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Abstract

Elemental sulfur has many applications for both commodity and specialty chemicals.
However, because sulfur is a by-product of the petrochemicals industry, its supply
greatly outweighs demand, causing a current global issue- the “excess sulfur problem”.
Polymeric material made from pure elemental sulfur is not stable, and readily to
depolymerizes to more thermodynamically stabled Ss. The recent discovery of inverse
vulcanization, capping radical chain end of polymeric sulfur by dienes, allows
polymeric materials with high sulfur contents (up to 90 wt.%) to be produced. High
sulfur content polymers are promising materials, with potential applications in LiS

batteries, IR transparent lenses and capture of heavy metals.

However, there are still several challenges of inverse vulcanisation in processing, applications
and researches. In this thesis, A ternary co-polymer system of inverse vulcanisation was
explored initially, which provided a potential approach for practical production. The
application of inverse vulcanised polymer in mercury uptake was also discussed. Additionally,
catalyst was studied in inverse vulcanisation to decrease reaction temperature, which could
effectively prevent auto-acceleration. At last, thiopolymers were reacted as precursors to
prepare sulfur-doped carbons and magnetic sulfur-doped carbons, showing their potential to

be applied in water purification and environmental remediation.
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Chapter 1. Introduction



1.1 Overview

Sulfur, mostly as sulfide in minerals, is one of the most common elements in the
Earth’s crust. The record of using it could go back more than thousand years. In
modern days, elemental sulfur is an abundant by-product of the petrochemical industry
from hydrodesulfurization process to decrease the emission of SO, and prevent acid
rain. Annually, more than 70 million tonnes elemental sulfur were produced, the
majority of which were stockpiled at refining sites as industrial waste. Elemental sulfur
Is not toxic, but opened to the environment, it poses high risk because of flammability.
Although sulfur was widely used in both commodity and specialty chemicals, such as
sulfuric acid, fertilisers and rubbers, the supply of it greatly outweighed demand.
Therefore, large deposits of sulfur caused a current global issue- the “excess sulfur
problem”. However, this situation is a two-edged sword, providing advantages, such
as extremely low cost. Thus, it will be worthy to find an approach to use sulfur as a

reactant in a large-scale application.

One ideal strategy is synthesising polymeric sulfur through ring-opening
polymerization (ROP) of neat elemental sulfur in high tempature (above 159 °C).
However, this long chain structure is not chemically stable at room temperature
because of back-biting mechanism. Inverse vulcanisation was first coined by Pyun
and co-authors in 2013 to stabilize high content sulfur materials through reactions with
dienes. Inspired by this conception, different polysulfides were synthesised by
different researches and applied into different areas. As a derivative of inverse
vulcanisation, high content sulfur-doped carbon was produced from pyrolysis of
polysulfide. Because of high affinity to heavy metals, such as mercury and gold, it was

attracted increasingly attention in environmental science as well as its precursor.

Unlike most porous materials, such as metal-organic frameworks (MOFs), covalent
organic frameworks (COFs), and polymers of intrinsic microporosities (PIMs), porous
carbonaceous materials are much cheaper and scalable, providing an advantage to be
used in multiple applications. Heteroatom doping activated carbons are used in
catalysis, gas storage, gas separation, and heavy metal remediation due to its porous
structure, good stability, and electron deficiency. Sulfur-doped activated carbons
were not deeply studied compared with other elemental atom doping, such as nitrogen,

hydrogen, and oxygen, because of complex synthesis process and sulfur content



limitation of carbonisation precursor. Therefore, inversed vulcanised polymer could

be an appropriate precursor for sulfur-doped carbons.

Inverse vulcanised polymers and their derivatives were studied in the heavy metal
remediation. Heavy metal pollution is a global health issue, especially in lower
income and developing countries. Mercury is the third of top 10 chemicals of major
public concern reviewed by the World Health Organization (WHO).* Mercury releases
mainly from coal combustion and artisanal and small-scale gold mining (ASGM).
Exposure to Hg presents a serious threat to human health, especially to the children,
such as irreversible mental and nervous system damage. Thus, efficient, large scaled
and low-cost materials are desperately desired for prevention or remediation of
mercury pollutions. Due to high affinity of sulfur bonds and high cost efficiency,
polysulfides and sulfur-doped carbon show their promising in environmental

applications.

Inverse vulcanisation attracts more interest because of its versatile applications. In this
introductory chapter, basic background of both inverse vulcanisation and its
applications are aimed to explain and review to cover the main projects in this thesis.

More specific introductions will be expanded in details in the separate projects.



1.2 Elemental sulfur

Historically called ‘brimstone’, sulfur has been recognized for thousand years. From
very early use in medicine and explosives to modern industrial application in sulfuric
acid (H2SO4) and rubber production, sulfur and sulfur content materials played
important role in human activities. Interestingly, after short term of large demand in
mid-19th century, unlike other raw material, sulfur has no more shortage. There are
two main reasons leading to this special phenomenon. One reason is far more sulfur
than consumption was produced as by-product from petrochemical industries. Another
reason is that there is no industrial scale production utilising a high percentage of sulfur
as reagent because of the relative complexity of sulfur’s chemical properties and the
instability of polysulfides. Therefore, unfortunately, this ancient element becomes a
global environmental problem in 21% century. However, the study and research about

elemental sulfur never stops because of its wide availability and incredibly low price.

1.2.1 Demand and supply

Commonly, sulfur could be found in the form of sulfides or sulfate minerals in
nature.23 Until late 19" century, most industrial sulfur was produced from the volcanic
soil of Sicily.? In order to satisfy increased demand for sulfur, Frasch process was
devised, producing larger scale elemental sulfur with lower cost. From this time,
Frasch process was widely applied and conventional sulfur mining industry developed.

However, interestingly, sulfur mining industry has become almost extinct recently.

Like Sicilian method replaced by the new technology, Frasch process would not
dominate sulfur production forever. In late 20™ century, immense amount of sulfur
was recovered from fossil fuels via Claus process. With increasing consideration of
environment and human health, sulfur must be removed from hydrocarbons to avoid
harmful gas emission, which could result in acid rain. Additionally, from industrial
perspective, sulfur also needs to be removed, because sulfur compounds probably
poison catalytic converters in downstream chemical processes. Sulfur content varies
from less than 0.1% to greater than 7% in crude oil, and approximately from 1% to 5%
in coal.* Different sulfur compounds are separated from hydrocarbons into HzS
through scrubbing step and hydrodesulfurization, followed by Claus process, from
which gaseous sulfur compounds are converted to elemental sulfur. Typically, Claus

process is divided into two steps as shown in Equation 1-1land Equation 1-2.



2H:S + 302 — 280: + 2H20 Equation 1-1

4H2S +2502 — 5§+ 4Hz0 Equation 1-2

From this time, elemental sulfur has become by-product of petrochemical industry.
Although increasing renewable energy has been applied to mitigate climate change,
fossil fuels are still the most important energy supply, providing 80% of global primary
energy.® Furthermore, the use of fossil fuels was predicted to increase despite more
emission regulations implemented. Consequently, more and more sulfur is produced
and the amount of this waste from petroleum refining has much exceeded that of
conventional sulfur mining industry. It is estimated that more than 70 million tonnes
sulfur is produced annually from petroleum industry. More importantly, the trending
of excess sulfur will not stop but intensify because of two main reasons. The first
reason is more stringent regulation to the sulfur emission of commercial fuels. Another
reason is increasing high sulfur-content feed-stocks are exploited, such as tar sands
and heavy oils, because traditional energy source is becoming rare. Therefore, more
sulfur will be separated from per unit recovered energy source, and the “excess sulfur

problem” will be worsened.®

Unwanted elemental sulfur powder is always stockpiled as blocks next to the refining
plant to avoid flow problem. Megatons of sulfur openly stored on the ground has
limited health threat to human beings but potential security problem, because
elemental sulfur is flammable, implied by its ancient name. When enormous amounts
of sulfur set on fire, missive SO, would be emitted, being harmful to human and
environment, for example the sulfur fire in Iragi in 2003.” Therefore, how to utilize

this redundant chemical has become a global concern.

More than 80% of sulfur is consumed as H2SO4, and most of which is used as fertiliser
or other agrochemicals.®® H,SOs is also used as a solvent, a dehydrating agent, a
reagent, and an acid in different applications, such as petroleum refining, copper ore
leaching, and paper mills.® However, all this demand are much less than sulfur
produced annually. And also because of limited storage capabilities of sulfur producers,
the price of sulfur declined again and again. For example, the price of sulfur in Tampa,
Florida, fell to $10s per ton in 2001 from more than $100 per ton in 1990s. Although
it recovered to $600 per ton, but because of deduction in phosphate fertilizer output,
the sulfur price collapse to an incredible $0 per ton in 2009.°



In summary, the production of sulfur in the world significantly outweighs its
consumption. Annually, more than million tons of unwanted sulfur is produced and
stockpiled openly. Traditional process or application cannot consume sulfur in large

scale. Therefore, how to utilize redundant sulfur become an imperative issue to address.

1.2.2 Sulfur properties

Sulfur has been known since ancient time, and the research of it has never stopped.
However, it is difficult to fully understand either physical or chemical properties of
elemental sulfur, because of its numerous allotropes and complex intramolecular and

intermolecular allotropic conversion.

Native sulfur occurs as sulfide or sulfate minerals, such as pyrite (FeS), known as
fool’s gold, galena (PbS), cinnabar (HgS), sphalerite (ZnS), and gypsum
(CaS04-2H,0). Elemental sulfur could be found in nature close to the hot spring and
volcanic areas. Although there are more than 30 kinds of solid allotropes reported, only
two of them are thermodynamically stable.® Orthorhombic (&) sulfur and monoclinic
(6) sulfur are both consisting of cyclo-Sg molecules, but stable at different conditions.
At standard temperature and pressure (STP), a-Sg is the only stable form and molecules
crystalized in orthorhombic. When temperature increases to higher than 96 °C but
lower than 119 °C, boiling point of S-Ss, monoclinic sulfur, needle-like crystals,
becomes thermodynamically stable form.'! However, the transformation from a-Ss to
[-Sg in single crystal is not kinetically favoured, whereas f-Sg could be crystalized
from molten sulfur or its organic solution.®* Another confirmed monoclinic crystals
of cyclo-Sg is 7-Ss, which is meta-stable and quickly transform to a-Sg.*%? a-Ss, 5-Ss,
and »-Sg are well characterized cyclo-Sg allotropes, while other reported forms are
weak characterized or doubtable, most of which are normally the mixtures of well-

known forms.

Table 1.
Form Appearance Colour Stable temperature / °C  Density / mg m™3
Orthorhombic (¢)  Rhombus  bright yellow <96 2.069
Monoclinic (5) Needles yellow >96, <119 1.940
Monoclinic (») Needles light-yellow / 2.190




The geometry of a-Ss, -Ss, and »Sg is similar, which is a puckered ring configuration
of eight sulfur atoms (as shown in Figure 1.1). However, the bond lengths and bond
angles of these allotropes are different because of crystal structure. Different forms
also result in dissimilar physical properties, which are listed in Table 1. Melting point
of Sg is very complex, because of not only different allotropes but also tested form,
such as single crystal and microcrystal, and other factors, like heating rates. Melting
points of single crystal of a-Sg and -Sg are 112.80 °C and 119.60 °C, respectively.'!
Microcrystals of a-Sg and p-Sg have slightly higher melting points, which are
115.11 °C and 120.40 °C, correspondingly.?

Although cyclo-Sg is the most stable and studied molecular form at STP, other
crystalline phases consisting of cyclic molecules have been reported, such as Se, S7,
Ss, So, S10, S11, S12, S13, S14, S15, S18, and Sz0.2° In liquid sulfur, more species, like S,
Ss, S4, and Ss, are observed. Additionally, because of polymerization, longer sulfur
chains (Sn, n>20) can be extracted.2>1° The dissimilar properties of different allotropes
also determine that the properties of sulfur is highly content-dependent, namely
influenced by presence and concentration of each allotrope. More details of polymeric

sulfur would be later explained in “polysulfide” section.

Figure 1.1. Structure of a Ss molecule.



1.2.3 Polysulfide

1.2.3.1 Polymeric sulfur

Polymeric sulfur are referred as those forms of element sulfur consisting of long chains
or large rings (n > 50). The polymerisation at 159 °C is observed as discontinuity
occurred in the properties of liquid sulfur, such as density, heat capacity, dielectric
constant, and, especially, viscosity.2!® Polymerisation of sulfur is an equilibrium
reaction between small cyclic monomer molecules and long chains molecules.
However, the equilibrium is not conducted only above 159 °C but also over all the
temperature range. Therefore, polymeric sulfur also exists at low temperature but
minority, and 159 °C is not the specific temperature that polymeric sulfur generated
but more additional polymers formed.'® The polymer content in the melt sulfur could
increase up to 45% at 250-300 °C from 1% at 135°C.%° Sulfur polymerisation starts
from the sulfur ring opening by homolytic cleavage, resulting in formation of diradical
ending sulfur chains, as shown in Scheme 1.1. After that, diradical chains propagate
to liner chains, a reaction considered heating-rate dependent. However, polymeric
sulfur is not chemical stable and favoured back to monomeric sulfur, because of
backbiting. Therefore, even though polymeric sulfur could be extracted by quenching
equilibrium polymerization of sulfur with CS», the amorphous structure rapidly

converts into crystals, which are mainly Ss.

> 159 °C >159 °C
[E— —_—

Scheme 1.1 Ring-openging reaction of elemental sulfur at high temperature, generating sulfur
biridicals and the polymerisation of liner sulfur.

1.2.3.2 Polysulfides

Polysulfides were referred to the compounds of the type X-Sy-X with n > 2, including
inorganic ionic compounds, such as NazS4, and sulfur-rich organic compounds with
repeating S-S bonds. 1 It was clarified by Steudel, in 2002, that polysulfides should
be applied to describe ionic compounds, while polysulfanes, instead, are recommended
by the IUPAC to term organic polysulfides, including polysulfide polymer, which
consisting of backbones with repeating S-S units and hydrocarbons (R-Sn-R, n > 2).14
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In recent literatures, polysulfides,® sulfur-containing polymers,*® and thiopolymers?’
are referred more frequently to polysulfides polymers, however, there is no significant
difference among these terms, therefore, it will not be distinguished these terms in this
thesis. Unlike polymeric sulfur, polysulfides are more thermally and chemically stable,
because the sulfur chains were terminated by organic substituents, improving stability.
Polysulfides can be synthesized directly from Sg through condensation, free-radical
and ionic copolymerization. In terms of condensation reaction, polysulfide could be
synthesized via the reaction of inorganic polysulfides, such as NazSy, and halides, such
as CI-R-CI,*® as illustrated in Scheme 1.2. Sulfur content of polysulfide polymers
through this processing was tuneable by adjusting the sulfur rank in inorganic
polysulfides, which could be controlled by the amount of elemental sulfur, as shown

in Scheme 1.2. These polysulfide polymers are also known as a trademarked name,

a) nNa,S, +nCI-R-Cl » (RS,),
- 2nNaCl

b) 6NaOH + (2x+1)S 2Na,S
) 6NaOH +@rH)S  ——-r> INas,

Scheme 1.2 Mechanism of condensation reaction generating polysulfide by inorganic
polysulfides, prepared by elemental sulfur and alkali.

Thiokol, widely applied as adhesives and sealants.®*> Free-radical copolymerisation
was another route investigated to generate high sulfur content polymers. Sulfur and
unsaturated organic molecules were attempted to react by both solution-based and bulk
copolymerisation. However, in solution based free-radical copolymerisation,
synthesized polysulfides were characterised as polymers with low molecular weight.
One proposed explanation for this issue was elemental sulfur act as an inhibitor,
because of high rate chain transfer processes.'® Bulk copolymerisation of sulfur and
olefin was explored to circumvent low molecular weight problem, benefiting from
increased reactivity ratio of monomers. One respective example of bulk
copolymerisation reaction is the interaction of melt sulfur with dicyclopentadiene
(DCPD) at 140 °C,%%2! which is categorized as low temperature (up to about 140 °C)
by Bateman.?? In this condition, norbornene unsaturation in DCPD is more reactive

than cyclopentene unsaturation, as norbornene unsaturation could be reacted



completely from the early stage, indicated by the vinyl peaks disappeared in nuclear
magnetic resonance spectroscopy (NMR).2* Additionally, the broadening of the peaks
in NMR spectroscopy, the formation of viscous reaction system, and relatively high
molecular weight (M, > 3000) of product characterised by GPC indicated that sulfur
contained polymer generated.?®?! However, at low reaction temperature, liner
polymers were more likely to be synthesized, resulting from low reactivity of
cyclopentene unsaturation (Scheme 1.3). When reaction temperature was increased to
150 °C, crosslinked sulfur polymer generated, however, meanwhile generation of H.S
and depolymerisation could be observed, which became historically complex,
hindering further study. However, recent study of this reaction but at higher
temperature and with high ratio of S/DCPD, the process known as inverse
vulcanisation, found fully crosslinked sulfur polymer synthesized and the product was
chemically and thermally stable, due to complete reaction of both cyclopentene
unsaturation and norbornene unsaturation, although HS could be still detected during
the reaction.t”?®* Small sulfur-containing molecules, generated as by-products from
free-radical copolymerisation between sulfur and olefins, could react with elemental
sulfur under anionic conditions, which is categorized as ionically generated
copolymerisation. This route provided foundation for catalytic inverse vulcanisation

Reaction "
e + >
w at 140 °C

Scheme 1.3 Mechanism of copolymerisation of elemental sulfur and DCDP at low temperature to
generate liner polymers.

process.
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1.3 Inverse vulcanisation

High sulfur content polymers were attempted to synthesize from different strategies as
mentioned from previous section, however, there is very few literature producing a
stable sulfur content polymer by elemental sulfur directly before the report of inverse
vulcanisation.?* Recently, inverse vulcanization attracted significant research attention
because of its facile reaction processing and high atom efficiency.?*2¢ In the inverse
vulcanization process, the radical ends of sulfur chains are capped by reaction with
carbon = carbon double bonds. If an organic molecule contains two or more carbon =
carbon double bonds, it can act as a crosslinker to sulfur biradicals to generate
crosslinked high sulfur content polymers. With an appropriate ratio of sulfur and
crosslinker, the degradation of polysulfides is effectively avoided and a stable, high

weight percentage sulfur polymer, or inverse vulcanized polymer, is formed.

1.3.1 Conventional vulcanisation

Vulcanisation is a process of hardening natural rubber or synthetic rubbers with
crosslinkers, such as, the most commonly used, sulfur. Natural rubber naturally occurs
form of cis-1, 4- polyisoprene, refined from natural rubber latex, as shown in Figure
1.2 (a), which is a sticky and milky colloid derived from rubber trees or other plants.
In order to prevent permanent deformation and to introduce elastomeric property of
natural rubber (Figure 1.2 (b)), sulfur vulcanisation (Figure 1.2 (c)) was first applied
to crosslink liner polymer chains by reacting with the unsaturated carbons In sulfur
vulcanisation, normally, 0.5-5 parts elemental sulfur was added in hundred part of
rubber under heating (=120 °C) during the shaping process.?” After vulcanisation,
molecular chain entanglements (Figure 1.2 (d)) were crosslinked into network (Figure
1.2(e)), which can reduce permanent deformation after removing force.?® Additionally,
solubility of polymers changed significantly after vulcanisation from soluble in
specific solvent into non-soluble in any solvent but swelling only because of
crosslinks.?” In industry, not only sulfur but also activators and accelerators were
involved in vulcanisation processing to increase the rate of the reaction. Activators
were applied to break the sulfur ring and accelerators were like catalysts to form thiyl
and polysulfenyl radicals during the reaction.?

11
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—~ Liner polymer molecular segments | - Crosslinks by elemental sulfur

Figure 1.2 Processing of conventional vulcanisation. (a) Latex is collected from a rubber tree, a
process called “tapping”. (b) Tyres made by rubbers, including both natural rubber and
synthetic rubber, benefitting from high elastomeric property of network structure to keep strong
mechanical properties against temperature and loads. (c) Conventional vulcanisation with
sulfur, generating crosslinked polymer structure. (d) Schematic diagram of the liner polymer
molecules in an entanglement, before vulcanisation. (e) Schematic diagram of the network
polymer structure, crosslinked by elemental sulfur.
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1.3.2 Inverse vulcanisation

By contrast to the conventional vulcanisation, inverse vulcanisation crosslinks sulfur
chains by small organic molecules to physically and chemically stabilise polysulfide
generated, as shown in Figure 1.3. As mentioned in Section 1.2, polysulfide could be
easily synthesized by further heating molten sulfur (Figure 1.3(a)) above 159 °C,
which is also known as floor temperature, however, it will be able to undergo
backbiting (intramolecular reaction) to revert to the more thermodynamically
favourable Sg rings as the temperature decreases. As the mechanism shown in Figure
1.4, radical sulfur chains generated from homolytic S-S bond scission initiate and

promote self-polymerisation of sulfur and cross-propagation to small organic

b)

Liner sulfur biradical chains ;| < Crosslinks by organic molecules

Figure 1.3 Processing of inverse vulcanisation. (a) Molten sulfur. (b) Photographs of final molded
products of inverse vulcanised polymer after curing. (c) Scheme for inverse vulcanization of
sulfur and small organic molecules functionalised dienes, generating crosslinked polymer
structure. (d) Schematic diagram of the sulfur chains, before inverse vulcanisation. () Schematic
diagram of the polysulfide network, crosslinked by organic molecules.
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molecules functionalised with two or more carbon = carbon double bonds. Unsaturated
monomers act as crosslinkers in the inverse vulcanisation, capping the radical ends of
sulfur chains and preventing the degradation of polysulfides, as shown in Figure 1.3
(c)-(e). In order to explore various crosslinkers, which may have different functional
groups, boiling points, miscibility with molten sulfur, and so on, some strategies to
accomplish inverse vulcanisation were attempted by researchers, such as using catalyst

and blend crosslinkers.
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Figure 1.4 General scheme of sulfur self-polymerisation and inverse vulcanisation.

