting Information). We aimed for kilogram-scale batch 
processes at the outset to demonstrate scalability—an important 
consideration for use in oil spill remediation. Accordingly, the 
optimized polymerization was carried out in 4 L reactors using 
an overhead stirrer with torque control to account for changes in 
viscosity (Figure S3, Supporting Information). The unsaturated  

Adv. Sustainable Syst. 2018, 2, 1800024

Figure 1.  A) Elemental sulfur and canola oil (or used cooking oil) react directly to form a polysulfide copolymer. The polymer, equal mass in sulfur and 
canola oil, is a friable rubber. The inclusion of sodium chloride in the reaction mixture results in a polymer–salt composite. The sodium chloride can 
be removed with a water wash to introduce pores into the polymer. If the polymer is ground finely (0.5–3.0 mm particle size) and then washed with 
water, the void spaces formed after sodium chloride removal no longer appear as pores. In this case, the polymer tears at the salt interface where a 
pore would otherwise form. This finely milled polymer is referred to as a “low-density polysulfide” rather than a “porous polysulfide.” B) The polysulfide 
copolymer is formed by ring-opening polymerization of elemental sulfur and reaction of the resulting thiyl-radical end groups with the Z-alkene of the 
unsaturated cooking oil triglyceride (primarily oleate and linoleate in the oils used in this study) 87% of the alkenes are consumed in the polymeriza-
tion, as determined by 1H NMR spectroscopy. C) Left to right: The polymer–salt composite was prepared on a 2.5 kg scale and ground finely before 
washing with water. After washing with water and drying, 750 g of the low-density polysulfide was obtained (far right image).
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cooking oil (375  g) was first added to the 
reactor and heated to 170  °C, with the 
internal reaction temperature monitored 
directly throughout the synthesis. Elemental 
sulfur (375  g) was then added over 10  min, 
with the slow addition ensuring the reac-
tion temperature did not fall below 155  °C. 
The reaction mixture appears as two trans-
parent liquid phases at this stage: the sulfur 
appears orange or red on the bottom phase, 
while the yellow cooking oil resides in the top 
phase. Thermal homolysis of SS bonds in 
elemental sulfur under these conditions gen-
erates thiyl radicals that initiate ring-opening 
polymerization of sulfur. The thiyl radical end 
groups contained in the resulting polysulfide 
intermediates also react with the alkenes of 
the cooking oil to form a crosslinked poly-
sulfide (Figure 1).[16e,18b] As this copolymeri-
zation occurs, the reaction mixture gradually 
becomes opaque and appears as one phase. 
At this stage, the reaction temperature was 
increased to 180 °C and the sodium chloride 
porogen (1.75 kg) was added over 15–20 min. 
As the copolymerization continues, the reac-
tion mixture gradually forms a paste. Approx-
imately 10–15  min after the addition of 
sodium chloride was complete, the viscosity 
increased such that the torque of the over-
head stirrer registered 40 N cm. At this point, 
the synthesis was complete so the stirring 
was stopped and the reactor was removed 
from the heating source. After cooling the 
reaction to room temperature, the solid pol-
ymer–salt composite was broken into smaller 
pieces (Figure 1) and then washed with water 
to remove the sodium chloride porogen.

After removing the porogen from coarse par-
ticles (e.g., >2.5 mm diameter) of the salt–poly-
sulfide composite, the resulting polymer con-
tains pores measuring 119 ± 53 µm diameter 
(Figure 1 and Figure 2A). We refer to material 
prepared in this way as a “porous polysulfide.” 
The salt–polymer composite can also be cut 
into a desired shape such as a cube and then 
converted into the porous polysulfide through 
a simple water wash as shown in Figure 2A. If 
the polymer is ground more finely (<2.5 mm 
particle diameter, Figure 1C), the friable poly-
sulfide tears at the salt interface where a pore 
would otherwise form. After removing the salt 
from these smaller particles, a textured surface 
results, instead of pores (Figures S10 and S11, 
Supporting Information). We refer to this 
material as a “low-density polysulfide” rather 
than a porous polysulfide. Both the porous 
polysulfide and low-density polysulfides were 
dried to a constant mass by passing warm air 
(<45 °C) over the polymer for several hours.

Adv. Sustainable Syst. 2018, 2, 1800024

Figure 2.  A) Blocks (5 mm × 5 mm × 5 mm) of the porous canola oil polysulfide and an SEM 
image of a polymer cross section showing the micrometer-scale pores (119 ± 53 µm diameter, 
measured for 50 randomly sampled pores in SEM images of the cross-section). B) The porous 
polysulfide is compressible. C) Left: Stress–strain curve of porous polysulfide when stress of 
0.5 N is applied at 1 N min−1 up to 0.2, 0.4, 0.6, and 0.8 N force, with a relaxation of 1 N min−1 in 
between each compression step. The polymer can be compressed to increasing amounts of strain 
and recover, but there is an offset to a fixed strain (polymer deformation) that increased after each 
cycle. Right: Strain of the porous polysulfide when a stress of 0.5 N is applied at 0.5 N min−1, fol-
lowed by a return to zero force at 0.5 N min−1, repeated over 20 cycles. This analysis shows that 
there is good repeatability of the compression and relaxation cycle. The polymer can be squeezed 
to 35% strain (0.5 N force) repeatedly. At this strain, there is only a small increase in compres-
sion set (the permanent deformation that remains after the cycle). D) The porous polysulfide is 
hydrophobic, with a water contact angle of 130° ± 10.5°, with a minimum observed angle of 111° 
and a maximum of 156° over 15 individual measurements. The photographs show a bead of water 
on the polymer and a representative image used to calculate water contact angles.
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1H NMR spectroscopy of the canola oil polysulfide in per-
deuturated pyridine indicated 87% of the alkenes were con-
sumed in the copolymerization for both pristine canola oil and 
used cooking oil (Figures S12–S15, Supporting Information). 
Pyridine was used in this analysis as it was the only solvent 
identified that could fully dissolve the canola oil polysulfide. 
The density of the canola oil polysulfide was 0.5 g cm−3, which 
was anticipated to aid in buoyancy during oil spill remedia-
tion on water (Figure S16, Supporting Information). The sur-
face area of the polymer was calculated to be in the range of 
0.02–0.04  m2  g−1, using the measured surface area of the 
sodium chloride porogen as a proxy for this feature (Figure S13, 
Supporting Information). It should be noted that no effort was 
made to optimize the surface area (for instance by preparing 
smaller porogen crystals), so that the sodium chloride could 
be used as received and not require laborious recrystallization. 
Thermogravimetric analysis indicated stability up to 200  °C. 
Above this temperature two major mass losses are observed at 
(≈230 and ≈340 °C).[18b] The first mass loss is attributed to deg-
radation of the more labile polysulfide domain (regions of the 
material containing SS bonds) and the mass loss at higher
temperature corresponds to degradation of remaining organic 
matter. The thermal analysis also revealed that there is typically 
10–15% free sulfur in the final polymer product, as determined 
by integration of the endotherm detected through differential 
scanning calorimetry upon the melting of free sulfur. Similar 
thermal profiles were observed for polymer made from pristine 
canola oil and polymer made from used cooking oil (Figures S17 
and S18, Supporting Information).

The formation of the polysulfide structure 
(SS bonds) in the polymer was consistent
with X-ray photoelectron spectroscopy (XPS) 
signals for S 2p3/2 at 163.8  eV (Figure S19, 
Supporting Information) as well as a signal 
at 463  cm−1 in the Raman spectrum. Angle 
resolved XPS also indicated residual sodium 
chloride (<3% fractional composition) is 
retained in the polymer even after extensive 
water washing (Figure S19, Supporting Infor-
mation). Angle resolved XPS and neutral 
impact collision ion scattering spectroscopy 
were also used to profile the surface compo-
sition of the polysulfide, revealing a higher 
relative amount of carbon to sulfur down to 
4 nm, and a constant ratio of carbon to sulfur 
in the bulk of the polymer at depths greater 
than 4 nm (Figures S19 and S20, Supporting 
Information).

Mechanical properties of the porous 
polysulfide were investigated through 
dynamic mechanical analysis (Figure 2C 
and Figures S21–S24, Supporting Infor-
mation). Stress–strain curves indicate that 
polymer can be compressed repeatedly to 
30% strain and can return to its original 
shape. Above 40% strain, polymer defor-
mation is substantial (Figure S24, Sup-
porting Information). The flexibility of the 
polysulfide gives it a sponge-like consistency 

(Figure 2B) anticipated to be important in recovering bound oil 
through mechanical compression. The polymer was also hydro-
phobic, with a water contact angle of 130°  ±  10° (Figure 2D 
and Figure S25, Supporting Information). This property was 
expected for a material comprised of a hydrophobic triglyceride 
crosslinked with low-polarity polysulfide groups. The uptake of 
water is also relatively low, with only 56 mg of water sorbed per 
gram of polymer after 5 min of complete immersion in water.

Next, the porous polysulfide was tested in oil sorption experi-
ments. The uptake of diesel fuel, motor oil (10W-30), and crude 
oil were all evaluated (Figure 3 and Figures S26–S30, Supporting 
Information). Diesel fuel uptake into the porous polysulfide 
was rapid, with complete sorption of a 5  µL drop within 3  s 
(Figure 3A). The more viscous motor oil was somewhat slower 
to permeate the polymer, but complete sorption was observed 
within 50  s (Figure 3B). Similar rates of uptake were observed 
for crude oil obtained directly from wellheads at multiple loca-
tions (Figures S28 and S29, Supporting Information). The sorp-
tion capacity for each of these oils was determined by partially 
immersing a 5.0 mm × 5.0 mm × 5.0 mm cube of the porous poly
sulfide into each respective oil. After the oil was visible at the top 
of the cube (transported through capillary action), the cube was 
removed and weighed after removing unbound oil. One gram of 
porous polymer typically absorbed 0.9 mL motor oil, 1 mL crude 
oil, and 1.4  mL of diesel fuel in this experiment (Figure S31, 
Supporting Information). The polymer was also effective at 
removing oil from water (Figure 3C). When the polymer parti-
cles (2.5–5.0  mm) were added to the oil–water mixture, the oil 

Adv. Sustainable Syst. 2018, 2, 1800024

Figure 3.  A) Sorption of 5  µL of diesel fuel into the porous polysulfide occurs within 3  s. 
B) Sorption of viscous motor oil (10-W30) into the porous polysulfide occurs over 50  s.
C) 1.00 g of the porous polysulfide (2.5–5.0 mm diameter particles) was added to a mixture
of motor oil (1.00 mL) and water (5.00 mL). The polymer rapidly absorbs the oil and forms an
oil–polymer aggregate, which can be easily removed from the water. The oil-polymer aggregate 
can be mechanically compressed to recover the oil (compression between two glass slides is
shown). The polymer can be reused in oil–water separation.
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was bound to the polymer within seconds. Additionally, the 
polymer particles aggregated upon oil sorption thereby facili-
tating recovery of the polymer-bound oil. Gratifyingly, both the 
oil and the polysulfide could be recovered by simply compressing 
the sorbent (Figure 3D). Imaging the surface of the bound oil by 
scanning electron microscopy (SEM) revealed that the pores were 
filled with oil (Figure S32, Supporting Information). After recov-
ering the oil by compression, a film of oil remains on the surface 
of the polymer, as indicated by SEM analysis and infrared and 
Raman spectroscopy (Figures S33–S38, Supporting Information). 
Fortunately, this retained oil had minimal 
impact on the reuse of the polymer and the 
same oil sorption performance was observed 
for five sorption and oil recovery cycles  
(Figure S39, Supporting Information).

Further investigation of the low-density 
polysulfide (prepared as finer particles var-
ying in size from 0.5 to 2.5 mm in diameter) 
revealed a similar behavior of binding to 
crude oil and forming an oil–polymer aggre-
gate (Figure S40, Supporting Information). 
These particles could typically bind twice 
their mass in crude oil. In a control experi-
ment in which the polysulfide was prepared 
without using the sodium chloride porogen, 
crude oil sorption was still observed but the 
oil capacity was 2.4 times lower than the low-
density polysulfide (Figure S40, Supporting 
Information). Additionally, preparing the 
polysulfide without the porogen leads to a 
denser polymer that is less buoyant in water 
after binding to oil. Similarly, elemental 
sulfur can bind to crude oil and aggregate, 
but its binding sorption capacity is ≈2.5 times 
lower than the low-density polysulfide and 
the sulfur–crude oil aggregate sinks in 
water (Figure S40, Supporting Information). 
Buoyancy of the polymer-bound oil is a crit-
ical feature of a sorbent because it facilitates 
removal from the surface of contaminated 
water by skimming.

With these encouraging oil sorption 
and recovery results, we were motivated to 
assess the low-density polysulfide’s ability to 
remove crude oil from seawater (Figure 4). 
For this experiment, the low-density poly-
sulfide was first prepared from unsaturated 
waste cooking oil obtained from a restaurant 
(Figures S5–S9, Supporting Information). 
Next, 100  mL of crude oil was added to 
a glass dish containing 1.5  L of seawater. 
The low-density polysulfide (100  g) was 
added to the oil–water mixture and rapid 
uptake of oil was observed over a few sec-
onds with simultaneous aggregation of the 
oil-soaked polymer particles. After 1  min 
of total treatment time, the oil–polysulfide 
aggregate was removed from the water 
using a net (Figure 4A) and the crude oil 

could be recovered by compressing the oil–polymer aggre-
gate (Figure 4B). A video of the oil sorption and removal from 
water is provided in Movie S1 in the Supporting Information. 
The protocol is fast, technically simple, and fully compatible 
with seawater (Figures S41 and S42, Supporting Information). 
Similar results were also observed in a similar experiment with 
motor oil (Figure S41, Supporting Information).

Due to the rapid sorption of the oil, the oil water separation 
could also be completed in a continuous process (Figure 4C 
and Movie S2, Supporting Information). In this experiment, 

Adv. Sustainable Syst. 2018, 2, 1800024

Figure 4.  A) Crude oil (100 mL) was added to 1.50 L of seawater. The low-density polysulfide 
(100 g) was then added to the oil–water mixture. In less than 1 min, the oil and polymer form an 
aggregate that can be removed from the water by skimming with a net. A video of this process is 
provided in Movie S1 in the Supporting Information. B) The crude oil can be recovered from the 
low-density polysulfide by mechanical compression and the recovered polymer can be reused in 
oil sorption. C) A filter was constructed in which 30 g of the low-density polysulfide was packed 
into polyvinyl chloride (PVC) pipe. The polymer was immobilized using PVC mesh on the inflow 
end and cotton fabric on the outflow end (Figure S39, Supporting Information). A mixture of 
crude oil (10 g) and seawater (100 g) was poured through the filter. The oil remained bound 
to the polymer while the purified seawater passed through the filter. A video of this process is 
provided in Movie S2 in the Supporting Information.
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the low-density polysulfide (30 g) was used as filtration media 
(Figures S43 and S44, Supporting Information). Pouring a 
mixture of seawater (100  g) and crude oil (10  g) through the 
filter resulted in efficient capture of the oil and purification of 
the seawater. We anticipate that the continuous process will be 
useful in cases where it is more convenient to pump oil and 
water mixtures through a filter, rather than depositing the 
sorbent directly on the oil spill.

