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The aim of this thesis was to estimate the viability and enhance the usability of lignin as a filler
in rubbers. While lignin holds promise for use as a cheap sustainable filler, rubbers’ mechanical
properties and vulcanization are adversely affected by its usage. This was sought to be remedi-
ated via experimental additives. Hexamethylenetetramine (HMTA) was used to in-situ crosslink
lignin molecules for better filler-filler interaction and to expedite vulcanization. TESPT, a bifunc-
tional silane, was used to couple lignin and elastomer molecules together for better compatibility,
sharing of stresses, and polymer-filler interaction. The least detrimental vulcanization system to
be used with carbon black and lignin -filled systems was also determined.

The literature review section covers the backgrounds of rubber compounding, and lignin as
both a general material and a rubber ingredient. Theoretical backgrounds and results of previous
studies about promising candidates to combat the problems of lignin usage in rubbers are then
presented. The findings were investigated via experimental test series. In the first series HMTA
and TESPT were incorporated into natural rubber recipes with the help of CCD, and their effects
along with possible optimum concentrations were investigated through Design of experiments
(DoE) analysis software. In the 2nd series the degrees of property changes caused by lignin
addition were determined for conventional, semi-efficient, and efficient vulcanization systems to
conclude which of them would be the least detrimental.

It was concluded that through exothermic reactions with lignin, HMTA was able to negate the
increases in t10/t90 and decreases in MH/AM caused by lignin. Enhanced polymer-filler and filler-
filler interactions by TESPT and HMTA usage increased moduli and significantly reduced the
abrasive wear experienced by the rubbers (both alone and in combination). Tensile strength and
tear strength showed no clear changes or correlations with the additives used, which was hypoth-
esized to be due to the observed poor dispersion and re-agglomeration of lignin, with Payne ef-
fect, insufficient silanization or reactions between the additives possibly also being of influence.
Through empirical observations it was deduced, that the maximum amount of additives that can
react with the phenolic hydroxyl groups of lignin is slightly below 1/3 of the amount of lignin.

Lignin is known to interfere with vulcanization via several phenomena, thus adversely affecting
rubbers’ mechanical properties. After recording the percentual changes in rubber properties
caused by replacing 30 % of carbon black with lignin, it was concluded that the least detrimental
vulcanization system regarding general property retention was the conventional one. Efficient
system resisted increases in t90, elongation at break and moduli the best, while the semi-efficient
system did not perform the best in any property retention. It was suggested that while efficient
systems may, according to a previous study, resist losses in the amount of polysulfidic crosslinks
the best, that in our compounds the significant presence of carbon black may overwhelm the
importance of the phenomenon due to its high polymer-filler compatibility. The high crosslink den-
sity of our conventional compounds may have affected the results, as well as using a sulfur donor.

It was concluded that while HMTA and TESPT improved many properties, the viability of pow-
der form lignin to replace traditional fillers in rubbers still require advances in dispersion, and
additional research concerning HMTA-crosslinked lignin and the usage of silanes.
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Taman opinnaytetyon tavoitteena oli arvioida ligniinin kdytdn kelpoisuutta kumeissa, ja paran-
taa sen toimivuutta tdyteaineena. Vaikka ligniini on lupaava ymparistoystavallinen tayteaine, se
huonontaa nykyisellddan kumien mekaanisia ominaisuuksia ja vulkanointia. Naitd ongelmia koe-
tettiin ratkoa kokeellisilla lisdaineilla. Heksametyleenitetramiinia (HMTA) kaytettiin ligniinin in-situ
ristisilloittamiseen tayteaineen paremman sisaisen vuorovaikutuksen aikaansaamiseksi ja vul-
kanoinnin nopeuttamiseksi. TESPT, bifunktionaalinen silaani, toimi ligniinin ja elastomeerin vali-
sena kytkentaaineena parantaen niiden yhteensopivuutta ja jannitysten jakamista. Lisaksi maari-
teltiin optimaalisin vulkanointisysteemi noen ja ligniinin kanssa kaytettavaksi.

Kirjallisuuskatsaus kattaa kumin valmistuksen ja ligniinin yleiset taustat, seka ligniinin kaytén
kumeissa ongelmakohtineen. Taman jalkeen kaydaan lapi lupaavimpien ligniinin ongelmien rat-
kaisukeinojen teoreettisia taustoja ja aiempien tutkimuksien tuloksia. Loydoksia tutkittiin kokeel-
listen testisarjojen avulla. Ensimmaisessa sarjassa HMTA:a ja TESPT:ia lisattiin luonnonkumire-
septeihin CCD vastepintamenetelmaa kayttaen, jonka jalkeen niiden vaikutuksia seka optimipi-
toisuuksia tutkittiin Design of experiments -analyysiohjelman avulla. Toisessa sarjassa ligniinin
myd6ta muuttuneiden ominaisuuksien muutokset maaritettiin prosentuaalisesti konventionaalisille,
semi-tehokkaille, ja tehokkaille vulkanointisysteemeille, selvittddksemme mika niista olisi suotui-
sin kaytettavaksi ligniinin kanssa.

HMTA kykeni mitatéimaan ligniinin aiheuttamat t10/t90 kasvut, ja MH/AM arvojen vdhenemat
ligniinin kanssa tapahtuvien eksotermisten reaktioiden myo6ta. TESPT:in ja HMTA:n parantamat
polymeeri-tdyteaine ja tdyteaine-tdyteaine vuorovaikutukset kasvattivat moduuleja, ja huomatta-
vasti vahensivat kumien kokemia hiontakulumia sekéd yhdessa ettd erikseen. Veto- ja repimalu-
juudet eivat muuttuneet selkeasti tai korreloineet lisdaineiden muutosten kanssa, minka epailtiin
johtuvan ligniinin havaitusta huonosta dispersiosta ja agglomeroitumisesta, Payne-ilmitn, puut-
teellisen silanisaation tai lisdaineiden valisten reaktioiden mahdollisesti myos vaikuttaessa asi-
aan. Empiiristen havaintojen myota paateltiin, ettéd suurin maara lisdaineita joka voi reagoida lig-
niinin fenolisten hydroksyyliryhmien kanssa on hieman alle 1/3 ligniinin maarasta.

Ligniinin tiedetaan hairitsevan vulkanointia useiden ilmididen kautta, taten heikentden kumien
mekaanisia ominaisuuksia. Mitattuamme ominaisuuksien prosentuaaliset muutokset kumeissa,
joissa korvattiin 30 % nokea ligniinilla, paateltiin yleisten ominaisuuksien parhaimman retention
ilmenevan konventionaalisilla systeemeilld. Tehokkaat systeemit vastustivat t90:n, murtoveny-
man ja moduulien kasvuja parhaiten, kun taas semi-tehokas systeemi ei suoriutunut parhaiten
minkdan ominaisuuden retentiossa. Ehdotettiin, ettd vaikka tehokkaat systeemit saattaisivat
aiemman hypoteesin mukaisesti vastustaa polysulfisten ristisiltojen menetysta parhaiten, niin yh-
disteissamme noen lasnaolo saattoi olennaisesti piettaa alleen tata ilmiéta vahvan polymeeri-
tayteaine vuorovaikutuksensa myéta. Konventionaalisten sekoitustemme ilmeiset korkeat ristisil-
loittumisasteet, sekad kaytetyt rikinluovuttajat saattoivat myos vaikuttaa lopputuloksiin.

Tulosten pohjalta johdettiin, ettd vaikka HMTA ja TESPT paransivat kumien monia ominai-
suuksia, niin jauhemaisen kasittelemattdman ligniinin kelpoisuus korvata perinteisia tayteaineita
kumeissa vaatii yhd jatkotutkimuksia. Erityisid toimia vaaditaan ligniinin dispersion paranta-
miseksi, ja lisdtutkimuksia koskien HMTA:n ja silaanien kayttéa ligniinin kanssa.

Avainsanat: kumi, ligniini, HMTA, TESPT, silaani, lisdaine, vulkanointi, ymparistdystavallinen
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1. INTRODUCTION

Rubbers are an integral material group for a vast array of industrial products and pro-
cesses. They are a group of complex multi-ingredient material compounds used in many
vital applications such as tires, protective equipment, damping, hoses, sealing, medical
equipment, smart material applications and more. While traditional rubber compounds
can offer properties such as the capability of elastic deformation, good mechanical prop-
erties and resistance to oxidation and chemical degradation, they nevertheless are not
without their flaws which mainly concern the environmental aspects of their ingredients,
notably including fillers. [1, pp. 498-501]

In order to overcome these environmental concerns ranging from excessive electricity
usage to non-recyclable waste materials, pollution and more broadly general concerns
regarding climate change and sustainability [2, pp. 2-3], many solutions have been re-
searched in recent times with considerable industrial scale interest. While many bi-
obased materials could be used in rubber formulations they are often lacking in many
aspects such as their reinforcing ability, price or availability. Lignin as the 2" most abun-
dant natural polymer after cellulose [2, p. 2] has been often suggested as a cheap and
widely available alternative with great potential due to its chemical structure and general
property profile. While a promising option, the large-scale adoption of lignin in rubbers
faces several rather significant problems such as its poor dispersion, worsening effect
on vulcanization parameters, and its poor reactivity/filler-rubber interaction with the most

common elastomers, therefore leading to inferior mechanical properties.

As the aim for this thesis, | thus set out to find possible ways to enhance the mechanical
properties, curing-, and inter-compound interactions of rubbers containing lignin with the
aim of finding ingredient combinations that would result in rubbers where lignin could be
used as a reinforcing filler more effectively than before, ideally meeting the standards set
by more traditional rubber formulations. This thesis was made for, and with monetary,
material and methodological support from, Teknikum Group Ltd. of Sastamala, Finland
as a collaborative project. Due to needing to limit the scope and length of the thesis to a

reasonable size, and due to the constraints set by the current facilities, materials and



general wishes of both Teknikum and |, it was deemed most suitable to focus on additive
synergies with lignin instead of such things as mixing parameters or the chemical modi-
fication of lignin prior to rubber formulation. These leftover subjects will be discussed
briefly but will not be tested in practise. Based on these aims and limitations, the research

questions of this thesis were the following:
o Are there additives that could improve lignin filled rubbers’ mechanical performance?
e How can the curing system be tailored to reduce the negative effects of lignin?

e Can lignin-based rubber formulations offer a viable balance between sustainability

and performance?

The thesis firstly contains a theoretical literature review section consisting of the general
background information of rubber formulation and manufacturing, a chapter about the
properties, usage and challenges of lignin in rubber compounds, and based on thorough
background research, the most promising ingredient selection related solutions to be
used with lignin to enhance its usability as a rubber filler material. Additionally, an exper-
imental section was conducted where the most suitable additives and vulcanization in-
gredient combinations found during the literature review were included into experimental
rubber compounds, after which their mechanical properties and vulcanization parame-

ters were tested, analysed and compared against select reference compounds.



2. RUBBER COMPOUNDING AND MANUFAC-
TURING

Rubbers are a group of materials under the wider category of elastomeric materials that
have provided many vital properties, most notably their ability to reversibly withstand
large-scale deformations, for a vast array of industrial applications such as tires, protec-
tive gear, hoses, sealing- and damping applications [1, pp. 498-501]. Contrary to what
a layman may think, rubbers do not consist of a single material but in fact a very complex
mixture of both natural and synthetic base elastomers, fillers, curing agents, protective
agents and other additives procured into a single highly complex composite material un-
der elevated temperatures with each of them bringing some type of functionality or gen-
eral purpose to the wider compound. Many have likened the manufacturing of rubber to
baking as a simplification seen as it consists of a somewhat similar step-like process
divided to the phases of compound design, mixing, forming (e.g. giving the product its
shape), and heat-treatment also known as a vulcanization or the curing step. These pro-
cess steps with their general effects on the rubber compound and the reasons for the
usage of the most common rubber ingredients along with their respective properties are
covered in the following subchapters where we go over the basics of rubber compound

and product formulation.