1.3.2.1 Crosslinkers

A variety of crosslinkers as shown in Figure 1.5, have been studied since 2013 when
the reaction of 1,3-diisopropenylbenzene (DIB) with sulfur was reported.?*
Crosslinked by DIB, sulfur chains were stabilized and the product, poly(S-DIB), was
shape persistent at room temperature. However, the DIB crosslinker is a synthetic
chemical and not currently produced on large scales. Therefore, more economical or

renewable crosslinkers are preferential to align with the principles of green
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chemistry.?322% |_imonene, a cyclic monoterpene, is a component in citrus fruit peels
and is produced by the citrus industry as a by-product in a large quantities.?® Limonene
is ideal for use in inverse vulcanization, because it is a cheap, bio-derived industrial
waste product. Polysulfides synthesized from sulfur and limonene were reported by
Chalker and co-authors and the product demonstrated potential to detect and absorb
heavy metals.?® However, the low molecular weight and glass transition (Tg) of poly(S-
limonene) are inhibitive for applications requiring rigidity. Subsequently, more
renewable olefinic comonomers as crosslinkers in inverse vulcanisation were reported,
including vegetable oils,}” botryococcene,*®! terpinolene,® farnesene, farnesol,
myrcene,? squalene, perillyl alcohol,*? diallyl disulfide (DADS),3 % and garlic oil
blend.®® Moreover, industrial by-product or low cost chemicals, such as
dicyclopentadiene (DCPD),?? ethylene glycol dimethacrylate (EGDMA),'"2°3" and
ethylidene norbornene (ENB),® were also explored, giving it possible to scale up and
commercialise high sulfur content polymer. Additionally, benefiting from the catalysts,
more unreactive crosslinkers, such as 1,3,5,7-tetravinyltetramethylcyclotetrasiloxane
(TVTCSI), and glyoxal bis(diallyl acetal) (GBDA), were explored to react with sulfur
in inverse vulcanisation, broadening the range of possible high sulfur content

polymers.t’
@/\ T@\rr < I §] /\/s 5/\/ \O\rr
DCPD diallyl disulfide limonene
i v P 7
O
YLO/\/OTIJ\ — M /—5|
o /4 \o-S'
EGDMA terpinolene myrcene
f TVTCSI
o WWML
WO\H\OM squalene
0
/r A/\)M )%/\/I%/\/R/\C’H
= GBDA
farnesene farnesol

Figure 1.5 Crosslinkers studied previously in inverse vulcanisation.
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1.3.2.2 Catalysts

Catalysts were widely used in conventional vulcanisation to decrease the reaction
temperature. Lower reaction temperature could effectively minimize the generation of
hydrogen sulfide and avoid auto-acceleration.!” Auto-acceleration is known as the
Trommsdorff—Norrish effect or the gel effect. Because inverse vulcanization is a bulk
free-radical polymerisation and the reactions are exothermic, temperature increases
dramatically if the dissipation of energy is poor, especially, at the end of reaction, when
the viscosity rises due to the termination of free radicals. Auto-acceleration of
polymerization may cause failure of the reaction vessel or, worse, explosion, as shown
in Figure 1.6. Additionally, catalysts unlocked more crosslinkers, which may have
poor miscibility with molten sulfur, such as EGDMA," or lower boiling point than

melting point of sulfur (119 °C), such as methyl methacrylate (MMA).?°

Figure 1.6 An example of auto-acceleration in the inverse vulcanisation.

In 2019, Hasell group screened different potential catalysts, commonly used as
accelerators in conventional vulcanisation, in inverse vulcanisation and discovered
metal diethyldithiocarbamate complexes could effectively decrease the reaction
temperature and inhibit H,S generation. After that, Hasell and co-authors also
demonstrated that the catalyst sodium diethyldithiocarbamate trihydrate allows inverse
vulcanization to be conducted at low temperatures (110 °C), even below the melting
point of sulfur (120 °C), therefore the inverse vulcanisation could be conducted in two
phases, namely liquid crosslinkers with solid state elemental sulfur.?® Most recently,
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Hasell and co-authors investigate more about the function of catalysts in inverse
vulcanisation and postulated that nucleophilic activation would be a potential
mechanism.?®% Conventionally, inverse vulcanization has been performed at a
temperature higher than 135 °C to induce cleavage of sulfur rings and generate disulfur
radicals. However, in the reaction at lower temperature, it was supposed that the

cleavage of S—S bonds was initiated by nucleophilic activators.

W. J. Chung et al. reported organic accelerators, for instance 4-vinylaniline (4VA) and
N-methylimidazole (NMI), could expressively enhance the reaction rate and provide

possibility to copolymerise with other crosslinkers at relatively low temperature (=
60 °C). It was proposed that because of the lower bond dissociation energy, 4VA or

NMI would react with sulfur by nucleophilic opening of the sulfur rings
heterogeneously instead of homogeneously cleavage, which generating sulfur
diradicals.**** Generated prepolymers via this processing could be used as accelerator
in further inverse vulcanisation, resulting from dynamic S-S bonds, a process which
was termed as dynamic covalent polymerization (DCP). Similarly, Jenkins and co-
authors reported a pre-polymer synthesized by elemental sulfur and divinylbenzene
(DVB) could initiate inverse vulcanisation of elemental sulfur and 1,4-
cyclohexanedimethanol divinyl ether (CDE) at as low as 90 °C.*> Dynamic S-S bonds
can be observed not only during the DCP but also in fully crosslinked polysulfides,

resulting in a vitrimer property of these polymers.*3

1.3.2.3 Post treatment and morphology of inverse vulcanised polymers

Sulfur polymers were discovered in different applications, therefore, to achieve a
better performance in a given application, different post treatment strategies and
morphologies of sulfur polymers were studied. Further curing sulfur polymers from
liquid phase prepolymers in the patterned mould was one of the most common and
convenient way to demonstrate the shape-persistency and mechanical properties of
generated materials.?*?® Electrospinning was performed by Theato and co-authors to
fabricate a sulfur polymer nanofiber, which were demonstrated high adsorption
capacity of mercury.** Coating sulfur polymers onto substrates or particles was
conducted by different research groups to enlarge the surface area of sulfur
polymers.}*  Additionally, porous inverse vulcanised polymers were prepared

through different strategies, such as foaming the inverse vulcanised polymer with
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supercritical CO,,% and generating microporous sulfur polymer by salt templating.*’
Moreover, carbonisation is an important post treatment of thiopolymers generated via
inverse vulcanisation to synthesise sulfur doped activated carbon. After carbonisation,
the sulfur content would be decrease dramatically to ~15 wt% but with much higher
specific surface areas (up to 2200 m? g1), which will be discussed in details in Section
1.4.1.48-51

1.3.3 Application of inverse vulcanised polymers

Since 2013, coined by Pyun, inverse vulcanised polymer has been applied into
different areas, as shown in Figure 1.7, because of its unique physical and chemical
properties. Depending upon the chemical and mechanical properties of these materials,
inverse vulcanized polymers were applied in heavy metal uptake,?3265253 |R
transparent lenses,>*¢ fertilizer release,>” adhesive application,®*%® repairable
materials,?®*® Li-S batteries, 30345960 ojlwater separation,’! sustainable and

recyclable composites,®2% and antibacterial materials.®*

ﬂﬁ‘
Li-S batteries Heavy metal remediation
o Ry \\\
QO \(\66
R 9 O

Adhesives

Polymer powder Remoulded object

Self-healing polymers Water oil separation IR transparent lenses

Figure 1.7 Different potential applications of inverse vulcanised polymers.

18



1.3.3.1 Li-S batteries

As the energy demand increased to support our high-speed developing society,
renewable source energy is desperately needed as supplement of and, finally,
replacement of fossil fuels. No matter for electric vehicles or mobile facilities, good
performance battery is essential in nowadays. Lithium-ion batteries have been
developed and widely used in many aspects, however, they almost touch their
theoretical energy density limits (200— 250 Wh/kg as the technology developing.®
Compared lithium-ion batteries, lithium-sulfur battery has much higher theoretical
specific energy, which is up to 2600 Wh/kg.%® Furthermore, the low cost and abundant
resources of sulfur provide remarkable advantages as well. Nevertheless, the
researches of Li-S batteries are still in baby stage with many problems, such as shuttle
effect and lithium dendrite growth. Inverse vulcanised polymers and their derivates are
studied in Li-S batteries recently to provide more candidate materials for
cathode.?*%34 The first thiopolymer reported as a cathode in Li-S batteries is poly(S-
DIB) by Pyun and co-authors.?* Because of high sulfur content, poly(S-DIB) exhibited
similar electrochemical behaviour in application of Li-S batteries, resulting in high
capacity (1,100 mA h g1), however, suffer from capacity loss to 823 mA h g* after
100 cycles because of polysulfide shuttling effect, irreversible transfer of suffer
polymer dissolved in electrolyte to lithium sulfide. After the report of poly(S-DIB)
being applied as cathodes, more thiopolymers were synthesized by different monomers
via inverse vulcanisation and utilised in Li-S battery, such as diallyl disulfide,
styrene,®® bismaleimide,®” vinyl phosphonic acid,%® terpenes,®* limonene,>® and
tetra(allyloxy)-1,4- benzoquinone (TABQ)®. Among these inversed vulcanised
polymers,  poly(S-tetra(allyloxy)-1,4-benxoquinone)  demonstrated  superior
performance in cycling capability (833 mA h g™%) at high cycling rate (10 C). Sulfur
polymer applied as cathodes also benefit from the facile processing of inverse
vulcanisation and potential of large scale product.”™

1.3.3.2 IR transparent lenses

Unlike conventional polymers, some sulfur polymers synthesized through inverse
vulcanisation have relatively high refractive index (RI, n) and infrared (IR)
transparency because of S-S bonds. Therefore, sulfur polymers were researched as IR
transparent lenses to substitute traditional inorganic materials, such as germanium.

Traditional IR optics possess high RI, which is in the range of 2 - 4, but suffer from
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high cost.”>’* Conventional polymers possess RI typically from 1.30 - 1.70, and the
material with n greater than 1.5 could be considered as high refractive index polymers
(HRIPs). However, thiopolymers exhibit higher n (1.75-1.86) than conventional
polymers, because of significant polarizable sulfur unit involved in the material.
Additionally, R1 of thiopolymers could be easily adjusted by the ratio of monomer and

elemental sulfur.”?

Poly (sulfur-selenium- diisopropenylbenzene) (poly (S-Se-r-DIB)), and Poly (sulfur-
random-tetravinyltin (TVSn)) (poly(S-r-TVSn)), termed as organically modified
chalcogenide (ORMOCHALC), were reported by Boyd and co-workers polymer as
sulfur polymer applied in IR optics.”>"* Moreover, 1,3,5-triisopropenylbenzene
(TIB),” 1,3-diisopropenylbenzene (DIB),”® and a dimer of norbornadiene (NBD)
(NBD2)* were directly reacted with elemental sulfur to prepare as IR transparent
lenses. More recently, elastic IR transmissive lens, which is stretchable and could
adjust the shape of reflected images, prepared by elemental sulfur, squalene, and -
myrcene, were studied by Kanbara et al.3! Considered the high cost of conventional
inorganic IR transparent lenses, more and more thiopolymers were developed from

different research group lately.
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Figure 1.8 Scheme of generating poly(S-r-TVSn) and digital camera image of ORMOCHALC.
Reproduced from ref.”

1.3.3.3 Heavy metal uptake

Sulfur containing polymers were found possessing high affinity for mercury, even
demonstrating better performance than elemental sulfur.?® Limonene was first reported
by Chalker and co-authors. as renewable crosslinker to prepare inverse vulcanised
polymers.2® A distinct application of poly(S-limonene) is to selectively indicate

mercury, a discovery that may find use in sensing applications. However, limonene is
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a bio-derived renewable with low cost, but the mechanical properties of final product
are very poor, resulting in a limitation in practical application. Dicyclopentadiene
(DCPD) is low cost and readily available in large quantities as a by-product in
petrochemicals industry. Crosslinked and stabilised poly(S-DCPD) were initially
synthesised through inverse vulcanisation at 160 °C by Hasell and co-authors.?® Then
several materials characterisations and heavy metal capture capacity were investigated.
It can be concluded from the result of solubility test and differential scanning
calorimetry (DSC) that the new materials are fully crosslinked high sulfur contained
polymer with high glass transition temperature (Tg) up to 115 °C. From the uptake test,
poly(S-DCPD) could take up much more Hg than either elemental sulfur or other
inverse vulcanized sulfur-containing polymers (poly(S-limonene) and poly(S-DIB)).
The cost of these superior materials would not be prohibitive in comparison to
activated carbon. Poly(sulfur-dicyclopentadiene) is produced solely from sulfur
(~£100/tonne) and dicyclopentadiene (~£600/tonne), with no solvents required.
Furthermore, more renewable small molecules were explored as monomer to make
thiopolymers more economical and greener. Myrcene,?® farnesene,® squalene,?
perillyl alcohol,*? canola oil, and garlic oil,* were reported in later studies for mercury
remediation or water purification. Later research by Chung et al. demonstrated that
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Figure 1.9 Selectivity test of poly(S-limonene) coated silica gel, showing that thiopolymers
possessed high selectivity to mercury over other mixed metals. Reproduced from ref.’
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poly (S-2-carboxyethyl acrylate) (poly (S-CEA) prepared by inverse vulcanisation had
relative high capacity to mercury (gem = 989 mg g) over other thiopolymers.>
Besides high capacity of mercury over to elementary sulfur, thiopolymers also have
high selectivity to mercury, as shown in even from mixed-ion solution, as shown in
Figure 1.9.17°3

1.3.3.4 Self-healing polymers

Conventional polymers are normally divided as thermoplastic and thermosets.?’ Linear
polymers are typically thermoplastic, which can be re-processed by melting and finally
recycled. However, thermoset polymers were crosslinked polymers, which cannot be
dissolved or melted, therefore it was little chance to be recycled. Recently, a new class
of crosslinked polymer, named as ‘Vitrimers’, attracted increasingly attention.’’
‘Vitrimers’ were crosslinked polymer, but unlike conventional thermoset crosslinked
polymer, it can be re-processed by break thermoactivated bond, which is reversible or
dynamic. It was reported that inversed vulcanised polymer exhibits similar properties
to vitrimers.'>’® Poly(S-r-DIB) was first reported as healable thiopolymer for IR
applications by Pyun and co-authors.” Because of the dynamic nature of S-S bonds,
Poly(S-r-DIB) can be healed at high temperature and reprocessed as IR lens after being
scratched. Synthesized by renewable crosslinkers, poly(S-squalene) and poly(S-
perillyl alcohol) were also demonstrated vitrimers behaviours, as shown in Figure
1.10.32 More recently, a fully crosslinked ternary inverse vulcanised polymer,
consisting of elemental sulfur, Span 80 and diphenyl-methane 4, 4’-diisocyanate

(MDI), was also demonstrated to be reshaped and recycled, a vitrimer-like property.*3

a)

Figure 1.10 samples were reshaped after smashing. (a) Poly (S-perillyl alcohol) (b) poly(S-
squalene). Reproduced from ref.*?
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1.4 Porous materials

Porous materials have attracted great interest because of high specific surface areas
and pore volumes.>®"®-82 Porous materials are widely used in many applications, such
as carbon dioxide capture,®® gas separation,®®8 catalysis,®>® supercapacitor
electrodes,®’ removal of hazardous materials,%88-1 and energy conversion.% A variety
of porous materials, for example, Metal Organic Frameworks (MOFs),80:858693
Covalent Organic Frameworks (COFs),%? and Polymers of Intrinsic Microporosities
(PIMs) 8848 have been proposed, but most of them suffer from a high cost or low
productive capacity. Compared with them, porous carbonaceous materials are widely
used in multiple applications due to their highly porous texture and high cost

effectiveness.®*

1.4.1 Porous carbons

Activated carbons are very common and play an important role in industry, due in part
to the variety of natural and synthetic materials that can be used as precursors, with

preparation processes that are simple and scalable.

There are two different processes to prepare activated carbon, namely, the physical
and the chemical activation.®®° The main difference between is the addition of
chemical activation agent like ZnCl,, KOH, and H3POs4. In the physical route,
precursors were pyrolyzed in the absence of air and with no other chemicals, followed
by gasification. Steam, carbon dioxide, and air are the most common agents used in
gasification to selectively remove reactive carbon atoms generating porosity. On the
other hand, in chemical activation, precursors are impregnated or physically mixed
with a chemical agent and, then, carbonised without air or in the nitrogen gas flow.
Once carbonisation process finished, the residual activating agents and impurities from

activation would be washed out in order to reveal the blocked pores and interstices.

The advantage of chemical activation is that, because of the effect of chemical agents,
the process generally takes place at a lower temperature, and has higher carbon yields
than the physical activation. Phosphoric acid, zinc chloride, and alkaline metal
compounds are the most common activating agents reported and applied. It has been
shown that KOH is among one of the most successful activating agents. The porosity
generated partly because of reactions shown below and partly because of the evolution
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of gaseous products via these reactions and further decompositions. The surface areas
of KOH activated carbon can be more than 3000 m?/g.*® The mechanism of ZnCl, in
activating is not understood clearly, but it is regarded as dehydrating agent that help
carbonisation and inhibit the formation of tar. It is reported by Watkinson et al. that
the activation can be observed below 600 °C, almost 200 °C lower than alkali metal
compounds.®® However, the disadvantage of ZnCl. applied in the processing is as well
as the common drawbacks of chemical activation. After activation, carbonaceous
materials have to be washed with acid/base solutions and distilled water. Although
ZnCl; is very soluble in water, with excess water, zinc oxychlorides will be formed,

mixing with porous carbons or blocking the pores and interstices.

In order to optimize the application of activated carbon, as well as increasing the
specific surface area of materials, incorporation of functional groups onto the carbon
surface is another strategy.'%-1°2 Considering the improvement of adsorptive abilities
and unique electronic features, heteroatom dopants were one of the most effective
approaches incorporated into activated carbons.’®1% The most abundantly
investigated heteroatom is nitrogen. N-doped carbons were used widely in
supercapacitors and as a catalyst in Oxygen Reduction Reaction (ORR).1%41%° Boron
was studied as well to dope in carbon or synergistically co-doping with nitrogen in
carbon.%41% Sulfur-doped carbonaceous materials with firmly and covalently bound
sulfur-carbon structures were synthesized from carbonizing thienyl-contained block
polymers by Schmidt et al.1%41% Considering its high sulfur content and microporous
structure that could introduce instinct porosity in carbons, microporous conjugated
poly(1,3,5-tris(thienyl)benzene) (PTTB) network was chosen as precursor (shown in
Figure 1.11). Precursors were annealed in an argon atmosphere at different
temperature from 600 to 1000 °C. Homogeneous black solids with different sulfur

contents (from 5.6 to 23.2 %) were yielded. All carbonised materials were porous,
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Figure 1.11 Structure of poly(1,3,5-tris(thienyl)benzene)
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confirmed by nitrogen sorption isotherms. Porosity of the carbonaceous materials were
depended on the carbonisation temperature with BET surface areas of up to 711 m? g
!, A drawback of this carbon is pointed out was that the precursor, PTTB, is not very
easy to synthesis, hindering scale-up. Another method was proposed by Spange et al.
that selectively removal of template, which was coated with sulfur content polymer, in
carbonised materials to generate size controlled porous sulfur-doped carbon.”

In 2016, the first example of porous carbons prepared from high-sulfur inverse
vulcanized polymer were reported by Hasell and co-authors.®* Poly(S-DIB) and
Poly(S-limonene) were carbonised individually. The products showed microporosity
and potential for gas selectivity. However, because this method lacked porogens or
activators, the pore size distributions are relatively narrow. Well defined and
remarkably narrow pore distribution (no pore widths higher than 2 nm in diameter in
high proportion DIB sample) gave an advantage in gas adsorption, especially for COx.
However, it was also a drawback that hindered more applications, as it was too narrow
to heavy metal uptakes. Thus, they used poly(S-DCPD) as precursor and one
equivalent of KOH as an activator to prepare high surface areas and broad pore size
distributed sulfur doped carbons in 2017.%° Commercial activated carbon has a surface
area typically between 500 and 1000 m? g%, but that of highly porous S-doped carbons
activated by KOH has already surpassed 2200 m? g. Because of high surface area,
porous S-doped carbons performed better than other reported materials in CO> uptake.
CHs and H: uptakes were improved as well compared with previously reported
carbonised inverse vulcanised polymers. Additionally, due to activating by KOH,
much more mesopores (pore widths in range of 2-50 nm) were created, generating a
hierarchical structure. Compared with some high surface area activated carbons
without heteroatom doping, whose surface areas can be up to ~3000 m? g* or
higher,*>%9%° these S-doped carbons had lower surface areas, but with the advantage
of high sulfur loading, this microporous S-doped carbon provided a possibility to
absorb trace heavy metals from solutions. In low mercury concentration, porous S-
doped carbons showed much better uptake capacity than activated carbon. At an
equilibrium Hg concentration of ~10 ppm, porous S-doped carbons absorbed over 15
times more Hg than the activated carbon control.>° The application of porous S-doped
carbons was also attempted for gold recovery from lixiviants. Because of high surface
areas and specific affinity of the incorporated sulfur for Au, this S-doped carbon can
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adsorb up to one and a half times its weight in gold from HAuCl. solutions, three times
the capacity for conventional activated carbon.