In summary, a polysulfide was prepared by the copolymeri
zation of sulfur and unsaturated cooking oils. This material 
binds oil and aggregates upon contact, allowing straightforward 
separation from water. Because of the unique material proper-
ties of the featured sulfur polymer, the bound oil can be recov-
ered by mechanical compression and the polymer can be reused 
in oil sorption. The material can also serve as filtration media 
for the separation of oil and water in a continuous process. All 
starting materials are available in megaton quantities at low 
cost, so the prospect for using this material in large-scale oil 
spill remediation is promising. The sorbent was also prepared 
from sulfur and used cooking oil, meaning that every atom of 
the sorbent, in principle, can be derived from industrial waste. 
In the case of sulfur, it is a by-product of the petroleum sector—
an industry closely tied to oil spills. Therefore, this study repre-
sents an intriguing way to extend industrial chemical life-cycles: 
a by-product from the petroleum industry was used to make a 
polymer that could remediate oil pollution directly associated 
with that same industry. We also note that the use of canola 
oil aligns with a growing interest in identifying low-cost and 
sustainable crosslinkers for sulfur polymers.[16e,18a,d,19] The use 
of such polysulfides in oil spill remediation is an entirely new 
and environmentally beneficial application for polymers made 
from sulfur. This application consumes excess waste sulfur that 
is stockpiled around the globe and may help mitigate the peren-
nial problem of oil spills in aquatic environments.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
This research was supported financially by Flinders University, the 
Australian Government National Environmental Science Programme 
Emerging Priorities Funding (J.M.C.), FCT Portugal (I.S.A. and G.J.L.B.), 
The Royal Society (University Research Fellowship, G.J.L.B.), the 
Engineering and Physical Sciences Research Council  (G.J.L.B.), and 
the European Research Council (Starting Grant, G.J.L.B.). J.M.C. also 
acknowledges support from the Australian Research Council Discovery 
Early Career Research Award (DE150101863) and the Royal Australian 
Chemical Institute David Solomon Award. The authors are also grateful 
for the support of the Australian Microscopy and Microanalysis Research 
Facility (AMMRF) at Flinders University. Additionally, this work was 
performed in part at the South Australian node of the Australian National 
Fabrication Facility (ANFF) under the National Collaborative Research 
Infrastructure Strategy to provide nano and microfabrication facilities 
for Australia’s researchers. The authors thank McHughs cafe at Flinders 
University for supplying used cooking oil and the Australian School of 
Petroleum at the University of Adelaide for providing crude oil samples.

Conflict of Interest
Two authors (M.J.H.W. and J.M.C.) are inventors on a patent associated 
with the synthesis and applications of the canola oil polysulfide material 
(Patent No. WO 2017181217).

Keywords
inverse vulcanization, oil spills, polysulfides, sulfur, waste valorization

Received: February 16, 2018
Revised: March 6, 2018

Published online: April 18, 2018

[1] a) P. F. Kingston, Spill Sci. Technol. Bull. 2002, 7, 53; b) J. Rogowska,
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4.1 SULFUR POLYMERS FOR OIL REMEDIATION 
EXPERIMENTAL 

General Experimental Considerations 

IR Spectroscopy: Infrared (IR) spectra were recorded on a Fourier Transform spectrophotometer 

using the ATR method. Absorption maxima are reported in wavenumbers (cm-1). 

Raman Spectroscopy and Microscopy: Raman data was obtained using an XplorRA Horiba 

Scientific Confocal Raman microscope. Spectra were acquired using a 50X objective (numerical 

aperture 0.55) at an excitation wavelength of 638 nm. Typical integrations times for the spectra were 

20 to 60 s and averaged from 1 to 3 repetitions. 

SEM: Scanning Electron Microscopy (SEM) images were obtained using an FEI F50 Inspect system. 
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Materials 
 
Porous polysulfide/polymer: Canola oil polysulfide prepared using the salt-inclusion method 

described in chapter 2. Where fryer oil is used instead of canola oil in the synthesis this will be noted. 

Low-density polysulfide/polymer: Canola oil polysulfide prepared using the up-scaled method as 

described in chapter 2. The material is identical to the porous polysulfide however is milled to such 

a small particle size the individual particles no show visible pores or channels. Where fryer oil is used 

instead of canola oil in the synthesis this will be noted. 

Non-porous polysulfide: Canola oil polysulfide as described in chapter 2. Synthesised without the 

use of an NaCl porogen. Where fryer oil is used instead of canola oil in the synthesis this will be 

noted. 

Fryer oil: Used mixed-vegetable cooking oil donated by McHugh’s Café, Flinders University SA. 

Australian Crude Oil: A thin crude oil from Nockatunga Oil Fields, QLD, Australia 

Texan Crude Oil: A thick crude Oil from Texas Crude, West Texas, USA 

Motor Oil: Castrol Magnatec 10W40 motor oil 

 

 
Figure 4.1.1 | Overview of synthesis procedure for porous polysulfide. An equal mass of sulfur and 

canola oil are heated with stirring to 180 °C with 70 wt. % salt until the material vitrifies 

(ca. 20 minutes). After cooling the material is washed with water to remove the salt, leaving a porous 

block of material. 

 

 
Figure 4.1.2 | Cube of porous polysulfide, approximately 5.0 mm across on each side. 
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Crude Oil capacity of porous polysulfide 

Figure 4.1.3 | Top: Left to right: 0.50, 0.75. 1.00, 1.25, 1.50, 1.75 and 2.00 mL Nockatunga crude oil 

suspended on DI water. Bottom: Crude oil suspensions after treatment with 1.00 g porous polymer 

for 5 min.  

Oil is still visible from 1.25 mL oil and onwards. On measuring the mass of the polymer after 

absorption, the change in mass exceeded that of the oil available. Excess mass is likely to be water. 

Absorption experiments (see contact angle experiments below) show porous polysulfide absorbs its 

capacity in crude oil within seconds, so for the remainder of the 5-minute residence the polymer is 

exposed to the surface of the water below. As such weight measurements do not accurately 

represent the exact volume of oil sequestered. This experiment gives some idea as to the 

effectiveness of the polymer at sequestering oil however. 

A follow-up experiment was devised to determine polymer capacity: Porous polymer was cut into 

manageable cubes of 0.5 cm diameter and placed in a glass dish of crude oil such that the polymer 

was partially submerged. After enough time had passed for the oil to wick up to the surface of the 

polymer cubes, they were removed from the oil, excess liquid dabbed off in a separate glass dish 

and the change in mass used to determine the amount of oil sequestered. Values are given as an 

average of 5 replicates per oil type. 
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Liquid Density (g mL-1) Wicking time (s) Capacity (mL g-1) Std. Dev. 

Australian crude oil 0.76 30 0.95 ± 0.15 

Texan crude oil 0.89 300 0.95 ± 0.14 

Motor oil 0.75 300 0.86 ± 0.14 

Diesel 0.80 60 1.36 ± 0.39 

Water (control) 1.00 300 0.056 ± 0.012 

 
Note that water did not fully wick up into the polysulfide, but the experiment was stopped after 5 

minutes to correspond with the longest time taken for the oils to wick. 

 

The porous polysulfide exhibits the same capacity for both the thin and thick crude oils, with a 

significant difference in wicking time (0.5 vs. 5 minutes). Of the processed oils, motor also took 

5 minutes to soak into the polymer but with a lower total capacity and diesel took twice as long as 

the thin crude oil but to a greater capacity, but also the highest deviation in individual measurements. 

Only 56 µL water was absorbed by the polymer over 5 minutes.  
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Re-use and recovery of porous polysulfide and motor oil 
To a mixture of 5.00 mL water and 1.00 mL motor oil was added 1.00 g porous polymer (2.5–5.0 mm 

diameter particles). After 5 minutes the polymer was removed and compressed to remove the 

trapped oil. The recovered polymer was then re-used in a repeat experiment. This process was 

repeated until the polymer had been used 5 times. 

Figure 4.1.4 | 1.0 g porous polysulfide re-used multiple times to sequester a total of 5.0 mL oil in 

1.0 mL batches 

With increasing use, the porous polysulfide begins to break into smaller and smaller particles, partly 

from a weakening of the structure when saturated but also from the compression used in the recovery 

step. Despite the change in size, the polymer continues to show affinity for oil, with a single 1.00 g 

sample removing 1 mL oil 5 times for a total of 5 mL sequestered in this experiment. The polymer 

could theoretically be used more than 5 times but the degradation of structure after 5 tests made 

recovery difficult. Encased in a tea bag- or pillow-like membrane the polymer may continue to prove 

capable of recovering oil with a simplified recovery process. 

2nd use 3rd use 4th use 5th use 
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SEM analysis of porous polysulfide before and after oil absorption 
2.0 g porous polysulfide was incubated at room temperature in 10 mL motor oil (over capacity) for 

10 minutes to ensure saturation. After removing the polymer particles form the oil with forceps, a 

portion of the saturated polymer was compressed to recover the absorbed oil. 4 samples were 

observed under the SEM from different points of this experiment: 1. Porous polysulfide, saturated 

with motor oil. 2. Porous polysulfide, saturated with motor oil after compression to remove oil. 

3. Untreated, pristine porous polysulfide. 4. Pristine porous polysulfide, compressed similarly to 

sample 1 but with no oil treatment.  

 

Figure 4.1.5 | Porous polysulfide, saturated with motor oil. Left: low magnification, right: high 

magnification. 

 

Figure 4.1.6 | Porous polysulfide, saturated with motor oil, pressed to recover oil. Left: low 

magnification, right: high magnification. 

3 mm 

 

300 µm 

 

3 mm 

 

300 µm 
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Figure 4.1.7 | Porous polysulfide. Left: high magnification image of the polymer surface, right: high 

magnification of internal cross section. 

Figure 4.1.8 |: Porous polysulfide, pressed similarly to sample 2 but without oil present. Top left: low 

magnification surface, right: high magnification surface, left: very high magnification surface. 

500 µm 500 µm 

3 mm 300 µm 
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IR analysis of porous polysulfide before and after oil absorption 

 
Figure 4.1.9 | IR spectra of porous polysulfide treated with motor oil, before and after compression 

to recover the oil. The porous polysulfide and motor oil samples share a few common peaks that 

overlap in the oil-treated polymer spectra. Shown here is that even after compression, motor oil is 

still present on the surface of the porous polysulfide (indicated by peaks at 1377 cm-1 and 1462 cm-1) 

as the IR trace of oil-treated polysulfide is no different before and after compression. 
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Raman analysis of porous polysulfide before and after oil absorption 
Spectra acquired by Christopher Gibson 

Figure 4.1.10 | Raman spectra of porous polysulfide treated with motor oil 

Raman analysis provides information similar to that of the IR analysis. Major peaks for the polysulfide 

occur below 500 cm-1, corresponding to sulfur stretches1. A broad stretch also occurs at 

approximately 2900 cm-1, from 2820 to 2950 cm-1. This feature appears as a sharp bump at 2843 

and a broad, secondary peak that stretches over to 2950 cm-1. Motor oil shows a similar peak 

stretching over 2800 to 2990 cm-1. The appearance is not quite the same however, after the initial 

peak there is not a second bump, but a slow descending slope that eventually drops off from 2930 

to 2990 cm-1. A similar motion is seen in the oil-treated polymer, indicating oil on the surface of the 

polymer. The oil-treated and then compressed polymer however also shows this slope rather than a 

second broad peak, this could be indicative of oil still being present and clinging to the surface of the 

polysulfide. Fig. 4.1.11 shows a focused view of these peaks for comparison. 
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Figure 4.1.11 | Focused section of Fig. 4.1.10 (2700–3100 cm-1). Note the downward slope across 

the top of the broad peak in the motor oil sample, but the presence of two distinct peaks in the 

polysulfide. The former is seen in the oil-treated and compressed post oil-treatment polysulfide, 

indicating oil is still present on the surface after compression. 

 

  

2700 2900 3100
Raman Shift (cm-1)

Motor Oil

Oil-treated polymer

Oil-treated polymer,
compressed

Compressed polymer

Porous polymer



205 

Water and Oil Contact Angle Measurements 

Experiments performed with and contact angle measurements determined by Cameron Shearer 

The contact angle measurements of the polymer surface was determined with a contact angle 

goniometer (Sinterface PAT1). A droplet of Milli-Q water, diesel or motor oil was applied to the 

surface (approx. 5 μL) using a motor controlled syringe (water) or manual syringe (diesel, motor oil). 

Water contact angle (WCA) measurements were determined using low bond axisymmetric drop 

shape analysis from the plugin DropSnake2 for ImageJ software (v1.48, NIH, USA). 

Motor Oil 

Figure 4.1.12 | Top: Experiment performed on the goniometer; Bottom: experiment performed on 

the desk to afford a colour image. A single drop of motor oil was dropped onto the surface of a 0.5 cm 

cube of porous polysulfide. Within 50 seconds the single motor oil bead was absorbed fully into the 

polymer. The same absorption rate was witnessed for multiple tests (each row of time-lapse images 

is a different experiment). 

Pre-contact 0 s 5 s 25 s 50 s 
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Diesel 

 

 
Figure 4.1.13 | Diesel, the thinner of the two processed oils, flowed very readily into the polymer. 

Within 3 seconds the bulk was absorbed into the polysulfide and residual traces were seen to 

evaporate from the surface. 

 

Crude Oil (Australian) 

 

 

 
 
Figure 4.1.14 | Top: Experiment performed on the goniometer; Bottom: experiment performed on 

the desk to afford a colour image. The fastest absorption rate was observed for the Australian-

sourced crude oil, the droplet soaking in in less than a second. 

 

 

 

 

 

 

 

 

Pre-contact 0 s 1 s 2 s 3 s 

Pre-contact 0 ms 100 ms 300 ms 600 ms 



207 

Crude Oil (Texas) 

Figure 4.1.15 | Top: Experiment performed on the goniometer; Bottom: experiment performed on 

the desk to afford a colour image. In a first test, a droplet of the thicker, Texas-sourced crude oil fully 

permeated in under a minute, similar to the motor oil sample. 

It was observed in this series of experiments that the inclusion of sodium chloride (remaining from 

synthesis having not been washed away fully) interfered with oil absorption, increased sorption 

times. For example, from 1 minutes to 5 minutes in the case of the Texan crude oil. This stresses 

the importance of thorough washing and removal of salt before the polysulfide is to be used in oil 

sorption. 

Pre-contact 0 s 1 s 10 s 60 s 
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Figure 4.1.16 | Contact angle of a droplet of oil on the polymer surface as it changes over time for 

various oils. Values are an average of the left and right contact angles of a single droplet. Sorption 

is especially rapid for diesel and thin crude oil, but absorption of all oils is fast at under 1 minute in 

all cases. 
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Water contact angle 

 

 
 
 
Figure 4.1.17 | Average water contact angle was measured to be 130° ± 10.5, with a minimum 

observed angle of 111° and a maximum of 156° over 15 individual measurements. The porous 

polysulfide is both hydrophobic and oleophilic, ideal properties for an oil sorbent. 
 