2.1 Elastomers

Elastomers are an integral part of rubbers since they are in charge of forming the back-
bone of rubber composites, thus providing them with their core strength in addition to
rubber’s characteristic elasticity and flexibility [1, p. 503]. In practise elastomers are long
elastic polymers, either of natural origin or synthetically formed from petrochemicals, that
may be combined with each other to form the core of rubber composites [1, p. 501].
While rarely used as such, unmodified elastomers are not able to fulfil many of the re-
quirements that the final products require of them: non-vulcanized raw elastomers are
soft, sticky, and gum-like solids [1, p. 508] that are lacking in regard to their tensile
strength, processability, abrasion resistance, and general ability to withstand chemicals
and weathering [1, p. 506] [2, p. 2]. Thus, generally all rubber products require the mod-
ification, reinforcement and general support of the core elastomer matrix with many types
of additives and crosslinking through vulcanization, as will be covered in the following

subchapters. The most commonly used elastomers include natural rubber (NR), iso-



prene rubber (synthetic version of natural rubber), styrene-butadiene rubber (SBR), bu-
tadiene rubber (BR), ethylene-propylene-diene monomer rubber (EPDM) and acryloni-
trile-butadiene rubber (NBR), but for the sake of brevity only the ones relevant for the

recipes later used in this thesis will be discussed in more detail [2, p. 2] [1, p. 500].

While synthetic rubbers have been steadily rising in popularity [1, pp. 499, 505] the most
used elastomer still remains as natural rubber [2, p. 2]. NR, chemically known as cis-1,4-
polyisoprene (Figure 1), is as per its name a naturally occurring biopolymer gathered
from rubber producing plants such as the most commonly used tree Hevea brasiliensis
in the form of liquid white milky sap: latex [1, p. 498]. Other extraction avenues for natural
rubber in the form of dandelion flowers or guayule-shrubs (Parthenium argentatum) also
exist [2, p. 4], though they are not yet economically viable in the same scale as the usage

of rubber tree plantations [1, p. 505].
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Figure 1. The chemical structures of NR [1, p.502] (left) and SBR (right).

The chemical structure of NR consists of repeating cis-1,4-isoprene units in a long poly-
mer chain, with some impurities including ash, proteins and resins also present in its
non-synthetic form [1, pp. 501-2]. The unsaturated carbon-carbon double bonds present
in the structure of NR monomers enable it to be crosslinked with sulfur under vulcaniza-
tion occurring at elevated temperatures [1, p. 508]. The molecule as such is non-polar
and hydrophobic. While natural rubber is known for its natural green origins, easy avail-
ability, good mechanical properties brought on by strain-crystallization under load, excel-
lent elasticity, insulation properties, and wear resistance, it nevertheless possesses dis-
advantages that affect its manufacturing and usage cases even after vulcanization and
mixing. NR has a low ability to withstand high temperatures, low resistance to chemicals

and oils and poor ageing properties [3, p. 1] [1, pp. 500-1, 505].



SBR is an amorphous non-polar copolymer of styrene and butadiene [4, pp. 47, 485].
SBR by itself has rather poor mechanical properties due to not undergoing strain-crys-
tallization, and in practise requires reinforcement through fillers or blending [2, p. 3]. SBR
tends to cure slower than NR and has good resistance to reversion [4, pp. 364, 455].
While NR is often used alone due to its high strength induced by strain-crystallization [4,
pp. 155-6, 489, it is often blended with synthetic rubbers such as BR or SBR for better

abrasion resistance, aging properties or lower price, among others. [2, pp. 2-3].

2.2 Fillers

Unmodified rubbers are unable to satisfy many of the requirements, especially mechan-
ical ones, that are set upon them by the functional requirements of the end products in
which they are used in. While curing, meaning covalent crosslinking of the elastomer
chains in order to form a strong three-dimensional network via interactions with such
agents as sulfur or peroxides, does strengthen the rubber matrix and increases its per-
formance, more additives are required to fulfil and elevate such properties as tensile
strength, hardness, colour, abrasion resistance, processability, fire retardancy or lower
price of the compound. This is where fillers, both reinforcing and non-reinforcing, come
into play. They are generally the most prominent and plentiful ingredients in rubber com-

pounds besides elastomers [4, pp. 465-9]. [5, p. 1]

Fillers can generally be divided into reinforcing and non-reinforcing categories, with ad-
ditional semi-reinforcing fillers existing in the middle ground of these distinctions. Rein-
forcing fillers, including carbon black, silica and carbon nanotubes, are particles in the
size range of 10 — 100 nm [5, p. 2], and that form strong bonds with the elastomer chains
present in rubbers due to their high surface energies [4, p. 393] and the high chemical
activity of functional groups and other chemically favourable sites on their surfaces [4,
pp. 394-5, 431], thus enabling the formation of sturdy interconnected linkages and effi-
cient load transfer within the rubber composite system [4, p. 436] [6, p. 151]. The surface
chemistry and chemical activity of fillers can be modified through surface treatments or
coupling agents to enhance interaction with elastomers [4, pp. 401-2, 437]. Besides the
surface activity of reinforcing fillers, their morphological properties are also of vital im-
portance [6, pp. 138—40, 143—4, 151]. The smaller the primary particles of the filler, and
the more complex the structure of the filler aggregates, the higher the relative surface
area of the aggregates is, thus maximizing their effective contact area through which to

bond with elastomer chains resulting in optimal properties [4, pp. 386-8, 435] [5, p. 2].



Non-reinforcing fillers with particle sizes exceeding 103 nm on the other hand do not
result in enhanced mechanical properties, but instead are neutral or may even in fact
result in negative changes to the strength of the rubber due to their large size [5, p. 2].
These fillers, such as kaolin, talc, calcium carbonate and titanium dioxide do not result
in a strong filler-polymer interface but are instead used to either lower the final price of
the product by resulting in relatively lower amounts of the more expensive constituents
[6, p. 155], change the colour of the rubber, or to give it some functionality such as elec-
trical conductivity or flame retardancy [4, pp. 443—-4] [5, p. 2]. Semi-reinforcing fillers,
such as precipitated calcium carbonate, with particle sizes between 100 — 1000 nm pos-
sess limited capability to enhance the mechanical properties of the rubber and are thus

not often used outside of price reduction [5, p. 2].

The most used reinforcing filler is carbon black (CB). Carbon black is a fine black powder
that is manufactured through burning of hydrocarbons in a shortage of air [2, p. 3]. The
finished product consists of mostly elemental carbon [5, p. 2], and is extensively used as
a reinforcing filler. This is because CB incorporation leads to enhanced tensile strength,
tear strength, abrasion resistance, fatigue-, hardness, moduli, dimensional stability, and
in addition CB is capable of acting as an ultraviolet shielding agent, an antioxidant and
naturally also as a colorant [5, p. 2] [2, p. 3]. The structure of carbon black primary parti-
cles consists of a paracrystalline layered graphite structure [6, p. 133], and several types
of oxygenated functional groups, including carboxyl, phenol, quinone, lactone and hy-
droxyl groups, that have formed on the edges of its surface during the manufacturing
procedure (Figure 2) [6, p. 137] [4, p. 437]. The functional groups, the amount and type
of which can be tailored during the manufacturing processes of carbon black, play an
essential role in CB-elastomer binding, which is an adsorptive physio-chemical process
involving bound rubber, polymer chain entanglement and chemical bonding [6, pp. 137,
151] [4, pp. 400—1]. These rather spherical primary particles of carbon black further form
aggregates and agglomerates (of which agglomerates are larger) [6, pp. 138-9]. Due to
the primary particles being strongly bound together in a fused structure, in practise the
smallest units of CB in rubber compounds are aggregates of these primary particles,
nodules, the structural complexity of which plays a major role in the functioning of the

filler as discussed above [6, pp. 138—40].
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Figure 2. Reactive functional groups and a general schematic of carbon black’s sur-
face and structure [4, p.395].

Carbon blacks are designated certain numbers, or nomenclature, based on their curing
speed (N or S -prefix based on normal and slow speeds [6, p. 141]), primary particle size
range (2" character being a number of increasing value for larger sizes [6, p. 141]) and
aggregate structure (3 and 4" characters with higher numbers corresponding to more
complex structures [4, p. 433]) by the American Society for Testing and Materials (ASTM)
International standard D1765 (e.g. N110, N343 or N550) [6, p. 141] [4, pp. 432-3].

The most important non-black filler with compound properties closest to carbon black is
silica [6, p. 158]. Silica (Si0,) is obtained mainly through a precipitation procedure involv-
ing high temperatures, water and acid [4, p. 385] [6, p. 158]. Silica consists of silicon-
oxygen lattices with strongly polar and hydrophilic silanol (—Si — 0 — H) groups formed
on its surface resulting in high surface energies [4, pp. 385, 396—7, 438] [6, p. 159]. This
results in a tendency to self-agglomerate leading to poor dispersion [6, p. 159] and re-
markably poor filler-polymer interaction with non-polar elastomers when compared to CB
[4, pp. 385, 438-9] [5, p. 7] [6, p. 159]. However, through the use of coupling agents
(Figure 3), for example bis(triethoxysilylpropyl)tetrasulfide (TESPT), this incompatibility
problem can be solved for silica and other inherently incompatible fillers [6, p. 159].
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Figure 3. A coupling reaction between silica, TESPT and polymer chains. Occurs in
two steps at elevated temperatures [4, p.402).

The usage of bifunctional silane coupling agents acts as a sort of mediator or adapter
molecule between the polar surface of silica and non-polar elastomer chains. The cou-
pling agent binds to silanol groups simultaneously inhibiting their re-agglomeration with
one end [6, p. 159], and with the other end that contains sulfur atoms crosslinks with the
elastomer chains are formed [4, pp. 401-2, 440-3]. This process occurs at elevated
temperatures [4, p. 441] and takes part in two steps: one reaction occurs during mixing
and the other (containing sulfur) during curing [4, p. 402]. Coupling agents, such as
silanes, and their differences will be discussed in further detail, especially concerning

their usage with lignin, in later chapters.

2.3 Curing system

Raw rubbers are not strong, tough or even satisfactorily elastic materials and their con-
sistency is more like that of chewing gum [4, p. 337]. While the use of fillers alone some-
what compensates these problems, further improvement through curing is required.
Cured rubbers have enhanced chemical resistance properties, stiffness, tensile strength,
elasticity, durability and overall lifetime [4, pp. 339—40]. Many types of vulcanization sys-
tems and cure packages exist, and their curing mechanisms and speeds determine many
of the most critical properties of rubbers. Now we will briefly go over the background of
the most relevant curing system, the slightly modified variants of which are also utilized

in the practical test compound measurements conducted later in the thesis.

By far the most commonly used curing process, vulcanization, at more than 90 % has
been the usage of sulfur under elevated temperatures ever since its discovery by Good-
year & Hancock in the mid-19™ century [4, p. 337]. Other curing methods used for exam-

ple in the cases of rubbers that can not be cured by traditional sulfur methods due to



their chemical structure [4, p. 371], or when superior heat resistance is required [4, p.
370] [6, pp. 170-1] include peroxide [4, pp. 370-6], metal oxide [6, p. 173] [4, pp. 368—
70] or amine curing [6, p. 173]. For lignin-containing rubbers only sulfur curing is consid-
ered relevant during this thesis, as the usage of peroxide curing results in considerably
worse properties for kraft lignin [7, p. 15] and other methods are used in trivial cases.
Elemental solid sulfur consisting of eight membered rings [6, p. 167] forms covalent
crosslinks, sulfur-bridges (Figure 4), between elastomer chains when subjected to tem-
peratures of about 140 °C, leading to enhanced mechanical and thermal properties [4,
p. 343] [6, p. 173]. However, vulcanization with only sulfur present requires about 4-5
hours to be fully completed [4, p. 343] [6, p. 173] even at highly elevated temperatures,
so thus additional ingredients are needed to speed up this process.

Unvulcanized
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Figure 4. Elastomer crosslinking and network formation via sulfur [4, p.338].

Activators are chemicals that increase the crosslinking efficiency of rubbers during curing
[6, p. 183], while also simultaneously aiding with filler and additive dispersion [6, p. 184].
The most commonly used pair of activators includes zinc oxide (ZnO) and a fatty acid,
most commonly stearic acid, at 5 phr (meaning parts per hundred rubber) and 2 phr,
respectively [4, pp. 348, 365]. This pairing is a long-standing industry standard, and will
not be under any further scrutiny during this thesis [6, pp. 183—4]. In combination with
stearic acid that turns it into a more rubber-soluble form [6, p. 184], zinc stemming from
zinc oxide forms a salt complex with an accelerator molecule or an activator-sulfur reac-
tion product, thus speeding up sulfur crosslinking [4, pp. 343, 348]. Fatty acids such as

lauric acid can also improve processing characteristics and prevent blooming [6, p. 184].