1.4.2 Gas adsorption

Gas adsorption is generally defined as the phenomenon by which adsorbate molecules
(a gaseous or liquid component) are attracted to the surface of adsorbent (a solid).1%-
108 Adsorption can be divided in physisorption and chemisorption. In the case of
chemisorption, the intermolecular forces are mainly because of chemical bonds formed
in the reaction. In physisorption, the interaction is normally because of molecular
forces, such as van der Waal’s forces, permanent dipole, and induced dipole. Gas
adsorption depends on not only the conditions but also the material and structure and
shape of that. Therefore, either external or internal morphology influence the
capability of adsorption. Different categories or structures of pores are illustrated in
Figure 1.12. In comparison with close pores (B), open pores (C and D) affect
adsorption processing of a specific adsorbent (A).
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Figure 1.12 Schematic cross-section of a porous solid

According to the IUPAC recommendation®, pores can be classified from their sizes
(Figure 1.13):

Macropores: Pores with widths lager than 50 nm
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Mesopores: Pores with widths between 2 nm and 50 nm

Micropores: Pores with widths smaller than 2 nm

Nanopores
Mircopores Mesopores Marcopores
Ultramicroporesé Supermicropores i H
0.7 nm 2.0 nm 50.0 nm 100.0 nm

Figure 1.13 Classification of pore sizes

It is more often than not to distinguish ultramicropores (with widths smaller than 0.7
nm) and supermicropores (with widths between 0.7 nm and 2 nm). Nanopore is a term

used to embrace all above mentioned pores, but with an upper limit 200 nm.

Adsorption isotherm is a quantitative relationship between the amount of adsorption
and the pressure or concentration of adsorbate above the surface at equilibrium. There
are experimentally six types of adsorption isotherms identified by IUPAC.1%1%7 The

proposed classification of physisorption isotherms is shown in Figure 1-4,106107

Reversible Type | isotherms are representative of Langmuir isotherm, given by
microporous solids with small external surfaces, such as activated carbons and
molecular sieve zeolites. Type Il isotherms are typically Brunauer, Emmett and Teller
(BET) isotherm, namely multilayer physisorption, observed from the adsorption of
most gases on nonporous or macroporous adsorbents. Type Ill, V isotherms are
relatively rare, showing a weak adsorbate-adsorbent interaction. Type IV isotherms
are given by adsorption onto mesoporous solid, always accompanied by a hysteresis
loop. The last one Type VI are identified as Layer-by-layer adsorption on a uniform
surface.

I 11 111 IV \% VI

—

Amount adsorbed

Adsorbate pressure———

Figure 1.14 Classification of physisorption isotherms.106:107
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1.5 Objectives

Inverse vulcanised polymers and their derivatives were studied by chemists from 2013,

however, there are still several challenges of inverse vulcanisation in processing,

applications and researches. Therefore, the main objectives of this thesis were

including the optimisation of inverse vulcanisation processing to avoid auto-

acceleration, the exploration of relevant catalysts to decrease reaction temperature in

inverse vulcanisation, and the improvement of the performance of sulfur polymers and

theris derivatives as sorbents in mercury uptake application. Additionally, more

specific aims of each project could be checked in individual chapter.
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2.1 Context
2.1.1 Abstract

Completion of inverse vulcanisation reactions leads to a crosslinked insoluble polymer,
but insufficient reaction allows phase separation of the sulfur and organic crosslinkers.
A ternary co-polymer system allows delayed curing to be used, keeping the pre-
polymer stable, homogeneous, and ready to be set into its final form when and where

needed, allows greater opportunities for practical production.

2.1.2 Publication

Bowen Zhang, Samuel Petcher, Tom Hasell. A ternary system for delayed curing

inverse vulcanisation. Chemical Communication, 2019, 55, 10681
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2.2 Introduction

Elemental sulfur has applications in both commodity and specialty chemicals.!
However, as sulfur is also a by-product of the petrochemicals industry, supply
outweighs demand, causing a current global issue- the “excess sulfur problem >
Using this sulfur to form polymeric materials would be an ideal solution, but polymers
made from pure elemental sulfur are not stable, and readily to depolymerize to more
stable Ss.? The recent discovery of inverse vulcanization by Pyun and co-authors. in
2013, capping radical chain end of polymeric sulfur by dienes, allows polymeric
materials with high sulfur contents (up to 90 wt.%) to be produced.®>" Following this
work further investigation revealed it was possible to apply this method to a range of
crosslinkers, such as diisopropylbenzene (DIB),® limonene® ethylene glycol
dimethylacrylate (EGDMA),? diallyl disulfide,® dicyclopentadiene (DCPD),* perillyl
alcohol,** and ethylidene norbornene (ENB).'? High sulfur content polymers are
promising materials, with potential applications in: LiS batteries,>®® IR transparent
lenses, !> construction materials,® antimicrobial materials,'” controlled-release
fertilisers,'® the stabilization of metal nanoparticles,'® oil-water separation,?® water
purification,®?-2° and capture of heavy metals.®81%-12 However, due to the nature of
the synthetic procedure processing is difficult. The reaction is commonly taken to
completion on a hot-plate or moved directly into an oven for curing. If stirring is
removed early in the reaction, the molten sulfur and organic crosslinkers phase
separate back out to two layers. If heating is removed prematurely from an incomplete
reaction, sulfur readily crystallises from the oligomer or pre-polymer as the mixture
cooled (Figure 2.1). The reaction is a bulk free-radical polymerisation and any un-
stabilised radical chains will be able to undergo backbiting (intramolecular reaction)
to revert to the more thermodynamically favourable Sg rings as temperature decreases.
Precipitation and phase separation of sulfur results in inhomogeneity in the final
polymer and introduces imperfections, affecting chemical stability and mechanical
properties. Additionally, during the curing process, bubbles can form in the final
polymer, resulting from auto-acceleration.?® For most crosslinkers reported for inverse
vulcanisation, complete polymerisation with sulfur results in highly crosslinked,
insoluble solids. Therefore, if functional objects are intended to be produced from
these polymers, it is convenient to form the polymer into its final shape during the

synthesis itself, rather than re-processing it, in a manner comparable to reactive
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injection moulding. What makes this problematic, is the phase separation of the sulfur
and crosslinker that occurs in the absence of heating and stirring. This report sets out
a method to form homogeneous, pre-polymer solution that can kept for long periods
of time and is stable at room temperature. When desired, a final curing stage gives
solidification of the material. It can therefore be seen as analogous to widely used
current industrial systems like phenolic resins and epoxides where a lower viscosity
liquid can be molded or composited before a final cure to thermoset crosslinked

material.

Figure 2.1 (a) Incomplete inverse vulcanisation of sulfur and DCPD taken directly from the heated
and stirred reaction. The solution is homogeneous. (b) After cooling for ~ 1 hour a solid yellow
precipitate can be seen
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2.3 Aims

1. Investigate ternary system, consisting of Sg, DCPD, and EGDMA, in inverse
vulcanisation reaction.

2. Investigate the possibility of delayed curing processing, in which prepolymer
could be cured after 28 days, in inverse vulcanisation.

3. Investigate the stability of delayed cured thiopolymers.
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2.4 Results and discussion

A ternary system, consisting of S, DCPD, and EGDMA,?" was designed as model
reaction to optimise inverse vulcanisation processing (Figure 2.2). Ternary co-
polymers are often used in modern materials as a way to control and modulate
properties. One of the most used ternary systems is ABS, a mixture of acrylonitrile,
butadiene and styrene copolymerised to form a highly durable polymeric material.
Previously, dynamic covalent polymerisation was reported by Pyun and co-authors. to
prepare a terpolymer in two stages,?®?° preparation of one polymer first and externally
addition of another monomer. Additionally, dynamic covalent bonds have also been
used to thermally repair damaged thiopolymers,t* demonstrating that S-S bonds
exhibit dynamic behaviour at high temperature. The reactivity of different crosslinkers
varies.'2 DCPD and EGDMA were chosen as the former is known from previous work
to have a higher reactivity with sulfur than the latter,® thereby giving potential for a
two stage process. Thus, DCPD can be reacted with sulfur initially to generate
oligomeric prepolymer chains. These can be reserved at low temperature and later
activated thermally to generate radicals for further reaction. These prepolymer chains
had enhanced reactivity, and were able to effectively form a crosslinked polymer with
EGDMA. It was found that the reaction could be stopped after 8 minutes, stored and
the reaction finished at a later date. This enhances the processability of the reaction.
The pre-polymer could be preserved in sample vials or transferred to different moulds
or containers. After curing at different temperatures and times, all polymers had no
crystalline sulfur left and were shape persistent. This process allows for the creation

of a resin that may be thermally cured without stirring to complete the polymerisation.
Ternary system Pre-polymer Copolymer
0
2 oo Sl 0
o)
D oo temm Kooy
L | L0x

Reaction at 170 °C o

Ay

Figure 2.2 The reaction and curing stage of the ternary system consisting of sulfur, DCPD, and
EGDMA
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A 1:1 weight ratio of DCPD to EGDMA was used as co-crosslinkers in the ternary
system with varied sulfur from 50 — 80 wt%. We found that if the weight ratio of sulfur
is higher than 70%, sulfur crystals would be precipitated from pre-polymers (shown in
Figure 2.3). In order to analyse the reaction much easier, in this paper, we used 1:1:2
(DCPD:EGDMA:S) system. Polymerisations were carried out in open round bottom
flasks in aluminium heating blocks set to 170 °C, with stirring provided by 12 mm
crossed magnetic stirrer bars. After 8 min a colour transition from brown to black was
observed, at this point the reaction was cooled with stirring. (Figure 2.4) Pre-polymers
were divided into 5 different sample vials to be cured later (Figure 2.5). The

prepolymer was allowed to stand for different times before being cured. In this process

h gj' b) 80%S

70% S

e Y

60 % S

Elemental Sulfur

-50 0 50 100 150
Temperature (°C)

Figure 2.3 (a) photographs of vials of prepolymer: From left to right, prepolymers with 60 wt.%,
70 wt.%, and 80 wt.% sulfur respectively were preserved in room temperature for 7 days. Visibly,
phase separation could be observed from the prepolymer with 80% sulfur. (b), DSC traces of these
prepolymers and elemental sulfur. Melting peak can be observed in DSC trace of elemental sulfur
above 100 °C. A first order transition could also be detected from 70 and 80 wt.% sulfur content
prepolymers. At 60 wt.% S content the prepolymer has a clear Ty but no other transition
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FR100/38

Figure 2.4 (a) Reaction at 3 minutes. (b) Reaction at 5 minutes. (c) Reaction at 8 minutes. The
reaction was initially two phases, but transitted to homogeneous after 8 minutes and the coulour
of product changed to black.

the sample was reheated and further cured in the oven at 140 °C (Figure 2.6). In the
curing stage, once the brown viscous liquid became a black liquid again (in 1-2
minutes), it was transferred to a silicone mould and cured in the oven overnight. In
order to compare the effect of comonomer, negative control samples (pre-polymer of
poly(S-DCPD) without EGDMA) were synthesized as previously described.!® Here,
the pre-polymer of sulfur, DCPD, and EGDMA was referred as Pre-S-D-E-X, where
X is how many days the pre-polymer was reserved and cured after first step reaction;
the cured copolymer of corresponding Pre-S-D-E-X was referred as S-D-E-X. Similar,
Pre-S-D and S-D were used to refer the pre-polymer and cured polymer of sulfur and
DCPD individually.

Figure 2.5 Reserved prepolymers ready for delayed curing
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Figure 2.6 (a) Reserved pre-polymer Pre-S-D-E-14. (b) Reheated prepolymer Pre-S-D-E-14.
The stability of pre-polymers prepared from different systems was investigated. It
could be observed visually that sulfur crystals had precipitated from the cooled down
binary system, Pre-S-D, however, compared with that, on cooling the pre-polymer of
the ternary system, Pre-S-D-E-0, became opaque, but remained as one phase, without
precipitation of a separate solid sulfur phase. With further investigations conducted by

Pre-S-D

Heat flow (W g™)

—

7 \ Pre-S-D-E-0

—EID 0 50 1(']0
Temperature (°C)

|
150

Figure 2.7 DSC traces for prepolymer Pre-S-D and ternary system prepolymer Pre-S-E-0.
Crystallisation and melting temperature of sulfur were detected from trace of Pre-S-D; only
glass transition temperature was observed in prepolymer Pre-S-D-E-O0.
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Differential Scanning Calorimetry (DSC), the traces shown in Figure 2.7 demonstrate
the glass transition temperatures of both Pre-S-D and Pre-S-D-E-0: -40 °C and -25°C
respectively, demonstrating oligomer formation. However, sulfur crystallisation and
melting temperature of sulfur can be observed from Pre-S-D, indicating precipitation
of crystalline sulfur, whereas there is no more first order transition presented in Pre-S-
D-E-0, demonstrating there is no crystalline sulfur. The kinetics of the ternary system
was monitored by nuclear magnetic resonance spectroscopy (NMR) during the initial
reaction and curing stage, shown from Figure 2.8 to Figure 2.11. However, as crosslink
density increased the solubility of the polymer decreased. Initially individual peaks
indicative of both DCPD and EGDMA are detected. Compared with the reference of
pure DCPD and EGDMA (shown in Figure 2.12), in 3 minutes, small peaks at 3.5 ppm

were identified as S-C-H protons. More importantly, from 3 minutes to 7 minutes,

/ JL..,LL—LA—..___/‘A/M\JL‘-JLQJMI?’
_JL_J_I__L_IW_.J}‘-/M\-UU—J‘»—M,/”/h
|J“ - R
. J M P | WY &t
i G| |
I S e R e

Chemical shift (ppm)

Figure 2.8 Spectra taken in the stirred reaction stage. From bottom to top, the spectra are reaction
at 3 min, 5 min, 6 min, 7min, and 8min.
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66 65 64 63 62 61 6.0
Chemical shift (ppm)

Figure 2.9 Spectra taken in the stirred reaction stage. From bottom to top, the spectra are reaction
at 3 min, 5 min, 6 min, 7min, and 8min.

curing after 30 min

ol

curing after 180 min

1,

7 6 5 4 3 2 1 0
Chemical shift (ppm)

Figure 2.10 Spectra taken during the curing stage. From top to bottom, the spectra are polymers
cured for 30 minutes and further cured after 3 hours.
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curing after 30 min

curing after 180 min

6.2 6.0 5.8 5.6
Chemical shift (ppm)

Figure 2.11 Spectra taken during the curing stage. From top to bottom, the spectra are polymers
cured for 30 minutes and further cured after 3 hours.
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Figure 2.12 'H NMR spectrum of standard DCPD and EGDMA. All peaks were assigned in
corresponding numbers.
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peaks at 6.5 ppm were evidential of an a-proton sulfur substitution reaction on the
DCPD, as the peak was shifted downfield. It was found that the EGDMA had not
reacted at this point. During the reaction it was observed that the peaks (at 5.5 ppm
and 5.9 ppm) corresponding to the C=C-H protons of DCPD decreased and, finally,
disappeared. The spectra showed that peaks in the 3.5-4 ppm region increased,
showing an increase of S-C-H protons. Furthermore, because of the substitution of
sulfur, peaks corresponding to the initial CH2 decreased and shifted downfield. By the
end of the reaction, most previous sharp peaks belonging to DCPD became broad,
suggesting generation of oligomers from the inverse vulcanisation of sulfur and DCPD.
Further confirmation was conducted by gel permeation chromatography (GPC) that
the molecular weight of prepolymer is M= 955 g mol™ and Mw/Mn = 4.641 (shown
in Figure 2.13). However, we suppose that the molecular weight of prepolymer could

be higher than what was tested, because when the pre-polymer was dissolved in THF,

250 -
200 -
>
S
~~
3 150-
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= {004
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Figure 2.13 GPC trace for prepolymer Pre-S-D-E in THF. Oligomers could be observed with low
molecular weight and broad polydispersity.
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back-biting of long dangling sulfur chains may occur, generating elemental sulfur and
dissolved in THF directly (shown in Figure 2.14). In contrast, four main peaks
corresponding protons of EGDMA changed little, suggesting that EGDMA reacted
little in this phase of the reaction. In the delayed curing stage, the change of EGDMA
was evident when comparing the initial state of pre-polymer and after 3 hours of curing.
First of all, the peaks at 5.6 and 6.3 ppm corresponding to C=C bonds of EGDMA
decreased, indicating the reaction of double bonds. Additionally, the broadening of the

peak at 4.4 ppm further indicated polymer formation.

—DCPD

—— EGDMA *

N 111 A

T L 1
20 30

Retention volume / mL

Normalised detector response

Figure 2.14 Crosslinkers and elemental sulfur were also tested through GPC to compare to the trace
of the prepolymer. The organic crosslinker peaks do not directly match any of the peaks observed
for the pre-polymer (Figure 2.13), though they could be slightly shifted due to the presence of the
polymer. In comparison, the NMR shows no DCPD, but does show remaining EGDMA, therefore
the sharp peaks in the GPC shown in Figure 2.13 could be due to unreacted crosslinkers or low
molecular weight oligomers. The sulfur peak could be matched with the peak from prepolymer,
suggesting that sulfur may precipitate from the THF solution due to back-biting of dangling sulfur
chains.

All terpolymer samples cured from different delay phases exhibited homogeneous
morphology, good shape persistence, full conversion, and had no evidence of phase
separation (Figure 2.15). Surfaces of all cured samples were smooth without bubbling,

indicating that during the curing step no auto-acceleration had occurred.
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S-D-E-7 S-D-E-14 S-D-E-21 S-D-E-28

Figure 2.15 Moulded samples prepared from corresponding prepolymers after 7 days, 14 days,
21 days, and 28 days, from left to right. The dimension of the samples is 25 mm x 40 mm.

Auto-acceleration, also known as the Trommsdorff—Norrish effect or the gel effect, in
inverse vulcanisation is a major challenge in upscaling in both the lab and industry.
The auto-acceleration was alleviated effectively in the ternary system, because it could
be supposed that unreacted EGDMA dispersed well in the thick polymer solution or
pre-polymer, and acted as plasticizers as well. The small molecules increased the
mobility of all the system so that greatly improved heat dissipation. To test this
hypothesis, ethylene glycol diacetate (EGDA) was used to substitute EGDMA as a
non-polymerisable counterpart. The EGDA was still able to prevent sulfur
precipitation and auto-acceleration, though because of lower miscibility, some phase

separation occurred after reaction (shown in Figure 2.16).

Figure 2.16 EGDMA was substituted by EGDA to test the role of plasticizers. From the testing,
we found that no sulfur was precipitated and there was no autoacceleration during the reaction.
However, a lower miscibility of the EGDA resulted in it separation out to a lighter surface layer.
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In order to further confirm that all Sg has reacted after curing and the stability of cured
polymers, powder X-ray diffraction (PXRD) patterns were recorded of all delayed
curing samples as shown in Figure 2.17. All delayed curing polymers showed no sharp
peak that correspond to crystalline sulfur. Also, the broad peaks of different samples

indicated the amorphous state of different fully cured polymers.

After one month

o After three weeks

After two weeks

After one week

Normalised intensity-offset/a.u.

10 20 30 40 50
20 / degrees

Figure 2.17 Offset PXRD patterns of samples cured from different delayed phases, Ss crystal was
not observed in any samples.

Moreover, DSC thermograms were performed on all cured samples, as shown in
Figure 2.18. From the DSC traces, there was no first order transition identified, which
is indicative of no Sg crystals embedded in the produced polymers. Glass transition
temperatures (Tg) of four samples cured at different delayed phases were also tested at

same rate of increasing temperature.
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Figure 2.18 Offset DSC traces of samples cured from different delayed phases, no S8 crystal was
observed and the glass transition temperature of polymers were stable at around 55 °C

The results of them were similar, in a range from 50 to 55°C, suggesting the stability
of pre-polymers and cured polymers. Additionally, only one Ty was present,
suggesting a homogeneous copolymer, and further confirmed by the visual
morphology of the samples (Figure 2.4). Thermogravimetric analysis (Figure 2.19) of
all of the final cured polymers showed similar char mass, and no decomposition below
200 °C. Elemental analysis (Table 2.1) of the cured polymers is close to the expected
values, with a slight excess of sulfur, likely because differences in volatility of the

organic and inorganic components during reaction and curing.