  

Water droplet on cube of porous polymer Example contact angle measurement 10 µL droplet on 0.5 cm-side 

cube of polysulfide 
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Large Scale Oil Clean-Up 
Two tests were carried out on a large scale, the first removal of motor oil with porous polysulfide 

from deionised water over 5 minutes. The second was a little more ambitious and closer represents 

a real-world scenario – low-density polysulfide made from used cooking oil was used to remove 

crude oil from sea water over just one minute. Both tests were successful, videos of the processes 

are available3 to demonstrate with screen captures detailing the process below.  

 
Figure 4.1.18 | Screenshots from video (top left to bottom right): 500 mL Deionised water; 100 mL 

motor oil added; 100.0 g porous polysulfide (canola oil) added; t = 0 of removal procedure; 

t = 5 minutes; polysulfide removed with net; motor oil no longer visible on surface; all polysulfide 

removed, the oil taken with it. 
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Figure 4.1.19 | Screenshots from video (top left to bottom right): 1.50 L sea water (Brighton beach, 

SA); 100 mL crude oil (Texas, USA) added; 100.0 g low-density polysulfide (used cooking oil) added; 

t = 0 of removal procedure; t = 1 minute; polysulfide removed with net; polysulfide has changed 

colour in absorbing oil; all polysulfide removed, the oil taken with it. 

 

In the case of both the motor oil and crude oil, the mass of polymer used was sufficient to remove 

all oil. The 5 minutes allowed in the motor oil experiment appeared to be more than required as the 

crude oil experiment succeeded in only one minute. The ease of material recovery was dependent 

on the size of polymer particles relative to the net’s mesh size. The porous canola oil polysulfide was 

processed to size using a food processor followed by sieving, as described in chapter 2. For this the 

removal step was quite simple. The low-density polysulfide prepared from waste oil however followed 

the large scale protocol described above, affording particles of a much smaller average size. Despite 

sieving, a number of particles finer than the net mesh were used in the experiment, making recovery 

more time consuming. 
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Removal of crude oil from seawater using a continuous process 
Device designed and experiments performed by Louisa Esdaile and Stephanie Legg 

 

Filtration apparatus 
The low-density polysulfide (30.0 g, synthesised from used cooking oil) was packed into a PVC pipe 

(25 mm internal diameter PVC compression fitting). The polymer was enclosed using mesh (PVC 

coated fibreglass yarn; 0.25 mm diameter wire; 18 × 30 strands per inch) on the inflow end and 

cotton fabric (2 ply) at outflow end. Vinyl tubing (25 mm diameter) was affixed to both ends (all 

components are shown in Fig. 4.1.20 and the assembled filter is shown in Fig. 4.1.21).  

 

 
Figure 4.1.20 | Components for a filtration apparatus used to separate crude oil and seawater.  

 

 
Figure 4.1.21 | Assembled filtration apparatus used to separate crude oil and seawater. 
 
 
 
 



213 

Continuous separation of crude oil and seawater 
A mixture of seawater (100.0 g, obtained from Brighton Beach, South Australia) and crude oil (10.00 

g, Texas Raw Crude) was poured through the filter. The clear seawater eluted through the outflow 

end and the crude oil was retained on the filter. A video of this experiment is available as online3 to 

demonstrate. Screen shots of the experiment and images of the polymer before and after oil capture 

are shown in Figure 4.1.22. 

Figure 4.1.22 | Screen shots from a video of the continuous separation of crude oil and seawater 

using a filter containing the low-density polysulfide as the oil sorbent. 

Figure 4.1.23 | Left: The low density polysulfide (prepared from used cooking oil) before the crude 

oil and seawater separation. Right: The porous polysulfide after oil capture. The darker material is 

polymer that captured the crude oil. Note that excess polymer was used in the filter. 
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Crude oil sorption using a non-porous canola oil polysulfide 
 

Crude oil (1.00 g, Nockatunga oil field) was layered on to DI water (8.0 mL) in each of three 20 mL 

glass vials. The vials were swirled gently and then the canola oil polysulfide was added until no free 

crude oil was observed (typically a few seconds). To the first beaker, this experiment was carried 

out with the low density polysulfide, to the second beaker the non-porous polysulfide was used. To 

the third beaker was added sulfur. For the low density polysulfide, only 0.50 g of polymer was 

required to capture the oil. For non-porous polysulfide, 1.19 g of polymer was required to capture 

the oil. For sulfur, 1.23 g of the powder was required. The low density polysulfide aggregated 

efficiently and floated on the surface of the water. Non-porous polysulfide required more material 

and aggregated into a larger ball rather than the small island of the porous polymer. In one replicate 

a small ball of non-porous polymer that had absorbed oil sank to the bottom. Agitation of the vial also 

caused the polymer aggregate to partially sink and eventually float back to the surface over a couple 

of seconds in one case. The first few portions of sulfur soaked into the oil layer but as approximately 

half of the required sulfur was added, it began to clump and sink, remaining connected to the surface 

oil in cases. It is perhaps inaccurate to say the amount of sulfur added was sufficient to absorb all 

the oil, as in all cases the oil was simply dragged to the bottom along with the sulfur-paste as it sank, 

removing it from the surface. 

 

 
 

Figure 4.1.24 | From left to right – Nockatunga crude oil on water; porous polymer added to oil; non-

porous polymer added to oil; sulfur added to oil. 
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A second experiment was carried out on a slightly larger scale, with 2.00 g oil and 25.0 mL water. 

For the low density polysulfide, only 1.15 g of polymer was required to capture the oil. For non-

porous polysulfide, 2.96 g of polymer was required to capture the oil. The low density polysulfide 

aggregated efficiently and floated on the surface of the water. In contrast the non-porous polysulfide 

did not aggregate as efficiently and, with a higher density, sank to the bottom of the beaker 

(Fig. 4.1.25). This experiment illustrates that the porosity is important for both oil sorption capacity 

and buoyancy in water. 

Figure 4.1.25 | Left: Only 1.15 g of the low density canola oil polysulfide was required to capture the 

2.00 g crude oil. The particles aggregate upon sorption of the oil and float on the water. Right: 

non-porous canola oil polysulfide particles still bind to crude oil and aggregate, with 2.96 g of polymer 

required to bind all oil. The non-porous polymer and oil product does not float on water. 



216 

DMA testing of mechanical properties of porous polysulfide  
Experiments performed by Jonathan Campbell 

For all mechanical analyses a 5.0 × 5.0 × 5.0 mm cube of the porous polysulfide was used 

 
Stress-strain curve with and without oil  

 
Figure 4.1.26 | Stress-strain curve in compression (force applied at 0.5 N min-1 up to 4 N) for porous 

polymer (blue) and porous polymer soaked in oil (red), measured by DMTA. This result shows that 

the compression-force curve for the foam with and without oil is similar. The foam with oil requires a 

bit more force to compress, but the difference is small.  This indicates that the oil can be easily 

removed from the foam by squeezing. At 70 % strain the foam is compressed very flat and can be 

damaged if this is repeated. 
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Repeated strain over 20 cycles 
 

 
Figure 4.1.27 | Strain of porous foam when stress of 0.5 N (applied at 0.5 N min-1) and then down 

to zero force (applied at 0.5 N min-1) is repeated over 20 cycles. This shows that there is good 

repeatability of the strain (compression) and relaxation cycle – the foam can be squeezed to 35 % 

strain (0.5 N force) repeatedly.  There is only a small increase in compression set observed - this is 

the permanent deformation that remains after the cycle. This experiment was performed using DMA 

in compression mode. 
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Stress-strain and recovery (hysteresis) 
 

 
Figure 4.1.28 | Strain of porous foam when stress of 0.5 N (applied at 1 N min-1) to 0.2, 0.4, 0.6 and 

0.8 N force (with relaxation at 1 N min-1 in between each compression step). This experiment 

examines the repeated application of force at increasingly higher compression on the same sample 

run as a single experiment. This shows that the polymer can be compressed to increasing amounts 

of strain, and it springs back quite well, although there is an offset to a fixed strain (deformation), 

increasing after each cycle.  

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0 10 20 30 40 50 60

St
re

ss
 (M

Pa
)

Strain (%)

0.2N

0.4N

0.6N

0.8N



219 

Stress relaxation 

Figure 4.1.29 | Stress relaxation after application of various strains to the foam polymer. This 

experiment shows that the foam can recover over a short time after application of a strain (or a force). 

The recovery is instantaneous for strains up to 40 %, but at higher strain there is some compression 

set (permanent deformation) most likely due to damage of the foam structure.  This is particularly 

noticeable at 80% strain; however, the amount of compression is very high at this value, and the 

polymer would be expected to be damaged to some degree because it has low strength. Note that 

the 80 % strain is the programmed target strain, but it only reaches 75 % strain, at which point it is 

pressed flat. 
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5. SULFUR POLYMERS FOR GENE AND DRUG DELIVERY
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planning of toxicity experiments and helping with performing them, including providing access to the 

microplate plate reader. Ana also aided in method development for the CO release assay., 

Inês Albuquerque for provided access to the gel reader while waiting for training and providing 

training on the microplate reader. Inês also aided in method development for cell viability assays. 

Annabel Kitowski for helping with access and running of the pH meter while waiting for training. 

Annabel also provided replacement HepG2 cells for use in cell viability testing. 

Gonçalo Bernardes for kindly hosting me in his Lisbon laboratory at the Instituto de Medicina 

Molecular (iMM) for 3 months to undertake the following projects. 

Overview of bioactive cargo delivery 
The following project is made up of 3 distinct investigations, all of which focus on the attachment or 

incorporation of therapeutic agents into canola oil polysulfide. This was facilitated by a collaboration 

with the Bernardes research group in Lisbon, who hosted me for 3 months to allow me to learn 

techniques in cell biology and carry out experiments in a laboratory equipped to study medicinal 

biochemistry. 

Figure 5.1 | Proposed principle mechanism for utilising sulfur polymers as drug delivery devices 
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DNA transfection 

Polymers as DNA transfection tools 
Conjugation of DNA with cationic polymers was first displayed in the late 1980s for targeted gene 

delivery1. An ionic interaction between the negatively charged phosphate backbone of DNA and a 

cationic polymer is supplemented by hydrophobic interactions between the two long chain polymeric 

molecules to form a conjugate “polyplex”. Through chemical addition of cell-receptor targets to the 

polymer component, specific cell types can be targeted for uptake and release of bioactive cargo to 

be transcribed to modulate cellular activity1. This forms the basis of polymers as DNA transfection 

agents and has since advanced considerably, with the synthesis of bespoke multi-functional 

polymers and expansion of transportable nucleic acid morphologies, as a promising technique in 

gene therapy. The aim of this project was to take the concept in its simplest form and apply it to 

sulfur polymers. Not only was this a novel new pathway to take sulfur polymers but also provided an 

opportunity for the author to expand training and experience in biomedicinal chemistry. 

Discovery of DNA binding properties 
This project stemmed from the serendipitous discovery of mercury-treated polysulfide’s capacity for 

DNA binding; at the same time as cell viability studies were being performed by Inês Albuquerque 

at the iMM, Padma Akkapeddi, at the time another PhD student in the Bernardes group, was 

investigating DNA transfection via carrier polymers. Padma carried out an experiment with the 

porous polysulfide to test its capability as a DNA carrier, but by accident used the HgCl2-treated 

sample. She found that over a 4 hour incubation, the polysulfide was able to sequester a notable 

portion of plasmid DNA from aqueous solution. To follow up on this discovery and investigate further, 

and also to learn new biological techniques in DNA in cell handling and analysis, I travelled to the 

iMM in Lisbon for 3 month research visit in the last months of the third year of my candidature. 

Preparation and characterisation of metal-treated polymers 
The discovery that a mercury-treated polysulfide could absorb DNA was a welcome one, but despite 

the lack of cytotoxicity from Inês’ testing (see chapter 3), use of mercury intracellularly could 

potentially have long term negative effects. If the polysulfide were to break down under biological 

conditions, (as would be ideal for a drug delivery device – circumventing the need for later retrieval) 

it may be that free mercury becomes unbound in the process. Binding a more biocompatible metal 

to the polysulfide and seeing if this new conjugate also exhibited affinity for DNA was deemed a 

prudent initial set of experiments. A World Health Organisation report on trace metals2 listed copper, 

zinc, magnesium, calcium and iron among the major essential minerals in human beings. All of these 

elements are known to undergo bond-forming interactions with DNA, also3. Replacing mercury with 

one of these less toxic elements would be ideal. Most likely these elements would not be sequestered 

as readily as mercury by the polymer, the interaction between the sulfur and mercury is that of a soft 

acid and base, and so the most likely candidate for a non-toxic mercury alternative would be 
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something with similar properties, most notably gold. It was this reasoning that informed a separate 

polysulfide-based project being undertaken in the Chalker laboratory at the time and so we also had 

early experiments indicating a strong affinity for gold from the polysulfide. Solutions of metal ions 

were prepared to 10 mg mL-1 in pure milliQ water (5 mg mL-1 gold was used because of limited 

supplies) and 1.0 g porous polysulfide incubated for 72 hours in 10 mL of each solution. Each 

incubation was performed in triplicate for a total of 3.0 g of treated polysulfide. Metal remaining in 

solution was determined by inductively coupled plasma mass spectroscopy (ICP-MS) against 

commercially available metal standards. From the remaining concentrations, it could be determined 

that 43 % of mercury was removed during the incubation, and >99 % of gold. Presuming the metals 

removed from solution had adhered to the polysulfide (no precipitate was visible to indicate another 

means of removal from solution) this results in 3.0 g each of polysulfides containing 43 mg per g 

mercury from HgCl2 and 49 mg per g gold from AuCl3. The other metals unfortunately were not 

sequestered to the same extent, with very little if any adhesion to the polysulfide occurring—none 

that could be accurately detected within the uncertainty of the ICP-MS measurements at least. 

Despite the negative result, all treated polysulfides were washed of excess metal solution with milliQ 

water, dried, packaged and posted to Lisbon. 

DNA absorption experiments 
Once in Lisbon, the first experiment performed was to simply repeat and verify Padma’s preliminary 

observations. Porous polysulfide: gold-treated, mercury-treated and untreated was portioned out at 

10, 30 and 50 mg into 2 mL centrifuge tubes. Plasmid DNA as provided by the Bernardes group was 

prepared to 100 ng mL-1 in DNase and RNase free water (milliQ) and 200 µL added to each tube. 

All tubes were vortexed for 30 seconds to ensure wetting of the polymer and then centrifuged 

30 seconds to ensure all was submerged. Polymer-DNA incubations were left for 2 hours at room 

temperature (26 ºC) and then transferred to the fridge (4 ºC) for 17 hours (overnight) to preserve 

until analysis. Gel was prepared from 500 mg agarose in 50 mL TAE buffer with microwave heating, 

once clear and cooled 5 µL RedSafe was added and the gel cast to set. To prepare each sample for 

gel electrophoresis, 20 µL of each incubation solution was transferred to a new 1.5 mL centrifuge 

tube and mixed with 4 µL DNA binding solution. Once the gel had set, each DNA solution was loaded 

and the gel run at 70 volts for approximately 50 minutes, during which time the voltage promotes 

separation of DNA down the gel relative to the size of the fragment. In the DNA solutions incubated 

only with porous polysulfide two broad bands are visible at approximately 10,000 and 5,000 bp. With 

10 and 30 mg polysulfide these bands appear at high intensity, but at 50 mg this intensity is reduced, 

perhaps indicating that the polysulfide itself without any metal treatment has some affinity for DNA. 