10

Accelerators such as benzothiazoles, benzothiazolesulfenamides (e.g. N-cyclohexyl-2-
benzothiazolesulfenamide, CBS), dithiocarbamates, dithiophosphates, guanides or
amines [4, p. 349] [6, p. 174], often used as mixtures of two accelerators [4, p. 348], as
per their name accelerate curing times from hours to minutes in addition to (depending
on the accelerators in question) improving crosslinking efficiency, ageing resistance, al-
lowing the reduction of sulfur content and vulcanization temperatures, providing pro-
cessing safety, donating sulfur, and modifying scorch (meaning premature vulcanization)
times [6, pp. 174—83]. Depending on the amount of accelerants in relation to the amount
of sulfur vulcanization systems can be divided into conventional (CV, sulfur > accelera-
tors), efficient (EV, sulfur < accelerators) and semi-efficient (semi-EV, sulfur = accelera-
tors) systems [4, p. 362]. The differences between them and their effects on the curing

and properties of lignin-reinforced rubbers are discussed further in Chapter 4.3.

Retarders and inhibitors may be used to improve processing safety by increasing scorch
times, while often also simultaneously undesirably reducing vulcanization rates [6, pp.
184-5]. So called pre-vulcanization inhibitors are also able to cofunction with accelera-
tors thus preventing premature vulcanization from occurring [4, p. 350]. In summary,
common cure package recipes for most rubber compounds include sulfur, zinc oxide in

combination with stearic acid, one to two accelerators and perhaps some inhibitors.

After shaping the unvulcanized rubber to a desired shape, it is vulcanized under a rubber-
and product-defined elevated temperature and pressure for a predetermined optimum
period of curing time (ts) in a heated mold cavity [4, pp. 339, 340-3] [6, p. 176]. Curing
can also be done in a continuous method for e.g. extruded products. After vulcanization,

products and test specimens often require trimming and cooling down/stabilization.

2.4 Other additives

In addition to the aforementioned additives, other ingredients are also often required for
the optimal functioning of rubber products. To prevent the gradual degradation of poly-
mer chains and the compound at large, the usage of antidegradants such as ultraviolet
light protectants, antioxidants (e.g. 2,2,4-trimethyl-1,2-dihydroquinoline, TMQ) and anti-
ozonants (e.g. N-(1,3-dimethylbutyl)-N"-phenyl-p-phenylenediamine, 6PPD) is often of
vital importance. To prevent unwanted reversion of crosslinks antireversion agents can
be used, and plasticizers such as mineral oils lead to easier processability. Lastly rubber

products can be visually modified via pigments. [6, pp. 176, 185-204]
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2.5 Rubber mixing and shaping

Rubber ingredients are measured in units of “parts per hundred rubber” (phr) [6, p. 554].
After all ingredients have been selected and weighed, they have to be dispersively (i.e.
breaking filler agglomerates into aggregates [8, p. 469]) and distributively mixed into a
cohesive uniform mass prior to vulcanization [6, pp. 211-4]. Of the mixing parameters
the operator can control, such ones as mixing time, mixing temperature, applied shear
forces, fill factor and rotor speed can affect the degree of dispersion [8, p. 469]. As dis-
cussed in Chapter 3 not all of these affect all ingredients in a similar fashion. The mixing
of rubber compounds is most often done in an internal mixer, or more rarely in a two-roll
mill, as a gradual stepwise batch process [6, pp. 223-30, 233—4]. Shaping to the final

product is then done through mold usage, roll milling, calendering, extrusion or casting.
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3. LIGNIN AND ITS UTILIZATION IN RUBBERS

Conventional reinforcing fillers, mainly carbon black or silane treated silica, offer sub-
stantial mechanical property enhancements for rubber compounds, but they neverthe-
less simultaneously also possess some undesirable features, such as their environmen-
tal impacts or workplace health risks. As societies and industries strive for a greener
future such aspects as their non-renewable starting ingredients [2, p. 3], the carbon-
dioxide pollution from the production of petroleum-derived carbon blacks [2, p. 3], ad-
verse health effects for people and animals mostly involving the respiratory system (es-
pecially concerning carbon black and rubber manufacturing plant workers) [9], and the
rather heavy energy consumption required for silica production [10] [6, p. 159], incentiv-
ise the broader scientific and industrial communities to seek more environmentally sus-

tainable filler alternatives.

A promising candidate for such a bio-filler has recently been a subject of much interest
and study: lignin. Lignin is an aromatic polymer present in relatively high amounts in
plant-life, where it acts as a glue-like substance connecting cellulose and hemicellulose
cell walls to each other strengthening their structure and protects plants from disease
and parasites [2, p. 2]. Lignin is highly abundant, being the 2" most common naturally
occurring polymer after cellulose [11, p. 15] with its yearly production amounts estimated
to exceed 50 million tonnes (with some estimates going as high as 75 million tonnes
annually [12, p. 2]) as an extracted byproduct of paper and pulp industries (mostly Kraft
pulping processes) alone, with other industries such as bioethanol production comple-
menting this figure [11, p. 19]. Therefore, being present in the vast majority of extracted
biomass of plants, it is also currently cheap in price. It is estimated that only less than 2
percent of all extracted lignin is being used for such products as adhesives, binders and
dispersants, with the remaining 98 — 99 % of lignin being treated as a waste side-stream
of paper and pulp industries that is then burned and used as an energy resource provid-
ing heat and electricity for such processes as recovery and recycling of pulping chemi-
cals [11, p. 23]. It is clear that such usage of this plentiful natural resource that could be

utilized for other means due to its high carbon-content [11, p. 19] is simply put inefficient.

Lignins are a group of chemically similar, but structurally slightly differing monomers that

are joined together via covalent bonds to form a complex amorphous hyperbranched
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structure [12, p. 2]. The backbone of a singular lignin molecule consists of a phenylpro-
panoid unit, onto which several types of functional groups (methoxyl, phenolic, carbonyl,
benzylic hydroxyl) can be formed [2, p. 5], thus resulting in one of the three conventional
monomers of lignin that differ from each other by their degree of methoxylation [11, p.
16]: p-coumaryl alcohol (p-hydroxyphenyl, H unit), coniferyl alcohol (guaiacyl, G unit) or
sinapyl alcohol (syringyl, S unit) [2, p. 5] [13, p. 1]. The plentiful functional groups of these
constitutional units (Figure 5) are a key factor in the interest to lignin usage among rubber
researchers. The functional groups and aromatic rings of lignin increase the molecules’
reactivity with each other and other polymer matrix constituents, while simultaneously
enabling possible chemical modifications of lignin to customize and ensure its compati-
bility with different elastomer matrices [2, p. 5]. It is important to note that the exact com-
position of lignin, and thus its chemical and physical properties, vary by the wood type,
species, isolation procedure, the maturity of the plant cell wall [11, p. 15] and even geo-

graphical origin [14, p. 4].

WOH p-Coumaryl alcohol
HO OMe
/OD/\/\OH Coniferyl alcohol ;r’j o O\fé
HO O
e . oH | OMe OH
Sinapyl alcohol
HO Kraft lignin
O

Figure 5. The three main precursor monomers of lignin [13, p.2] and an example of
them joined together in kraft lignin [12, p.3].

The amorphous [15, p. 10] macromolecular chemical structure of lignin is highly complex:
it consists of lignin molecules crosslinked together in a complex three-dimensional net-
work (Figures 6 and 7) via reactive functional groups including hydroxyl, methoxyl, car-
boxyl and phenolic groups [2, p. 2]. The covalent bonds connecting individual lignin mon-
omers to each other may consist of either carbon-carbon or carbon-oxygen bonds [16,
p. 261]. It is highly critical to understand that the macromolecular structure of lignin is
heterogenous, because the macromolecular structure of lignin not only varies signifi-

cantly by source [14, p. 4] but is also highly random [14, pp. 11, 13], and thus one can
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assume that the numerical variety of all possible lignin’s structural combinations is un-
limited [15, p. 7], near impossible to predict, and that all provided structural models are

merely statistical estimates [15, p. 7].
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Figure 6. An example of hardwood lignin structure [14, p.5].
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Softwood lignin

Figure 7. An example of softwood lignin structure [14, p.5].

Despite this, it is still possible to predict and detect differing properties of macroscale
lignin compounds based on their origin. Softwood lignin, derived from such coniferous
sources as pine or spruce, consists of mostly coniferyl alcohol (G) units with minute
amounts of sinapyl alcohol (S) units [13, p. 2]. Hardwood lignin on the other hand,
sourced from shrubs or deciduous trees such as birch or oak, contains substantial
amounts of both coniferyl alcohol (G) and sinapyl alcohol (S) units [13, p. 2]. Lastly, grass
lignin found from non-wood sources has in addition to the aforementioned units large
amounts of the final remaining para-coumaryl alcohol units (H) [14, p. 12]. Again, it is
important to note that the relative amounts of these different constituents vary by wood
species, location, et cetera, and that we can only describe their relations as broad gen-
eralizations instead of, say, exact percentages. This is especially the case for hardwood
lignins [17, p. 5]. While the structural complexity of macromolecular lignin is influenced
by the process with which it is isolated from general lignocellulosic biomass, in general
it has been assumed that due to the contribution of sinapyl alcohol (S) units the structure
of hardwood lignin is more linear, whereas softwood lignin is more branched and/or
cross-linked [14, p. 13]. Do note that due to differences in scale, this is not clearly visible
from Figures 6 and 7, which more so seek to demonstrate the differences in the presence
of different structural alcohol units. It is of note to mention that while hardwood lignin is
often assumed to be of a more linear structure, due to the intense complexity of lignin’s

macromolecular structure and the deviations caused by differing origins, there have also
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been recent instances [18] [19] where the linearity of additionally softwood type lignins
has been proposed or assumed. The current discussion surrounding the exact degree

of linearity in lignin is without a clear-cut and broad consensus [20]. Due to these differ-
ences in structure, the weight average molecular weight of softwood lignin (~20 000 %)

has been observed to be significantly higher than that of hardwood lignin [14, p. 4].

3.1 Lignin as a rubber ingredient

Through molecular dynamics simulations of different lignin types present in NR-lignin
composites it has been found that the chemical interaction strength of lignin to NR varies
by both concentration and lignin type. At low concentrations hardwood lignin has weaker
interactions with NR due to the lower scale of the electron density cloud, and thus van
der Waals forces, caused by the relatively smaller molecule size of hardwood lignin when
compared to softwood lignin [3, p. 6]. At larger concentrations an opposite effect was
observed: due to the polarity of hardwood lignin being closer to that of the non-polar NR,
it has a higher percentage-wise share of van der Waals interactions, thus leading to
stronger intermolecular interactions [3, pp. 7-9]. Since hardwood lignin consists of G and
S units, while softwood lignin is mostly G units, hardwood lignin is as a whole less polar.
This is because of the higher share of S units, which due to their additional methoxy
group are comparatively less polar than G units which have just one methoxy group and
a strongly polar hydroxyl group (see Figure 5) [3, p. 7]. Interaction analysis based on
molecular dynamics simulations revealed that bonding between lignin and NR was dom-
inated by van der Waals forces, whereas lignin-lignin interactions were driven by elec-
trostatic interactions with contributions from hydrogen-bonding and noncovalent = —
stacking [3, p. 12] [21, pp. 6, 27]. It is of note to mention that in this study [3] hardwood
lignin was at several points mentioned to be more branched than softwood lignin, which
is against assumed literary consensus of the effect of S units present in hardwood lignin
[14, p. 13]. However, since this is a matter under current debate and scrutiny [20] [21, p.
6], the study’s other observations regarding differences in general interaction phenom-
ena and the lignin types’ polarity differences which are based upon common chemical

knowledge can nevertheless be assumed to hold true.