Table 2.1 Elemental analysis of delayed curing polymers

Calc % Analysis
% C % H % S % C % H % S
S-D-E-7 37.80 4.00 50.00 36.25 3.93 53.90
S-D-E-14 37.80 4.00 50.00 36.34 3.91 53.46
S-D-E-21 37.80 4.00 50.00 36.45 3.94 53.30
S-D-E-28 37.80 4.00 50.00 36.25 3.90 53.55
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Figure 2.19 Thermogravimetric analysis of inverse vulcanisation polymers cured from

corresponding pre-polymers. TGA thermograms showed all polymers had similar decomposition
temperature and char mass remaining.
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2.5 Conclusions

In summary, a ternary system was studied for the delayed curing of inverse vulcanised
polymers. Because the reactivity of EGDMA is lower than DCPD in this reaction,
EGDMA did not react until curing stage. EGDMA molecules appear to stabilise
oligomers in the pre-polymer, and prohibit depolymerisation and precipitation of
sulfur. In the curing stage, unreacted EGDMA acted as plasticizer, resulting in
increasing the mobility of the system and as a heat sink. Therefore, this ternary system
provided a solution to prevent exothermic auto-acceleration, and made it possible to
preserve pre-polymer solution for more than one month with little change to produce
highly crosslinked polymers. It is our hope that this process will help for the industrial
scale up for inverse vulcanised polymers and provides some insight into a new area of

research.
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2.6 Experimental

2.6.1 Materials

Sulfur (Ss, sublimed powder, reagent grade, = 99.5%, Brenntag UK & Ireland.

Purchased in 25 kg bags), ethylene glycol dimethylacrylate (EGDMA, 98%, Alfa
Aesar), ethylene glycol diacetate (EGDA, 99% SigmaAldrich), dicyclopentadiene
(DCPD >95%, TCI), chloroform-d (CDCl3, Cambridge Isotope Laboratories Inc.)

2.6.2 Method

Synthesis of crosslinked polymers

Reactants (sulfur and crosslinkers (used as received), 10 g in total, as the weight ratio
of 1:1:2 for DCPD: EGDMA:S) were mixed in 40 mL volume glass vials. The mixture
was stirred at 170 °C in aluminium blocks and stirred by magnetic stirrer bars with
stirring speed of 1000 rpm, and reacted for 8 mins. When the reaction had changed to
thick dark brown liquid, the prepolymer was transferred into 5 different sample vials
to be cured later. The first prepolymer was cured at 140 °C in the oven, and the rest
samples were cured from different delay phases (7 days, 14 days, 21 days, and 28 days),
individually, at 140 °C in the oven.

2.6.3 Characterisation methods
Powder X-ray Diffraction (PXRD). Data was measured using a PANalytical X'Pert

PRO diffractometer with Cu-K,, radiation, operating in transmission geometry.

Differential Scanning Calorimetry (DSC). DSC were performed on a TA
Instruments Q200 DSC, under nitrogen flow, and with heating and cooling rates of
5°C min.

Nuclear magnetic resonance (NMR). The reactions were monitor by solution NMR

in deuterated chloroform, and recrystallized catalysts were performed by solution
NMR in CDCls, using a Bruker Advance DRX (400 MHz) spectrometer.

Gel permeation chromatography (GPC): The molecular weight of the soluble
fraction of the polymers was determined by gel permeation chromatography (GPC)
using a Viscotek system comprising a GPCmax (degasser, eluent and sample delivery

system), and a TDA302 detector array, using THF as eluent.

59



Synthesis and Applications of High-Sulfur Polymers

Chapter 2 - A ternary system for delayed curing inverse vulcanisation

Thermal gravitational analysis (TGA): TGA was carried out in platinum pans using
a Q5000IR analyzer (TA Instruments) with an automated vertical overhead

thermobalance. The samples were heated at 10 °C min™ to 950 °C under nitrogen.
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3.1 Context
3.1.1 Abstract

The refining of petroleum feedstocks has produced a surplus of the by-product
elemental sulfur that is currently underused and is therefore, extremely low cost. The
combination of sulfur with organic crosslinking units by inverse vulcanisation
polymerisation, provides a route to low cost materials with a wide array of potential
applications. To fully exploit the availability of elemental sulfur and to allow the
product polymers to align well with the principles of green chemistry, a renewable
crosslinker is desirable. Reported here is a polymer formed from inverse vulcanisation,
produced from industrial waste sulfur, and bio-derived garlic oil blend. This polymer
has tuneable properties when blended with another industrial waste product,
dicyclopentadiene. These polymers were found to have a high affinity to capture
mercury, particularly for low mercury concentrations where other sorbents are often
not effective. It is these low concentrations that are most industrially relevant and
important for environmental and health concerns as even low concentrations of toxic
mercury can have cumulative and severe consequences. Crucially, these ternary
polymer systems are mechanically robust due to their increased glass transition

temperatures and hardness values, making them viable for practical applications.

3.1.2 Publication

Bowen Zhang*, Liam J. Dodd, Peiyao Yan, Tom Hasell*, Mercury capture with an
inverse vulcanized polymer formed from garlic oil, a bioderived comonomer, Reactive
and Functional Polymers. 161 (2021) 104865.
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3.2 Introduction

As the awareness of human impact on the environment increases, not just in
governments but also individuals, sustainable or renewable materials have been
increasingly explored in order to reduce “plastic pollution”.>? Plastic pollution mainly
refers to the negative effects on the environment by accumulation of conventional
synthetic polymers, which are derived from petrochemicals and cannot be easily
degraded. Therefore, a novel process, reducing the dependence on the limited
petrochemicals, is desirable to replace conventional polymers synthesis and decrease
the carbon footprint. Because of more than 50 wt% sulfur content, inversed vulcanised
polymers were considered as a promising new material to decrease the usage of
traditional petrochemical feedstocks. The background of sulfur productions and the
applications of inversed vulcanised polymers have already been covered in more detail

in the previous chapters, but to recap this briefly here.

Elemental sulfur is a by-product from the petrochemicals industry, however, the
supply of sulfur outstrips the demand, leading to the surplus sulfur being stockpiled
open to air next to fuel refineries.>’ Furthermore, as increasing amounts of fossil fuels
are consumed, energy resources more heavily polluted with sulfur are exploited, such
as tar sands and heavy oils, resulting in the surplus sulfur stockpiles growing at an
increasingly rapid rate.® Admittedly, redundant sulfur appears to have limited effect
on the environment, though this requires further study, but there is a potential safety
issue of the often large, open air stockpiles of sulfur because it is flammable.®
Considering sulfur is incredibly cheap and readily available to be used, therefore, an

industrial process using large amounts of sulfur as a feedstock is desirable.**°

Polymeric sulfur can be easily synthesized by heating elemental sulfur above 159 °C,
as shown in Figure 1.4.*%7 However, polymeric sulfur suffers from instability and
depolymerizes back to Sg monomers, even at room temperature. In order to synthesize
stable high sulfur content polymers, recently, inverse vulcanization was studied and
developed because of its facile reaction processing and high atom efficiency.>"11:12
Depending upon the chemical and mechanical properties of these materials, inverse
vulcanised polymers were applied in heavy metal uptake #1134 |R transparent

lenses, > fertilizer release,*® adhesive application,'®?° repairable materials,?>?* Li-S
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batteries,?? % oil-water separation,® sustainable and recyclable composites,*"?® and

antibacterial materials.?®

In the early study, the new crosslinkers, which can be reacted to generate stable and
functional thiopolymers, were the focus of inverse vulcanization. Therefore, a variety
of crosslinkers have been studied since 2013 when the reaction of 1,3-
diisopropenylbenzene (DIB) with sulfur was reported and first termed as inverse
vulcanization.” Although, crosslinked by DIB, sulfur chains were stabilized and the
product, , the DIB crosslinker is a synthetic chemical and not currently produced on
large scales. Therefore, more economical or renewable crosslinkers were reported,
including vegetable oils,3 botryococcene,?® terpinolene,® farnesene, farnesol,
myrcene,*? squalene, perillyl alcohol,® and diallyl disulfide (DADS).1*?234 DADS is
major organosulfur compound found in Allium vegetables, like garlic and onion, and
it can be prepared by the decomposition of allicin. Along with DADS, other garlic
derived compounds, such as diallyl sulfide (DAS) and garlic essential oil (GEO), were
studied as monomers in inverse vulcanization, because they are sustainable and
increase the overall sulfur content because of the presence of disulfide bonds in their
structures. However, unless under long term (24 hours) curing at high temperature
(>160 °C), these polysulfides have sub-ambient glass transition temperatures (around
0 °C).1%2234 Dried garlic powder (DGP) was studied as a biosorbent of heavy metals,
resulting from the high affinity of the sulfur bond for metal ions.® However, to apply
garlic derived inverse vulcanized polymers in mercury capture, a high glass transition
temperature (Tg) is desirable, to improve shape persistence and hardness at room

temperature, and reduce the compaction of sorbent beds under pressure.

Here we report a ternary sulfur polymer synthesized though inverse vulcanization of
sulfur, dicyclopentadiene (DCPD), and garlic oil blend (GOB). Sulfur is a by-product
of the petrochemicals industry,*” DCPD is a by-product of the steam cracking of
naphtha to form ethylene!®, and GOB is plant based in origin.!*?234 Hence, all
chemicals employed in the reaction were industrial byproducts or bioderived
compounds. With the addition of the comonomer, DCPD, the product poly(S-DCPD-
GOB) had higher T4 and much higher hardness than the sulfur polymer prepared by
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sulfur and GOB only. Additionally, even with a lower fraction of elemental sulfur
involved in the reaction, poly(S-DCPD-GOB) presented a higher mercury uptake
capability than poly(S-DCPD).
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3.3 Aims

4. Investigate ternary system, consisting of Ss, DCPD, and garlic oil blend, in
inverse vulcanisation reaction.

5. Investigate the mechanical properties of binary and ternary thiopolymers

6. To study the application of thiopolymers, synthesized by Sg, DCPD, and garlic

oil blend, in mercury capture.
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3.4 Results and discussion

3.4.1 Thiopolymers

Garlic oil blend is produced by using steam distillation to extract a variety of volatile
organosulfur compounds from garlic and then condensing them. GOB composes of
three major compounds, DADS, diallyl trisulfide (DATS), and DAS. Compared with
its compositions, GOB is economical and ready to be reacted without any purification.
Inverse vulcanization of sulfur and GOB, as shown in Scheme 3.1 with different ratios
was conducted first. The final products, poly(S-GOB), were named as SG-X-Y, where
X and Y are the percentages of sulfur and GOB respectively. For example, SG5050
represents a 50 : 50 w/w % of sulfur to GOB. From visual appearance (Figure 3.1), all
sulfur polymers were black homogeneous solids, however, as the content of sulfur
increased, the final products become softer, which was demonstrated by hardness
testing and Tg’s. In order to uptake mercury from solution, the material should be
ground into fine powder, however, poly (S-GOB) couldn't be ground by hand with a

mortar and pestle at room temperature, as it is too rubbery, as shown in Figure 3.2. In

NN

l 4\/\/\(}
-+

l
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Scheme 3.1 Scheme for inverse vulcanization of sulfur and GOB, where n depends on the ratio
of sulfurand mis 1, 2, or 3.
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Figure 3.1 Photographs of final molded products of different polysulfides after curing. The
dimension of the samples is 25 mm x 40 mm.

a previous report, DCPD was found to readily co-polymerize with other crosslinkers
in inverse vulcanization systems, and enhanced the Ty of the product polymers.?
Poly(S-GOB-DCPD) was synthesized under the same conditions as poly(S-GOB).
Two sections of preparation were conducted, which were 50 w/w % of sulfur with
varied ratio of co-crosslinker and a 1 : 1 weight ratio of co-crosslinker with varied
sulfur from 50-80 w/w %. Like the naming system of poly(S-GOB), DCPD blended
sulfur polymers were named as SGD-X-Y-Z, such as SGD504010, for the polysulfide
prepared from 50 : 40 : 10 w/w % of sulfur, GOB, and DCPD respectively. Unlike
poly(S-GOB), especially SG7030, SG8020, and SG9010, all poly(S-GOB-DCPD)
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materials exhibited rigidity, easily grinding into fine powder with particle sizes smaller
than 170 mesh (0.090 mm), as shown in Figure 3.2. Initially, the reactions of SG5050,

Q, (. EDT Y p———
S G>Joz 4 M)
¢ ‘\~‘,‘ -
SG9010 SG5050 SGD504010 SGD502525

Figure 3.2 Comparison between ground representative samples, from left to right, SG9010,
SG5050, SGD504010, and SGD502525.

SGD504010, and SGD502525 were selected as representative examples of reaction
sets and were screened through *H NMR. SG5050, SGD504010, and SGD502525were
chosen to test respectively our binary system, ternary system with varied GOB/DCPD
ratio, and ternary system with varied sulfur/crosslinker ratio, respectively (see Figure
3.2 and later discussions). All *H NMR spectroscopies were based on the soluble
fraction of the products. As GOB is a mixture, the *H NMR spectroscopy of its major
component, DADS, was analyzed to further confirm the identity of the peak of allyl

group, as shown in Figure 3.3. The peaks at 3.3 ppm were assigned as the methylene
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Figure 3.3 'H NMR spectroscopy of garlic oil blend and pure diallyl disulfide. All peaks of pure
diallyl disulfide were assigned in corresponding figures.

protons of DADS, the peaks at 3.1 ppm were assigned as the methylene protons of
DAS, and the peaks from 5.0 ppm to 6.0 ppm are assigned as ethylene protons. For
SG5050, the lack of allyl peaks in the Figure 3.4, confirms the reaction of C=C double
bonds of GOB. Additionally, from the apparent decrease in the intensity of the
methylene proton peaks of DADS, the breakage of C=C double can also be confirmed.
The broad peaks from 2.6 to 4.0 ppm in Figure 3.4 are identified as the protons on the
newly generated S-C-H, protons on the original methylene group of all GOB
components, and, protons, probably, due to a-proton sulfur substitution. Different
from Figure 3.4, both Figure 3.5 and Figure 3.6 show peaks from 5.5 ppm to 5.8 ppm,
which are generated from inverse vulcanization of sulfur and DCPD, as shown in
Figure 3.7. All *H NMR spectroscopies (Figure 3.4, Figure 3.5, Figure 3.6, Figure 3.7,
Figure 3.8, and Figure 3.9) of polymers show broad peaks from 1.0 ppm to 1.6 ppm,

indicating the presence of a polymer structure.
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Figure 3.4 'H NMR spectroscopy of SG5050 in CDCI3. From top to bottom, the spectra are the
soluble part of cured polymer, named as SG5050P, soluble part of pre-polymer after fully
reacting, named as SG5050R, and GOB.
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Figure 3.5 *H NMR spectroscopy of SG504010 in CDCI3. From top to bottom, the spectra are the
soluble part of cured polymer, named as SG504010P, soluble part of pre-polymer after fully
reacting, named as SG504010R, DCPD and GOB.
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Figure 3.6 'H NMR spectroscopy of SG502525 in CDCI3. From top to bottom, the spectra are the
soluble part of cured polymer, named as SG502525P, soluble part of pre-polymer after fully
reacting, named as SG502525R, DCPD and GOB.
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Figure 3.7 'H NMR spectroscopy of SG502525, poly (5-DCPD) (SDCPD5050R), and DCPD
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Figure 3.8 Stacked 'H NMR spectroscopy of representative polymers’ soluble part of pre-polymer
after fully reacting, named as SGD-X-Y-Z-R.

SGD504010P

e " -
SGD502525P

e A w TN S
SG5050P

——*‘U\N\M e

6 5 4 3 2 1 0

Chemical shift (ppm)

Figure 3.9 Stacked 1H NMR spectroscopy of representative polymers’ soluble part of cured
polymer, named as SGD-X-Y-Z-P
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Polymerization and the presence of a crosslinked structure could be further confirmed
from the solubility of the products, as shown in Figure 3.10 and Figure 3.11. The
maximum of soluble fractions was less than 15 w/w % from 500 mg sample in 10 mL
solvent, and none of the samples were fully soluble in CHClIs. For the binary polymers
of sulfur and GOB, the solubility of polymer decreased with increasing of sulfur
content, which could be explained by the properties of polymer trending closer to that
of elemental sulfur, as the proportion of sulfur increased. A similar conclusion could
be found in the ternary system. Additionally, the ratio of DCPD negatively affected
the solubility of product, aligned with the literature that poly(S-DCPD) is insoluble. °
The insoluble fraction corresponds to the higher molecular weight and fully
crosslinked component, the majority product, as opposed to lower molecular weight
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Figure 3.10 Solubility study of polysulfides. (top) and soluble fractions in CHCIz (bottom). From
left to right, they are SG5050, SG6040, SG7030, SG8020, SG9010, SGD504010, SGD503020,
SGD502030, SGD501040, SGD502525, SGD602020, SGD701515, and SGD801010.
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Figure 3.11 Solubility study of polysulfides. Bar chart indicated the component ratio of designed
reactant.

From the ATR-FTIR patterns of sulfur-DCPD-GOB, as shown in Figure 3.12 and
Figure 3.13, reaction of C=C bonds and sulfur can be confirmed as well. The signals
at 3080 and 1633 cm™ corresponded to the C=C-H stretching and C=C stretching
modes, and after reaction, all polymers demonstrated a clear reduction in those two
signals. Additionally, reduction of signals at 995 and 915 cm?, indicating
monosubstituted alkene, could be observed. Moreover, a more intense signal was
formed at 669 cm™, assigned as C-S stretching, further confirming inverse
vulcanization.®® Like ternary system reaction, similar signal changing could be

detected in binary system, as shown in Figure 3.14.
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Figure 3.12 FT-IR spectroscopy of polysulfides with varied ratio of GOB to DCPD.
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Figure 3.13 FT-IR spectroscopy of polysulfides synthesized by ternary system with same weight ratio
of DCPD and GOB.
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Figure 3.14 FT-IR spectroscopy of polysulfides synthesized by binary system.

Powder X-ray diffraction (PXRD) was applied to detect residual sulfur crystals within
all polymer samples. Identical sharp peaks from sulfur crystals could be observed in
the PXRD pattern of SG9010 and SG8020 (Figure 3.15), which indicates that a high
ratio of sulfur (> 80 w/w %) cannot be stabilized by GOB through inverse
vulcanization. Only amorphous polymer was observed from other PXRD patterns for

both binary and ternary system, as shown in Figure 3.16 and Figure 3.17.
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Figure 3.15 Offset PXRD patterns for polysulfides synthesized by binary system
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Figure 3.16 Offset PXRD patterns for polysulfides with varied ratio of GOB to DCPD.

82



Synthesis and Applications of High-Sulfur Polymers

Chapter 3 - Mercury capture with an inverse vulcanized polymer formed from garlic oil, a
bioderived comonomer

Differential Scanning Calorimetry (DSC) was performed to investigate the thermal
properties of the samples. Sulfur crystal melting peaks could be observed from the
DSC trace of SG9010, further confirming SG9010 that either this amount of sulfur
could not be reacted fully, or it rapidly depolymerized upon cooling. From the second
heating cycle traces, it could be found that glass transition temperatures (Tg) of sulfur-
GOB polymers, from -20 to 0 °C, are all below room temperature, as shown in Figure
3.18. Thus, the materials do not maintain their shapes well at room temperature and
are too soft to be ground into fine power to apply as Hg absorbents. However, the Tq
of GOB derived polymer could be increased dramatically through copolymerizing
with DCPD. When a mixture of GOB-DCPD (equal amount by weight) were used as
crosslinkers instead of GOB alone, the Tg’s of the sulfur polymers were increased to
above 10 °C, as shown in Figure 3.19. More clearly, as shown in Figure 3.20 and
Figure 3.21, keeping same amount of sulfur, increasing ratio of DCPD positively

influences the Tg4 of copolymers.
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Figure 3.17 Offset PXRD patterns for polysulfides synthesized by ternary system with same
weight ratio of DCPD and GOB.
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Figure 3.18 Offset DSC traces for polysulfides synthesized by binary system
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Figure 3.19 Offset DSC traces for polysulfides synthesized by ternary system with same weight
ratio of DCPD and GOB.
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Figure 3.20 Offset DSC traces for polysulfides with varied ratio of GOB to DCPD.
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Figure 3.21 T4 trend with varied DCPD loading and liner fitting. It can be found that increasing
amount to DCPD could directly increase the T, of final products.
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Unlike binary sulfur-GOB polymers, which were rubbery, sulfur-DOB-DCPD
polymers were rigid and brittle at room temperature. This was probably because of the
stable and rigid molecular structure of DCPD. At room temperature, the hardness of
sulfur polymers crosslinked by GOB only was much lower than that of a ternary
copolymer of GOB and DCPD as well. As shown in Figure 3.22, Figure 3.23, and
Figure 3.24, blending with DCPD increased the hardness from scale A to scale D,
which is a scale for harder materials. Although DCPD is a factor affecting hardness,
the sulfur content must also be considered. The hardness of the polymers firstly
increased with increasing sulfur loading, and then sharply decreased after a maximum,
which occurred at SG3070 in Figure 3.22, and at SGD602020 in Figure 3.24.