It is possible that the hydrophobic nature of the polymer would interact with the hydrophobic 

segments of the DNA to facilitate such a reaction1, 4. The band intensity (and thus DNA concentration) 

in the solutions including metal-treated polymers show a much more obvious decrease from the 

starting concentration. The characteristic 10,000 bp band is still present at 10 mg (50 mg mL-1) 
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Au-treated polysulfide (Au-PS), but with 30 mg (150 mg mL-1) and 50 mg (250 mg mL-1) present this 

band is entirely diminished. Similar results were achieved by the mercury-treated polysulfide 

(Hg-PS), seemingly more effective at drawing DNA from water at all concentrations. Even at the 

lowest concentration of 50 mg mL-1 the two major bands of 5,000 and 10,000 bp are not present. 

This is in line with Padma’s initial experimental observations. Also to be noted is the apparent 

degradation of DNA in the presence of gold- and mercury-treated polysulfides. In the solutions 

treated with 30 and 50 mg Au-PS as well as 10 mg Hg-PS a broad smear down the lane is visible, 

the most likely explanation for this is plasmid DNA degrading to smaller fragments. Unfortunately, it 

is not clear how much of the total DNA is subject to this degradation (if it is the case), all that is clear 

is that with increasing concentration of Au-PS this smear is pushed further down the lane indicating 

increased degradation to smaller fragments.  

 

Building on this first experiment focusing on differences in adsorption with polysulfide concentration, 

a follow up experiment was performed to test uptake over time. The first experiment had been 

allowed an incubation of 19 hours, observed to be sufficient time to remove the entirety of the two 

major DNA bands from solution. To test the speed of this adsorption, much shorter times would need 

to be tested. Solutions of DNA in DNase and RNase free water were prepared to 100 ng mL-1 as 

before and portioned into a series of 2 mL centrifuge tubes, 200 µL in each along with 50 mg polymer: 

untreated, Au-PS and Hg-PS. Four samples were prepared for each polymer type, one each to be 

incubated for 180, 60, 30 and 0 minutes, where the “0 minute” sample was centrifuged for 20 seconds 

to submerge the polymer in solution and then a 20 µL sample removed immediately for testing. 

Sampling and gel electrophoresis were performed identically to the previous experiment to 

investigate remaining DNA in solution after each incubation. Over 180 minutes no uptake was 

observed in the untreated polysulfide, despite using the same ratio of polymer to DNA as the previous 

experiment, indicating any action by the polysulfide alone takes longer than 3 hours to remove a 

noticeable quantity. Hg-PS similarly seemed to require more than the 3 hours tested to remove a 

significant quantity of DNA as only a faint decrease in band intensity is seen from 0 to 180 minutes. 

Au-PS was not so slow, with a clear difference in band intensity over time. In just 30 minutes the 

concentration of DNA is noticeably decreased, with a similar result at 60 minutes. After the full 180 

minutes the bands are no longer distinct, but the lane is characterised by a streak of DNA down the 

length of the lane—again this may be indicative of DNA degradation.  
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Figure 5.2 | Plasmid DNA uptake by untreated, gold- and mercury-treated polysulfides over time. Left: Uptake 

over 0 (lanes 1, 5, 9), 30 (lanes 2. 6. 10), 60 (lanes 3, 7, 11) and 180 (lanes 4, 8, 12) minutes by polymers with 

treatments as denoted above each lane. Lane 13 contains a control sample of the plasmid DNA in the absence 

of any polymer, lane 14 is empty and 15 contains a 1 kb DNA ladder for referencing fragment size. Right: 

Uptake over 24 hours (4 tests per treatment). Lane 9 contains a control sample of the plasmid DNA, and lane 

10 contains a 1 kb DNA ladder. 

The band pattern of the DNA control was elucidated with its inclusion in this experiment and was 

found to have some differences than even cases where seemingly nothing had occurred. For 

example, in the 0 minute (20 second centrifuge) incubation with untreated polysulfide. The pristine 

DNA displayed three distinct bands, approximately matching the 1 kb DNA ladder bands of 10,000, 

8,000 and 5,000 bp. The bands are not different lengths of DNA, but a single form of plasmid DNA 

in three morphologies: supercoiled (standard in vivo formation), nicked (a relaxed coil formed by a 

break in the phosphor backbone of one strand) and open (a full break in the chain resulting in linear 

DNA). The shape of the molecule passing through the gel plays a key role in flow and thus travel 

distance. As DNA is damaged, the structure expands and loses motility, interacting more with the 

gel and inhibiting flow. What is likely being observed is, from top to bottom, the nicked, linear and 

lastly supercoiled plasmid DNA5. Vortexing and centrifuging of each sample could be contributing to 

the large amount of nicked DNA. Interestingly not all of these are present after incubation with the 

polysulfide—the linear DNA band, as faint as it is in the control, seems to be rapidly removed by the 

polysulfide. It may be that the linear form offers greater access to the otherwise obstructed 

nucleosides, facilitating rapid hydrophobic interaction with the polymer. The next band to disappear 

in uptake testing is the supercoiled, and lastly the broad nicked-DNA band, accompanied by 

degradation observed as smearing down the lane. 

Incubations from the previous test were kept at 4 ºC for 6 days, to see if simply more time would be 

sufficient in improving DNA adsorption. This seems to be the case as all bands in Au-PS and Hg-PS 
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incubated DNA solutions were no longer present. Linear and supercoiled plasmids are both absent 

in the untreated polysulfide sample, though the open form remains. This is an interesting result that 

may indicate selectivity for specific morphologies that is lost with the inclusion of surface metals.  

 

Despite the negligible binding, it was not a complete waste to have brought along the polysulfides 

treated with other metals as the results when combined with plasmid DNA were far from expected: 

The general binding experiment was repeated with polysulfides incubated in iron, zinc, calcium, 

copper and magnesium salts. Further gold and mercury treated polysulfides were included for 

comparison. Little differed from the untreated-DNA control over a 24 hour incubation for most 

samples. Au-PS acted to remove nearly all DNA in this time, Hg-PS appears to have removed some 

(nicked and open) but the most unexpected result comes from the copper treated polysulfide 

(Cu-PS). The open and nicked bands, though blurred together in other samples, are very distinct 

with less of the nicked morphology present. Also visible though is a smear down the lane indicative 

of degradation, perhaps this explains the lack of nicked plasmid DNA – the small quantity of copper 

has in some way damaged it. A 7 day incubation of the same samples saw some change: The iron, 

zinc and calcium treated polysulfide solutions display more distinct bands for each plasmid 

morphology, but all appear the same as each other. Significant DNA loss can be seen in the Hg-PS 

sample given the extra time, and the Au-PS remains the same as before. The difference here is 

degradation has begun to occur in the magnesium-treated sample, leaving an open band of 

increased intensity and a faded nicked band. The Cu-PS that exhibited this behaviour after just 1 

day is after the 7 days completely missing any distinct plasmid bands and only displays a faint smear 

that stretches from the open band location to the end of the lane. Very small quantities 

(unquantifiable by ICP-MS) of copper and magnesium on the polysulfide seem to be having the same 

effect, with the former acting much quicker than the latter. Nicked DNA is being further damaged to 

open fully and then degrading further to small fragments. It is not clear if anywhere in this process 

DNA is being adsorbed to the polysulfide surface but the exchange of DNA from one band to the 

other indicates some interaction that differs from those seen from the other polysulfides. 

 

A cursory explanation for the gold-polymer’s stronger affinity for plasmid DNA may be due to 

differences in electronegativity between gold and mercury. It may also be that the formation of gold 

nanoparticles on the surface of the polymer plays some role, as these have been demonstrated to 

bind plasmid DNA previously6. Further experiments to explore this observation could include 

monitoring the interaction of plasmid DNA with solitary mercury and gold nanoparticles, not adhered 

to a polymer surface. Scanning or transmission electron microscopy (SEM or TEM) techniques could 

prove useful in imaging the bound complex to gain further understanding of binding modes. 
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DNA release experiments 
With promising results in binding, the following challenge was to discover conditions for release. The 

binding experiment described above was repeated over 48 hours to create a batch of untreated, gold 

treated, and mercury treated polysulfides that had each been incubated in 100 ng mL-1 plasmid DNA 

at a ratio of 250 mg polymer per mL DNA solution. Uptake was tested by gel electrophoresis 24 hours 

into each incubation to confirm before attempting to test release. The first series of experiments 

investigated release by pH control; 100 mM acetate buffers at pH 3.6, 4.6 and 5.6, 100 mM trizma 

buffers at pH 7 and 8, and 100 mM carbonate buffers at pH 9 and 10 were all prepared. 24 hours in 

the acidic buffers (below pH 7) resulted in blank lanes—no release. There was not a particularly 

strong chemically driven reason that this would work, other than that acid generally aids on solvation 

of metal ions and may have outcompeted polymer binding. The conditions of interest where the basic 

buffers, as it had previously been observed aqueous sodium hydroxide can attack and break down 

the polysulfide. Results were similar across pHs 7–9, however the pH 10 buffer saw some interaction 

with the gel matrix that destroyed those lanes leaving them unreadable. After 48 hours in buffer, no 

release was observed from Au-PS, from Hg-PS however very faint bands were present indicating 

open and nicked DNA. Between uptake and release each sample was washed with 2 × 200 µL 

DNase and RNase free water with a 10 s vortex then 10 s centrifuge to ensure no plasmid incubation 

solution remained that would result in a false positive. This same washing procedure was carried out 

on an aliquot of 100 ng mL-1 plasmid DNA (effectively washing the centrifuge tube) and resulted in 

zero DNA by electrophoresis, validating the procedure. With this in mind the presence of even a very 

faint band of plasmid DNA is highly likely to have been released directly from the polysulfide. Uptake 

experiments had consistently shown Au-PS to take up DNA more rapidly than Hg-PS and this may 

translate into a stronger interaction between the DNA and polymer when it comes to release, an 

interaction that is not overcome by a 48 hour incubation in base. Left for one week in basic solutions, 

these faint nicked and open bands in the Hg-PS samples remain, but even with this extended 

incubation no release was observed from DNA-treated Au-PS. 

In the final attempt to release DNA bound to the polymer, Au-PS and Hg-PS were first incubated for 

24 hours in DNA as detailed earlier, then washed and added to aqueous solutions of either 

92 mg mL-1 glutathione or 36 mg mL-1 cysteine. These concentrations correspond to roughly 5 

equivalents of the metal atoms present on the polysulfide’s surface. Given the strong affinity of gold 

and mercury to sulfur, it was postulated that sulfur-containing biomolecules might be able to disrupt 

the DNA-metal adherence with a ligand-exchange-like mechanism, resulting in DNA release. Au-PS 

and Hg-PS in cysteine or glutathione solutions were held at 37 ºC for 3 hours and then tested for 

DNA release by gel electrophoresis. Unfortunately, this supposition did not hold and no release was 

observed, even after a further 6 day incubation at 4 ºC. 
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Conclusion 
The summation of this first attempt to branch sulfur polymers into DNA transfection agents is that 

through treating the polysulfide surface with mercury(II) and gold(III), a brown rubber capable of 

adsorbing plasmid DNA from water can be produced. The gold-treated variant takes up DNA more 

rapidly than the mercury (removal from solution is visible over minutes for the former, hours for the 

latter), with the seeming consequence that reversing the binding becomes far more difficult. 

Incubation in buffered solution at pH 7 and above saw release of nicked and open plasmid DNA but 

not the native supercoiled from Hg-PS. As the basic buffers were balanced with NaOH this may also 

be a contributing factor to release. 

 

Further experiments should look to explore further the fundamental science behind the interactions 

of sulfur polymers with DNA and how metals present on the polymer surface can modulate binding. 

Sulfur polymers able to bind DNA offer the opportunity for useful tools in gene delivery as well as 

DNA isolation. An essential next step for this will be the development of a reliable method for DNA 

release. From there understanding the oxidation and structural states of metals adhered to the 

polymer surface and how this affects binding will be key components in developing this chemistry 

further. 
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Drug encapsulation 

Polymers as drug delivery tools 
In a more traditional approach to polymer-based therapeutic delivery the loading of small molecule 

anti-cancer drugs was also considered. As opposed to the approach of producing a particulate 

polymer-drug complex intended for localisation via the EPR effect, the intention with a sulfur-polymer 

complex was to produce a drug-loaded implant that might be grafted to the patient post-surgery, for 

directly localised inhibition of tumour regrowth. For this reason, the investigation of uptake and 

release from the polymer can be undergone as a first step, as shape is imparted at synthesis and 

definition at the millimetre-scale is not a concern. Crizotinib, an ATP-blocking protein kinase inhibitor7 

and doxorubicin, an intercalating agent that interferes with DNA8, were both chosen as candidate 

drugs. Both are FDA approved chemotherapeutics with the latter featured on the WHO’s list of 

essential medicines and utilised previously in drug-polymer conjugate studies9. 

Figure 5.3 | Name and structure of drug molecules incorporated into the polysulfide, with therapeutic effect. 

Preparation of drug-loaded polymers 
To first validate experimental procedures before consuming the more costly anti-cancer compounds, 

diclofenac, a small molecule analgesic was used as a model, chosen because it was inexpensive, 

bioactive, hydrophobic and despite its smaller size exhibits the same ortho-substituted 

dichlorobenzene handle at one end as in crizotinib. Quantitative NMR was used to determine if a 

simple incubation of diclofenac and porous polysulfide in methanol could result in binding through 

hydrophobic interaction, but this was not the case. Incorporation in synthesis was the next method 

to be tested with diclofenac-loaded polymers prepared at 1 and 10 wt. % by first dissolving the drug 

in canola oil before synthesis. The product was not ideal though with mm-scale drug crystals 

distributed unevenly through the polymer. To combat this the drug was instead added into the 

polymer mixture shortly before it vitrified. In this way the drug powder is mixed through and set in 

place before crystal nucleation localises it to distinct crystals. It also confers the added benefit that 

the time the drug spends at reaction temperature is minimised in the event it may react or be 
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otherwise negatively affected by heat, should temperature-sensitive cargo be incorporated. The 

drug-loaded polymers were cut down to particles between 1 and 5 mm wide and release into water 

monitored by 1H NMR. No release was observed over this time directly into D2O, but 0.1 M phosphate 

buffered D2O at pH 7 and 8 was enough to coerce the drug into solution, more so at the higher pH, 

presumably through ionisation under basic conditions. With the encapsulation method detailed, 

polysulfides were prepared with an equal mass of sulfur and canola oil, with 5 wt. % and 10 wt. % 

loading of diclofenac or crizotinib. Release was tested directly in a cell viability assay detailed later 

in this chapter. 
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Therapeutic CO distribution 

CO as a therapeutic agent 
Use of carbon monoxide as a therapeutic agent is a relatively recent development. Only in the 

mid-20th century was it discovered that CO was not just a toxic xenochemical but was in fact 

produced endogenously in humans as a by-product of heme degradation10, and then only at the end 

of the century did the literature arise questioning potential beneficial physiological roles10. Today 

several CO-releasing molecules (CORMs) have been developed to investigate the use of CO in 

vascular regulation and disease therapy. The primary concern with administration of CO is oral 

toxicity, when absorbed through the lungs CO binds irreversibly to red blood cells and starves the 

body of oxygen. CO-releasing molecules are designed to circumvent this mode of toxicity by limiting 

the concentration of gaseous CO to the site of interest. Early CORM candidates were metal carbonyl 

complexes, single or multiple metal atoms surrounded by carbonyl ligands that under certain 

conditions could dissociate to release CO. In the case of some metal carbonyls, such as 

dimanganese decacarbonyl, CO liberation was mediated by simply exposing it to light11. With the 

goal of furthering the effectiveness of CORMs we embarked on a collaboration with the Bernardes 

Lab with experience in the field12-15 to encapsulate these molecules into sulfur polymers. By 

isolating CORMs into a malleable polymer, controlled, site-specific release could be achieved in 

the form of a CO-releasing implant. 