Due to the existence of high amounts of guaiacyl (G) units in softwood lignin, it has been
theorized that their intramolecular interactions are stronger than those of hardwood lig-
nin, thus causing the functional groups of softwood lignin to be less accessible/reactive

in composite materials such as rubbers [21, p. 45]. Through real-time Fourier-transform
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infrared spectroscopy (RT-FTIR) measurements this hypothesis has been confirmed, as
they revealed that allylated hardwood lignin samples had enhanced reactivity most likely
due to their more open linear structure, enabling the functional groups on the lignin’s
surface to be more accessible [21, p. 45]. The lower relative degree of guaiacyl (G) units
in combination with the aforementioned lower molecular weight of hardwood lignin leads
to its thermal mobility being greater than that of the more crosslinked and heavier soft-
wood lignin [21, p. 45] [22, pp. 2-3]. Conversely, the stronger intermolecular interactions
found in softwood lignin make it better suited for processing methodologies requiring
higher temperatures, due to its higher thermal stability [16, p. 263]. Despite softwood
lignin being more resistant to high temperatures, the stability of hardwood lignin is also
moderately high due to its highly aromatic backbone [17, p. 6]. In neither case are the
glass transition temperatures of lignin same across the board due to their highly hetero-
genous nature and possibly the additional presence of impurities or absorbed moisture

from its surrounding atmosphere [17, p. 6].

Despite many promising features lignin’s more widespread adoption as a filler requires
overcoming significant challenges. The main problems facing lignin’s more widespread
adoption as a reinforcing filler in rubbers are its characteristic poor dispersion and weak
interfacial polymer-filler adhesion [2, p. 1], leading to it being generally categorized as a
non-reinforcing filler in its unaltered form [11, p. ix]. While lignin offers many suitable
properties, such as its environmental friendliness, high abundance, biodegradability, an-
tioxidant and antimicrobial capability, low cost and ability to be chemically modified [2, p.
5], its usage is nevertheless hindered by the inherent polarity [2, p. 6] and thus hydro-
philicity of the many functional groups on its surface [11, p. ix]. This polarity naturally
leads to poor compatibility and dispersion in non-polar hydrophobic elastomer matrices
which encompass most of the commonly used rubbers. The polarity of lignin poses even
more problems in mixing it to other ingredients, especially the aforementioned elasto-
mers, as due to its strongly reactive functional groups not being able to interact with the
non-polar elastomer matrix it has a high tendency to self-agglomerate via intermolecular
hydrogen bonding [24, p. 1397], thus leading to a poor reinforcing effect and dispersion
in rubber composite systems [11, p. 4]. This phenomenon is more drastic and noticeable
the higher amount of (unreacted) lignin there is present in the compound, as can be seen
from Figure 8 [25, pp. 4-5]. Do note that lignin as a whole is considered to be relatively
hydrophobic or more precisely amphipathic due to containing both hydrophilic and hy-
drophobic segments [23] [14, p. 12].
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Figure 8. Characteristic self-agglomeration of lignin at higher phr values (LigH5 con-
tains 5 phr of lignin etc.) [25, p.4].

The partial replacement of fillers with lignin has also been noted to negatively impact on
the curing properties of the resulting compound. Optimum cure time (tgo) and scorch time
(ts2 or t10) increased while the curing rate index (CRI) decreased along with the recorded
minimum and maximum torque values [2, p. 11]. The drop in torque values is indicative
of worse interfacial bonding between lignin and elastomer when compared to carbon
black [2, p. 11]. Due to the abundant hindered phenolic groups present on the surface of
lignin, vulcanization of the rubber matrix is delayed in part due to the resulting occurrence
of radical scavenging by lignin, which interferes with crosslink formation [2, pp. 11, 13]
[26, pp. 1738-9]. Likewise, the slight acidic nature of the phenolic groups in lignin can in
part hinder vulcanization by reacting with accelerators. It has also been suggested based
on a decrease in both crosslink density and polysulfidic crosslinks, while mono- and di-
sulfidic linkages stayed constant, that lignin may mask some crosslinking sites in rubber
molecules thus preventing the desired degree of crosslinking [27, p. 197]. While not ex-
plicitly confirmed in the case of lignin as far as | could tell, poorly dispersed and re-ag-
glomerated fillers may in large concentrations confine or otherwise prevent the mobility
of curing agents, naturally leading to hindered vulcanization [28, p. 1628]. Additionally
severe filler agglomeration can decrease thermal conductivity within the rubber during
vulcanization due to a large amount of interfacial thermal resistance being introduced
between the now macroscopically distinct filler and rubber phases [29, p. 7,20]. Never-
theless, these faults are naturally dependent on the cure system and curing parameters

used, and it has been at times shown that EV and semi-EV systems might be more
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effective than CV systems in the case of lignin [2, p. 12] [30]. This hypothesis will be

explored more in further chapters.

As a result of lignin being a by-product of pulping and bioethanol processes, almost all
technical lignins have been observed to contain contaminants in the form of carbohydrate
fragments resulting from lignin-carbohydrate complexes [15, p. 7]. This leads to a re-
quirement of the final composite system to withstand these impurities without significant
adverse effects [15, p. 7]. Additionally, the previously mentioned rather large size of lignin
particles, at an average reported dry powder kraft lignin particle size of 80 nm with ag-
gregates capable of reaching in excess of 100 um [8, p. 470], pose problems for its com-
patibility and dispersion in rubbers as the recommended target diameter for a reinforcing
filler is in the range of 10 — 100 nm with filler particles in the micrometre range being
categorized as non-reinforcing [8, p. 469] [5, p. 2]. These wide-ranging problems in the
adoption of lignin in the context of being used as a reinforcing filler have been probed via
various methods, such as the usage of different lignin sources and types, mono- and
bifunctional coupling agents such as silanes [11, ch. 4,5] [12], different mixing parame-
ters [8] and milling methods, usage of different rubber compounds and ingredients, heat

treatments, surface modifications and latex co-precipitation [2].

Recently, many interesting findings related to enhancing the usage capability of lignin in
rubber compounds have been published. J. Koskinen et. al. have studied the dispersion
enhancement of lignin in polybutadiene rubbers. They concluded that unlike for the more
conventional fillers, not all mixing parameters effect on the dispersion of lignin [8, p. 479].
Of the conventionally controllable parameters of mixing temperature, rotor speed, fill ra-
tio, mixing time and shear forces applied on the rubber, only high mixing temperatures
were found to positively effect on the macro dispersion of lignin: for other parameters no
notable changes in either macro or micro dispersion were observed [8, p. 479]. Unfortu-
nately, the required mixing temperatures (around 200 °C) of dozens of degrees above
the glass transition temperature of lignin (roughly 150 °C, varies by lignin type and purity
in the range of ~130 — 190 °C [31]) [8, pp. 478-9] lead to crosslink reversion and thus
property degradation [32, pp. 1-3] rendering this method challenging due to compound
limitations. Additionally, several researchers have studied the effect of different silanes
on lignin dispersion and lignin-filler interaction with promising results [12] [33] [34] [35]

as will be discussed more in Chapter 4.2. Chemical surface modification of lignin or lig-
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uid-phase mixing of lignin have also been studied with many methods such as hydro-
thermally treated lignin [11], latex-coprecipitation [2, p. 6], silylation [36], esterification
[37] [38], isocyanate surface modification [39] and epoxidized NR melt grafting [40] prov-
ing at least partly successful. In the case of acrylonitrile butadiene rubber (NBR), lignin
has been observed to form a dynamic secondary network of complex coordination bonds
consisting of added zinc ions binding to lignin and the cyano groups of NBR, thus leading
to enhanced mechanical properties, energy dissipation, thermal stability, oil resistance
and curing properties via the now formed dual-crosslinking network [41] [42] [43]. More
possible methods to enhance lignin’s reinforcing capability and overall usability most rel-
evant for this thesis work — selected solid additives — along with why they might be more

desirable to use will be discussed in further detail in Chapter 4.

In addition to showing promise as a possible reinforcing filler, other uses for lignins in
rubber compounds have also been investigated. When used with epoxidized natural rub-
ber (ENR), lignin has been shown to function as a crosslinking agent due to a ring open-
ing reaction that occurs with ENR molecules, thus resulting in lignin-ENR blends being
possibly of use as self-crosslinkable rubber composites [44]. It has also been shown that
lignin could be used as a stabilizing agent in rubbers and polymers more widely, pre-
venting oxidation or ozonation and possibly being able to replace/supplement traditional
stabilizers [45] [46] [47] [48].
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4. METHODS TO ENHANCE LIGNIN FILLED RUB-
BERS’ PERFORMANCE

While the usability of lignin as a filler in rubbers can be often enhanced by using either
high temperatures during mixing or by some chemical modification process of the surface
and/or functional groups of lignin, they are not always suitable alternatives either due to
the temperature ceiling set by some of the rubbers’ constituents or by the simple fact that
the chemical modification processes often require chemicals, equipment and facilities
that are not available in many situations. Even when available, it is often more reasona-
ble to use simpler and cheaper solutions. As such, while these methods may be of use
for some entities, it is of interest to research and map out some more simply utilizable
additive-related methods that could enable the wider and more successful adoption of
lignin in rubber compounds. While the methods covered prior tend to require either rela-
tively complex chemical procedures or facilities, high temperatures, or the usage of liquid
phase lignin-chemical solutions, solid granular or powder-form additives can often simply
be used for this purpose like any other rubber constituent: by simply mixing them at a
conventional predetermined temperature range simultaneously with other additives, thus
enabling their usage in many more situations where more novel methods may either be

too expensive or complex to utilize in practice, especially at larger industrial scales.

Based on a thorough literature review, three of the most promising ingredient-based
methods to improve the usability of lignin in rubber compounds are discussed next in
thorough detail. All methods are based on the simple utilization of either readily available
additional rubber ingredients, or the slight modification of already used vulcanization sys-
tems. When choosing these additives their safety, availability and simple utilization pro-
cedures were favoured, naturally in addition to them having already provided promising

precursory results.

4.1 Hexamethylenetetramine crosslinked lignin

Hexamethylenetetramine (HMTA), also known as 1,3,5,7-tetraazaadamantane, hexa-
mine, methenamine, urotropine or formin, is a rather stable [49, p. 1193] water-soluble
odourless white crystalline powder (or larger colourless crystals) of the molecular formula
C¢Hi,N, [50, pp. 1243—4] [51]. Itis a hygroscopic polycyclic adamantane cage structure,

a tetramine, where the carbon atoms of positions 1, 3, 5 and 7 have been replaced with
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nitrogen (Figure 9) [51] [52, p. 161]. HMTA is formed, along with water, through a reaction

between formaldehyde and ammonia [49, p. 1193].
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Figure 9. Synthesis and chemical structure of HMTA [49, p.1194] [52, p.161].

Regarding the toxicological and environmental safety of HMTA usage — which is of im-
portance to discuss due to the compounds manufactured based on this thesis being re-
quired to be both safe and sustainable — HMTA is not notably harmful to either people or
the environment. The hazard statements for HMTA are the warning statements of H228
(Flammable solid, category 2) and H317 (May cause an allergic skin reaction, sub-cate-
gory 1B), with additional precautionary statements to keep it away from high heat envi-
ronments and other possible ignition sources (P210), to store it in a ground/bond con-
tainer (P240) and to prevent inhalation and skin or eye contact via using proper protective
equipment (P261 & P280) [51] [53]. HMTA contains no persistent, bioaccumulative or
toxic compounds at neither their standard nor very persistent/accumulative forms at or
above 0.1 % [53]. HMTA does not possess endocrine disrupting properties in neither
people nor animals [53] and has not been found to increase the likelihood of occupational
asthma or cancer [51]. Being a combustible material, the gases and other combustion
products (e.g. carbon or nitrous oxides and hydrocyanic acid) may be irritant or harmful
if inhaled, though such high temperatures should not occur in conventional rubber pro-
duction [53]. HMTA should not be allowed to enter drains in the case of accidental re-
lease [53]. Though the precursor of hexamethylenetetramine, formaldehyde, is consid-
ered a volatile organic compound with known negative toxicological and environmental
impacts, the manufacturers of HMTA are under strict regulations to prevent formalde-
hyde emissions or other related risks, and use sophisticated safety protocols in addition
to closed loop systems with research resources aimed at more sustainable production
methods [54] [55].
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HMTA is widely used in organic synthesis reactions [49] [52], in corrosion inhibition [50],
as a hardener of epoxy resins and in medicine [51]. In rubbers it is utilized as a formal-
dehyde donor for rubber-metal bonding and as a slow and slightly basic vulcanization
accelerator under the name Rhenogran® Hexa-80 [56]. Rhenogran® Hexa-80 granules
consist of 80 % hexamethylenetetramine and 20 % elastomer binder and dispersing
agents, thus making it a suitable ready-made compound to easily use as an HMTA

source with no interfering additives present [56].