80 -

eo-. g=. ”}\

-

40 -

Hardness/ A

[ lcoB
20 - :\ Sulfur|

SG5050 SG6040 SG3070 SG2080 SG9010

Figure 3.22 Hardness of polysulfides synthesized from sulfur and GOB by type A digital shore
durometer.
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Figure 3.23 Hardness of polysulfides synthesized from sulfur, GOB, and DCPD by type D
digital shore durometer. Bar chart indicated the component ratio of designed reactant.
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Figure 3.24 Hardness of polysulfides synthesized from sulfur, GOB, and DCPD by type D digital
shore durometer. Bar chart indicated the component ratio of designed reactant.
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3.4.2 Mercury uptake studies

Because of the presence of sulfur, which has high affinity for Hg?*, polysulfides are
applied as mercury absorbents. Poly(S-limonene) was the first reported inverse
vulcanized polymer to detect mercury from aqueous solution. However, suffering from
low T4 and molecular weight, poly(S-limonene) would creep at room temperature,
therefore, it could only be used as a detector or coating, rather than a freestanding
absorbent. Following this, more crosslinkers were explored in the synthesis of sulfur
polymers for mercury sequestration, such as, DCPD, myrcene, farnesene, farnesol,
perillyl alcohol, squalene, and 2-carboxyethyl acrylate (CEA). Meanwhile, different
physical configurations of materials have been reported to improve the mercury uptake
capacity of absorbents. The strategies were typically focused upon increasing the
surface area of polysulfide materials, such as supercritical carbon dioxide (scCO2)
foaming polysulfides,®’ salt templating for porous polysulfides,® and coating/loading
polysulfides on supports.32*° Thus, as both sulfur-GOB-DCPD polymers and sulfur-
GOB polymers are bulk materials with no pores, a fine powder could efficiently
increase the contact surface of absorbent. Very fine powders were successfully
prepared by grinding sulfur-DOB-DCPD polymers, however, powders of sulfur-GOB
polymers aggregated into clusters because of their sticky and elastomeric properties.
All powder samples of sulfur-GOB-DCPD polymers were exposed to aqueous HgCl»
solutions in order to examine their mercury uptake capability. From 2 ppm Hg?*
solution, SGD501040 absorbed 82 % mercury, SGD701515 took up 94 % mercury,
and the other compositions of SGD removed > 99 % mercury, as shown inTable 3.1.
This is a significant result because even low concentrations of mercury in water can
have very severe health effects, so it is important to have materials that are capable of
removing all the mercury from a solution, rather than removing most of the mercury
but leaving small but hazardous traces behind. Furthermore, the most common
situation in practice, is to find low concentrations of mercury in water, rather than high
concentrations. Therefore, what is required are materials that can remove as much
mercury as possible from low concentrations, rather than having high capacity at high
concentration, but low uptake at low concentration. Nevertheless, for completeness of
the study, more concentrated solutions of Hg?* were prepared (initial concentration 20
ppm). SGD504010 removed 37 % Hg?* from aqueous solution, which was the highest
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mercury uptake among sulfur-GOB-DCPD polymer. Therefore, the content of GOB is
clearly beneficial to mercury affinity. These results were also aligned with the
elemental analysis, which was shown in Table 3.2.

Table 3.1 Mercury ion uptake results?

2 ppm Hg?* solution 20 ppm Hg?* solution

conc. / ppm Removed /% conc./ ppm Removed / %
Blank® 0.04 N/A 0.03 N/A
SGD504010 0.01 100.0 6.67 37.0
SGD503020 0.00° 100.0 7.96 24.8
SGD502525 0.05 08.8 8.91 15.8
SGD502030 0.00° 100.0 9.07 14.2
SGD501040 0.19 81.9 9.11 13.9
SGD602020 -0.01° 100.0 8.63 18.4
SGD701515 0.09 94.0 8.95 154
SGD801010 -0.01° 100.0 7.53 28.8
Control 0.87 N/A 10.57 N/A

a All values shown were original detected value by ICP-OES, which would be half of the pristine value,
because of acid stabilisation and dilution (10 % of Nitric acid add and specific DI water add to dilute
the concentration to half of pristine value, in order to follow the testing limitation of ICP-OES and
calculate easily).

b Blank is the sample of pure DI water.

¢ — means testing results were negligible or below detected limitation of ICP-OES

d Control is the standard solution sample of specific concentration prepared by HgCl-

As shown in Figure 3.25 and Figure 3.26, the mercury uptake positively correlates
with the sulfur content in the polysulfides. The results could be explained though
Pearson’s hard-soft-acid- base (HSAB) principle, from which sulfur is a “soft” Lewis
base and mercury is a “soft” Lewis acid. Samples SGD504010 and SGD701515
resulted in comparable sulfur contents to each other by elemental analysis, despite their

different initial compositions: SGD504010 starting with more GOB, and a lower

89



Synthesis and Applications of High-Sulfur Polymers

Chapter 3 - Mercury capture with an inverse vulcanized polymer formed from garlic oil, a
bioderived comonomer

amount of elemental sulfur (Sg), while SGD701515 starting with more elemental sulfur
(Ss), and less GOB. That SGD504010 adsorbed the most Hg of the two samples
therefore suggests that GOB is more beneficial for Hg uptake than elemental sulfur.
SGD801010 composed of around 12.5 % more sulfur than SGD504010, nevertheless,
the mercury uptake capacity of SGD801010 was still lower than that of SGD504010.
Exposed to 20 ppm Hg?*, the mercury uptake capacity of SGD504010 is 1.60 mg/g,
which is much higher than the calculated maximum capacity of another reported garlic
derived mercury absorbent, which is 0.6497 mg/g.%® This mercury uptake capacity is
lower than those inverse vulcanized polysulfides with post treatment, such as coated
microbeads (527 mg/g),™ coated silica gel (65.25 mg/g),* and electrospun nanofiber
(328 mg/g).*® However, it is still competitive to other bulk inverse vulcanized
polysulfides, like poly(S-r-Canola) (1.81 mg/g),** poly(S-r-Rice Bran) (1.92 mg/g),*
poly(S-r-Castor) (2.01 mg/g),** and even much higher than post-treated poly(S-
DCPD), such as foamed S-DCPD (0.1mg/qg).%°
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Figure 3.25 Static absorption study of polysulfides with different concentration HgCl. solution
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Figure 3.26 The relationship between mercury absorption, initial polymer component ratio, and
surlfur content from elemental analvsis.
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3.5 Conclusions

In conclusion, we report the use of garlic oil blend, a renewable and bioderived
compound, as a crosslinker in inverse vulcanization, as well as how the use of
dicyclopentadiene as a comonomer alongside garlic oil blend can improve the
properties of the final polymer. It was found that polymers containing only garlic oil
as a comonomer lacked the structural rigidity not to agglomerate back together during
grinding. However, the addition of dicyclopentadiene allows the resulting ter-
polymers to form a fine free flowing powder, without agglomeration, and suitable for
use in mercury capture. The addition of dicyclopentadiene alongside the garlic oil
blend also allowed greater contents of sulfur to be stabilized. The resultant ternary
system polymer of sulfur, garlic oil blend and dicyclopentadiene was found to be
capable of removing more than a pure sulfur-DCPD polymer alone. The garlic oil
blend provides the benefit to mercury uptake, and the DCPD provides the physical
properties to allow its use. The most effective combination able to remove over 99 %
of the mercury from solution; reducing the concentration of mercury in a 2 ppm
solution down to below detection limits by ICP-OES. This is sufficient to make water

with industrially relevant levels of contamination safe for use.
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3.6 Experimental
3.6.1 Materials

Sulfur (Ss, sublimed powder, reagent grade, = 99.5%, Brenntag UK & Ireland),

dicyclopentadiene (DCPD >96.0 %, Sigma-Aldrich), Garlic oil blend (GOB, Sigma-
Aldrich), mercury (II) chloride (ACS, 99.5% MIN, Alfa Aesar UK), Chloroform-d
(99.8 atom % D, Sigma Aldrich).

3.6.2 Method

Synthesis of crosslinked polymers

Reactants (sulfur and crosslinkers (used as received), 10 g in total, specific ratio for
different samples are listed in Table 3.2) were mixed in 40 mL volume glass vials. The
mixture was stirred at 175 °C in aluminium blocks and stirred by magnetic stirrer bars
with stirring speed of 1000 rpm. The reaction time depended on both the ratio of sulfur
to crosslinker and different type of crosslinkers. When the reaction had changed to
thick dark brown liquid, the prepolymer was transferred into a silicone mould and

moved into an oven at 140 °C for 18 hours.
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Table 3.2 Designed crosslinking degree and detected element contents.?

Sample Name

Designed component / %

Expected element contents / %

Detected element contents / %

Ss GOB DCPD C H S C H S
3G5050 50.0 50.0 / 21.6 3.0 63.4 20.3 2.8 76.5
3G6040 60.0 40.0 / 17.3 2.4 70.7 16.8 2.2 81.0
SG7030 70.0 30.0 / 13.0 1.8 78.0 12.6 1.9 85.5
$G8020 80.0 20.0 / 8.6 1.2 85.3 9.4 1.5 90.0
3G9010 90.0 10.0 / 43 0.6 92.7 4.4 1.1 95.0
SGD504010 50.0 40.0 10.0 26.4 3.3 60.7 24.5 2.7 72.5
SGD503020 50.0 30.0 20.0 31.2 3.6 58.0 28.1 3.2 68.0
SGD502030 50.0 20.0 30.0 35.9 3.9 55.3 323 3.4 65.0
SGD501040 50.0 10.0 40.0 40.7 42 52.7 353 3.7 61.5
SGD502525 50.0 25.0 25.0 33.5 3.8 56.7 30.7 3.3 66.5
SGD602020 60.0 20.0 20.0 26.8 3.0 65.3 24.0 2.8 73.5
SGD701515 70.0 15.0 15.0 20.1 2.3 74.0 21.7 2.3 76.0
SGD801010 80.0 10.0 10.0 13.4 1.5 82.7 13.8 1.5 85.0

? Expacted value is calculated by known components from GOB.

The higher than expected sulfur content in the polymers is likely the result of the organic reactants having a higher volatility during the reaction,

and hence being partially removed by evaporation before the reaction is complete.
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Mercury uptake

To test the effect on mercury removal, 2 ppm and 20 ppm Hg?* solutions were prepared.
50 mg of different polysulfides were individually placed into 10 mL solution in a 12
mL polypropylene centrifuge tube. After capping the tube, samples were left to agitate
on a tube roller at 60 rpm for 24 hours. The subsequent mixtures were removed by
using 0.45 um nylon syringe filter. Stabilized with 1 mL HNO3(aq), the filtrate was
analysed via ICP-OES, using an Agilent 5110 ICP-OES spectrometer.

Solubility studies

To study the solubility of polysulfides, 0.5 g polymers were immersed in 10 mL of
chloroform in the sample vials, individually. After 24 hours, the insoluble materials
were separated by filter paper and dried in the vacuum oven at room temperature for
12 hours. After fully drying, the mass of samples was measured. The mass of all
sample vials and filter paper was measured as well before and after using to calculate

insoluble fraction.
3.6.3 Characterization
Nuclear magnetic resonance (NMR)

The reactions were monitor by solution NMR in deuterated chloroform, using a Bruker
Advance DRX (400 MHz) spectrometer.

Powder X-ray Diffraction (PXRD)

Samples were analysed using a PANalytical Empyrean diffractometer with Cu-K,

radiation, operating in transmission geometry.

Differential scanning calorimetry (DSC). DSC were performed on a TA Instruments
Q200 DSC, under nitrogen flow, and with heating and cooling rates of 10 °C/min from

-50 to 150 °C in ‘heat-cool-heat’ program.
Attenuated total reflection Fourier transform infrared (ATR-FTIR)

FTIR spectra were measured between 4000 and 500 cm™' on a Bruker Vertex 70

spectrometer, with a Platinum ATR module.

Hardness
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Hardness of polymers were evaluated using type A digital shore durometer and type
D digital shore durometer. Flat surface of all polymer block was tested by durometer

above 5 times tests to obtain a reliable average value.
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4.1 Context
4.1.1 Abstract

Elemental sulfur is an abundant by-product of the petrochemicals industry, but
polymeric sulfur cannot be used because they are not stable and depolymerize to the
monomer, Ss. Inverse vulcanization reported recently uses vinylic monomers as
crosslinkers to stabilize polymers made from elemental sulfur. Herein we report that
the catalyst sodium diethyldithiocarbamate trihydrate allows inverse vulcanization to
be conducted at low temperatures (110 °C), even below the melting point of sulfur
(120 °C). Lower reaction temperatures are beneficial for not only energy economy, but
also in preventing dangerous auto-acceleration, hydrogen sulfide generation, and
allowing low boiling point monomers to be used. Excess catalyst can be recovered
from the polymers, and despite a crosslinked structure, the reversibility of the S-S

bonds allows the polymers to be recycled.

4.1.2 Publication

Bowen Zhang, Hui Gao, Peiyao Yan, Samuel Petcher, Tom Hasell*, Inverse
vulcanization below the melting point of sulfur, Materials. Chemistry. Frontiers. 4 (2020)
669-675.
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& editing Tom Hasell: Resources, Writing - review & editing, Supervision, Project

administration, Funding acquisition.

103



Synthesis and Applications of High-Sulfur Polymers

Chapter 4 - Inverse vulcanisation in mild condition

4.2 Introduction

As discussed in previous chapters, sulfur polymers synthesized by inverse
vulcanisation have attracted attention in recent years, because of their potential to
reduce reliance on ecologically damaging conventional synthetic polymers, and

alleviating the “excess sulfur problem” 1

Sulfur polymers have been studied for a variety of applications,*® however,
widespread practical applications to be realised, scaling the reaction up and
simplifying the processing are two key challenges. In previous chapters, by involving
blend crosslinkers, a ternary system could synthesize a reservable pre-polymer
solution, effectively avoiding auto-acceleration and elongating the periods of time
before curing, however, the reaction was still conducted at high temperature (> 140 °C).
According to the principle of green chemistry,®>’ the design for reactions should
consider energy efficiency and renewability as well. Therefore, in order to achieve a
lower reaction temperature (< 140 °C) for inverse vulcanization, several different
systems have been investigated. Dynamic Covalent Polymerizations were termed to
prepare sulfur polymers at mild temperature, even as low as 60 °C, but required the
synthesis of oligomers or prepolymers at higher temperatures first to generate activated
sulfur radicals.2® Dynamic sulfur bonds were vital to this strategy, because of acting
as an accelerator to reduce the reaction energy of the whole system. Thus, the
disadvantage of complex operation cannot be overlooked. However, this modification
made it possible to incorporate crosslinkers with lower boiling points into inverse
vulcanization.®® Another main approach is applying catalyst in the system, a better
way also aligned with green chemistry. But, to date, the temperature limitation was
still fixed to 135 °C, a temperature required to melt sulfur then to generate sulfur

radicals.1®

Herein is reported a mild condition catalytic inverse vulcanization, in which the
temperature is below 119 °C, at which sulfur remains in the solid state, to prepare
stable sulfur polymers (Figure 4.1). In this process any excess catalyst could be
collected and recycled. It was supposed that the catalyst may lower the energy of
reactions, likely acting as an initiator attacking and opening Sg at low temperature,

allowing the activated sulfur chains to propagate in the whole system. Additionally,
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after leaching catalyst in the products, sulfur polymers could be remoulded into
alternative shapes at 110 °C because of the S-S dynamic covalent bonds.

105



Synthesis and Applications of High-Sulfur Polymers

Chapter 4 - Inverse vulcanisation in mild condition

a) S
—/ S
S=—S_ N f\ ( )

PP —/ _«S Na" J n ):l
" | —_— \.
rTRS <119 °C )\/ \)\

b)

c)

TR W e —— S o b-—-—-ﬂ |~ ——

Figure 4.1 (a) General reaction scheme for the inverse vulcanization below sulfur melting point with catalyst NaDTC. (b) Structure of crosslinkers for inverse
vulcanization reported, from left to right, 1,3-diisopropenylbenzene (DIB), ethylene glycol dimethylacrylate (EGDMA), Cyclohexanedimethanol divinyl ether (CDE)
and methy methacrylate (MMA). (c) Stable solid state products generated from inverse vulcanization below 119 °C. From left to right, ground sulfur polymers of
SDIBC0T180, SDIBC1T110, SDIBC5T110, SDIBC10T110, SEGDMAC1T110, and SEGD- MAC1T100 (see footnote of Table 3.1 for naming system).
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4.3 Aims
1. Investigate the possibility of inverse vulcanisation reaction at low temperature
(110 °C).

2. Investigate the role of catalyst in inverse vulcanisation.
3. Investigate the potential of recycling of any excess catalyst and the remould of

thiopolymer powder at low temperature because of dynamic covalent bonds.
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4.4 Results and discussion

4.4.1 Sulfur polymers

Sodium diethyldithiocarbamate trihydrate (NaDTC) has been used as a rubber
accelerator in industry,!! and this inspired us to apply this chemical into inverse
vulcanisations. However, for some reactions, it reacted too quickly and generated
inhomogeneous products, or even resulted in auto-acceleration from the Trommsdorff-
Norrish effect at the standard heating temperature (higher than 135 °C) of inverse
vulcanizations.!® Therefore, this phenomenon encouraged us to trial this chemical to
initiate and accelerate inverse vulcanization at low temperature. Moreover, it was
noticed that the organic ligand of NaDTC seemed to benefit the miscibility of the
system compared with inorganic catalysts, such as NazS. Conventionally, inverse
vulcanization has been performed at a temperature higher than 135 °C to induce
cleavage of sulfur rings and generate disulfur radicals. But in the reaction at lower
temperature, sulfur rings were possibly opened heterogeneously by nucleophilic
activation.® Considering that sulfur is solid at below 120 °C, the reaction is conducted
in two phases, thus the ratio of sulfur to crosslinkers is important as too much sulfur
(such as Sample SDIB30C1T110, see Table 4.1 footnote for naming system) decreases
mobility of the system, resulting in inhomogeneous products, as shown Figure 4.2
Sulfur polymers were prepared as stable solids at low temperature with different
colours as shown in Figure 4.1 (a). The difference in colour appears to depend on the
degree of reaction and the length of sulfur chain, as the more catalyst applied the darker
product is.

Figure 4.2 It can be observed that sample SDIB30C1T110 is inhomogeneous with bubbles, which
is because of low mobility of the system followed by triggering auto acceleration.
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Table 4.1 Samples trialed with different components and under different conditions.

Sample name* Crosslinker /% NaDTC /% Temperature/°C  Reacting time and curing time

SEGDMAC1T100 EGDMA 50% 1 100 20 min; overnight (>12 hours)

SEGDMAC1T110 EGDMA 50% 1 110 10 min; overnight (>12 hours)

SDIB30C1T110 DIB 30% 1 110 Incomplete reaction of sulfur

SDIBC1T110 DIB 50% 1 110 >12 hours, <24 hours; overnight (>12 hours)

SDIBC5T110 DIB 50% 5 110 >12 hours, <24 hours; overnight (>12 hours)

SDIBC10T110 DIB 50% 10 110 12 hours; overnight (>12 hours)

SDIBCO0T180 DIB 50% 0 180 10min; no curing

SMMACLOTIS MMA 50% 10 o >12 hours, <24 hours; 96 hours (curing temperature
raised from 95 °C to 110 °C gradually)

SEGDMACO0T110 EGDMA 50% 0 110 No reaction

SDIBCO0T110 DIB 50% 0 110 >40 hours; overnight (>12 hours)

SMMACO0T95 MMA 50% 0 110 No reaction

Naming system: sulfur polymers are referred to as S—Crosslinker-P-C-n-T-n, where P is the percentage of crosslinkers used in the experiments, if

the ratio of sulfur to crosslinker is 1:1, P will be omitted, C-n refers to weight percentage of catalyst, and T-n shows the temperature reactions were

conducted.
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4.4.1.1 Poly(S-DIB)

The reactions (e.g. SDIBC0T110) without catalyst at low temperature were conducted
as control experiments. Surprisingly, it was found that even with no catalyst DIB could
react with solid sulfur but prohibitively slowly. From the 'H NMR (Figure 4.3)
performed at 18 hours, there were some new peaks appearing between 3.0 and 4.0,
indicating the generation of S-C bonds. This is the first time inverse vulcanization has
been observed below the sulfur melting temperature as shown in Figure 4.4. However,
because it took more than 40 hours for the reaction to reach completion without
catalyst, this would be problematic for practical use. The reactions of sulfur and DIB
with catalyst are initially heterogeneous. After 2 hours, all visible solid sulfur was
either dissolved or reacted with no more solid remaining (Figure 4.5), but the reaction
still remained heterogeneous in that two distinct liquid layers could be seen. Around 7
hours, the degree of reaction determined by NMR was similar to that of SDIBC0T110
at 18 hours, as shown in Figure 4.3.

JL SDIBC10T110_1M

1.00 0.16 0.50

M SDIBC10T110_7h

1.00 0.59 0.23
SDIBCOT110_18h
1.00 0.61 0.22
9,12

5 24,6 8,T11

\ 7 DIB

i 1 1

1.00 1.01 1.51
I ' I 4 I ' I L T g I ! I ' I
8 7 6 5 4 3 2 1

Chemical shift (ppm)

Figure 4.3 'H NMR spectra for SDIBC0T110 followed at 18 hours, SDIBC10T110 followed at 7
hours and 18 hours, and DIB standard. For SDIBC0T110, clearly, compared with pure DIB, the
integral ratio of the peaks at 7.0 to 7.5 to the peak at 5.0 to 5.5 decreased, demonstrating the
reduction of C=C bonds. And new peaks at 3.0 to 4.0 suggested the apparence of S-C-H
generatted. For SDIBC10T110, followed at 7 hours, the integral of the peaks at this stage is
similar to that of SDIBC0T110 at 18 hours, indicating that the degree of reactions is similar. After
18 hours, spectra of SDIBC10T110 was performed from the dissolved part of sulfur polymers.
Only a small signal of C=C bonds remains compared with the reaction without catalyst assuming
same time. The peaks are also broader, indicative of polymerisation.
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Figure 4.4 Inverse vulcanisation of sulfur and DIB at 110 °C without catalyst. Left is ground
SDIBCO0T110 samples and the right is DCS trace of SDIBC0T110, showing that Tg is around
10 °C and no peaks of melting sulfur.

Figure 4.5 Images of reaction of SDIBC10T110: left is the beginning of the reaction with solid
sulfur, and right is, after 2 hours, the two phases of reaction but no solid sulfur observed.