Preparation and characterisation of metal carbonyl-treated polymers 
Four pathways were considered to bind together the polysulfide and metal carbonyls: Incubation of 

polymer in metal carbonyl solutions, inclusion in synthesis, chemical tethering and co-elution from a 

mixture in solvent. As no metal carbonyls (MCs) were soluble in water and a harsh organic solvent 

might destroy the polysulfide over a long period, MCs were dissolved in ethanol (1 mM Fe3(CO)12 

and Mn2(CO)10, 0.33 mM Ru3(CO)12) and 1.0 g polysulfide added to 10.0 mL of each. After 1 hour 

polymer was recovered by gravity filtration, washed with ethanol to remove excess MC solution and 

left to dry in air. By FTIR, carbonyl peaks that would indicate the presence of MCs on the surface of 

the polymer were not detected. The experiment was repeated with a 19 hour incubation but gave 

the same result. It should be noted that the ATR-FTIR instrument available for this work introduces 

noise to all solid-phase spectra between 1900 and 2200 wavenumbers, precisely where a metal 

carbonyl peak should be expected15. With this in mind small concentrations of metal carbonyl on the 

surface may simply be under the limits of detection for the instrument and there may be some 

undiscernible quantity of MC on the surface of the polymer. However as will be shown later, larger 

concentrations do result in a noticeable signal in this region. With the limited analytical information 

available, combination by incubation was deemed inappropriate. Chemical tethering too was ruled 

out as too time-consuming to fit into a short project window, and inclusion in synthesis was ruled out 

due to toxicity of metal carbonyls and risks that may arise from heating. This left co-elution from 
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solvent as the safest and final method to test: Canola oil polysulfide was dissolved in pyridine to 

100 mg mL-1, and Fe3(CO)12, Mn2(CO)10 and Ru3(CO)12 in the same solvent to 5 mg mL-1. 4.0 mL 

polysulfide solution was mixed with 8.0 mL MC solution to afford a 12.0 mL mixture of 400 mg 

polysulfide and 40 mg MC – approximately 10% MC loading (9.1%). This mixture was cast into a 

petri dish and left in the fume hood to dry overnight. What resulted was a thin polysulfide film 

harbouring one of three metal carbonyls. The film was scraped from the petri dish and collected in a 

glass vial. It remained rubbery if somewhat sticky and did not appear to separate into its constituent 

parts, remaining a single material. FTIR shifts in the 2000–2100 cm-1 region indicative of carbonyls 

from metal carbonyl complexes15 were present in the manganese- and ruthenium-polymer spectra. 

This shift did not seem to be present in the iron-polymer but a pattern of peaks present in the pristine 

Fe3(CO)12 spectra from 1600 to 1800 cm-1 were. A small, sharp peak at 1605 cm-1 may also indicate 

the presence of carbonyls in the ruthenium treated sample other than those bound in the triruthenium 

complex as this peak is not present in the pristine MC spectra. EDX analysis of the polymer-MC 

mixed films revealed iron, manganese and ruthenium signals as supplementary evidence. 
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Figure 5.4 | a-c. Metal carbonyl-polysulfide films produced from iron (a), ruthenium (b) and manganese (c) 

carbonyls. d-f. Chemical structure of triiron dodecacarbonyl (d), triruthenium dodecacarbonyl (e) and 

dimanganese decacarbonyl (f) for reference. g. FTIR spectra of pristine metal carbonyls, the broad peak at 

2000 cm-1 can be attributed to CO stretching modes16 h: FTIR spectra of MC-polymers, the array of peaks at 

2100 cm-1 are present in the treated polymers but not the untreated. 
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CO release experiments 
Measurement of CO release was informed by an established protocol17 in which a CO-reactive 

compound (COP-1) was dissolved in phosphate buffered saline and incubated with metal 

carbonyl-loaded polysulfides. If CO came into contact with COP-1, the two would react to form a 

fluorescent compound that can be measured spectroscopically. 10 mg of each polysulfide type 

(Fe3(CO)12-, Mn2(CO)10- and Ru3(CO)12-treated at 10 wt. % loading) were portioned into well plate 

inserts and submerged in 0.50 mL PBS for 20 minutes to wet the hydrophobic polymer and facilitate 

interaction with COP-1 in solution. 0.50 mL solution of 2 µM COP-1 in PBS was added to each well 

to yield a 1 µM concentration. Untreated polysulfide and a well containing only the COP-1 solution 

were also included as controls. Emission across 510–610 nm was measured at several intervals 

over 3 hours on a TECAN Infinite M200 Microplate reader. All samples were exposed to white light 

between each reading, a known promotor of CO release from certain CO-releasing molecules11, 18.  

Figure 5.5 | a. Activation of COP-1 by CO to form a measurable fluorophore. b. Average fluorescent response 

metal carbonyl-treated polymers over 510–610 nm after incubation in 1 µM COP-1. Response from Fe3(CO)12 

was later confirmed to be a false positive and not indicative of CO release. 

Of all polymers tested, only the iron-treated showed a continued fluorescence over time, rising over 

the first hour and then receding for the proceeding two. The same trend was not observed in any 

other MC-polymer. The well plate was left in sunlight (by a North-facing window in the lab) for 3 days, 

with further readings taken at 48 and 72 hours: measured fluorescence was consistently higher than 

the control-defined baseline in all cases after 2 days but fell slightly after the third. Even a full 3 days 

had not seen any further release of CO. In order to rule out false positive readings across the tested 

wavelength range, the experiment was repeated lacking COP-1. Unfortunately, the trends were 

the same: the 10% iron-loaded polymer continued to exhibit emission from 510–610 nm, 

contradicting the link between COP-1 reactivity and the observed response. Further control 

experiments confirmed the same response in the absence of light, and a delayed and lessened, 

but similar trend when the polymer was not pre-soaked in PBS before addition of COP-1. It would 

appear something other than COP-1 was emitting across the monitored wavelengths when 

submerged in PBS, interfering with the experiment. Beyond this one anomalous result though, 

no emission by COP-1 was observed, inferring no release of CO from the MC-polymers.  
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Cell viability studies 
To determine cytotoxicity of the metal carbonyl-polymer composites, HepG2 and SKBR3 immortal 

cancer cell lines were cultured for several passages before seeding for 24 hours at approximately 

30,000 cells per well into two separate 24-well transwell plates, one per cell line. Untreated, gold 

chloride-, mercury chloride-, triiron carbonyl-, triruthenium carbonyl-, dimanganese carbonyl-, 

crizotinib- and doxorubicin-treated polymers were each portioned into transwell plate inserts at 

masses of 6, 12 and 24 mg (12, 24 and 48 mg mL-1) and submerged in 0.50 mL culture medium in 

all 24 wells. In this way the polymer was not in direct contact with the bed of cells, crushing or 

smothering them, but any cargo released into the matrix is free to interact. Cell viability was 

monitored with cell titre blue and a TECAN Infinite M200 microplate reader at 24 and 48 hours. It is 

to be noted before assessing the data that due to time and equipment pressures the cell viability 

studies were not carried out in triplicate, and so repeated experimentation is necessary to achieve 

conclusive results.  

Figure 5.6 | Diagram of cell viability testing procedure. 

There are two ways to consider the measured viability: either as an absolute measure of cell death, 

or as percentage normalised to the untreated polysulfide. That is, to consider the polysulfide only as 

a vessel for bioactive treatments. To fully appreciate the experiment in this instance it is necessary 

to assess from both approaches. Firstly, polymers intended for DNA transfection will be considered: 

For HepG2 cells, Hg-PS presence resulted in lower cell viability except at 48 mg mL-1 where there 

was little difference compared to the control. In all cases viability dropped after the second 24 hours 

but trends remained the same. This assessment remains true in both the absolute and comparative 

sense, where data points are skewed from the observation that increasing concentration of untreated 

polysulfide resulted in increased cell viability. In some way the polysulfide had nourished the cancer 

cells (or perhaps interfered with the microplate reading, though this seems less likely) and led to an 

increased cell count. It is for this reason that both assessments should be considered, as 

higher quantities of polysulfide have a higher threshold for “100% viability” due to this secondary 

effect. Regardless, what is observed is an increase in cell viability at 12 mg mL-1 Au-PS, a similar 

viability at 24 mg mL-1 Au-PS, and decreased viability at 48 mg mL-1 compared to the untreated 

polymer. At these concentrations the gold-treated polymer is not toxic to HepG2 hepatic cancer 

cells, but may also nourish them, a counterproductive circumstance that prompts further study. 

SKBR3 breast cancer cells, slower to propagate and fickler to work with, did not imitate the 

HepG2 cells’ reaction to the untreated polysulfide, remaining at a steady cell count at all 

concentrations and simplifying analysis. Similar to the HepG2 test, Hg-Ps and Au-PS were both 

detrimental to cell viability, but in this instance with greater sensitivity: 12 mg mL-1 Au-PS saw 

no viability loss, but at increased 
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concentrations, and all concentrations of Hg-PS, viability dropped below 50 %. Overall this is a 

promising result in the use of gold-treated canola oil polysulfide as a DNA/RNA carrier polymer.  

Metal carbonyl-polymer composites returned surprising results. 10% loadings of triruthenium 

dodecacarbonyl (Ru-PS) and dimanganese decacarbonyl (Mn-PS) increased HepG2 and SKBR3 

cell viability over the untreated polysulfide at all concentrations except the highest Mn-PS where it 

dropped only slightly. The same trend holds at 48 hours as it does for 24 in HepG2 cells, with even 

increased viability at the later timepoint in the lowest concentration of Ru-PS. This trend is similar 

but not as pronounced in SKBR3 cells, where viability fell in all cases. The same cannot be said for 

the 10 % loaded triiron dodecacarbonyl polysulfide (Fe-PS), that saw similar viability at 12 mg mL-1 

to the untreated polysulfide, but cell losses with increased concentration. CO release studies detailed 

above revealed the release of some spectroscopically-active substance from Fe-PS that resulted in 

a false positive reading for CO release. It may be this leaking of compound into culture medium that 

has resulted in cytotoxicity. 

Polymer-anticancer composites were also included in the same batch of experiments, but to a 

different end. The intention was explicitly to kill cells rather than limit toxicity. In short, the result was 

positive, at all concentrations cell viability dropped significantly. Doxorubicin was seen to accumulate 

as an orange solid in the well however, revealing an insecurity in the polymer packing. To continue 

towards the goal of sulfur polymers as drug delivery vessels the security of the drug within the 

polymer matrix will first need revision. 

Future Experiments 
The experiments contained in this chapter constitute a very preliminary and exploratory study of the 

use of sulfur polymers as drug delivery tools. We have discovered that canola oil polysulfide is 

capable of binding plasmid DNA after a simple incubation with mercury or gold chlorides, and the 

polymer itself has some binding capability even without metals present. Precise conditions for 

controlled release remain elusive, however some release was observed into basic buffered water. 

Metal carbonyls and small drug molecules can be incorporated into the polymer, but again precise 

conditions for release of the therapeutic agent in each case requires further investigation. Overall 

this work represents an interesting introductory study in taking this work in sulfur polymers in a new 

direction. 
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5.1 SULFUR POLYMERS FOR GENE AND DRUG DELIVERY 
EXPERIMENTAL 

CO-Releasing polymer 

Materials 
Metal Carbonyl compounds and potential CO-releasing molecules (CORMs) 

1. FeCO5 - Iron pentacarbonyl

2. Fe2CO9 - Diiron nonacarbonyl

3. Fe3CO12 - Triiron dodecacarbonyl

4. Mn2CO10 - Dimanganese decacarbonyl

5. Ru3CO12 - Triruthenium dodecacarbonyl

Metal carbonyl solubility 
Triiron dodecacarbonyl was left to incubate in a selection of solvents at room temperature to 

determine solubility and stability over time. Ethanol, THF, DCM, hexane as well as water were all 

tested. No metal carbonyls showed solubility in water and had similar (sparing) solubilities in the 

organic solvents tested. Ethanol was chosen to continue with due to its lesser toxicity and low vapour 

pressure, allowing quick and simple drying of the polymer after incubation. 

Binding to porous polysulfide by incubation 
To 1 mM solutions of metal carbonyls 3 and 4 and a 0.33 mM solution of 5 in ethanol in sealed glass 

vials, 1.0 g porous polysulfide (canola oil, 0.5–1.0 mm diameter particles) was added, agitated for 

30 seconds and then left for 1 hour at room temperature. Polysulfide was recovered by gravity 

filtration, washed with 50 mL ethanol to ensure any CORM present was bound rather than a potential 

settled precipitate and then left to dry over 3 days. Treated polymers were tested by FTIR 

spectroscopy for traces of CO peaks that would indicate the presence of metal carbonyl molecules 

bound to the polymer. 
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Figure 5.1.1 | FTIR trace of CORM treated porous polysulfide. No differences between the treated 

and control (untreated) sample were observed. 

 

The experiment was repeated, with 1 mM solutions 2, 3 and 4 and a 0.25 mM solution of 5. To 

each, 200 mg porous polysulfide (canola oil, 1.0–2.5 mm diameter particles) was added and left to 

incubate at room temperature for 19 hours (overnight). Polymer was recovered by gravity filtration, 

washed with 10 mL ethanol to remove residual metal carbonyl solution and left to dry for 3 hours in 

the fume cupboard. Dry, treated polymer samples were tested by FTIR spectroscopy using the 

ATR method to determine any difference against an untreated sample. 
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Figure 5.1.2 | FTIR spectra of metal carbonyl-treated polysulfides (19 hour incubation). No 

differences between the treated and control (untreated) sample were observed. 