Because HMTA is already used in the curing of phenolic resins, such as novolac-type
phenol-formaldehyde resins [57] [58], it would be sensible to assume that lignin which
also possesses phenolic parts in its structure [2, p. 5] could likewise be covalently cross-
linked [59, pp. 3629, 3639] via hexamethylenetetramine. While this reaction would not
presumably aid in the poor rubber-filler interaction or dispersion in a significant way, it
would most likely result in covalently crosslinked lignin instead of the solely normally
occurring hydrogen bonding [24, p. 1397], which would in turn lead to stronger filler-filler
interaction and a consequent increase in the mechanical properties (e.g. tensile strength,
abrasion resistance, hardness) of the rubber. While excessive crosslinking could pose
problems in the form of poor lignin dispersion, high rigidity and brittleness, in reasonable
quantities it could be assumed to be mechanically beneficial. Additionally, the already
known vulcanization accelerator properties of HMTA [56] would in part help with the hin-
dering effects of lignin addition on the curing parameters of filled rubbers [2, pp. 10-2]
by both speeding up the vulcanization reaction, and possibly also by preventing the phe-
nolic regions in lignin from absorbing vulcanization radicals [2, p. 13] and thus interfering

with the curing process.

Based on the above realizations a couple of studies, unfortunately few and far between,
have so far been conducted that have focused either on simple simultaneous addition of
lignin and HMTA into rubbers [24] [25], or the pre-modification of lignin with HMTA before
its addition to the rubber compound [24]. Regarding future chapters it is worthwhile to
mention that in neither of the studies were silanes or any other coupling agents used,
but instead only the general interactions between lignin and HMTA have so far been
tested and then compared to reference rubber samples: silanes could be of help in aiding

with the rubber-filler interaction as will be shown in Chapter 4.2.
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U. Hwang et.al. [25] studied the effects of HMTA addition to unmodified lignin in a carbon
black reinforced natural rubber compound. Importantly for further understanding of the
interaction between HMTA and lignin, the reaction mechanism occurring between these
two constituents were also analysed via FTIR and differential scanning calorimetry (DSC)
measurements [25]. It has been hypothesized that the reaction mechanism between
HMTA and lignin occurs in a manner akin to that with which HMTA forms bonds with
phenolic resins. More specifically, at elevated temperatures (i.e. above the glass transi-
tion temperature of lignin [25, pp. 3—4]) the unreacted active phenolic hydroxyl sites of
lignin transfer a hydrogen atom to HMTA. This leads to the Cs ring position (in guaiacyl
(G) and p-hydroxyphenyl (H) units) hydrogen migrating to the oxygen anion, and the now
formed carbon anion to attack the HMTA molecule resulting in one of the carbon-nitrogen
bonds being cleaved, and the formation of a covalent crosslink between lignin and HMTA
(Figure 10). Based on the chemical structures of the molecules the maximum ratio be-
tween lignin and HMTA amounts is likely to be around 3:1. [25, pp. 3-4] [60] [61, p. 1321]
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Figure 10. Suggested crosslinking reaction between lignin and HMTA [25, p.3].

FTIR measurements indicate that upon the heat-induced incorporation of HMTA within
lignin the intensity of the peaks corresponding to carbon-nitrogen vibration, stretching
and bending (at 1234 ¢cm™1,1007 cm™1, and 671 cm™1, respectively) appear. Additional
increases in the wavenumber peak normally corresponding to mere carbon-hydrogen
bonds (812 cm™1) are attributed to the additional effect of the now formed carbon-nitro-
gen bonds’ stretching, thus proving the occurrence of significant changes in the bond-
structure of lignin (Figure 11). DSC measurements further confirm that a reaction be-
tween HMTA and lignin occurs. As seen from the (b) graph of Figure 11, neither HMTA
nor lignin initially have any clear peaks (the slump in the unmodified lignin plot is caused
by exceeding the glass transition temperature of kraft lignin [62, p. 2]), but after the ap-

plication of HMTA a clear exothermic peak corresponding to bond formation between
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lignin and HMTA can be seen at 170 °C. This means that the curing of lignin/HMTA
rubbers should be performed at 170 °C for maximum crosslinking capability. A slight
exothermic bump in the lignin/HMTA DSC curve can be seen after about 125 °C, but the
researchers in question did not discuss whether they assume this to be caused by the
crosslinking reaction. In any case, based on the DSC measurement it can be assumed
that HMTA and lignin do not form crosslinked lignin in full capacity during the initial mixing
step that occurs at «< 170 °C. [25, pp. 3-4]
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Figure 11. FTIR (a) and DSC (b) graphs demonstrating the occurrence of a crosslink-
ing reaction between HMTA and lignin [25, p.3].

During their subsequent rubber compounding and testing, U. Hwang et. al. noted that
with the addition of HMTA-crosslinked lignin at increasing phr-amounts both mechanical
and rheological properties of the compounds were enhanced. When compared to neat
NR, the torque values measured during vulcanization increased across the board: mini-
mum torque, maximum torque and the consequent rise between them all increased along
with higher lignin/HMTA content, indicative of a rise in crosslinking density and stiffness.
Likewise, caused by the addition of HMTA and the following exothermic reaction that
increases the rubber’s internal temperature in combination with the slightly higher-than-
normal vulcanization temperatures used, the scorch time and optimum vulcanization
time were noted to decrease, along with a clear rise in the cure rate (CRI) of the rubbers.
[25, pp. 4-5] In the main series the phr-ratio between lignin and HMTA was kept fixed at
3:1 [25, p. 2], but in additional supplementary measurements it was noted that as the
relative amount of HMTA increased, the cure rate was faster and the torque values were
slightly decreased [25, p. 5]. As the overall amount of lignin/HMTA was raised while the
ratio of lignin to HMTA was kept the same, lignin naturally started to form ever larger

aggregates as the amount of unreacted lignin increased in absolute terms [25, p. 5].
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Regarding the mechanical properties: at low lignin/HMTA concentrations an increase in
abrasion resistance was noted, while in general along with the addition of lignin/HMTA,
hardness, 50 % modulus and the resistance to both chemical and thermal aging were
improved. 300 % modulus, elongation at break and tensile strength initially stayed high,
but were gradually decreased at high amounts of lignin presumably due to the aforemen-
tioned increased agglomeration [25, pp. 5-8]. It is important to note that these results
were only compared to a CB-reinforced NR compound and not to a rubber with merely
lignin used without HMTA: while the compounds did not reach the same level of rein-
forcement as conventional recipes in all areas, these results do not tell of their relation
and possible superiority to non-crosslinked lignin’s usage. As such, when seeking to en-
hance the lignin filled rubbers’ properties in further research it would be of use to com-
pare the achieved property values to non-HMTA lignin rubbers and utilize different ratios
of HMTA and other additives to try to decrease excessive lignin aggregation, which
seemed to be the main reason [25, pp. 4, 6] behind worse compound properties at high
lignin concentrations. We want to achieve a stronger filler-filler interaction in the micro
scale, while keeping the amount of large lignin particles caused by excessive filler-filler
interaction in the macro scale low: optimization regarding the amount of HMTA used is

needed.

Similar findings have been noted in the experiments conducted by P. Frigerio et. al. [24].
Upon the inclusion of HMTA-based Rhenogran® Hexa-80 granulates into lignin-filled rub-
ber scorch time and optimum cure time decreased, while maximum torque and change
in torque were increased [24, p. 1395]. The minimum torque did not significantly change
[24, p. 1395]. While in the previous study the effects of HMTA-inclusion into lignin were
not measured against just lignin, from the comparisons to unmodified biomass and puri-
fied lignin -filled rubbers it could be now concluded and confirmed that the effect was
reinforcing. While the mechanical properties of HMTA crosslinked lignin did not quite
reach the levels provided by carbon black filled samples in the current forms of the rub-
bers’ recipes, they were nevertheless clearly superior to those of mere lignin [24, p.
1395]. Additionally, besides only adding HMTA into the rubber during mixing, the re-
searchers also studied the effects of HMTA-pretreated lignin in both its commercially
available and self-manufactured forms [24, pp. 1388, 1390, 1393-7]. It was again found
that both the mechanical and vulcanization properties of the HMTA-modified lignin rub-
bers were better than those provided by only lignin-filled ones [24, p. 1395]. For future

reference it is of note to mention that the amounts of Rhenogran® Hexa-80 used in both
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of the respective test compounds were quite minor at 1.125 and 1.5 phr against 15 phr
of lignin [24, p. 1390]. It was also noted with Dispergrader® analysis that no matter the
type of lignin addition the dispersion of the filler stayed remarkably poor [24, pp. 1395,
1397]. The utilization of Dispergrader® analysis software in the case of lignin has how-
ever come under occasional scrutiny [63, p. 9] and should not necessarily be completely
relied upon regarding detailed dispersion analysis. Further analysis for the verification of

these results is needed.

Based on these findings and data, HMTA was chosen for further testing in experimental
compounds due to its safe and simple reaction mechanics with lignin, easy compound-
ing, common and ready availability, general safety and overall, since promising results
in aiding with lignin filled rubbers’ mechanical and curing properties have already been
both proposed and realized. The aim was to find a concentration of HMTA where it en-
hanced the filler-filler interaction of lignin and aided in vulcanization but did not lead to

excessive network formation.

4.2 Silane coupling or grafting

Because bifunctional silane coupling agents are already widely used to enhance the pol-
ymer-filler interaction between non-polar polymers and polar silica [4, pp. 401-2, 438
41], it is not far-fetched to think that such an approach could also be used in the case of
lignin. Indeed, the usage of silanes as coupling agents between lignin and polymers in
rubbers has been studied in detail [11, pp. 79-129] [12] [33] [34] [35].

The mechanism with which silanes interact with lignin depends on their chemical struc-
ture. It is generally assumed that silanes which contain sulfur (e.g. TESPT) can be used
as coupling agents between polymer chains and lignin in the same way as with polymers
and silica [12, p. 7] [35, p. 10]. Via FTIR measurements it has been observed that upon
the addition of TESPT the peak corresponding to lignin’s alcoholic and phenolic —OH
groups’ stretching was significantly dampened [35, pp. 6, 8]. This change, along with
new characteristic peaks of Si — 0 — C links, is indicative of a covalent bonding reaction
between the hydroxyl groups of lignin and ethoxy groups of TESPT [35, pp. 6-8, 10].
The sulfur atoms of TESPT are assumed to react with polymer chains in a matter familiar
from silica/silane filled rubbers [4, p. 402]. Through mechanical testing [35, pp. 7-10][12,
p. 7] [33] it has been established that sulfur-containing silanes can be used to couple

lignin to polymer chains (Figure 12) with satisfactory rubber-reinforcing effect.
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Figure 12. Coupling reaction between lignin and polymer chains under the influence
of TESPT [35, p.9].

Other silanes besides the ones containing sulfur and alkoxy groups have also been
tested with lignin. Silanes lacking reactive functional groups, e.g. octyltriethoxysilane
(TEOS) or (3-glycidyloxypropyl)trimethoxysilane (GLYMO), have been shown not to re-
act with lignin [33] [34, pp. 7-9]. Such silanes did not result in enhanced mechanical
properties or dispersion [33], and did not form bonds with lignin as observed via FTIR
[34, pp. 7-8].

Silanes with amine groups, such as (3-aminopropyl)triethoxysilane (APTES), have also
been noted to be of use in lignin rubbers. Instead of acting as coupling agents, they
instead interact with lignin via surface modification. When mixed with lignin at high tem-
peratures (e.g. 190 °C [34, p. 3] or 200 °C [33]), aminosilanes are assumed to both dis-
integrate lignin particles and be grafted onto their surface [34, pp. 6-8]. No silane-cou-
pling reaction between lignin and rubber has been observed to occur when aminosilanes
are used [34, p. 6]. This mix of lignin breakage and hydrophobic surface modification has
been shown to improve dispersion and distribution of lignin within a non-polar SBR/BR
matrix [34, pp. 7-8]. The hydrophobicity of aminosilane modified lignin has also been

noted to increase the degree of interaction within the rubber due to enhanced filler-rubber
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interfacial bonding [34, p. 11], though no visible major improvement in polymer-filler in-
teraction was seen in another study [33]. It is thus thought that while advantageous for
their formation, aminosilanes do not directly form crosslinks between polymer chains and
filler particles during vulcanization [33]. In addition to improved dispersion, APTES also
increased the tensile strength of lignin-filled rubbers due to the favourable effect of
heightened micro dispersion [33] [34, pp. 9, 13]. The chemical structures of silanes
TESPT, APTES, TEOS and GLYMO are pictured in Figure 13 to showcase the differ-

ences in their reactive groups, which determine how they interact with lignin.