We also compared the *H NMR of SDIBC10T110 assumed same time with
SDIBCO0T110, indicating that the reaction with NaDTC is much more complete at
same temperature (Figure 4.3). Sulfur polymers made at low temperature were from
light yellow to dark brown, changing with the amount of catalyst. These colours are
similar in appearance to these of conventionally produced sulfur polymers. Increased
catalyst content in the reaction is likely to lead to increased C=C double bond reaction,

and shorter S-S chains between crosslinkers.
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The ATR-FTIR patterns, as shown in Figure 4.6, of Poly(S-DIB) further confirmed
this assumption. As the amount of catalyst is increased, reductions of signals were
shown at 3080, 3041, and 1640 cm, corresponding to the stretching and symmetric
stretching vibrations of C=C-H and stretching vibration of C=C respectively.
Moreover, the clear decrease of signals at 887 cm™, of the CH. out-of-plane
deformation, verified more C=C double bounds are consumed in the reaction with
increased catalyst content. According to the result of elemental analysis, the actual
sulfur content of SDIBC1T110 was found to be higher than that calculated in theory,
probably because of the evaporation of monomers during the reaction processing (as
shown in Table 4.2).

SDIBCOT180

ﬁ.\p/_/__/\fk—vw\_/\/\/\»v/v\/\
SDIBC10T110

SDIBC5T110 PN

SDIBC1T110 V’_/_/\-A\__\
i m%"\/",vw-l\

SDIBCO0T110

DIB

| ! I ' I ! | v I ! I v I ! |
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™
Figure 4.6 FT-IR spectroscopy of sulfur polymers with different amount catalyst. As the amount
of catalyst is increased, reductions of signals were seen at 3080, 3041, and 1640 cmY,

corresponding to the stretching and symmetric stretching vibrations of C=C-H and stretching
vibration of C=C respectively.
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Table 4.2 Elemental analysis of sulfur polymers with different component and prepared under different conditions.

Calc % Analysis %

%C %H %S %C %H %S
SEGDMAC1T100 30.75 3.61 50.48 30.18 3.56 50.91
SEGDMACI1T110 30.75 3.61 50.48 30.51 3.61 50.43
SDIBC1T110 44.45 5.57 49.98 39.25 3.90 55.48
SDIBC5T110 46.22 5.87 51.87 42.17 4.15 52.74
SDIBC10T110 48.44 6.23 54.24 43.20 4.36 50.43
SDIBC0T180 44.44 5.56 50.00 45.34 4.44 51.02
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From the DSC traces, as shown in Figure 4.7 and Figure A4.1, T4 increased with the
amount of catalyst. In comparison with the thiopolymer produced from S and DIB
without catalyst (but at the higher temperature of 180 °C), sulfur polymers generated
from the reaction with 1% catalyst had lower Ty, however the products of both
reactions with 5% and 10% catalyst had higher Tq. There is no sulfur melting peak

observed from all sulfur polymers.

SDIBC0T180
N
SDIBC10T110
—

— SDIBC5T110

SDIBC1T110
e _
I g 1 i I 8 I 8 |

-50 0 50 100 150

Temperature / °C

Figure 4.7 Offset DSC traces for different percentage NaDTC of poly(S-DIB).
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Powder X-ray diffraction (PXRD) was also used to detect if residual sulfur crystals are
present in the amorphous copolymers. Interestingly, from powder X-ray diffraction
patterns of all poly(S-DIB), as shown in Figure 4.8 and Figure 4.9, different sharp
peaks could be observed, some of which do not match the pattern of any sulfur
polymorph. After further study, the patterns observed in SDIBC5T110 and
SDIBC10T110 were identified as that of NaDTC, indicating the presence of residual

catalyst in the polymers.

‘—/\~\ SDIBCOT180

SDIBC5T110

SDIBC1T110

10 20 30 40 50
20 / degrees

Figure 4.8 Offset PXRD patterns for different percentage NaDTC of poly(S-DIB).
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SDIBC10T110 after leaching
M T —,
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NaDTC
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Figure 4.9 Offset PXRD patterns for SDIBC10T110 and corresponding residual solid after
leaching, and NaDTC.

Additionally, to test the degree of the reaction and the stability of product, any
amorphous sulfur imbedded in the polymers synthesized after 3 months was detected
by thin layer chromatography (TLC). The result (Figure 4.10) shown no sulfur could
be detected from SDIBC10T110, suggesting the totally consumption of elemental

Figure 4.10 Detection of elemental sulfur by TLC. Spots on the baseline from left to right are
elemental sulfur, DIB, poly(S-DIB), and mixture of sulfur, DIB, and poly(S-DIB). Neither sulfur
or DIB was detected in the polymer after 3 months since being synthesized, proving the high
completion of reaction and good stability of the final product.
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sulfur and the stability of S-S bonds. The reaction was increased from 10 g to 100 g to

demonstrate the potential for scaling up (Figure 4.11), benefiting industrial processing.

e
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Figure 4.11 a) Scale up testing of reaction of sulfur and DIB from 10 g to 100 g. b) DCS trace of
large-scale products, showing comparable T4 to SDIBC10T110.

4.4.1.2 Poly(S-EGDMA) and poly(S-MMA)
Similar to the control experiments of sulfur and DIB, SEGDMACO0T110 and

SMMACOT95 were performed, as shown in Figure 4.12. However, unlike
SDIBCO0T110, sulfur did not react with either EGDMA or MMA at low temperature
for more than 18 hours, which were confirmed by 1H NMR (Figure 4.13 and Figure
4.14). Involved NaDTC, EGDMA reacted heterogeneous with sulfur initially at mild

temperature and became homogeneous at last (Figure 4.15).

" a) i

b)

Figure 4.12 a) The reaction of SEGDMACO0T110, b) the reaction of SMMACO0T95
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Figure 4.13 *H NMR spectra for SEGDMACO0T110. Apparently, C=C bonds in EGDMA were not reacted. Assignment of
each peak can be found in Figure 2.12.
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Figure 4.14 'H NMR spectra for SMMACO0T95. Same with the reaction of SEGDMACO0T110, without NaDTC, MMA cannot
react with sulfur. Assignment of each peak can be found in Figure 4.22.
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S
i

-

Figure 4.15 Images of processing to produce Poly(S-EGDMA) at 110 °C, showing heterogeneity
initially and homogeneity as time progresses.

From the DSC traces (see Figure 4.16 and Figure A 4.2), sulfur polymers prepared
from EGDMA at different temperature (100 or 110 °C) have clear glass transition
temperatures, indicating the generation of homogenous copolymers. There is no
significant difference the Tg, suggesting that the reacting temperature did not affect

reaction processing very much. In both situations, no Sg crystals were detected.

SEGDMAC1T110
\
\ SEGDMAC1T100
I M 1 v I v | M 1
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Temperature / °C

Figure 4.16 Offset DSC traces for different temperatures of poly(S-EGDMA) with NaDTC.

120



Synthesis and Applications of High-Sulfur Polymers

Chapter 4 - Inverse vulcanisation in mild condition

A higher ratio of catalyst added to the reaction of sulfur and EGDMA further increased
the rate, but also trigged auto-acceleration, introducing heterogeneity (Figure 4.17).
From the diffraction patterns of poly(S-EGDMA) (Figure 4.18), a small signal of
crystalline elemental sulfur could be detected from the sample made at 100 °C, but

there was no sharp peak observed from the sample made at 110°C.

Figure 4.17 5% NaDTC led to Trommsdorff-Norrish effect driven auto-acceleration in the
reaction of sulfur and EGDMA, resulting in heterogeneity.

SEGDMAC1T110
SEGDMAC1T100
SB
A A |
| ' | v 1 ! | ' I
10 20 30 40 50
20 / degrees

Figure 4.18 Offset PXRD patterns for poly(S-EGDMA) synthesized at different temperatures
with NaDTC
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With the same amount of catalyst, the reaction time of S and EGDMA was much
shorter than that of S and DIB, giving an opportunity to screen the reaction through H
NMR in the early stage of polymerisation. As the reaction proceeds (Figure 4.19), the
integral ratio of the peaks at 5.6 and 6.1 to the peak at 4.4 reduced, indicating the
decreasing of C=C double bonds. Interestingly, new peaks appeared next to both peaks
assigned as C=C bond protons, and also the ratio of the new shifted peaks to the
original peaks increased, as shown in Figure 4.20. We speculate that new peaks are
shifted from the original positions because of polymerization of sulfur onto the double
bond at the other end of the molecule. However, we have to point out that hydrogen

substitution is also a possibility.

20 min
LU A L.
077 0.77 2.00
10 min
| AL
0.87 0.87 2.00
0 min
i A
1.00 1.00 2.00
EGDMA
L
1.0—0l 1F? | '_200I L | L I L }
6 5 4 3 2 1

Chemical shift (ppm)

Figure 4.19 'H NMR spectra for the reaction of sulfur-EGDMA from 0 min to 20 min, and the
integral of vinyl protons reduced.
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Figure 4.20 Peaks of vinyl protons shifted to downfield.

The product prepared from S and MMA is more like oligomer or low molecular weight
branched polysulfide than a thiopolymer, and unlike poly(S-DIB) and poly(S-
EGDMA), all products of S-MMA could be dissolved in deuterated chloroform. Gel
permeation chromatography (GPC) was used to test the molecular weight of S-MMA,
showing results of My= 740 g mol™ and Mw/M, = 1.22 (Figure 4.21). After curing and
removing from the oven, the product was a homogeneous wax-like material, however,
cooling to room temperature, 30 min later, phase separation could be observed, and
sulfur crystals were precipitated. This was probably because with only one C=C bond
in MMA, it was difficult to stabilize too much sulfur. The reaction was followed by
'H NMR as well, as shown in Figure 4.22. Two peaks indicating alkenyl hydrogens
reduced and finally disappeared after long term curing. However, it is hard to say there
is no homopolymerisation by MMA, but, from the peaks around 3, the reaction
between sulfur and MMA could be confirmed. However, from the comparison
between 1H NMR spectra for S-MMA-96h and PMMA, it could be concluded that
copolymerization of sulfur is dominant reaction instead of homopolymerization of
MMA (Figure 4.23).
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Figure 4.21 GPC trace for SMMAC10T95 in THF. Oligomers could be observed with low
molecular weight and broad polydispersity.
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Figure 4.22 'H NMR spectra for the reaction of sulfur and MMA at different time. Apparently,
after further curing, vinyl groups were totally reacted.
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Figure 4.23 'H NMR spectra for S-MMA-96h and PMMA. Chemical shifts of main peaks of
PMMA and those of S-MMA-96h are different, suggesting the reaction is mainly
copolymerisation of sulfur and MMA instead of homopolymer of MMA.

4.4.1.3 Poly(S-CDE)

In order to further prove the catalyst could be used in inverse vulcanization at mild
temperature,  benefiting  crosslinkers ~ with  low  boiling  point, 1,4-
cyclohexanedimethanol divinyl ether (CDE) was induced to react with elemental
sulfur directly, as shown in Figure 4.24. CDE was previously used as a crosslinker in
mild temperature reported by Jenkins and co-authors. However, in their report they
found that CDE could not be reacted directly with sulfur below its boiling point, rather
a prepolymer made by reacting sulfur with another crosslinker at high temperature was
needed to generate dynamic sulfur bonds which then activate the low temperature
reaction of the mixed crosslinker system. For the direct sulfur-CDE system, catalyzed
by NaDTC, several characterizations confirmed that CDE reacted with Sg completely

at 110 °C in only one step.
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Figure 4.24 Photo of poly(S-CDE) made with and without catalyst. Left sample is the product
without catalyst (lighter in colour) and right one is poly(S-CDE) made adding 10% NaDTC
(darker)

S-CDE-NaDTC
S-CDE
S,
1 A AN .I.U.L | ETVY VU S
. ] g I 4 1 J ] L I
10 20 30 40 50

20 / degrees

Figure 4.25 PXRD patterns of poly(S-CDE), the product made absence catalyst, and elemental
sulfur. Apparently, sulfur crystals still could be detected from the product prepared without
catalyst, however, poly(S-CDE) is amorphous.
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Like DIB, CDE surprisingly could react sparingly with sulfur at 110 °C, but free sulfur,
either crystal or amorphous, could still be detected from the products by PXRD, as
shown in Figure 4.25. However, no sulfur could be detected from poly(S-CDE) made
involving catalyst. Final poly(S-CDE) is insoluble in CDCls, as shown in figure Figure
4.26, suggesting the polymer crosslinked and only the low molecular weight oligomer
was tested in NMR. Kinetic studies (as shown in Figure 4.27) for the S-CDE proved
reactions between sulfur and C=C bonds, because of the decrease of the integral of
vinyl protons, and new peaks appeared at 4, and between 5 and 6. Finally, TLC results,

as shown in Figure 4.28, demonstrated no detectable sulfur in poly(S-CDE).

Figure 4.26 S-CDE-NaDTC is insoluble in CDCls, suggesting generation of crosslinked polymer.
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Figure 4.27 Kinetic studies of S-CDE by 'H NMR, proving reactions between sulfur and C=C
bonds

Figure 4.28 TLC results of detecting free elemental sulfur in poly(S-CDE) Spots on baseline are
sulfur, poly(S-CDE), and the product made absence catalyst.

4.4.2 Leaching and remoulding

As residual catalyst was detected by PXRD, the sulfur polymers was ground into fine
powder and washed with water, attempting to separate the polymer and catalyst. After
washing and centrifugation, the supernatant was evaporated to crystalize residual
catalyst. The yield of recrystallisation was only 7.9%, mainly because some catalyst is
likely still trapped in the sulfur polymers. From NMR results, as shown in Figure 4.29,
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the crystalized products have the same pattern as pure NaDTC along with other
impurity peaks. This indicates there is the potential for recycling of any excess catalyst
used. In the rubber industry, the term catalyst is often used for additives included to
increase the rate of vulcanization, largely because it is not possible to separate them
back out of the material and reuse them. As such, the term catalyst may not be
technically appropriate. In this report, NaDTC has been termed as a catalyst instead of
accelerator because it is a more broadly recognized term. After drying, the washed
polymers were retested by PXRD. The pattern showed no crystallinity remained. After
reheating in the oven, the fine powder could be remolded into different shapes (Figure
4.30). In the reforming processing, with residual catalyst trapped in the sulfur polymers,
the S-S bonds were activated as dynamic covalent bonds, even at the low temperature
of 110 °C

Recrystallised
catalyst after washing

h

NaDTC
/4
f ' T y 74 ' T ' 1
4.5 4.0 1.5 1.0 0.5

Chemical shift (ppm)

Figure 4.29 'H NMR spectra for residual solid crystallised after leaching and standard NaDTC
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Polymer'p'owder“ Remoulded object

Figure 4.30 Washed powder was transferred in silicone mould and remoulded sample from
reprocessing in the oven at 110 °C.
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4.5 Conclusions

Different sulfur polymers were successfully synthesized by inverse vulcanization
below the sulfur melting temperature, with NaDTC as a catalyst. Chemically stable
and shape-persistent high-sulfur-content copolymers could be generated. Through this
method, no solvents or pre-reacted species were required, and residual catalyst could
also be recovered, aligned with the principles of green chemistry. It should be
considered that the time taken for the reaction will also contribute to the energy costs,
as well as the temperature itself. That noted, this catalytic route allows lower
temperatures to be used, or shorter reaction times for a given temperature. Lower
temperatures allow lower boiling crosslinkers to be more easily incorporated, and may
be required if sulfur polymers are to be combined with other temperature sensitive
materials. Additionally, after washing, the sulfur polymers could be reprocessed at
mild temperature, allowing recycling. Thus, a new route to inverse vulcanize at low

temperature is provided.
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4.6 Experimental

4.6.1 Materials

Sulfur (S8, sublimed powder, reagent grade, >99.5%, Brenntag UK & Ireland.
Purchased in 25 kg bags), ethylene glycol dimethylacrylate (EGDMA, 98%, Alfa
Aesar), sodium  diethyldithiocarbamate  trihydrate  (Alfa  Aesar), 1,3-
diisopropenylbenzene (DIB, 97%, TCI), and methyl methacrylate (MMA, 99%, Sigma
Aldrich) were commercially available and used as received. Cyclohexanedimethanol
divinyl ether (CDE, 98%, Sigma Aldrich), Poly(methyl methacrylate) (PMMA, Sigma
Aldrich), and Chloroform-d (99.8 atom % D, Sigma Aldrich), hexane (>95%, Sigma
Aldrich)

4.6.2 Method

Polymerisations

Reactants (5 g sulfur, 5 g crosslinker, and the associated amount of catalyst) were
mixed in 40 mL volume glass vials by vortex, before being heated at the specified
temperatures in aluminium blocks and stirred by magnetic stirrer bars for
polymerisations. For DIB, heating in the aluminium block was required for a minimum
of 12 hours in order to generate fully solid products, which were then further cured in
an oven at 110 °C for 12 hours. For EGDMA, the reaction finished in 20 minutes to
generate fully solid products, and further curing was conducted in the oven at 110 °C
for 12 hours. For MMA, the reaction was conducted at 95 °C for more than 12 hours,
and moved into an oven for further curing for 96 hours. Specific conditions and
components for different samples are listed in Table 1. For CDE, 5 g sulfur, 5 g CDE,
and 10% NaDTC were mixed in 40 mL volume glass vials by vortex, before being
heated at 110 °C in aluminium blocks and stirred by magnetic stirrer bars for
polymerisations for 1 hour. Reaction absence of catalyst in same scale and same

conditions was conducted as well.

4.6.3 Characterisation

Leaching and remoulding

Sulfur polymer SDIBC10T110 was ground into fine powder and washed by water.
Supernatant was evaporated after centrifugation to recrystallize the catalyst. Residual
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solid powder was dried and transferred into a silicone mould and reheated at 110 °C
in the oven for 48 hours to remould.

Powder X-ray Diffraction (PXRD)

Data were measured using a PANalytical X'Pert PRO diffractometer with Cu-Ka
radiation, operating in transmission geometry. And all data were measured over the

range 5-50° 26 in 0.013° steps over 60 minutes.
Differential Scanning Calorimetry (DSC)

DSC were performed on a TA Instruments Q200 DSC, under nitrogen flow, and with

heating and cooling rates of 5 °C min..from -50 to 150°C in ‘heat-cool-heat’ program.
Nuclear magnetic resonance (NMR)

The reactions were monitor by solution NMR in deuterated chloroform, and
recrystallized catalysts were performed by solution NMR in D:O, using a Bruker
Advance DRX (400 MHz) spectrometer.

Attenuated total reflection fourier transform infra-red (ATR-FTIR).

Fourier Transform Infrared (FTIR) spectra were measured between 4000 and 500 cm”

Lon a Bruker Vertex 70 spectrometer, with a Platinum ATR module.
Elemental Analysis

CHNS elemental analysis was conducted on a Thermo Flash EA 1112,
Gel permeation chromatography (GPC)

The molecular weight of the soluble fraction of the polymers was determined by gel
permeation chromatography (GPC) using a Viscotek system comprising a GPCmax
(degasser, eluent and sample delivery system), and a TDA302 detector array, using
THF as eluent.

Thin layer chromatography (TLC)

10 mg polymer or sulfur was added into 10 mL dichloromethane (DCM), and 1 mL DIB was dissolved
into 10 mL DCM. Solutions were spotted individually on the traditional silica TLC plates with hexane

eluent.
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4.7 Appendix
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Figure A4.1 Full DSC traces of SDIBC10T110 scanned by heating-cooling-heating program showed no sulfur crystals remain and there is a glass transition
temperature of 53 °C.
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Figure A 42 Full DSC traces of SEGDMAC1T110 scanned by heating-cooling-heating program showed no sulfur crystals remaining and a glass tran-s:ition
temperature of 57 °C.
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mercury adsorption
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5.1 Context
5.1.1 Abstract

Mercury pollution is a significant threat to the environment and health worldwide.
Therefore, effective and low-cost absorbents that are easily scalable are needed for
real-world applications. Enlarging the surface area of the materials and doping with
heteroatoms are two of the most common strategies to cope with this problem. Sulfur-
doped activated carbon synthesized from the carbonization of inverse vulcanized
thiopolymers makes it possible to combine both large specific surface area and doping
of heteroatoms, resulting in outperformance in mercury uptake against commercial
activated carbons. Convenient recovery of mercury absorbents after treatment should
be beneficial in mercury collecting and recycling. Therefore, magnetic sulfur-doped
carbons (MSCs) were prepared by functionalizing sulfur doped carbons through
chemical precipitation with magnetic iron oxides. Besides the characterisations of
materials, mercury uptake experiments, such as stactic test, capacity test, impact of
solution pH, and mixed ions interferences were performed. These MSCs exhibit high
specific surface area (1,329 m?/g), high sulfur content (up to 14.8 wt%), porous
structure, low cost, and are convenient for retrieval. MSCs are demonstrated high
uptake capacity (187 mg g*) and efficiency in mercury solution and multifunctional
absorption in mixed ions solution, showing their potential to be applied in water

purification and environmental remediation.
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5.2 Introduction

With the advantage of high specific surface areas and hierarchical porous structure,
porous materials have attracted increasingly interests in recent year.' Studies about
porous materials were conducted by different research groups not only in preparation,
characterisation, but in more and more applications, such as carbon dioxide capture®
gas separation,>’ catalysis,®° supercapacitor electrodes,’® removal of hazardous
materials,>!* and energy conversion.®® Various of novel porous materials, for
example Metal Organic Frameworks (MOFs) 28916 Covalent Organic Frameworks
(COFs) **, and Polymers of Intrinsic Microporosities (PIMs) *712 have been reported,
however, high cost or low productive capacity hindered their application in a real-
world. However, porous carbonaceous materials exhibit advantages over those porous
materials in high cost effectiveness and industrial scale production, showing highly
potential application in many different areas.!” Activated carbons are very common
and play an important role in industry, due in part to the variety of natural and synthetic
materials that can be used as precursors, with preparation processes that are simple and
scalable. In order to optimize the application of activated carbon, as well as increasing
the specific surface area of materials, incorporation of functional groups onto the
carbon surface is another strategy.'®?° Considering the improvement of adsorbative
abilities and unigue electronic features, heteroatom dopants were one of the most
effective approaches incorporated into activated carbons.’®?  Sulfur-doped
carbonaceous materials with firmly and covalently bound sulfur-carbon structures
were synthesized from carbonizing thienyl-contained block polymers by Schmidt et al.
2223 In this method, sulfur content varied from 5-23 wt%. These materials showed
high specific surface area up to 711 m?/g. However, complexity of synthesizing
precursors and the associated cost hindered its application. Therefore, discovery of a

cheap and abundant sulfur content precursor is vital to sulfur doped carbon.