 

Metal carbonyls generally absorb in the region from 2000–2200 cm-1 1. Unfortunately, this may 

prove FTIR to be an unsuitable method of determining the presence of metal carbonyls in 

conjunction with the polymer, as the analysis of solid samples by the ATR method appears to 

introduce significant noise in this region.  
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Figure 5.1.3 | Colour change in CORM solutions in ethanol over time. The most significant change 

is seen in Fe3CO12, changing from a deep green to orange over several days. Potential reasons for 

the colour change include the breaking down of the metal carbonyl complex to di or mono-iron 

carbonyl, or ligand exchange of CO with ethanol1. 
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Metal carbonyl-polysulfide composites 

Method: Canola oil polysulfide, prepared by reacting sulfur and canola oil at a 1:1 mass ratio at 

180 °C for 20 minutes in the presence of sodium chloride followed by a washing step to remove the 

salt, was dissolved in pyridine to a concentration of 100 mg mL-1. Triiron dodecacarbonyl, 

dimanganese decacarbonyl and triruthenium dodecacarbonyl were also dissolved separately in 

pyridine to a concentration of 5 mg mL-1. All solutions were sonicated for 30 minutes to ensure 

dissolution, and then mixed in petri dishes at a ratio of 4.0 mL polysulfide solution to 8.0 mL metal 

carbonyl solution. Mixtures were stirred with a spatula and then left overnight to dry. The result is a 

single material, a film of reformed polysulfide harbouring a metal carbonyl. The iron polysulfide 

appeared red-brown, the manganese a light brown, and the ruthenium a yellow-brown. The film was 

scraped from the surface of the petri dishes using a spatula and collected in a glass vial. Over 3 

replicates for each, an average of 137 mg iron-, 124 mg manganese- and 126 mg ruthenium-

polymers  

were collected, yields as low as 56 %. This can partly be attributed to loss in transfer as not all could 

be recovered from the petri dishes but might also indicate the loss of some component during drying, 

or perhaps a lesser inclusion of one component (most likely the polysulfide) from incomplete 

solvation. 

Figure 5.1.4 | Canola oil polysulfide co-precipitated with metal carbonyls. Left to right: 

Fe3(CO)12-polysulfide, Mn2(CO)10-polysulfide, Ru3(CO)12-polysulfide 

In a repeat experiment to prepare more materials for analysis, 395 mg Ru-polymer, 398.8 mg 

Mn-polymer and 358.9 mg Fe-polymer were recovered with more rigorous collection of a total 

440 mg for yields from 82 % to 91 %. Despite the more rigorous procedure some material still 

remained too difficult to remove with abrasion alone and so loss in transfer remains the most likely 

explanation for low yields in the first instance.  
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FTIR analysis

 

Figure 5.1.5 | Manganese and ruthenium-polymers exhibit peak distortions around 2000 cm-1, as 

seen from pristine manganese and ruthenium carbonyls. A “zero” scan is included to demonstrate 

the noise introduced to the sample from the ATR instrument, prevalent in all scans. 

 

Figure 5.1.6 | All pristine metal carbonyls exhibit broad peaks at 2000 cm-1, visible despite the 

noise in this region. 
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SEM analysis – Iron carbonyl treated canola oil polysulfide

  

  

Figure 5.1.7 | SEM images of Fe-polymer indicating the different morphologies present 
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SEM analysis – Manganese carbonyl treated canola oil polysulfide 

 

  

Figure 5.1.8 | SEM images of Mn-polymer indicating the different morphologies present 
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SEM analysis – Ruthenium carbonyl treated canola oil polysulfide 

Figure 5.1.9 | SEM images of Ru-polymer indicating the different morphologies present 
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EDX analysis – Iron carbonyl treated canola oil polysulfide 
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Figure 5.1.10 | SEM images of Fe-polymer with overlayed elemental analysis by EDX. Pie charts 

represent percent of atoms present. The area average represents an average across the full area 

shown in the SEM image. Iron can be detected along the surface though does not appear in or as a 

specific morphology. 
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EDX analysis – Manganese carbonyl treated canola oil polysulfide 
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Figure 5.1.11 | SEM images of Mn-polymer with overlayed elemental analysis by EDX. Pie charts 

represent percent of atoms present. The area average represents an average across the full area 

shown in the SEM image. Manganese can be detected sparingly along the surface though does not 

appear in or as a specific morphology. 



252 

 

EDX analysis – Ruthenium carbonyl treated canola oil polysulfide 

 

 

Figure 5.1.12 | SEM images of Ru-polymer with overlayed elemental analysis by EDX. Pie charts 

represent percent of atoms present. The area average represents an average across the full area 

shown in the SEM image. Ruthenium can be detected along the surface though does not appear in 

or as a specific morphology. 
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Drug-releasing polymer 
 
Binding by incubation in solution 
 
Method 
A solution of diclofenac (analgesic) and dioxane (internal standard) was prepared in deuterated 

methanol and incubated with porous polymer for 24 hours. Proton NMR data was acquired for the 

solution as prepared and after incubation and compared to determine if diclofenac had been lost 

from solution while in contact with the polymer. 

 
Results 
 

 
Figure 5.1.13 | NMR trace of diclofenac and dioxane (4.5 ppm singlet peak) in CD4, before and after 

polymer incubation. All major peaks occur at the same instance in both samples. 

 

The two traces show very little difference, indicating no native sorption of diclofenac by the polymer 

from methanol.  
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Encapsulation of drug in polymer synthesis 

Method – 1 % diclofenac 
20.0 g canola oil polysulfide (non-porous) was prepared to a 1:1 weight ratio of sulfur and canola oil, 

with the inclusion of 1.0 wt. % diclofenac (200 mg). The drug was initially mixed with the canola oil 

and heated (with stirring) to 180 °C, over which time the drug dissolved within the oil. After 5 minutes, 

the sulfur was added slowly over a period of a further 5 minutes. The mixture appeared at this stage 

as two phases: a clear, yellow canola oil upper and opaque, orange molten sulfur lower. Over the 

following 30 minutes, the mixture formed a single orange phase and then changed colour gradually 

through orange to dark brown before vitrifying. The solid product was left on the heat for a further 5 

minutes and then removed to cool to room temperature.  

Results 
The solid polymer product contained interspersed regions of crystalline diclofenac rather than a 

consistent dispersion throughout. The material was cut to particles between 1.0 and 5.0 mm in 

diameter. 20.0 g starting material yielded 18.25 g 1 % diclofenac-loaded polysulfide due to loss of 

material in glassware transfer. 

Method – 10 % diclofenac 
20.0 g canola oil polysulfide (non-porous) was prepared to a 1:1 weight ratio of sulfur and canola oil, 

with the inclusion of 10.0 wt. % diclofenac (2.00 g). The drug was initially mixed with the canola oil 

and heated (with stirring) to 180 °C, over which time the drug dissolved within the oil. After 5 minutes, 

the sulfur was added slowly over a period of a further 5 minutes. The mixture appeared at this stage 

as two phases: a clear, yellow canola oil upper and opaque, orange molten sulfur lower. Over the 

following 40 minutes, the mixture formed a single orange phase and then changed colour gradually 

through orange to dark brown before vitrifying. The solid product was left on the heat for a further 5 

minutes and then removed to cool to room temperature.  

Results 
After cooling the polymer had changed colour to dark red-brown with white powder visible along the 

surface. The solid polymer product contained interspersed regions of crystalline diclofenac rather 

than a consistent dispersion throughout. The material was cut to particles between 1.0 and 5.0 mm 

in diameter. 
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STA analysis of drug-loaded polymer 

Method 
18 mg polymer, prepared with inclusion of 1 or 10 wt% diclofenac, was weighed into an STA sample 

crucible and heated from 30 °C to 700 °C at 20 °C min-1. Heat flow and sample weight were recorded 

during this time. The 10 wt. % sample was heated for longer, up to 900 °C. 

Results 
After both runs, a black crystalline (shiny) solid remained in the crucible, more of which was present 

after heating the 10 wt. % sample than the 1 wt. %. This is likely to be the thermal decomposition 

product diclofenac, as previous tests have left nothing in the crucible after heating untreated canola 

oil polysulfide up to this temperature. Up until 400 °C the STA trace appears no different to 

polysulfide with no diclofenac present, it is only from this temperature and up that a difference is 

observed, attributable to the thermal decomposition of the drug. It can be concluded from this that 

heating the drug to 180 °C as in synthesis should not result in thermal decomposition. 

Figure 5.1.14 | STA trace of canola oil polysulfide synthesised to include 1 wt. % diclofenac 
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Figure 5.1.15 | STA trace of canola oil polysulfide synthesised to include 10 wt. % diclofenac 
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Drug release in water 

Method 
1.00 g drug-loaded polysulfide (10 wt% diclofenac) was measured into seven glass vials, 3 lots as 

synthesised, 2 having been washed with ethanol (3 x 10 mL) and dried, and 2 having been washed 

with deionised water (3 x 10 mL) and dried. This was to test if any drug released from the polymer 

was coming primarily from the surface or if drug would still be released after pre-washing. To a further 

two glass vials diclofenac was added: 100 mg to the first 10 mg to the second, as positive controls 

without polymer. To each vial, 3 mL D2O was added, all were lightly stirred for 30 seconds and left 

for 22 hours. D2O was removed from each sample by syringe and filtered through 0.20 µm filters. To 

1 mL of the resulting solutions, 15 µL of dioxane was added as an internal standard for NMR analysis. 

All samples were analysed by 1H NMR spectroscopy to look for the presence of diclofenac. 

Diclofenac has previously been dissolved in methanol-d4 to achieve a 1H NMR spectrum for 

comparison. 

Results 
In no samples were peaks indicative of diclofenac seen. In all samples peaks at 3.70 ppm (dioxane) 

and 4.70 ppm (water) were present. In the samples pre-washed with ethanol, a very weak triplet 

peak was observed at 1.15 ppm. In the water-washed samples, the water peak height was greater 

than that of dioxane and integrated for 82 and 96 % of the internal standard. In all other samples the 

dioxane peak height was greater and the water peak integrated for between 30 and 50 %. 

Figure 5.1.16 | 1H NMR spectra shows no solvation of diclofenac in D2O 
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Conclusion 
Diclofenac is not soluble in water and may require a buffer to deprotonate prior to testing. Residual 

ethanol is present in the sample washed with the solvent. A repeat experiment with deuterated 

chloroform (in which diclofenac does dissolve) as an NMR solvent was attempted but interaction with 

the polymer led to decolouration of solvent and ultimately was not considered worth perusing further 

as such conditions were not biologically relevant. 
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Drug release in buffer 

Method 
0.1 M phosphate buffers were prepared to pH 8, 7 and 6 and a 0.1 M acetate buffer to pH 5 all in 

D2O. 500 mg 10 wt. % diclofenac-loaded polymer (50 mg drug) was portioned into a 2 mL aliquot of 

each buffer and left for 7 days. 50 mg diclofenac was added also to 2 mL D2O and left for the same 

time as a no-polymer positive control. Each was prepared in triplicate. After this time the D2O was 

removed from each sample by syringe and filtered through 0.20 µm filters for 1H NMR analysis. 

Dioxane was included as an internal standard. 

Results 

Figure 5.1.17 | 1H NMR spectra of 10 wt. % diclofenac-polymer incubated in buffered D2O for 1 

week. 

Figure 5.1.18 | 1H NMR spectra of diclofenac incubated in buffered D2O for 1 week. 
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Encapsulation of drug in polymer synthesis (drug added near end of synthesis) 
 
Method  
20.0 g canola oil polysulfide (non-porous) was prepared to a 1:1 weight ratio of sulfur and canola oil, 

with the inclusion of 10.0 wt. % diclofenac (2.0 mg). After 5 minutes of preheating the canola oil to 

180 °C in a round bottom flask, the sulfur was added slowly over a period of a further 5 minutes with 

magnetic stirring. The mixture appeared at this stage as two phases: a clear, yellow canola oil upper 

and opaque, orange molten sulfur lower. Over the following 16 minutes, the mixture formed a single 

orange phase and then changed colour gradually through orange to dark brown and began to 

thicken. At this point the diclofenac was added to the round bottom flask to be mixed in with the 

quickly thickening pre-polymer. 3 minutes later the polymer became too thick to stir and 6 minutes 

after that it was removed from the heat to cool.  

 

Results 
The solid polymer product appeared as a brown rubber, indistinguishable from canola oil polysulfide 

as prepared without the inclusion of diclofenac. The material was cut to particles between 1.0 and 

5.0 mm in diameter. 20.0 g starting material yielded 19.0 g 10 wt. % diclofenac-loaded polysulfide 

due to loss of material in glassware transfer. 
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Drug release in buffer (polymer prepared with drug added near end of synthesis) 

Method 
0.1 M phosphate buffers were prepared to pH 8, 7 and 6 and a 0.1 M acetate buffer to pH 5 all in 

D2O. 500 mg 10 wt. % diclofenac-loaded polymer (drug added at end of synthesis) was portioned 

into a 2 mL aliquot of each buffer and left for 7 days. Each was prepared in triplicate. After this time 

the D2O was removed from each sample by syringe and filtered through 0.20 µm filters for 1H NMR 

analysis. 

Figure 5.1.19 | Though signals are weak, the manipulation of pH above 7 results in an increase in 

diclofenac signal. This both confirms solvation at pH 8 and the release of the drug from the polymer 

matrix under these conditions. 

Figure 5.1.20 | 1H analysis of the buffer solutions only reveals the peak at ca. 1.8 ppm at pH 5 to be 

a buffered solvent artefact and not relevant to the polysulfide. 
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Figure 5.1.21 | Monitoring the area under the peak at 3.7 ppm shows how release into solution 

increases with pH 

 

Conclusion 

Given that with inclusion of diclofenac at the end of synthesis appeared to provide more consistent 

mixing, and release at high pH occurred in both instances, this was the method chosen to incorporate 

drug molecules for subsequent studies. 
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Maximum drug capacity of canola oil polysulfide 

25 wt. % diclofenac 

8.0 g canola oil polysulfide (non-porous) was prepared to a 1:1 weight ratio of sulfur and canola oil, 

with the inclusion of 25.0 wt. % diclofenac (2.0 g). After first melting the sulfur at 180 °C in a glass 

vial on an aluminium heating block, the canola oil was added slowly over a period of 2 minutes with 

magnetic stirring. The mixture appeared at this stage as two phases: a clear, yellow canola oil upper 

and opaque, orange molten sulfur lower. Over the following 15 minutes, the mixture formed a single 

orange phase and then changed colour gradually after a further 6 minutes through orange to dark 

brown and began to thicken. At this point the diclofenac was added to the mixture. 3 minutes later 

the polymer became too thick to stir and 6 minutes after that it was removed from the heat to cool. 

After 2 minutes of mixing the mixture began to bubble and after a further 6 minutes had doubled in 

size, filling the volume of the glass vial whilst solidifying. 

After allowing the polymer to cool the mass appeared hollow, indicating gas formation or entrapment 

of gas during synthesis, following bubbling and expansion. Crystalline diclofenac was visible in 

pockets throughout the polymer, that itself was rather weak and sticky as if it had not reacted to 

completion. 