O—\ HaMN

—CH3 CHs

o Q O
CH1 : 5i-0-_-CHa ~__ 0O Si" TCHs
: ; . N & O—CHs

TEOS GLYMO

Figure 13. Chemical structures of TESPT [35, p.9], APTES, TEOS and GLYMO [33].

The silane quantities used do not need to be large for good reinforcing effect to take
place. Fairly low amounts of silanes (e.g. 2 — 2.5 phr [33] or more generally < 5 phr [12,
p. 4] [34, p. 3] [35, pp. 3, 9]) in relation to the amount of lignin used (e.g. 50 — 60 phr [33]
[34, p. 3] [35, p. 3]) can already result in a noticeable reinforcing effect on the rubber
compound. These quantities follow the general established optimum silane amounts
used for silica coupling, which stand at the generally low phr amounts of around 5 phr
[64, pp. 127, 130-2], or more generally less than 10 phr [65]. Excessive silane usage
should be avoided since it interferes with the curing system, diminishing crosslink for-
mation [64, pp. 130-2] and increasing curing times [65], leads to silane clustering, and
the general ill effects of too high crosslink densities [66]. The exact optimum amounts

naturally depend on the silane and rubber types, and the amount of silane used.
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Based on the promising findings regarding silane usage in lignin, it was decided to use
TESPT as one of the rubber additives to be further tested in practice for better polymer-
filler interaction and mechanical properties. Though silanes have been rather extensively
tested with pure lignin, there have been no studies incorporating them into HMTA/lignin

systems. This was deemed cause for further experimental compound testing.

4.3 Different vulcanization systems

Vulcanization systems can be divided into conventional, efficient, and semi-efficient sys-
tems based on the relation between sulfur and accelerators used. While the lengths of
the sulfur crosslinks formed between polymer chains vary in length (Figure 14) no matter
the system used, there nevertheless exist general trends in the length of these bridges
depending on the ratio of sulfur/accelerant in the system. The type, length and amount
of these crosslinks play a defining role in many key rubber properties [67, p. 2]. In con-
ventional systems (CV) the vulcanization pack contains low amounts of accelerators and
high amounts of sulfur. This excess of sulfur leads to the formation of polysulfidic (3-5
sulfur atoms [67, p. 2]) crosslinks between polymer chains during curing. Conventional
systems are characterized by high tensile strength and good fatigue resistance stemming
from the ability of polysulfidic crosslinks to rearrange (meaning break and reform) under
stress. However, the low degree of accelerators used makes the vulcanization charac-
teristics, such as speed or degree of crosslinking, not as optimal for the production of
technical rubber parts as in the case of other vulcanization systems [2, p. 12]. Conven-
tional systems are nevertheless used more frequently due to their lower cost. [4, pp.
358-62]

Efficient vulcanization systems (EV) consist of excess accelerators and a comparatively
lower rank of sulfur. This leads to the more efficient usage of sulfur atoms in the creation
of interpolymer crosslinks, which in practise means that the crosslinking system consists
of a high amount of short mono-, and disulfidic sulfur bridges. Compared to the rearrang-
ing ability of polysulfidic crosslinks, these shorter links in turn cannot rearrange or ex-
change stresses without the main polymer chains also breaking. In practise this differ-
ence in behaviour under external stresses manifests itself in the poor fatigue life of EV-
system cured rubbers. Conversely, due to the often higher amount of accelerators used,
EV-systems possess fast and efficient vulcanization processes [2, p. 12] and an inher-
ently excellent ability to resist both thermal- and oxidative ageing and crosslink reversion
due to the more chemically stable nature of the crosslinks. Semi-EV systems where the

phr-ratio between sulfur and accelerators is approximately 1, function as a compromise
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between these extremes, being able to provide the rubber with generally well-balanced
mechanical properties and processability. Instead of using greater amounts of accelera-
tor to achieve EV or semi-EV systems, they can also be attained by replacing some of

the sulfur with sulfur-donating agents. [4, pp. 361—4]
polymer chains
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Figure 14. Different possible types of sulfur crosslinking between polymer chains.

During the literature survey when reading studies of lignin-filled rubber research, it was
surprising how little discussion was given about the vulcanization systems used. If dis-
cussed at all, the vulcanization systems tended to be either conventional or semi-efficient
(e.g. [8, p. 470] [24, p. 1390] [25, p. 2] [39, p. 3] [40, p. 2]) often CBS-accelerated sulfur
vulcanization systems with little thought given to explaining why these specific systems
were chosen. During the literature review, | came upon some mentions claiming that

instead the usage of efficient systems could be of benefit.

Nando & De [30] studied the differences between efficient, semi-efficient and conven-
tional vulcanization systems in lignin-filled rubbers with no additional fillers used. The
recipes were said to have been planned in such a way, that hypothetically the initial total
crosslink amounts between different vulcanization systems would be nearly the same
[30]. When lignin was added to a conventional system, optimum vulcanization time in-
creased, cure rate decreased and maximum torque near halved. However, in the case
of semi-efficient and efficient systems, optimum cure times were naturally shorter, vul-
canization rates were higher, and the drops in maximum torque were not as pronounced.

While the addition of lignin reduced the mechanical properties of the conventionally cured
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rubbers, this effect was significantly less pronounced in the EV-systems, with tensile
strength even being slightly increased. EV-systems were also most favourable regarding

the retention of properties in thermally aged rubbers. [30]

These findings were correlated to the crosslinking types and densities of the different
rubbers. Lignin addition was detrimental to the overall crosslink density in all samples,
but again this effect was least pronounced for EV-systems. In conventional systems the
reduction in the overall number of crosslinks by lignin addition was mainly due to the loss
of polysulfidic ones, and in semi-efficient the partial loss of polysulfidic ones and the
seeming total loss of monosulfidic crosslinks. The EV system on the other hand saw an
increase in the amount of polysulfidic crosslinks, while mono- and disulfidic crosslinks
were decreased. While the phenomenon has not been extensively investigated, it may
be caused by lignin adsorbing the more plentiful accelerators with its active and acidic
phenolic groups instead of interfering with sulfur radicals [2, pp. 11, 13] [26, pp. 1738-9]
or masking crosslinking sites [27, p. 197] of elastomer molecules. The crosslink formation
hindering effect of lignin has been proposed to mainly concern polysulfidic crosslinks in
conventional systems [30]. While incorporation of lignin increased the sulfur inefficiency
parameter in all systems, the EV system was yet again the most resistant to this change.
The parameter describes the inefficiency of sulfur utilization for the formation of cross-

links, and in the EV systems it was clearly the lowest. [30]

Due to the lowest increase in the already small sulfur inefficiency parameter, and the
smallest loss in total crosslink density, efficient vulcanization systems clearly resisted the
deleterious effect of lignin addition the most [30]. As such, with technical data supporting
this conclusion, it was worth further studying the effect of vulcanization systems on the
properties of lignin filled rubbers in a more general and industrially practical sense, where
CB was also simultaneously utilized as a reinforcing filler. While the detrimental effects
of lignin addition may not be completely avoided, they should nevertheless be minimized,

and using the most optimal vulcanization system is a way in part to achieve that.
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5. EXPERIMENTAL COMPOUNDS AND TESTING
METHODOLOGY

The findings of the literature review were further probed with experimental compounds.
Planning, compounding and testing of the compounds were performed in the Research
and Development laboratory of Teknikum. The aim of this thesis was to analyze the ef-
fectiveness of HMTA, silanes, and efficient vulcanization systems to enhance the usabil-
ity of lignin as a filler in sustainable rubber compounds. Namely, as the novelty value of
this work we sought to study the viability of using HMTA to aid in lignin’s filler-filler inter-
action with a broader range than in previous studies, while simultaneously and synergis-
tically trying to utilize TESPT for polymer-lignin coupling. Additionally, as different vul-
canization systems’ effects on the viability of replacing conventional fillers with lignin had
not been extensively probed for CB/lignin hybrid filled systems, a series to determine the

least detrimental vulcanization system was conducted.

5.1 Recipes and compound manufacturing

The base recipes (Table 1) were designed so that they would be relatively simple, sus-
tainable, and realistic rubber compounds. For the sake of sustainability, NR was chosen
as the base elastomer and canola oil as the plasticizer. The base recipe for experimental
compounds without lignin, HMTA or silanes (CB ref.) was additionally used as a general
CB reference compound against which the performance of lignin as a filler could be com-
pared. The carbon black type N550 was chosen for its general good balance of proper-
ties and easy processability [4, pp. 398, 411, 432-3]. Stabilizers were also used. Lignin-
filled reference compound (Lig ref.) was used as a basis for compounds containing lignin
and was also manufactured as such for reference purposes. It was decided that the total
amount of fillers should stay the same in all compounds at a total of 50 phr. The amount
of 15 phr lignin used was chosen based on the findings and general trends of the litera-
ture review. Though lignin may start to form problematic agglomerates at 15 phr [24] [25],
this concentration was nevertheless chosen to evaluate the usability of lignin as a filler.
While lignin is likely to disperse better at lower concentrations, such compounds (e.g. 1-
5 phr of lignin) would not be representative of the aims of this study due to the high CB
concentrations used. Namely, the evaluation of lignin’s viability to replace CB could not
be sensibly done as the compounds would remain as overwhelmingly CB-reinforced sys-

tems. An additional HMTA reference (HMTA ref.) was manufactured to study the effects
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of HMTA on the curing properties of NR without the presence of lignin. The fourth refer-
ence for silane was compounded for general reference purposes, to broadly estimate if
it interferes with the availability of reaction sites for HMTA, and to determine whether the

addition of HMTA to silane/lignin rubbers has a notable impact on its properties.

Table 1. The base- and reference recipes for the experimental compounds.
Ingredient | CB ref. (phr) | Lig ref. (phr) | HMTA ref. (phr) | Silane ref. (phr)
NR 100 100 100 100
Carbon black N550 50 35 50 35
Lignin - 15 - 15
Canola oil 8 8 8 8
Stabilizers 4.5 4.5 4.5 4.5
Zn0O 5 5 5 5
Stearic acid 2 2 2 2
CBS 1 1 1 1
Sulfur 2 2 2 2
HMTA (80 % purity) - - 4 -
TESPT (50 % Si 69%) - - - 1.5

The four reference compounds were compounded and tested as such. The reference
lignin- (Lig ref.) and CB compounds (CB ref.) were used as bases for the experimental

compounds manufactured in series A (11 compounds) and B (6 compounds).

5.1.1 Test series A

The purpose of series A was to measure the effects of HMTA and TESPT addition into
lignin-filled rubbers. More specifically their synergies and effects on mechanical and rhe-
ological properties were mapped, and the general feasibility of their usage was analysed
based on these results. Based on the findings of this series optimal concentrations of
these ingredients could also be determined. Additionally, it was deemed of interest to
study the possible synergies of HMTA and silane in simultaneous interaction with lignin.
TESPT was chosen as the silane to be studied, because the enhancement of polymer-
filler interaction was of specific interest. It is also widely used and has provided promising
results in lignin coupling (see Chapter 4.2). The TESPT used was Si 69° with ~50 %
silane content, with the rest consisting of otherwise non-interfering additives. The HMTA-
granules used contained 80 % HMTA and 20 % binding/dispersing agents. The hypoth-
esis and overall aim of this series was to find optimal HMTA/silane concentrations to

improve the mechanical and rheological properties of lignin-filled rubbers.
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Because it was of interest to limit the number of compounds to a manageable amount,
and because we wanted to study the interactions between HMTA and silane at varying
concentrations, it was decided that series A should be designed via central composite
design (CCD). CCD is a statistical design of experiments (DoE) method of the response
surface methodology, where the effects of several predetermined factors on the test re-
sults are measured, plotted and compared against hypotheses [68]. CCD was chosen
instead of simpler linear experiment designs since it is able to accurately provide both
18t and 2" order effects of variables with minimal experiment numbers, without the con-
struction of a more complicated three-level factorial experiment [68]. Since the interac-
tions between HMTA and silane were of interest, it was deemed most suitable to use

phr's of HMTA and silane as the two variables within this experiment.