Inverse vulcanization was first coined by Pyun in 2013.242% After that, high sulfur-
content polymers have been synthesized and applied into different areas, which were
covered from the previous chapters.?*3* Thiopolymers generated via inverse
vulcanization with high sulfur content (normally higher than 50 wt%), find use as
precursors for sulfur-doped carbon. However, there have only been a few reports of

their use as precursors for sulfur containing composites, such as sulfur-doped carbons.
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Poly(S-diisopropenyl benzene) and poly(S-limonene) were first reported as precursors
in carbonisation of inversed vulcanised polymers, producing high specific surface
areas microporous materials that could be applied in gas and liquid phase separations.?
However, with a narrow pore size distribution, solely in the microporous range and
lacking in larger transport pores, these materials are not suitable for metal adsorption.
Carbonized poly(S-DCPD) has been reported with high sulfur content (~ 15 wt%),
hierarchical porous structure and much higher specific surface areas (up to 2200 m? g
1y, which could be used for gas adsorption, mercury capture, and water purification.®
Mercury pollution is an urgent global health concern.? Therefore, 128 countries
signed a joint agreement, Minamata Convention, to reduce mercury through
anthropogenic emissions, such as fossil fuel combustion, small-scale gold mining,

cement industry, etc.263031

Magnetic absorbents have been applied to take up different hazardous materials from
solution or aquatic waste because of their retrievability.**32-3 Since 1973, the first
time magnetic particles has been reported as separation method by Robinson et al. ,%®
relevant studies developed fast and broadly. The preparation of magnetic absorbents
was normally from two approaches: functionalisation the surface of magnetic
materials to generate a core-shell structure magnetic absorbents and generation

magnetic materials on the surface of absorbents material.**3¢ The core-shell structure

‘ Sulfur-doped carbon

9 Synthesized iron oxides
o Adsorbed Hg

HgCl, solution Retrieval of sorbents

Figure 5.1 Schematic of synthesis procedure of magnetic sulfur-doped carbons and the
application of magnetic sulfur-doped carbons for mercury absorption. Step 1. Functionalization
of sulfur-doped carbons from precipitation of iron oxides onto sulfur-doped carbons surface. Step
2. Removal mercury from mercury chloride solution. Step 3. Retrieval of sorbents after
adsorption via a magnet.
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could protect the inner magnetic material, but the synthesis is more complex than
another method, because it was always needed a shell and functionalize the shell to
make it have affinity to specific adsorbate.®*3” Whereas, the processing of generation
magnetic materials on the surface is facile, but the generated magnetic materials could
may influence the capture ability and capacity of absorbent.'* However, both methods
prepared magnetic absorbents that could be quickly and conveniently separated by
external magnetic field, providing significant advantage over conventional absorbents
in circumventing of column packing problem, which is always time-consuming step
in filtration or separation. With the advantages of high surface area and porous
structure, magnetic carbon composites are one of the most attractive and cost-effective
material types for hazardous material uptake and water purification in real-life. Here
we demonstrate treated sulfur-doped carbons with magnetic properties, and their
convenient retrieval of sorbents under an external magnetic field for real-world
applications (as shown in Figure 5.1). The composites are shown to have varied
specific surface areas, magnetic response and mercury uptake depending on the ratio
of sulfur-doped carbon to iron oxides. Moreover, beneficial from iron oxides, magnetic
sulfur-doped carbons (MSCs) are presented as a multifunctional adsorbent in mixed
ions solution. The carbonisation feedstocks used, sulfur and DCPD, both have the
advantage of being industrial by-products, available cheaply and at large scale.
Crucially, considering the low-cost and simple processing, MSCs are promising
materials for environmental remediation. Magnetic porous material formed from

inverse vulcanised polymers has not been previously reported.
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5.3 Aims

1. Synthesize magnetic sulfur-doped carbons by precursors of thiopolymers

2. Investigate how the variation of ratio of iron oxide to sulfur-doped carbons
influence the properties of composite.

3. Study the application of magnetic sulfur-doped carbons in mercury uptake

4. To compare magnetic sulfur-doped carbons with reported materials in mercury

capture.
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5.4 Results and discussion

5.4.1 Design and characterization of magnetic sulfur-doped

activated carbons

Poly(S-DCPD) was initially synthesized as previously reported 3, as shown in Scheme
5.1, and as set out in the methods. These sulfur polymers were then carbonized and
chemically activated by potassium hydroxide (KOH) under nitrogen atmosphere at
750 °C for 2 hours to form sulfur-doped activated carbons with hierarchical structure
and high specific surface areas (Figure 5.2 and Table 5.1), the resultant product was
denoted as SC1MO. As a precursor of magnetic sulfur-doped carbons, SC1MO was
characterized by elemental analysis (EA) and contained 74.24 wt% carbon, 1.22 wt%
hydrogen, and 14.80 wt% sulfur. X-ray photoelectron spectroscopy of similarly
inverse-vulcanised-polymer derived activated carbons have shown that though sulfur
is lost from the more extended polysulfides through the reversibility of the S-S bonds
at elevated temperature, mono- or di-sulfide linkages are retained; the majority of the

signal for retained sulfur being consistent with thioethers and disulfides 2.

VS,

Reaction at 170 °C

Scheme 5.1 Synthetic scheme for inverse vulcanization of sulfur and DCPD.

Table 5.1 Physical properties of MSCs

Sample BET surface area (m? g*)  Total pore volume 2 (cm® g%)
SC1MO0 1801 0.91
SC2M1 1329 0.75
SC1M1 1038 0.67
SC1M2 668 0.56
SCOM1 80 0.23
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Magnetic composites were synthesized with varying weight ratios of sulfur-doped
activated carbons to iron oxides, from 1:2, 1:1, to 2:1, and the composites were denoted
as SC1M2, SC1M1, and SC2M1, respectively. Additionally, iron oxides synthesized
in the same conditions was prepared as a blank sample, denoted as SCOM1. Nitrogen
adsorption of all the samples, as shown in Figure 5.2, were applied to investigate the
surface area, porous structure and diameter distribution information. The isotherm of
pristine sulfur-doped carbon SC1MO presented a type I(b) isotherm indicating that the
material is a microporous solid with relatively broad pore size distributions including
wider micropores and possibly narrow mesopores *°. Calculated by the BET model,
SC1MO had the highest specific surface areas (SAser = 1,801 m?/g). The relatively
broad pore size distributions could be confirmed through calculation by non-local
density functional theory (NL-DFT) as well (Figure 5.3). It was found that the pore
sizes of SC1MO are mainly in the micropore range (< 2 nm) with a small amount of

narrow mesopores with widths not exceeding about 4 nm.

30

25

20+

N, uptake(mmolg™)

. ; , . , ;
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P)

Figure 5.2 Nitrogen adsorption—desorption isotherms, at 77 K, of magnetic sulfur-doped activated
carbons. Sample names indicate the ratio of sulfur-carbon (SC) to magnetic iron oxide (M), from
pure sulfur-carbon (SC1MO0) through to pure iron oxide (SCOM1).
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Figure 5.3 Pore size distributions of magnetic sulfur-doped carbon calculated by non-local density
functional theory (NL-DFT), from the nitrogen sorption isotherms. It can be observed that
micropores and small mesopores were generated from sulfur-doped carbon without iron oxides
(SC1MO0), and big mesopores and macropores were generated from synthesised iron oxides
(SCOM1). However, the composites, with different ratiso of sulfur-doped carbon to iron oxides,
could be found to possess hierarchical structure with all types of pore.

The isotherm shape of SCOM1 shows that this material is a nonporous or macroporous
solid and the calculated SAger was 80 m?g. Hysteresis loop and the pore size
distribution of SCOML1 indicated that synthesized iron oxides has few micropores but
includes mesopores and more macropores, which were probably due to aggregation of
generated iron oxides, and resultant inter-particle voids. Compared with SCOM1, all
MSC composites had much higher surface areas and a more porous structure. As the
ratio of iron oxides was increased in the composite, the SAget of materials decreased
from 1,329 m?/g to 668 m?/g, however, normalized pore size distribution curves
illustrated that the microporous structure of sulfur-doped carbon was not changed.
Interestingly, after comparison of all normalized pore size distributions and the

hysteresis loops of gas sorption isotherms of MSCs, it could be found that the
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percentage of mesopores increased with the ratio of iron oxides to sulfur-doped carbon,
although BET surface area and pore volume (as shown in Table 5.1) decreased
dramatically. It could be speculated that the growth of pore size is because of
generation of the iron oxides crystals on the pristine carbon backbone. The loss of
surface area is approximately consistent with the combination of the theoretical
composition. For instance, SC1M2, at two parts magnetite to one part sulfur doped
carbon, would be expected to have a surface area of 654 m?/g from direct combination
((2 x 80) +1801 / 3), which is very close to the value of 668 m?/g observed during
testing. Any significant blocking of pores caused by magnetite formation would lead

to a deviation from this agreement.

The morphology of both precursor (SC1MO0) and magnetic sulfur-doped activated
carbons were studied through scanning electron microscopy (SEM). From Figure 5.4
and Figure 5.5, the irregular particulate structure of the precursor carbon could be seen,
and only sulfur, carbon, and oxygen could be detected by energy-dispersive X-ray

analysis (EDX), as expected.

Figure 5.4 SEM images of SCIMO

147



Synthesis and Applications of High-Sulfur Polymers

Chapter 5 - Magnetic sulfur-doped carbons for mercury adsorption

. 250pm . . 250pm .

Figure 5.5 Energy- dispersive X-ray analysis (EDX) maps for SC1MO0, showing combined
elements, oxygen, carbon, and sulfur.

However, after functionalization, the presence of iron with a homogeneous distribution
could be confirmed on the surface of MSCs in mapping images, as shown in Figure
5.6. Comparison between the EDX analysis results of SCIM1 (Figure 5.7 , Figure 5.8
and Figure 5.9), and SC1M2, confirmed more iron on the surface of SC1M2 (Figure

5.10), corroborating the calculated results.
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Figure 5.6 a) SEM image of SC1M2. b) Energy- dispersive X-ray analysis (EDX) maps showing, (clockwise from top left) combined elements, oxygen, iron, carbon,
sodium, and sulfur.
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Figure 5.8 Energy- dispersive X-ray analysis (EDX) maps for SC1M1
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Figure 5.9 EDX peaks for SC1ML1. Iron was confirmed on the surface of SCIM1 by EDX, and the
weight percentage of iron was ~ 20%.
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Figure 5.10 Energy- dispersive X-ray analysis (EDX) for SC1LM2. The results show that more iron
was detected on the surface of SC1M2 (higher than 20%) than that of SC1IM1.
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In order to study more accurately the compositions of all composites,
thermogravimetric analysis (TGA) was conducted. Shown in Figure 5.11, SCOML1,
composed primarily of iron oxides, is the most thermally stable material with
negligible weight loss (<5%) up to 950 °C. In comparison, SCIMO was almost
completely combusted (> 99%) at 600 °C. Therefore, the difference in thermo-stability
between iron oxides and sulfur-doped carbon could be applied to analyze the
components in the composite. TGA curves of SC1IM2, SC1IM1, and SC2M1
demonstrated that the percentage of iron oxides is 67%, 50%, and 35%, respectively,
in agreement with the theoretical loading. The porous structure and iron oxide
nanoparticles in SC1M1 were further observed by transmission electron microscopy
(TEM), as shown in Figure 5.12.
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Figure 5.11 Thermogravimetric analysis (TGA) of all magnetic sulfur-doped carbons. The mass
remaining at high temperature increases proportionally with the intended iron oxide loading.
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Figure 5.12 TEM images of SC1M1, from which porous structure and iron oxide nanoparticles
could be observed

Powder X-ray Diffraction (PXRD) was conducted to investigate generation of iron
oxide on the precursor (SC1MOQ). Commercial magnetite (Fe304) was also tested to
compare with all synthesized composites. In Figure 5.13, diffraction peaks at 26=30.1°
and 35.3° are observed in PXRD patterns of both SCOM1 and other MSC composites.
These reflections are in agreement with the (220) and (311) reflections of FezO4 and
the structurally related maghemite (y-Fe203) 144041 The peaks at 26 = 21.2° of the
magnetic sulfur-doped activated carbons was speculated to be goethite (a-FeO(OH))
(110) ¥4, Considering that maghemite, magnetite and goethite are common products
under this reaction condition, the magnetic precipitates synthesized are likely
composites of all three types iron oxides 1442, A comparison of the diffraction patterns
of SC1M1 to simulations of magnetite and maghemite is shown in Figure 5.14. The
relatively low intensity, and broadening of the peaks in the case of the synthesized
samples, in comparison to the commercial FeszOs, is indicative of a small crystallite
size, suggesting nanoscopic, rather than microscopic particles of oxide particles. This

is consistent with the SEM and EDX data, which indicated that iron was present fairly
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homogeneously throughout the material, but not in aggregates large enough to be

individually detected as distinct brighter area
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Figure 5.13 Offset PXRD patterns of MSC composite samples.
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The magnetization curves of all MSC samples are shown in Figure 5.15. Unlike the

pristine sulfur-doped carbon SC1MO, which is diamagnetic (Figure 5.16), all MSC

samples show superparamagnetism with only slight hysteresis. The saturation
magnetization values were 22.0, 13.9, 7.3 emu/g for SC1IM2, SC1M1, SC2M1,
respectively. As shown in Figure 5.17, this trend corresponds closely to the relative

iron oxide content in the composites.
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Figure 5.14 Experimental powder diffraction pattern of SC1M1 and patterns simulated from crystal
structures (Inorganic Crystal Structure Database) for magnetite, cubic maghemite, and tetragonal

maghemite. Offset.
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Figure 5.15 a) Magnetization measurement of MSC composites with applied field between —7
and 7 kOe at 293 K. The insets are the enlargement of the centre part of the curves. b) A
suspension of MSCs in HgCI2 solution. c¢) Retrieval of sorbents through external magnetic
field.

156



Synthesis and Applications of High-Sulfur Polymers

Chapter 5 - Magnetic sulfur-doped carbons for mercury adsorption

0.20 -
—SC1MO
0.15 -

0.10 -
0.05 -

0.00

Moment (emu/g)

-0.05 -

-0.10

-0.15

-0.20

I ' 1 v I ' I " I N I ! I N I v I '
-80000-60000-40000-20000 0 20000 40000 60000 80000
Magnetic Field (Oe)

Figure 5.16 Magnetization measurement of SC1MO, showing its diamagnetism.

25 -

20 -

15 -

10 -

Moment (emu/g)

0 10 20 30 40 50 60 70
Iron oxides (wt%)

Figure 5.17 Magnetization (applied field at7 kOe) for different iron oxide content MSCs.
Magnetization increases as the iron oxides percentage increasing.
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5.4.2 Mercury capture studies

Materials produced in this study have potential application as remediation media for
mercury contaminated water streams. Several key attributes of the materials make
them potentially useful in this regard: high specific surface area, covalently bound
sulfur and mesoporosity °. However, recovery of particulate media from solution
remains a challenge in this regard, until now. By incorporation of magnetic FeO we
demonstrate it is possible to sequester solid particulate material from solution, using

only a magnetic field (Figure 5.15 (b) and (c)).

However, questions remain about the effect of the incorporation of iron oxides into the
material, and the effect it has on the effectiveness of sequestration of the material. A
series of static tests were performed in order to assess the viability of various
formulations of the material for HgCl> sorption. The same amount of different MSCs
were used to absorb mercury from constant concentration HgCl> solutions (500 ppm).
It was found, as shown in Figure 5.18(a), that inclusion of iron oxides reduced the
overall effectiveness of the material, in terms of the percentage of mercury removed.
However, this is as would be expected because the measurements are based on the
addition of an equal mass of material, and the iron oxide is not active. The unsupported
iron oxide itself removed only negligible amounts of mercury (3.23%), indicating the
importance of the substrate. The iron oxide is considerably denser than the sulfur-
doped carbon, so contributes much of the mass, even if little of the volume. What is
important to determine is not if the overall uptake is changed, but rather if the uptake
of the sulfur-doped carbon component is changed. It is possible that the iron oxide
particles could block pores thus reducing mercury uptake. To determine the effect of
the iron oxide inclusion on the efficiency of the sulfur-doped carbon, the mercury
uptake was plotted calculating the capacity based only on the mass of sulfur-doped
carbon. The uptake does not appear to be detrimentally affected by the incorporation
of magnetic material, rather the capacity was actually improved. However, there is

likely also an influence on partitioning resulting from the changed Hg/substrate ratio.
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Figure 5.18 a) Static mercury uptake test of various formulations of MSCs, showing the
proportion of Hg removed from a 500 ppm, 10 ml solution of HgCI2 by 30 mg of material (left Y
axis), and the capacity for Hg of the sulfur-doped carbon (right Y axis). b) Absorption isotherm
of Hg2+ onto the substrate, fitted to the Langmuir model.

Considering the results of static tests and the magnetization of MSCs, SC1M1 was
selected to conduct further mercury capacity tests. A very steep uptake at low
concentration is crucial for use industrially; desired concentrations to be purified are ~
2 ppm, ideally being reduced to below 0.006 ppm, the level recommended safe for
drinking water by the world health organization “3. Figure 5.18(b) demonstrates this
high affinity, removing almost all mercury from low concentration solutions. Fitting
this data to a Langmuir isotherm allowed for deduction of the thermodynamic
parameters Q,,.., and K; : the saturation capacity and affinity coefficient. Q,,,, was
found to be 187.4 mg g* and K, to be 0.01 L mg . The capacity is comparable to many
conventional activated carbons, and certainly high enough for practical application.
The steep initial uptake, at low concentration makes this material gives superior
performance in comparison to conventional activated carbon over an industrially
relevant concentration range. For instance, at ~4 ppm concentration, SC1M1 shows an
uptake of 47 mg g* compared to 3 mg g* for a conventional activated carbon at the
same concentration (see Figure 5.19), an improvement of an order of magnitude.
Additionally, the adsorption kinetics of mercury on MSCs were studied by fitting
results with a pseudo-first order and pseudo-second order model, as shown in Figure
5.20. The results shown that pseudo-second order rate model is better to describe the
mercury adsorption rate of MSCs, with g, = 48.75 + 1.40 mg g%, and k, = 0.0118 +
0.0038 g mgt min. This k, is lower than that of thiol-functionalized MOF (k,= 1.30
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x107t g mg !t min 1)*, but higher than that of pS-CEA (k,=1.38 x10* gmg ! min })%*
and pS-CEA (2:1)/PAN microfiber (k,= 2.25x1074 g mg~* min1)*.

Nonlinear kinetic model pseudo- first order (Equation 5-1) and pseudo-second order

rate equations (Equation 5-2) were employed to fit Hg?* adsorption by SC1M1.

q: = q.(1 —e 1Y) Equation 5-1
2
qe = %eqtt Equation 5-2
24e
Where,

q: = mercury uptake by SC1M1 at time (mg mercury / g SC1M1)

q. = mercury uptake by SC1M1 at equilibrium (mg mercury / g SC1M1)
k, = rate constant of pseudo-first order kinetic model (min™)

k, = rate constant of pseudo-second order kinetic model (g mg* min™?)
Fitting results:

pseudo- first order

qo=47.15+1.61mggt  k, =0.28 + 0.07 min' r2=0.96

pseudo-second order

q.=48.75+1.40mgg'  k,=0.0118 + 0.0038 g mgt mint  r2=0.98

For metal ion removal, solution pH may affect adsorption, therefore, the initial pH of
solution was adjusted to investigate the impact of pH on mercury uptake, as shown in
Figure 5.21. It was found that, in terms of SC1MO, pH had little effect on Hg uptake
in these conditions, which remained ~110 mg g*. However, in the same testing
conditions, solution pH had a marked effect on mercury removal of SC1M1, which
increased from 43% (pH=4), to 56% (pH=7), to 68% (pH=10), corresponding to Qe =
32 mg g to, 49 mg g}, to final 69 mg g* in capacity.
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Figure 5.19 Comparison of mercury uptake between MSCs and conventional activated carbons.
It is clear that activated carbons have high capacity in higher equilibrium concentration, but
MSCs are much more sensitive at lower concertation. Activated carbon results taken from
previous work.4
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Figure 5.20 Kinetics fitting of mercury removal by SC1M1 using (a) pseudo-first and (b) pseudo-second
models.
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Figure 5.21 Effect of solution pH on mercury uptake. For SC1MO, pH value had little effect on
mercury uptake, probably, resulting from high saturated capacity of SC1MO, however, for
SC1M1, pH had a positive effect on mercury uptake, increasing qge from 32 mg g2, to 49 mg g,
final 69 mg g*.