50 wt. % diclofenac 

8.0 g canola oil polysulfide (non-porous) was prepared to a 1:1 weight ratio of sulfur and canola oil, 

with the inclusion of 50.0 wt. % diclofenac (4.0 g). After first melting the sulfur at 180 °C in a glass 

vial on an aluminium heating block, the canola oil was added slowly over a period of 2 minutes with 

magnetic stirring. The mixture appeared at this stage as two phases: a clear, yellow canola oil upper 

and opaque, orange molten sulfur lower. Over the following 15 minutes, the mixture formed a single 

orange phase and then changed colour gradually after a further 6 minutes through orange to dark 

brown and began to thicken. At this point the diclofenac was added to the mixture. Addition of such 

a large quantity of the solid resulted in a paste-like mixture that became difficult for the magnetic 

stirrer bar to mix. Over 10 minutes the mixture changed colour to a black-brown with a red-brown 

layer at the top and began to bubble. After a further 45 minutes at temperature the mixture had not 

vitrified and so the experiment was stopped. 

After leaving to cool and sit for 48 hours the mixture remained the two-phase red-brown and black-

brown but had increased in viscosity to a sticky elastic, able to be pulled from the vial as a long 

string. The mixture had no shape consistency however and flowed back into a formless puddle after 

20 minutes.  
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Conclusion 
Inclusion of 25 wt. % diclofenac results in bubbling and deformation and inclusion of 50 wt. % hinders 

polymerisation. With this in mind drugs should not be incorporated into the polymer in this manner 

at proportions over the previously tested 10 wt. %. 
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Encapsulation of anti-cancer drugs in polymer synthesis 

Dozorubicin – 5 wt. % 

To a 3 mL glass vial was added 170 mg sulfur, heated to 180 ºC with stirring. After 5 minutes 170 mg 

canola oil was added by first warming on the heating block to increase flow. After 11 minutes the 

polymer mixture began to thicken, at this point 18 mg doxorubicin was added via a funnel. The 

doxorubicin was mixed into the polymer, vitrifying 2 minutes after addition to afford 368 mg of a 

5 wt. % doxorubicin polysulfide, red-brown in appearance. 

Dozorubicin – 10 wt. % 

To a 3 mL glass vial was added 180 mg sulfur, heated to 180 ºC with stirring. After 2 minutes 180 mg 

canola oil was added by first warming on the heating block to increase flow. After 7 minutes the 

polymer mixture began to thicken, at this point 40 mg doxorubicin was added via a funnel. The 

doxorubicin was mixed into the polymer, vitrifying 3 minutes after addition to yield 400 mg of a 

10 wt. % doxorubicin polysulfide, red-brown in appearance. 

Crizotinib – 5 wt. % 

To a 3 mL glass vial was added 350 mg sulfur, heated to 180 ºC with stirring. After 2 minutes 350 mg 

canola oil was added by first warming on the heating block to increase flow. After 12 minutes the 

polymer mixture began to thicken, at this point 37 mg crizotinib was added via a funnel. The crizotinib 

was mixed into the polymer, bubbling and expanding and then vitrifying 5 minutes after addition to 

yield a 5 wt. % crizotinib polysulfide, brown in appearance with visible crystals of the drug trapped 

within. 

Crizotinib – 10 wt. % 

To a 3 mL glass vial was added 180 mg sulfur, heated to 180 ºC with stirring. After 2 minutes 180 mg 

canola oil was added by first warming on the heating block to increase flow. After 19 minutes the 

polymer mixture began to thicken, at this point 40 mg crizotinib was added via a funnel. The crizotinib 

was mixed into the polymer, vitrifying 6 minutes after addition to yield 400 mg of a 10 wt. % crizotinib 

polysulfide, brown in appearance with visible crystals of the drug trapped within. 
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DNA-releasing polymer 

Method 
Aqueous solutions of metal salts were prepared to 10 mg mL-1 of metal ions for copper nitrate, 

magnesium nitrate, zinc nitrate, calcium nitrate, iron nitrate and mercury chloride. An aqueous 

solution of gold chloride was also prepared to 5 mg mL-1. Mercury and gold chloride solutions were 

sonicated for 10 minutes to aid in dissolution, and after allowing all solutions to settle for 1 hour, 10 

mL of each was portioned into a series of 20 mL glass vials and 1.0 g porous polysulfide added to 

each. Each mixture of polysulfide and metal solution was prepared in triplicate. After 72 hours, 10 µL 

of each sample was diluted 1,000,000 fold in a 1 % HNO3, 1 % HCl acid matrix in pure milliQ water 

for ICP-MS analysis against standard metal stock solutions of known concentration. 

Results 
Analysis of metal solutions incubated with polysulfide by ICP-MS reiterated previous results for 

mercury and gold: both were sequestered from solution by porous canola oil polysulfide. The 

pre-incubation solution of mercury chloride contained 10.154 mg mL-1 mercury and the gold chloride 

solution 4.901 mg mL-1 gold. The post-incubation solutions contained, on average of triplicate 

individual incubations, 5.80 mg mL-1 mercury and 0.010 mg mL-1 gold. This corresponds to removal 

of 42.9 % of the mercury and 99.8% of the gold from solution.  

Magnesium Iron Copper Zinc Mercury Gold 

Replicate 1 (mg mL-1) 8.093 9.410 9.646 8.879 5.957 0.010 

Replicate 2 (mg mL-1) 8.015 8.989 10.410 9.392 5.674 0.006 

Replicate 3 (mg mL-1) 7.717 8.887 9.713 9.787 5.757 0.007 

Average (mg mL-1) 7.94 9.10 9.92 9.35 5.80 0.008 

Standard deviation 0.162 0.226 0.345 0.372 0.118 0.002 

Initial conc. (mg mL-1) 7.464 8.689 9.607 9.209 10.154 4.901 

Percentage remaining 106.40% 104.67% 103.29% 101.55% 57.08% 0.16% 

Percentage removed -6.40% -4.67% -3.29% -1.55% 42.92% 99.84% 

Sequestration of other metals did not seem to occur under these conditions. Post-incubation 

magnesium, iron, copper and zinc nitrate solutions all read as concentrations very close to their initial 

concentrations – oddly showing concentrations above the initial in all cases. For the case of calcium 

(atomic mass 40.078 Da), all results unfortunately displayed interference from competing species, 

likely due to the carrier gas argon (atomic mass 39.948 Da). 
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Figure 5.1.22 | Comparison of metal salt uptake by canola oil polysulfide 

Internal standard recovery was within 5 % of 100 % for the majority of samples, straying outside of 

the ± 5 % window on only 4 of 41 occasions, though only to as low as 94.1 %. This level of indium 

recovery imparts strong confidence in the data obtained having little interference from carrier matrix 

or flow disturbances. 

Figure 5.1.23 | Internal standard recovery is an indicator of measurement consistency across an 

ICP-MS experiment. 
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Binding DNA to metal treated polymers – varying polymer mass 

Materials 

Untreated polymer: Porous canola oil polysulfide, particles of 1.0–2.5 mm diameter 

Au-treated polymer: 48.80 mg gold (from Au2Cl6) per g polymer 

Hg-treated polymer: 42.59 mg mercury (from HgCl2) per g polymer 

Method 

Polymers treated with gold chloride and mercury chloride were added to 2 mL centrifuge tubes at 

masses of 50, 30 and 10 mg. Untreated polymer was portioned out similarly as a control to a further 

3 tubes to prepare a total of 9 samples. Plasmid DNA was prepared to 100 ng µL-1 in DNase and 

RNase free water and 200 µL added to each centrifuge tube. Each tube was vortexed for 30 seconds 

to ensure thorough wetting of the polymer and then centrifuged for a further 30 seconds and to 

ensure all was submerged (metal-treated polymers had adhered to the walls due to static during 

transfer). Samples were left at room temperature (26 °C) for 2 hours, and then left in the fridge at 

4 °C overnight (17 hours). 

Sample Mass (mg) Treatment Metal (µg) DNA (µg) Metal/DNA (wt/wt) 

Untreated 10 10.20 None - 20 0 

Untreated 30 30.31 None - 20 0 

Untreated 50 50.01 None - 20 0 

Au-treated 10 10.36 Au2Cl6 505.6 20 25.3 

Au-treated 30 30.53 Au2Cl6 1,489.9 20 74.5 

Au-treated 50 49.92 Au2Cl6 2,436.1 20 121.8 

Hg-treated 10 10.66 HgCl2 454.0 20 22.7 

Hg-treated 30 30.36 HgCl2 1,293.0 20 64.65 

Hg-treated 50 50.34 HgCl2 2,144.0 20 107.2 

 

A gel solution was prepared from 500 mg agarose in 50 mL TAE buffer, microwaved for 5 lots of 30 

seconds, checking and stirring each time to see if the solution had turned clear. Once clear, 5 µL 

RedSafe was added and the solution was cast into a mould to set. While being let to set, samples 

were prepared to run: 20 µL DNA solution, from each batch of DNA solution incubating with polymer, 

was transferred to a 1.5 mL centrifuge tube along with 4 µL 6x DNA binding solution. In doing so the 

DNA binding solution was diluted 6-fold to working concentration (1x). Once set the gel was mounted 

within [the instrument] and DNA solutions loaded into the wells as follows: 
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1 Untreated 10 mg 6 Au-treated 30 mg 11 Hg-treated 30 mg 

2 Untreated 30 mg 7 Au-treated 50 mg 12 Hg-treated 50 mg 

3 Untreated 50 mg 8 Ignore results, spillage from 7 13 Empty 

4 Empty 9 Empty 14 DNA Ladder 

5 Au-treated 10 mg 10 Hg-treated 10 mg 15 Empty 

 

The gel was then run at 70 volts for approximately 50 minutes. 

Results 

DNA bands were visible in rows 1, 2, 3 and 5. None in the other rows. This may indicate that during 

the incubation with the polymer samples treated with heavy metals, the DNA had been pulled from 

solution to became bound to the solid polymer. The bands present in row 3 (50 mg untreated 

polymer) was slightly thinner/brighter than the lower masses of untreated polymer. This may indicate 

that at higher loadings, untreated polymer has some DNA-capturing capability. Similarly, the bands 

in lane 5 (10 mg Au-treated polymer) were thinner/brighter than the control, indicating that a portion 

of the DNA from solution had been bound but not all. In comparison to the Hg-treated polymers, the 

Au-treated requires a higher mass to achieve the same capture efficiency. That said the Au-treated 

has the advantage of being synthesised from a non-toxic metal, which carries environmental (and 

psychological) implications even if the Hg-treated polymer is not explicitly toxic to cells. 

 

Figure 5.1.24 | Image of gel post-electrophoresis, samples as in table 2 
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Binding DNA to metal treated polymers – varying time 

Materials 

Untreated polymer: Porous canola oil polysulfide, particles of 1.0 - 2.5 mm diameter 

Au-treated polymer: 48.80 mg gold (from Au2Cl6) per g polymer 

Hg-treated polymer: 42.59 mg mercury (from HgCl2) per g polymer 

Method 

50 mg polymers treated with gold chloride and mercury chloride were added to four 2 mL centrifuge 

tubes. Untreated polymer was portioned out similarly as a control to a further 4 tubes to prepare a 

total of 12 samples. DNA (type? – plasmid?) was prepared to 100 ng µL-1 in DNase and RNase free 

water and 200 µL added to each centrifuge tube. Each tube was vortexed for 30 seconds and then 

centrifuged for a further 30 seconds to ensure thorough mixing of the polymer and to ensure all was 

submerged (the metal-treated polymers exhibited movement and adherence to the walls due to 

static). Samples were left at room temperature (26 °C) for 0, 30, 60 and 180 minutes, one sample 

per polymer treatment, after which time 20 µL of the DNA solution was transferred to a new 1.5 mL 

centrifuge tube and left in the fridge at 4 °C. The 0-minute sample was centrifuged to submerge the 

polymer in the DNA solution and then 20 µL immediately removed. 

Sample Mass (mg) Treatment Metal (µg) DNA mass (µg) Metal/DNA (wt/wt) 

Untreated 0 50.19 None - 20 - 

Untreated 30 50.62 None - 20 - 

Untreated 60 50.78 None - 20 - 

Untreated 180 50.75 None - 20 - 

Au-treated 10 50.68 Au2Cl6 2473 20 124 

Au-treated 30 50.78 Au2Cl6 2478 20 124 

Au-treated 60 49.86 Au2Cl6 2433 20 122 

Au-treated 180 50.02 Au2Cl6 2441 20 122 

Hg-treated 10 49.80 HgCl2 2121 20 106 

Hg-treated 30 49.86 HgCl2 2124 20 106 

Hg-treated 60 50.78 HgCl2 2163 20 108 

Hg-treated 180 49.99 HgCl2 2129 20 106 

No polymer None None - 20 - 

No DNA 49.90 - - 0 - 

 

A gel solution was prepared from 500 mg agarose in 50 mL TAE buffer, microwaved for 3 lots of 30 

seconds, checking and stirring each time to see if the solution had turned clear. Once clear 5 µL 
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GelRed was added and the solution was cast into a mould to set. While being left to set, the samples 

were prepared to run: 20 µL DNA solution was transferred to a 1.5 mL centrifuge tube along with 

4 µL 6x DNA binding solution. In doing so the DNA binding solution was diluted 6-fold to working 

concentration (1x). Once set the gel was mounted within [the instrument] and DNA solutions loaded 

(10 µL each) into the wells as follows: 

1 Untreated 0 min 6 Au-treated 30 min 11 Hg-treated 60 min 

2 Untreated 30 min 7 Au-treated 60 min 12 Hg-treated 180 min 

3 Untreated 60 min 8 Au-treated 180 min 13 No DNA control 

4 Untreated 180 min 9 Hg-treated 0 min 14 Stock DNA solution 

5 Au-treated 0 min 10 Hg-treated 30 min 15 DNA ladder 

 

The gel was then run at 70 volts for approximately 1 hour. 

Results 

   

Figure 5.1.25 | Left: DNA uptake over up to 180 minutes. This short time frame does not seem 

sufficient for the mercury treated polymer to bind to DNA, however the amount of DNA present with 

the gold-treated polymer decreases steadily over time. The presence of degraded DNA also 

increases with time however. Right: DNA uptake over 6 days. No DNA remains of the same length 

as was initially added incubating with gold and mercury treated polymers. There is some evidence 

of degradation as stretched bands appear further down the lane. 
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Notes: 

• 3 bands in plasmid DNA indicate: supercoiled, nicked and open, bp length is the same but 

molecule shape influences flow. 

• Vertical gradient along the gel is due to flowthrough of dyes used to visualise the DNA 

(Redsafe in agarose preparation and 2 blue dyes present in the DNA loading dye). 

Unfortunately, the presence of a gradient impacts the baseline in ImageLab making it 

impossible to accurately quantify the DNA in each lane. 

  



273 

Binding DNA to metal treated polymers – polymers with low metal loading 

Canola oil polysulfide had been previously incubated with salts of more metals than just mercury and 

gold, however their uptake had been so inefficient as to be difficult to quantify by ICP-MS. They were 

tested for DNA uptake regardless to see if even very small quantities of these metals had some 

effect. 