In CCD experiments the variables’ values are measured at 5 different levels each (Figure
15). The minimum and maximum values of the variables are denoted by star points, i.e.
the extreme red points of Figure 15 (-« ,0), (« ,0), (0, —x) & (0, ), where |x| > 1. The
lower and higher factorial points (blue points) are located on a square grid at coordinates
of +1. Finally, the centre point (0,0) representing the mean value of the variables (black
point) is repeated several times to evaluate the accuracy and possible error of the test.
Factorial points model linear interaction, while star points evaluate the quadratic terms
of the variables. In total there are 8 measurement points on a circular symmetry and the

centre point is repeated thrice, resulting in a total of 11 compounds. [68]
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Figure 15. Central composite design model for a two-variable experiment.
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The coordinates of these points are called code values. The value of the limit point o< can
be calculated from the number of the experiment variables k, with the formula <= 2k/4,
Thus, in our two-variable experiment the code value « was 22/* ~ 1.414. [68] The prac-
tical phr limits of the two variables were chosen based on the findings of Chapter 4. For
HMTA it was deemed best to study its effects on a phr range of 1 < x < 7 phr. These
limits were based upon the desire to study the effects of HMTA at the minimum amounts
where it has been found to interact with lignin (1 phr < x), and in ratios higher than in
previous studies (x = 7 phr) to find the optimum range for its use, to see whether “ex-
cess” HMTA could be of use in e.g. reducing vulcanization times, and overall observe
how larger amounts of HMTA behave and interact with lignin. For TESPT a range of 0 <
x < 3 phr was chosen based upon the generally used silane amounts mentioned in
Chapter 4.2. The limits of these phr ranges correspond to the code values’ « points [68],
the range’s mean values represent points located on the axes [68], and factorial points

can be calculated with equation (1) [69, p. 3060]:

real value range
2

real value = (code value) x ( ) + mean (1)

Code values and phr values calculated with equation (1) are given in Table 2.

Table 2. CCD code values and phr values of the variable ingredients in series A.
Code value HMTA (phr) TESPT (phr)
min. -1.414 1 0
-1 1.879 0.439
mean 0 4 1.5
1 6.121 2.561
max. 1.414 7 3

Based on the calculated real values of Table 2 the final CCD experiment variable design
of series A is compiled to Table 3. Compounds A1-A4 correspond to the factorial points,
A5-A8 to the extreme star points, and compounds A9-A11 are the three replicates of the
centre point. The phr values of the variable ingredients presented in Table 3 can then
simply be appended to the base recipe containing lignin (Lig ref.) to get the full recipes

used for compounds of series A.
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Table 3. The 11 variable combinations of series A as both code- and real values.
Code values Real values (phr)
Compound HMTA TESPT HMTA [ TESPT

A1 -1 -1 1.9 04
A2 1 -1 6.1 04
A3 -1 1 1.9 2.6
A4 1 1 6.1 2.6
A5 -1.414 0 1 1.5
A6 1.414 0 7 1.5
A7 0 -1.414 4 0
A8 0 1.414 4 3

A9-A11 0 0 4 1.5

Besides the multi-variable recipes of A1-A11, the effect of HMTA addition to only CB-
filled rubber was also studied as a part of this series in the form of the HMTA reference
compound (HMTA ref.). HMTA range’s mean value of 4 phr was chosen as the concen-
tration to observe the general effect of HMTA addition to rubber’s vulcanization to gain
more data about its impact. Though covered alongside series A, the test results of HMTA
ref. were not inserted into the DoE program due to the lack of lignin and/or silane in its

recipe. This was also the case for all other reference compounds.

5.1.2 Test series B

Series B was conducted to study the degree of lignin addition’s detrimental effects in
different vulcanization systems. When comparing vulcanization systems with similar ini-
tial crosslink densities Nando & De [30] found that for EV systems the decrease in prop-
erties was the smallest, and thus EV system would be comparatively the least detri-
mental vulcanization system for solely lignin-filled rubbers. The purpose of series B was
to see whether this holds true for hybrid CB/lignin filled rubbers in a more general sense,
and thus conclude the general feasibilities of different vulcanization systems to minimize
the adverse effects of lignin addition. In series B only the amounts of sulfur and acceler-
ators were changed between conventional (B1), semi-efficient (B2), and efficient (B3)
systems. Reference samples containing only CB were manufactured for all the respec-

tive systems for comparison purposes. CCD was not needed or used in series B.

SBR was chosen as the base elastomer instead of NR for a few reasons despite being

synthetic. As explained in Chapter 2.1, SBR possesses greater resistance to reversion
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during vulcanization, which is of importance when comparing vulcanization systems spe-
cifically. SBR is not as mechanically strong as NR, and thus even the more minor differ-
ences in strength between different vulcanization systems are more clearly visible. Due
to the crosslinks in NR compounds trending more in the direction of polysulfidic links,
thermally induced reversion is a problem more characteristic of isoprene rubbers [4, pp.
340, 364]. Because of the aforementioned aspects, SBR is used more often in EV sys-

tems than NR. Recipes of series B are depicted in Table 4.

Table 4. Recipes of vulcanisation system series B. B1=CV, B2=semi-EV, B3=EV.
Ingredient B1 B1/L B2 B2/L B3 B3/L
SBR 100 100 100 100 100 100
Carbon black N550 50 35 50 35 50 35
Lignin - 15 - 15 - 15
Canola oil 8 8 8 8 8 8
Stabilizers 4.5 4.5 4.5 4.5 4.5 4.5
ZnO 5 5 5 5 5 5
Stearic acid 2 2 2 2
CBS 1 1 1 1
Sulfur 2 2 1 1 0.5 0.5
CLD (80 % puirity) 0.25 0.25 0.5 0.5 1 1

The recipes were slight derivatives of the base compounds CB ref. and Lig ref. The
amount of CBS was kept constant at 1 phr throughout the series to minimize the number
of variables, and since the general effect of additional accelerators on the curing proper-
ties of lignin-filled rubbers was analyzed during series A’s CCD analysis. The sulfur/CBS
vulcanization system was chosen for its simplicity, established usage, and previous stud-
ies of Chapter 4 and series A. A sulfur donor in the form of non-toxic caprolactam disul-
fide (CLD) was added in small amounts to ensure sufficient resistance to reversion in
semi-EV and EV systems by promoting the formation of mono- and di-sulfidic crosslinks

via releasing of free sulfur [70].

5.1.3 Manufacturing of the compounds

The compounds were manufactured in two stages via a stepwise process. In the initial
mixing stage, all the rubber ingredients excluding sulfur and accelerators were gradually
added and mixed in a laboratory scale Krupp Elastomertechnik GK 1.5 E mixer with
intermeshing rotors. The capacity of the mixer was 1.5 litres, and the fill factor used was

72 %. The elastomer was masticated at a starting temperature of 70 °C at 50 revolutions
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per minute (RPM) for 1 minute, after which %z of the fillers and all additives excluding oil,
CBS and sulfur were added and mixed for 30 seconds. Next, the oil and remaining fillers
were added, and temperature was quickly raised to 140 °C by controlling the RPM. The
mixing at ~140 °C continued for 2 minutes, after which the rubber was dumped from the

mixer and left to cool down and stabilize at room temperature for 24 hours.

The second stage of the manufacturing process consisted of the vulcanization proce-
dure. Sulfur and accelerators were added to the rubber compounds with the Krupp Elas-
tomertechnik GK 1.5 E mixer. The rubber was mixed at 35 RPM for 30 seconds, after
which sulfur and accelerators were added and mixed for 1 minute. The rubber was cured
between mold press plates (compression molding) at 170 °C for reference compounds
and series A, and at 160 °C for series B. Series B could be cured at a lower temperature

due to the absence of HMTA. Curing times were determined from rheometer testing data.

Risks for failure during rubber compounding are always present, especially in the case
of experimental compounds. Thus, it is of value to shortly go over some prevention and
mitigation processes used and acknowledged during recipe planning. Possible toxicity-
related risks with the flammability and combustion gases of HMTA were not of concern
due to the mixing temperatures and vulcanization temperatures being solidly below both
the flash point and autoignition temperature of HMTA [53]. General dust, gas, and fume
related ignition/health risks were prevented by sufficient ventilation. Crosslink reversion
occurring at elevated vulcanization temperatures can be mitigated by both careful opti-
mization of the vulcanization time and temperature, and by using semi-efficient or effi-
cient vulcanization systems that result in less polysulfidic bonds. Perhaps the most
pressing issue is the self-agglomeration and dispersion of lignin. While it is a rather om-
nipresent problem for lignin usage, it can nevertheless be sought to be mitigated by
higher mixing temperatures [8, p. 479]. Premature reactions between lignin and HMTA
during the mixing phase should not occur — at least in full capacity — at temperatures
below 170 °C based on DSC measurements [25]. They should be avoided as the result-
ing exothermic heat release should occur during vulcanization, and since dispersion dur-

ing mixing should be maximized.
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5.2 Testing methods and machinery

All the following tests were conducted at the R&D laboratory of Teknikum according to
the relevant International Organization for Standardization (ISO) guidelines. Moving-die
rheometer tests, tensile tests, crescent tear resistance tests, and Shore A (ShA) scale
hardness measurements were performed for all samples. Abrasion testing was con-
ducted for reference samples and series A, and the determination of optimum ingredient
concentrations with DoE was done for compounds A1-A11. These specific tests were
chosen as they are commonly used in the evaluation of rubbers’ mechanical properties
and vulcanization behaviour. Before mechanical testing, the cured samples were condi-
tioned to an equilibrium state with the surrounding climate by being stored at 23 °C and
50 % relative humidity for 24 hours [71].

A moving-die rheometer by Alpha Technologies was used to measure the vulcanization
characteristics of rubbers. Unvulcanized rubber was placed between two slightly conical
plate-like metal dies that were heated to the curing temperature determined beforehand
(170 °C or 160 °C depending on the series). One of the plates started sinusoidally oscil-
lating at low frequencies (1.7 Hz), while simultaneously the torque required for oscillation
was measured against time. The oscillation amplitude was kept constant, and due to
heat-induced rubber vulcanization, the torque required for keeping the oscillation uniform
increased as the rubber became ever more crosslinked. Key parameters gathered from
rheometer testing are moment lowest (ML), moment highest (MH), scorch time (t10) and
optimum vulcanization time (tgo). The lowest torque value (ML) during testing is a meas-
ure of viscosity before vulcanization starts, with lower values corresponding to easier
processability. The highest torque measured (MH) on the other hand is a measure of
maximum stiffness after vulcanization, with higher values being indicative of a higher
final crosslink density of the rubber. The change in torque (AM = MH — ML) can be used
to evaluate crosslinking density reached during vulcanization. Scorch time indicates the
start of vulcanization, and optimum vulcanization time is the time required for the torque
to reach 90 % of its maximum value (the rubber is still hot after being removed from the
press). Reversion of crosslinks can be seen from a possible decreasing slope at the end
of the curve. [71][72]

The Shore A -scale (from 0 to 100) hardness of the rubber was measured with Bareiss
BS 61 table durometer. A 6 mm thick rubber test specimen was positioned under a man-

ually controlled mounted durometer, and after 3 seconds the depth of penetration of the
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truncated cone tip according to the ShA scale was catalogued. This measurement was
repeated thrice at 12 mm distance from the edges and 6 mm distance from each other,

from which the median value was given. [71] [73]

Tensile tests were conducted with Gibitre Tensor Check Profile PC testing machine and
software. The samples were cut from vulcanized rubber sheets with a metallic die. The
dumbbell shaped samples of 2 mm thickness were strained at a constant speed of 500
mm/min until they fractured. The machine kept track of both the tensile load applied on

the samples, and their elongations with mechanical extensometers as a function of time.
For the stresses (Stress = %) to be calculated from the load values, the thicknesses

of the samples were measured before testing, and the cross-sections of the samples
were programmatically calculated. The parameters measured and calculated from the
tensile testing data were tensile strength (TS, expressed in MPa), elongation at break
(Ep, in %), and moduli (in MPa), meaning stress at a particular elongation, at 100 %, 200
%, and 300 % elongations. These values tell of the ultimate amount of stress the material
can withstand before breaking, its extensibility, and its stiffness, respectively. The trajec-
tories and slopes of the curves were also visually compared from the final stress-elon-
gation plots. Tensile testing was conducted for 3 specimens per sample, and based on

their results median values were calculated for each sample recipe. [71] [74]