MSCs were studied after mercury (HgCl2 solution, Co= 10 ppm) uptake to understand
their stability and recyclability. Although the state of Hg in MSCs is not clear, Hg can
be observed on the surface of MSCs by EDX, as shown in Figure 5.22, Figure 5.23,
and Figure 5.24. Magnetic nanoparticles are relatively stable on the surface of MSCs
in mild conditions, as no iron was detected after mercury uptake (Hg residual
concentration Ce1r = 0.15 ppm, 99% mercury removed) by ICP-OES. However,
magnetic nanoparticles were destroyed if harsh striping solution (0.5 M HCI + 1M
thiourea) was used to remove the Hg. Leached by stripping solution, more than 50%
Hg could be desorbed from MSCs, a result also suggested very high affinity of MSCs
to mercury. Although iron was released by stripping agent, resulting in loss of
magnetism, sulfur doped activated carbons were reusable in mercury uptake, removing
more than 86 % Hg from 10 ppm HgCl> solution (Ce2= 1.38 ppm).
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Figure 5.22 (a) SEM image of SC1M1 after mercury uptake. (b) TEM image of SC1M1 after
mercury uptake
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Figure 5.23 Energy- dispersive X-ray analysis (EDX) maps of SC1ML1 after mercury uptake,
showing, (clockwise from top left) sulfur, carbon, oxygen, iron, chloride, and mercury.

MSCs were compared with other reported mercury adsorbents (Table 5.2). Max
capacity of mercury uptake is an effective parameter to evaluate. However, in practical
terms these materials would often be unlikely to be exposed to the amounts and
concentrations of Hg required to reach these saturation capacities. As long as the
materials have an appreciable capacity (e.g. over 100 mg g*), and ideally a sharp
uptake at low concentration this will allow effective use. Due to the scale and
environments in which these materials would be used (industrial and remediation), the

cost, stability, and ease of handling must also be considered. COF-based absorbents

163



Synthesis and Applications of High-Sulfur Polymers
Chapter 5 - Magnetic sulfur-doped carbons for mercury adsorption

have a relatively high maximum capacity compared with carbon-based materials,
however, COF-based absorbents suffer from high cost and small scale, hindering the
scope of applications. Magnetic mercury adsorbents are beneficial in ease of recovery,
but normally possess lower max capacity mainly because the magnetic component in
the material is denser than the adsorbing component. Sustainability, though sometimes
overlooked, is relevant to consider in terms of potential mercury absorbents. Because
MSCs are prepared using industrial by-products, sulfur and DCPD, as the feedstocks,
rather than limited resources, they are desirable in environmental terms. Moreover, the
low price of raw materials means the cost of MSCs would be highly competitive -
estimated less than 0.5 $/g (Table 5.3), cheaper than many adsorbents. In comparison,
the MNPC-T700-M3 carbon composite material, for example, is based upon synthesis
from a costly and unsustainable metal-organic-framework feedstock. Similarly,
synthesis of both the S-MAOP polymer and M-DAPS50-COF-SH COF magnetic
sorbents require specialist and limited chemical resources, and complex synthesis.
From Tablel, it can be found that unlike more niche chemical products, MSCs could
be produced in gram scale, showing potential for practical application. The MSCs
reported here are therefore comparable in uptake to the related state of the art magnetic
Hg sorbent materials reported in Table 1, but with the advantage of being lower in cost,
more sustainable, and more suitable for production at scale.
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Figure 5.24 Energy- dispersive X-ray analysis (EDX) for SC1M1 after mercury uptake, showing
mercury on the SC1IM1.
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Table 5.2 Comparison of different adsorbents for Hg?* uptake

Adsorbents Material type Production scale ~ Max capacity (mg g?) Magnetic Ref
CBAP-1 Porous Organic Polymer grams 181-232 4
POFct-1 Porous Organic Framework milligrams 167.19 N 48
S-MAOP Organic polymer-based milligrams 512 Y 34
COF-S-SH Covalent Organic Framework milligrams 1350 N 49
T-COF Covalent Organic Framework milligrams 1815 N 50
ACOF Covalent Organic Framework milligrams 175 N 51
MAC Carbon milligrams 119 N 52
M-DAPS50-COF-SH Covalent Organic Framework-based milligrams 383 Y 37
SWCNT-SH Carbon milligrams 131 N 53
Fe304-GS Carbon composite grams 23.03 Y 54
S-FMC Carbon grams 461-732 N %
MNPC-T700-M3 Carbon composite milligrams 182-476 Y %
1K-S-DCPD-750 Carbon grams 850 N 5
MSCs Carbon composite grams 187 Y This work
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Table 5.3 Price of the chemicals for MSCs

Chemicals Pack Size Price (E)
Sulfur 1kg 32.00
Dicyclopentadiene (DCPD) 1kg 53.00
KOH 1kg 35.20
FeCls 1kg 46.50
FeSO4-7H.0 1kg 55.40
NaOH 1kg 66.20

Note: price quoted from Sigma-Aldrich UK. If produced at an industrial scale, this would be
considerably lower, for example sulfur trades for approximately £100 / tonne, and DCPD for ~$600 /
tonne at large scales.

Finally, although the high theoretical mercury uptake capacity is important, MSCs
were studied in more realistic conditions, namely low mercury concentration with the
presence of competing ions. The results are shown in Figure 5.25 and Table 5.4. CRM
of trace metal aqueous solution was applied in this research to stimulate real industrial
waste water. Blank testing was completed first to explore the stability of mercury
solution in glass sample vials for one hour at room temperature. Apparently, the
mercury concentration decreased from 7.518 to 6.059 ppb, around 20% losses of
mercury from CRM solution. This result was aligned with literature that more than 20%
losses was observed from mercury solution after 30 min from preparation, even
stabilized by 2% HNO;3 *'. Although the mechanism for mercury loss from solution is
not clear, such as adsorption on the container walls, mercury volatilization, and
conversion of mercury species, in this study, the loss of mercury was speculated
because of adsorption on the sample vials wall, as exposure of solution is only within
1 hour. Hg concentrations of solution treated by SC1MO0, SC2M1, and SC1M1 were
all lower than the detection limitation of ICP-MS, significant reduction of mercury
concentration from a level higher than WHO (6 ppb) guideline to negligible. Clearly,
the competing ions do not adversely influence the mercury uptake at a low mercury
concentration for the MSCs. Interestingly, the precursor of MSCs, SC1MO0 showed
very high selectivity to mercury. All mercury adsorbed was adsorbed, but only around
13 % of the Pb (original concentration: 226 ppb) was removed by SC1MO0. However,
the MSCs demonstrated more function in absorbing other hazard ions from aqueous
solution, benefiting from the iron oxides %85°. More lead (Pb) was removed by MSCs

as the content of iron oxides increased, and almost 50% of lead was removed from
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CRM by SC1ML1 to 126.74 ppb. Although this result is still much higher than the
guideline of WHO, considering the pristine concentration of lead is relatively high, the
lead capture capability of MSCs is acceptable and MSCs could be applied as pre-
treatment material for high lead concentration waste water. More important,
considerable arsenic (As) was removed by MSCs within one hour. More than 80 % of
As from solution was absorbed by only 10 mg MSCs to around 40 ppb, which is lower
than WHO maximum permissible limit of 50 ppb. Therefore, with no negative affect
for mercury removal, MSCs could be applied as a multifunctional absorbent for

different toxic metals in a mixed aqueous system.

Mn/% —m— CRM
10 —®— Blank
Cd/% 50 Ni/ % —A—SC1MO
: —v— SC2M1
60 —&— SC1M1
40
20
Crl% Co!/%
Pb /% As /%

Hg /% Sel!/%

Figure 5.25 Selectivity test of MSCs using mixed ion solution, simulating waste water. Mercury could
be removed to undetectable level by all sulfur-doped carbons. Arsenic was removed under WHO
guideline by only MSCs materials.
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Table 5.4 Selectivity test of MSCs from mixed ion solution

Sample Cr/ ppb Mn / ppb Ni / ppb Co/ ppb As / ppb Se/ppb Cd/ ppb Hg / ppb Pb / ppb
CRM 293.7 1018.2 1015.0 751.2 201.8 79.3 328.0 7.5 226.8
BLANK 296.5 1026.8 1012.0 746.0 202.7 82.9 325.0 6.1 227.0
SC1MO0 300.2 1060.0 1056.9 763.2 199.1 78.2 329.2 - 197.0
SCa2m1 291.3 1062.8 1031.6 757.9 42.0 - 337.0 - 169.5
SCiM1 283.4 1054.1 1032.0 756.2 45.0 - 328.2 - 126.7

Note: ‘- means under detectable level of ICP-MS’
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5.5 Conclusions

Magnetic sulfur-doped carbon composites were successfully synthesized by chemical
precipitation of iron oxides onto the surface of sulfur-doped carbon. High specific
surface area and porous structure of pristine carbon were observed in all synthesized
MSCs, however, increasing the percentage of iron oxides decreased the BET surface
area and broadened porous size distribution. Significant mercury capture performance
of all samples shows a potential application of these composites in water purification
and environmental remediation. More importantly, steep uptake at low concentration
offers an advantage over conventional activated carbons, showing potential in
industrial purification. Additionally, resulting from arsenic and lead adsorption by iron
oxides, MSCs exhibited multifunction uptake capability in waste water. The magnetic
properties of all MSCs make it possible that, after absorption of hazardous materials,
the absorbents could be retrieved by external magnetic field. With low production cost,
good adsorbing properties, and simple separation, magnetic sulfur-doped carbon
composites can be considered as promising adsorbents in practical purification

applications.
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5.6 Experimental
5.6.1 Materials

Sulfur (Ss, sublimed powder, reagent grade, = 99.5%, Brenntag UK & Ireland.

Purchased in 25 kg bags), dicyclopentadiene (DCPD >95%, TCI), iron (I11) chloride
(FeCls, reagent grade, 97%, Sigma-Aldrich), iron (Il) sulfate heptahydrate
(FeSO4-7H20, ACS reagent, Sigma-Aldrich), potassium hydroxide (KOH, Sigma-
Aldrich), and sodium hydroxide (NaOH, Sigma-Aldrich), Trace Metal Certified
Reference Material (QC3132-500ML, Lot LRAC5492, Sigma-Aldrich). pH buffer
solutions (pH = 4.01, 7.00, 10.01, Thermo Scientific). All chemical precursors were
used as received without any further purification. Deionized water was used in

filtration and washing steps of the resultant materials.

5.6.2 Methods
Preparation of poly(S-DCPD)

Sulfur (10 g) was fully melted at 160 °C in 40 mL sample vials, and DCPD (10 g)
added, before being stirred homogeneously by magnetic stirrer bar. After around 30
minutes, the whole system became a homogeneous black viscous liquid. These pre-

polymers were then transferred into an oven for further curing at 140 °C overnight.
Preparation of sulfur-doped activated carbons

Carbonization was performed as previously reported. Typically, poly(S-DCPD) and
KOH (weight ratio=1:1) were ground using a pestle and mortar, until homogeneous.
The mixture was transferred into a ceramic boat and placed in a tube furnace. The
furnace was purged with N2 at 120 °C for 1 hour, then heated to 750 °C at a rate of
5 °C min! for 2 hours. When the furnace cooled to room temperature, the residue was
removed and washed by 1 M HClI and deionized water. Final products were dried under

vacuum overnight at 110 °C.
Preparation of magnetic sulfur-doped activated carbons

Sulfur-doped activated carbons were ground into fine powders, then suspended in the
mixed solution of FeCls and FeSO4 for 2 hours. The amount of activated carbon was

adjusted to synthesize composites with different ratios of activated carbon/iron oxides.
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Then NaOH solution (5 mol L) was dropped by pipette to precipitate the iron oxides.
Precipitation was conducted at 70 °C for 2 hours. The resultant composites were

filtered and dried at 70 °C for 8 hours in the oven.

5.6.3 Characterisation
Powder X-ray Diffraction (PXRD)

Samples were analysed using a PANalytical Empyrean diffractometer with Cu-K[J

radiation, operating in transmission geometry.
Thermogravimetric Analysis (TGA)

TGA was carried out in platinum pans using a Q5000IR analyzer (TA Instruments)
with an automated vertical overhead thermo balance. The samples were heated at 5 °C

min'! to 950 °C under air.
Pore Structure Analysis

Pore structure properties of the samples were determined via nitrogen adsorption and
desorption at 77.3 K using a volumetric technique on an ASAP 2420 adsorption
analyser (Micromeritics Instrument Corporation). Before analysis, the samples were
degassed at 100 °C for 15 h under vacuum (10-5 bar). Brunauer-Emmett-Teller (BET)

surface area was obtained in the relative pressure (P/Po) range of 0.05-0.20.
Scanning electron microscopy (SEM)

Morphology images of the composite were achieved using a Hitachi S-4800 cold field
emission scanning electron microscope (FE-SEM), with integrated energy- dispersive
X-ray analysis (EDX)

Magnetic Measurements. Magnetic measurements were carried out on powder
samples using a commercial superconducting quantum interference device (SQUID)
magnetometer MPMS3 (Quantum Design, USA). The magnetic field-dependent

magnetization was measured at 293 K between —7 and 7 kOe.

5.6.4 Mercury uptake studies

Static mercury uptake capability
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500 ppm HgCl> solution was prepared. 30 mg of different MSC composites were
individually added into 10 mL solution in a 12 mL polypropylene centrifuge tube.
Each solution was left to agitate on a tube roller at 60 rpm for 24 hours. The subsequent
mixtures were separated by use of a Nylon 0.50 pum syringe filter. The filtrate was then
stabilized with 1 mL HNO3(aq).

Capacity studies using mercury solution

A series of solutions of Hg?* were prepared from HgCl, in the concentrations: 6.25,
12.5, 25, 50, 100, 250, 500, and 1000 ppm. 10 mL aliquots of these solutions were
pipetted into 12 mL polypropylene centrifuge tubes. To each tube 20 mg of SC1M1
(see Results and Discussion for naming system) composite was added. Each solution
was left to agitate on a tube roller at 60 rpm for 24 hours. The subsequent mixtures
were separated by use of a Nylon 0.45 um syringe filter. The filtrate was then stabilized
with 1 mL HNOs(aq).

Samples were then analyzed via inductively coupled plasma optical emission
spectrometry (ICP-OES), using an Agilent 5110 ICP-OES spectrometer, equipped
with an autosampler. Between each run the lines were rinsed with 10 % HNO3 solution
for 60 seconds to prevent any potential carryover of Hg2+. To correct for any potential

matrix effects an internal standard of Hafnium was employed.
The resultant isotherm was fitted to a Langmuir model, according to Eq. 1.

_ QmaxKLCe
Q=—""T—7~

1+K,C,
Langmuir model. where Q, (mg g}) and C, (mg L™?) are the amount of equilibrium
concentration of mercury solution and capacity of MCSs at equilibrium, respectively.
Qmax (Mg g1) and K, (L mg™?) are the saturation capacity of MCSs and affinity

coefficient, respectively.
Reusability study of MSCs

10 mL HgCl> solution (Co = 10 ppm) were pipetted into a 12 mL polypropylene
centrifuge tube. To the tube 20 mg of SC1M1 (see Results and Discussion for naming

system) composite was added. The solution was left to agitate on a tube roller at 60
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rpm for 24 hours. The subsequent mixtures were separated by magnet. The filtrate was
then stabilized with 1 mL HNO3(aq).

Adsorbed materials were dried first and washed by 40 mL mixed stripping solution
(1M thiourea/ 0.5 M HCI). The mixture was left to agitate on a tube roller at 60 rpm
for 24 hours. The subsequent mixtures were separated by use of a Nylon 0.50 pm
syringe filter. 9 mL of filtrate was transferred in to a 12 mL polypropylene centrifuge
tube, and stabilized with 1 mL HNO3(aq). Left samples were rinsed with DI waster

three times and dried for next adsorption testing.

Samples were then analyzed via inductively coupled plasma optical emission
spectrometry (ICP-OES), using an Agilent 5110 ICP-OES spectrometer, equipped

with an autosampler.
Effect of pH

100 ppm HgCl> solution was prepared by different pH buffer solutions (pH = 4.01,
7.00, 10.01). 10 mg of different MSC composites (SCIMO and SC1M1) were
individually added into 10 mL solution in a 12 mL polypropylene centrifuge tube.
Each solution was left to agitate on a tube roller at 60 rpm for 24 hours. The subsequent
mixtures were separated by use of a Nylon 0.50 pm syringe filter. The filtrate was then
stabilized with 1 mL HNOs(aq).

Selectivity test of MSCs

10 mL Certified reference material (CRM) were pipetted into 14 mL glass sample vials.
To each tube 10 mg of SC1MO, SC2M1, and SC1M1 composite was added,
respectively. Blank sample was prepared by adding no samples. Each solution was left
to agitate on a tube roller at 60 rpm for 1 hour. The subsequent mixtures were separated
by use of a Nylon 0.45 um syringe filter. The filtrate was then stabilized with 1 mL
HNO3(aq). Samples were then analyzed via inductively coupled plasma mass
spectrometry (ICP-MS), using Perkin Elmer Nexion 2000 ICP-MS with a Meinhard
nebuliser and cyclonic spray chamber.
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Chapter 6. Conclusions

In the introductory chapter, the physical and chemical properties of elemental sulfur
were showed first, followed by a novel conception, inverse vulcanisation, to synthesize
high sulfur content polymers. The processing and applications of inverse vulcanisation
were explained further. At last, basic background of porous materials was outlined,

which will be used to discuss the project in later chapter.

In Chapter 2, a representative ternary system, consisting of elemental sulfur, DCPD,
and EGDMA was studied for the delayed curing of inverse vulcanised polymers. It
was found EGDMA react negligible at the initial stage, stabilising the oligomers in the
pre-polymer, then it acted as plasticizer in curing stage, making the cured polymer
homogeneously. It also found that pre-polymer could be stored at room temperature
for more than one month with little change, which will provide a potential way for the

industrial scale up of high sulfur content polymers.

In Chapter 3, a bio-derived crosslinker, garlic oil blend, was reacted with elemental
sulfur via inverse vulcanisation to generate stable high sulfur content polymers. In
order to increase the physical property of this polymer, DCPD was blend as co-
monomer, resulting in a more rigid sulfur polymer, poly(S-DCPD-GOB), which can
form a fine free flowing powder. Poly(S-DCPD-GOB) was demonstrated better
performance than poly(S-DCPD) in mercury uptake. It could effectively remove

mercury ion from a 2 ppm solution to negligible level by ICP-OES.

In first two chapters, an optimised processing and a new crosslinker were studied,
however, after 9 years since inverse vulcanisation first time reported, it appeared
several shortage of research novelties: the process of synthesis was only conducted by
heating and the crosslinkers used in inverse vulcanisation were still focused on dienes.
More synthesis methods, such as photo-initiation, microwave irradiation, and
sonication, should be explored in the future. In terms of crosslinkers, alkynes were one
of candidates in inverse vulcanisation, however, considering the higher bonding

energy of the C=C triple bonds, a proper catalyst was probably needed.

NaDTC was studied as catalyst in inverse vulcanisation in Chapter 4 initially. It was

demonstrated that unreacted monomer, in conventional inverse vulcanisation, could
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react with elemental sulfur with NaDTC as a catalyst, even at lower temperature,
below the sulfur melting temperature. Compared with all reported low temperature
inverse vulcanisation reaction, this novel approach was a one-step reaction, with no
requirement to synthesize prepolymers. It was also found synthesized high sulfur
content polymer could be reprocessed at low temperature because of dynamic covalent
bond, showing a vitrimer like property. Catalysts should be a research focus in the
future, because from the status quo, catalysts are the most promising way to decrease
the reaction temperature and scale the reaction up. In the future work, binary catalysts

would also be studied to increase the effectiveness of catalyst.

Magnetic sulfur-doped carbon composites, a derivative of inverse vulcanised polymer,
were successfully synthesized. This magnetic sulfur-doped carbon kept the high
surface area and porous structure from pristine sulfur-doped carbon, and exhibit
magnetic property, which is convenient to be retrieved by external magnetic field. It
was found this magnetic sulfur-doped carbon exhibiting high affinity to mercury ion
from the solution. Especially, at low Hg concentration region, it captured take mercury
steeply over conventional activated carbon. Because of functionalisation on the surface
of this carbon, it also showed multifunction uptake capability in waste water, from
which arsenic and lead could also be removed efficiently. Need to point out,
derivatives of bulk inverse vulcanised polymer, not only sulfur-doped activated
carbons but also coated particles, electrospun blend nanofibers, and polysulfide
nanoparticles, may have more applications and better performance in the future
because of relatively large surface area and more activity sites. Functionalisation of
the inverse vulcanised polymer would be one of the future works in heavy metal uptake
studies. Ideally, different functional groups could be attached on the inverse
vulcanisation polymers so that more different heavy metals or precious metals could

be captured selectively.

In summary, this thesis has described synthesis, new processing and application of
inverse vulcanised polymers and derivative composites. These researches may help for
the further study of this new material conception and the industrial scale up in the

future.
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