Method 

50 mg of each polymer (see table) was added to a 2 mL centrifuge tube along with 200 µL of DNA 

in DNase/RNase free water (100 ng µL-1). Gold and mercury treated polymers were included for 

comparison, other polymers were included in duplicate. Samples were vortexed for 10 seconds to 

mix and then centrifuged 10 seconds to submerge the polymer in solution. After 24 hours solutions 

were analysed for presence of DNA by gel electrophoresis. Samples were tested again after 7 days. 

Sample Mass (mg) Treatment Metal (µg) DNA mass (µg) 

Iron treated 50.86 Fe(NO3)3 LOD 20 

Iron treated 50.68 Fe(NO3)3 LOD 20 

Zinc treated 49.23 Zn(NO3)2 LOD 20 

Zinc treated 50.26 Zn(NO3)2 LOD 20 

Calcium treated 49.15 Ca(NO3)2 LOD 20 

Calcium treated 50.07 Ca(NO3)2 LOD 20 

Copper treated 49.41 Cu(NO3)2 LOD 20 

Copper treated 50.90 Cu(NO3)2 LOD 20 

Magnesium treated 50.85 Mg(NO3)2 LOD 20 

Magnesium treated 49.60 Mg(NO3)2 LOD 20 

Gold treated 49.44 Au2Cl6 2,413 20 

Mercury treated 49.32 HgCl2 2,101 20 

No polymer None None None 20 
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Results 

   
Figure 5.1.26 | Left: 24 hour incubation. For most metals, no difference to the control was observed, 

but the copper-treated polymer seemed to degrade the DNA. Right: 7 day incubation. DNA bands 

have shifted in all samples since the test 6 days prior. The copper polymer had either adhered or 

degraded DNA to the point there was none left at the initial band length and the magnesium treated 

polymer seemed to exhibit some loss of DNA over the longer period.  
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Release of DNA after binding – Release by pH control 

Method 

Polymers (mercury and gold treated) were incubated in DNA solutions for at least 24 hours to allow 

DNA to bind and then washed and dried to be used in varying treatments in an attempt to 

subsequently release the bound DNA. 

Results 

Low pH 

 

Figure 5.1.27 | Polymers from the previous uptake experiment were washed and incubated for 24 

hours in aqueous acetate buffers at pH 3.6, 4.6 or 5.6. No release was observed.  
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High pH 

   

Figure 5.1.28 | Polymers were incubated in 200 µL of a 100 ng µL-1 DNA solution for 48 hours (24 

hour uptake test shown on left) and then washed and incubated in trizma (pH 7 and 8) or carbonate 

(pH 9 and 10) buffers for 24 hours. High pH buffer has interacted with the gel causing the artefacts 

seen in lanes 4, 7 and 8. There are very faint bands present in all Hg-treated samples corresponding 

to the same weight as the control DNA. This may be due to excess DNA that was not removed during 

the washing step but it is odd that the same does not appear in the gold-treated polymer’s lanes. 

This may be evidence that DNA can be removed from the Hg-treated polymer as perhaps the bond 

is weaker, making uptake less efficient but allowing for easier release. 
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Figure 5.1.29 | The experiment shown in fig. 4 was continued for 7 days, no further release of DNA 

was observed over this time.  
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Thiols 

 

  

Figure 5.1.30 | Gold and mercury-treated polymers were incubated in 200 µL of a 100 ng µL-1 DNA 

solution for 24 hours (top) and then washed and added to solutions of either glutathione (92 mg mL-1) 

or cysteine (36 mg mL-1) prepared at 5 molar equivalents of the metal atoms present on the polymer 

surface. Samples were held at 37 °C for 3 hours and then tested for release. Both untreated DNA 

kept at 37 °C for the 3-hour incubation and 4 °C are shown as controls to determine the effects of 

temperature. Left: After 3 hours, right: after 7 days at 4 °C. No release was observed in either case. 
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DNA Delivery Summary 

Gold and mercury-treated polymers both remove DNA from solution whereas the polymer alone 

does not appear to be as effective. Likely the DNA is adhering to the polymer in most part due to the 

presence of the metal. The polymer is hydrophobic, and the metal provides a counter charge for the 

positive phosphor backbone of DNA, offering two potential modes of interaction with the polymer 

and DNA. Uptake is fast by the gold treated polymer (200 µL, 100 ng µL-1, 3 hours with 50 mg 

polymer), slow in the mercury (between 1 and 6 days under same conditions). There is evidence to 

suggest degradation of DNA during the binding incubation. 

Once bound, DNA is difficult to remove from the polymer. 100 mM buffers of several types were 

prepared at pH 4, 5, 6, 7, 8, 9 and 10, and polymer with DNA bound incubated for 24 hours in each. 

Alkaline pH also has the potential to degrade the polymer, however no release was seen. Release 

was also tested in the presence of thiols. Aqueous solutions of cysteine and glutathione were 

prepared at approximately 5 molar equivalents of metal atoms present on the polymers. DNA-bound 

polymer (Au and Hg-treated) was incubated in both solutions, no release was observed.  
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Cell Viability 

Method 

HepG2 and SKBR3 cells were cultured for several passages before seeding 500 µL at 60 cells µL-1 

into the wells of 24-well transwell plates, 1 plate for each cell line. Polymers were measured out into 

1.5 mL centrifuge tubes and then transferred into well-inserts under a sterile environment. 24 hours 

after transferring cells to plates, polymers loaded in well-inserts were submerged in wells and left for 

24 hours. To measure the effect the presence the polymers had on cell viability, the well-inserts were 

removed, and cell medium exchanged for fresh medium containing a 1/20 dilution of stock cell titre 

blue. After 90 minutes, cell viability was measured using a TECAN Infinite M200 microplate reader. 

After measuring, cell titre blue was trashed, the wells were washed with 200 PBS µL and then 500 µL 

fresh DMEM medium added back in. The previous well-plates containing polymer were also added 

back into each well. This measurement process was repeated after a further 24 hours to determine 

cell viability after 48 hours of exposure. 

Results 

 

Figure 5.1.31 | HepG2 Cell viability relative to the corresponding concentration of untreated 

polysulfide 
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Figure 5.1.32 | HepG2 absolute cell viability 

 

Figure 5.1.33 | HepG2 plate after 48 hours. Intensity of red colouration in cell titre blue solution 

corresponds to cell viability: Viability is highest with low concentrations of Ru3CO12 and Mn2CO10, 

higher even than with all concentrations of untreated polymer. 
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Figure 5.1.34 | SKBR3 cell viability relative to the corresponding concentration of untreated 

polysulfide 

 

Figure 5.1.35 | SKBR 3 absolute cell viability 
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Figure 5.1.36 | SKBR3 plate after 48 hours. Intensity of red colouration in cell titre blue solution 

corresponds to cell viability: Viability was low in all cases. 
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Second Replicate 

Initial cell lines died and there was not enough time to thaw and grow SKBR3 to experiment. Annabel 

offered HepG2 cells to at least run a duplicate of that line. 

Method 

HepG2 cells were dispersed as acquired into 15 mL fresh DMEM culture medium and diluted 10-fold 

to count. After determining concentration, the culture was diluted to afford 30,000 cells per well. The 

polymer incubation experiment detailed above was repeated with these new cells. 

Results 
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Figure 5.1.37 | Cells are dead, or otherwise not present. All wells are the same blue-purple colour 

at time of testing. Under the microscope there are very few cells visible, no more than 20 circular 

cells in each well. Some wells contain different shaped bacteria, two rod cells were visible in one. 

Cells in the flask appear larger than the few circular cells in the wells. Cells are present at about 

30 % coating of the flask base in the source container so where the issue has arisen is not clear. 

Perhaps the cells had not seeded and were washed away with the medium exchange for cell titre 

blue or were they simply not present from the start and the issue lies in the handling and dilution 

beforehand. Either way there was neither the time nor supplies available to repeat the experiment. 
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Cell Viability Summary 

HepG2 (hepatoma) and SKBR3 (breast cancer) cell lines were grown over the month and transferred 

to 24-well Transwell plates. After leaving 24 hours to settle, Transwell inserts containing polysulfides 

of various treatments were added at different concentrations: Gold chloride, mercury chloride, 

triruthenium dodecacarbonyl, dimanganese decacarbonyl, triiron dodecacarbonyl, crizotinib and 

doxorubicin-treated, as well as an untreated control, each at 6, 12 and 24 mg in 500 µL medium. 

Polymers were incubated with cells for 24 hours, culture media (DMEM) exchanged for a solution of 

cell titre blue in DMEM to measure viability, then exchanged back to medium to repeat the reading 

after 48 hours. 

For HepG2 cells, after 24 hours, increased concentration of polysulfide resulted in increased cell 

viability whereas increasing concentrations of the Au2Cl6, HgCl2 and Fe3CO12 treated polysulfides 

decreased cell viability. All concentrations of Ru3CO12 and Mn2CO10 seemed to increase cell count, 

though not in the same fashion as the untreated polysulfide. This is an interesting result if during the 

incubation no CO was released, as it would mean the material itself is non-toxic until activated and 

CO is released (presumably). The third metal carbonyl, Fe3CO12, did not show the same trend. All 

concentrations of crizotinib and doxorubicin killed cells, which is not unexpected but in the case of 

doxorubicin, the medium had been stained a deep red and a red precipitate had formed in the wells. 

This likely indicates very fast leaching of the drug from the polymer into solution and so may render 

the material inviable for slow release. Solids were not visible in the crizotinib wells, though it could 

be that crizotinib dissolves better in DMEM culture medium. When plotted relative to the increase in 

viability afforded by the untreated polysulfide, it appears that all treatments resulted in increased cell 

death as concentration increased (fig. 5.1.31). I do not believe this provides a completely accurate 

picture however, due to interference of the polysulfide itself, so I have provided both plots of the 

absolute amounts (fig. 5.1.32) and the amounts “relative to the vehicle” (fig. 5.1.31) as is considered 

standard for reporting to demonstrate the difference. 

In the case of SKBR3 cells, 12 mg mL-1 Au2Cl6 resulted in some loss of viability, but 24 mg mL-1 

onwards and all concentrations of HgCl2 resulted in a much starker loss. Ru3CO12 and Mn2CO10 again 

seemed to increase cell viability, where Fe3CO12 did the opposite. Crizotinib and Doxorubicin both 

killed cancer cells down to near the same level as in the HepG2 experiment.  

At 48 hours, cell viability followed the same trend in HepG2 cells, with decreased cell count in all 

cases. SKRBR3 cells suffered over the second day, with all cases of high viability dropping to about 

half, and cases where cell count was already low dropping only marginally. 

A second replicate was attempted. With only one transwell plate remaining it was not possible to do 

both cell lines, so only HepG2 was tested. An issue with cell seeding was identified late into the 

experiment and neither the time nor supplies were available to repeat the experiment. 
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CO Release 

Instrument details 

TECAN Infinite M200 Microplate reader, CORING 24 well plate with transwell inserts  

Method 

10 mg MC-Polysulfides, prepared by co-precipitation of canola oil polysulfide and metal carbonyls 

from pyridine, where portioned into plate inserts and added to wells containing 500 µL PBS buffer 

(biology standard, 1x concentration). After 20 minutes wetting, in the absence of light, plate inserts 

where removed and absorbance from 490 to 610 nm read in each well on a TECAN Infinite M200 

Microplate reader (to define a t=0 zero reading for each well). COP-1 was prepared to 2 µM in PBS 

from a frozen (-80 °C) stock of 50 mM in DMSO. 500 µL COP-1 solution was added to each well to 

afford a 1 µM concentration, and well inserts were replaced. At 5, 10, 15, 30, 60, 90, 120 and 180 

minutes, the reading was repeated to determine if CO had been released and subsequently reacted 

with COP-1 in solution to form a fluorescent product. Between readings the plate was left under a 

10 W 1000 lumen LED (lights in the plate reader room) as Mn2CO10 specifically is known to release 

CO photolytically under cold light. 

A1 Untreated polymer A5 Ru3CO12 treated polymer (10%) B3 Mn2CO10 treated polymer (50%) 

A2 Untreated polymer A6 Ru3CO12 treated polymer (10%) B4 Ru3CO12 treated polymer (50%) 

A3 Mn2CO10 treated polymer (10%) B1 Fe3CO12 treated polymer (10%) B5 Fe3CO12 treated polymer (50%) 

A4 Mn2CO10 treated polymer (10%) B2 Fe3CO12 treated polymer (10%) B6 Blank 

Table 1: Contents of well inserts 

After testing the plate was sealed and left by the window in the lab for 48 hours (approximately 20 

hours sunshine – sunrise to sunset over 2 days). 
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Results 

Figure 5.1.38 | Average absorbance from 510–610 nm (11 data points) up to 180 minutes after 

incubation of metal carbonyl-treated polymers in COP-1. Higher absorbance is attributed to higher 

concentration of the reaction product of carbon monoxide and COP-1, indicating CO release. 

Absorbance over time of a COP-1-only control was used to define the baseline. Polymers at 10 % 

metal carbonyl loading and an untreated control were run in duplicate, polymers at 50 % loading 

were run only once due to limited available plate wells. 

Fe3CO12 treated polymers with a 10 % metal carbonyl loading give the clearest indication of CO 

release, peaking at 30 minutes in one replicate and 60 in the other, then trailing off gradually for the 

remainder of the experiment. Oddly no change in absorbance was witnessed in the sample at higher 

MC loading. One of the two 10 % Ru3CO12 replicates showed a brief increase in absorbance at 10 

and 15 minutes, quickly diminishing back to the baseline level afterwards, similarly the 50 % Ru3CO12 

sample increased to a similar height in the first 5 minutes, but quickly dropped back down before 

10 minutes had passed. 
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Figure 5.1.39 | The experiment was continued for 72 hours, with measurements taken at 48 and 

72 hours. Changes in the signal were consistent in all samples. No further release was measured. 

 

No COP-1 Control 

Method: Weighed out 10 mg of each polymer as in previous experiment, wet in 500 mL PBS 15 

minutes, took t0, then added a further 500 mL PBS (no COP-1) and measured absorbance over the 

same time. 

 

Figure 5.1.40 | Fe3CO12 absorbance is still present with lack of COP-1 and so cannot correlate with 

presence of a COP-1/CO reaction product.  
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In dark and without pre-soaking control 

Figure 5.1.41 | Control experiments to investigate emission from Fe3CO12 incubation (note different 

scales on both axes to previous tests). 

Emission is not affected by lack of light and shows the same profile as in light apart from a single 

experiment that reached double the emission units. Wetting of the polymer beforehand did influence 

release of the coloured agent, delaying the initial spike and resulting in lower emission overall. 

CO Release Summary 

No release observed into PBS for Fe3CO12, Ru3CO12 or Mn2CO10 treated polymers over 24 hours at 

10 % and 50 % metal carbonyl (MC) loading. No difference was observed in light or dark conditions. 

COP-1 was used to visualise release. COP-1 and CO react to form a fluorescent product that can 

be monitored from 490–610 nm 2. Some visual response was seen in the Fe3CO12 but was due 

leaking of a coloured compound (the MC) into solution as a control without COP-1 gave the same 

result. 
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