Tear resistance testing can be used to measure material’s resistance to crack propaga-
tion. Tear resistance tests were conducted with the same machinery and general steps
as the tensile tests. The test subtype in question was Type C crescent tear testing, where
a pre-nicked (1 mm deep horizontal cut on the center’'s concave side) crescent-shaped
sample with 2 mm thickness was subjected under 500 mm/min elongation. Elongation
continued at a steady pace until fracture, after which the force (in kN) required to break
the sample was divided by sample thickness to get tear resistance. This was repeated

for 5 specimens per compound, from which the median value was derived. [71] [75]

Abrasion testing was conducted for references and series A according to ISO 4649 with
a cylindrical rotating drum device (Gibitre Instruments Abrasion tester) coated with an
abrasive cloth. The sample specimens (16 mm diameter, 6 mm height) were held sta-
tionary (method A) by a support arm. Vulcanized cylindrical samples were held against

the rotating abrasive cylinder with a force of 10 N for a distance of 40 metres, and their
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volume losses (in mm?) were calculated through density measurements and changes in
mass. The cloth was cleaned between measurements. This procedure was repeated for
a minimum of three samples per compound. While the wear intensity is higher than those
allowed in practical applications, this method can nevertheless be used to compare abra-

sion resistances of rubbers. [71] [76]

The DoE program used for series A’s CCD recipe design, test order randomization, data
visualization and numerical analysis was Design-Expert version 25 by Stat-Ease. The
program can be used for DoE processes from the initial recipe design to final numerical
analysis of results. It provides data on linear and quadratic relations between test factors,
both 2D and 3D visual plots, in addition to error analysis. DoE and Design-Expert were
utilized for all tests and analysis conducted for series A, and the resulting determination
of optimal HMTA and TESPT concentrations based on test data analysis. The variable
combinations of Table 3 along with the verification of manually calculated phr values,
and the visual plotting conducted for series A in Chapter 6 were done with the tools
provided by Design-Expert. As per the relevant guidelines, the compounds were manu-
factured in a randomized order given by the program. Possible false data anomalies

could also be found and discarded by the program. [77]
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6. RESULTS AND ANALYSIS

The results of the laboratory testing methods introduced in Chapter 5.2 are presented in
the following subchapters. Analysis regarding the hypotheses and aims of this thesis was
then conducted based on the numerical data, including both CCD DoE analysis and more
general data analysis. The results were divided into categories based on the series in

which the compounds belong to: reference compounds, series A and series B.

6.1 Reference compounds

Firstly, it is worthwhile to briefly analyze the reference compounds for general observa-
tions. They served as a baseline comparison against which to study the effects of the
additives, while also supplementing the data of series’ A and B. CB ref. and Lig ref. were
manufactured to compare the detrimental effects of lignin addition to NR compounds.
HMTA ref. was contrasted to CB ref. to see how HMTA addition effects on the vulcani-
zation kinetics and rheological properties of rubber, and the feasibility of TESPT usage

to couple lignin to NR was observed by comparing Lig ref. to Silane ref.

The results of the rheometer measurements are given in Table 5, and the rheometer
curves are shown in Appendix A. While more sophisticated analysis of the various sim-
ultaneous effects of different additives will later be performed via DoE analysis, some
general findings can already be made based on the vulcanization behaviours of our ref-
erence compounds. It was apparent based on the rheometer results that the already fast
vulcanization due to the temperature being relatively high at 170 °C, was clearly further
accelerated by the presence of HMTA. It was also further confirmed that the addition of
lignin both lowered the rate of cure, as seen from tg, in addition to reducing both the
stiffness and crosslinking density of the rubber reached during vulcanization as indicated
by MH and AM. Scorch times indicative of the beginning of vulcanization, given as tio,
behaved as expected. The addition of lignin increased scorch times due to it interfering
with crosslink formation [2, pp. 11, 13] [26, pp. 1738-9]. This phenomenon seemed to
be exacerbated by TESPT inclusion. HMTA on the other hand decreased scorch time

due to acting as an accelerator.

Based on the rheometer’s torque data, the addition of HMTA into a CB filled compound

(CB ref. vs. HMTA ref.) seemed to increase the stiffness and crosslinking density of the
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rubber. For the time being this behaviour can be assumed to be caused by HMTA acting
as an additional accelerator — at least in the presence of no lignin — thus increasing the
total accelerator content and consequently the crosslink density of the rubber. As CB ref.
and HMTA ref. contained no lignin in their recipes, these results do not yet tell of the
lignin-crosslinking ability of HMTA. The addition of a sulfur-containing silane into lignin
on the other hand seemed to stiffen the rubber via a likely coupling reaction (Lig ref. vs.
Silane ref.). The effect seemed rather minor, but for the time being this can be assumed
to be caused by the relatively low amount (1.5 phr against 15 phr of lignin) of 50 % purity
silane used. TESPT may also interfere with crosslinking reactions [64, pp. 130-2], thus
in part slightly increasing curing times [65] or decreasing stiffnesses. Moment lowest
values, indicative of the flowability of the rubber before vulcanization starts, did not
change as drastically as MH, and the changes may be attributed to noise. Nevertheless,
it can be observed that HMTA slightly increased viscosity of the rubber. After reaching
their respective maximum torque values, the rheometer plots of all compounds started
to decrease due to thermally induced crosslink reversion, which was to be expected of
such high vulcanization temperatures. Preliminary analysis of the reference compounds

will be further supplemented by the more sophisticated DoE analysis of Chapter 6.2.1.

Table 5. Rheometer results for reference compounds at 170 °C.

Compound | ML (dNm) | MH (dNm) | AM (dNm) | tio(min) | teo (min)
CB ref. 1.15 11.76 10.61 0.96 2.46
Lig ref. 1.21 9.73 8.52 1.22 2.90
HMTA ref. 1.32 14.28 12.96 0.71 1.78
Silane ref. 1.14 10.18 9.04 1.35 3.06

The mechanical properties of the reference compounds are given in Table 6. Lignin
seemed to slightly reduce the Shore A hardness of the rubbers, while HMTA slightly
increased it. As HMTA ref. was contrasted to CB ref. for rheological comparisons only,
the changes induced by HMTA addition regarding CB ref. only tell of the changes caused
by higher degrees of crosslinking from it acting as an accelerator. This behaviour is vis-
ible in increased stiffness (higher moduli at 100 %, 200 % and 300 % elongation) and
hardness, while elongation at break is decreased. The adverse effects of lignin addition
were also clearly visible. Hardness, tensile strength and tear strength visibly decreased
along with moduli at all three elongation rates. Increases in elongation at break and vol-
ume loss due to abrasive wear were also indicative of worse reinforcing filler capability

and overall worse interfacial interaction between lignin and NR when compared to those
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of carbon black. The addition of silane into lignin resulted in less drastic, but nevertheless
expected results. Tensile strength, tear strength, hardness and moduli of TESPT-cou-
pled lignin rubbers were slightly higher than those of plain lignin, while abrasive wear
was very clearly decreased. This general effect on mechanical properties is indicative of
TESPT acting as a coupling agent between lignin and NR, thus reinforcing the rubber
structure. The amount of TESPT used in combination with high degrees of lignin (from
the perspective of re-agglomeration/dispersion) may mute the visibility and degree of
reinforcing effects. The times spent at high temperatures during mixing, required for si-
lanization, may also have not been sufficiently long as some [33] [34] studies have used

longer mixing times with success.

Table 6. Mechanical properties of reference compounds.

Com- I;::;ds' s-l;fg:;teh Et:z:gaat Modulus (MPa) st:eena;th p:i);?‘-
pound | o0 (st(:,-I |glae)V-) b{;)a;k 100% 200% 300% | qmat | So8
CB ref. 55 23.7 (0.2) 563 2.00 5.27 9.59 102.8 118
Ligref. | 51 | 183(0.2) | 585 | 144 305 565 63.0 208

HMTA ref. 57 21.7 (0.2) 528 2.29 5.72 10.01 93.2 113
Silane ref. 52 18.6 (0.5) 581 1.58 3.33 6.03 63.5 169

Overall, the results of the reference compounds reinforced the assumptions gathered
during the literature review. The adverse effect of lignin addition on the vulcanization and
mechanical performance of NR was clear, as was HMTA's accelerating effect on vulcan-
ization kinetics and increases in rheometer measurements’ torque values. The coupling
effect of TESPT in the lignin reference was not as clear on all fronts, but it can be as-
sumed that this may be due to the rather small amount of pure silane used in our recipe.
The median phr value of our silane-range was chosen, but perhaps it should have been
higher. For future studies higher silane amounts would be beneficial for more clear

changes to be assumably reached.

6.2 Series A

During preparation procedures for vulcanization after the initial mixing step, it was imme-
diately noted that the dispersion of lignin was not ideal. One could see with a naked eye
brown aggregates of lignin sporadically scattered along the cross-sections of the com-
pound. The visible aggregates were approximately in the size range of some dozens to

a couple hundred micrometres with larger ones being evermore rare. Their presence
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was not dominating, but nevertheless agglomerates did exist here and there. Lignin ag-
glomerates were not visible on the roll-milled surfaces of the compound. However, as
mentioned in Chapters 4.1 and 5.1, this was to be expected of compounds with lignin

concentrations of 15 phr, and though not ideal it is not as such a major surprise.

Sheets with high amounts of HMTA and TESPT were noted to be slightly grey in contrast
to the deep black of the CB reference. After a day, some fine white powder started to
bloom onto the surface of compounds A2, A4, A6, A8, A9, A10 and A11. The effects of
this phenomenon seemed to be merely aesthetic — besides the slight possible risk of
allergic skin irritation [51] [53] — and no clear correlation to mechanical properties was
noted. It can be assumed based on the samples where this did occur, that the white
powder was most likely excess HMTA that could not react with the functional groups of
lignin, as they had already reacted with other HMTA molecules, lignin particles or
TESPT. As such, this phenomenon is not of concern since it can be mitigated by simply
using the ratios of additives, where there are only as much additives as there are func-
tional groups available in lignin. While the amounts of functional groups and thus the
number of reactions occurring between lignin and HMTA vary by lignin type and mixing
procedure, some general observations can be made based on our specimens. It is of
note to mention that these hypotheses are based merely on correlations between recipes
and visual analysis, and that no precise chemical analysis (e.g. FTIR) of the bonds be-
tween lignin and HMTA/TESPT took place in this study. Since the minor powdery residue
only rose onto the surface in compounds A2, A4, A6, A8, A9, A10 and A11, the maximum
amount of pure reactive additive molecules (i.e. not including dispersing agents etc.) that
could react with 15 phr of lignin seemed to be a bit above 4 phr. The slight discrepancy
with the hypothesized theoretical maximum based on chemical formulae (5 phr, Figure
10 [25]) can be explained by lignin’s simultaneous reactions with TESPT, local hydro-
philicity and re-agglomeration that all reduce the available number of phenolic hydroxyl
groups in lignin. The excess HMTA could perhaps only take part in vulcanization reac-
tions and not crosslinking of lignin after this point, though the observed HMTA blooming
and plateauing of tgo do not support this being a major phenomenon. Thus, it can be
assumed that the reaction hypothesis of U. Hwang et. al [25] (Figure 10), where one
HMTA molecule reacts with 3 lignin molecules is accurate, or at the very least close to
the maximum functional stoichiometric relation of the reactants and lignin. DoE analyses

of the torque values MH and AM seem to corroborate this theory.
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The rheometer results for series A are presented in Table 7, with the rheometer curves
being shown in Appendixes B and C. The effects of HMTA/TESPT will be more accu-
rately analyzed via DoE analysis, but nevertheless encouraging preliminary details can
be observed. The experimental additives seemed to negate the adverse effects of lignin
addition on the vulcanization-related properties of NR with clearly sufficient capability.
The maximum torque values achieved during vulcanization, and accordingly also the
changes in torque, were increased to values higher than those of the lignin reference,
and even the carbon black reference (Figure 16). This phenomenon occurred across the
board, with the minor expected exception A5 being the sample compound with the lowest
amount of HMTA (1 phr) and a relatively low amount of silane additive (1.5 phr). The
addition of HMTA also seemed to clearly negate the increasing effect of lignin on the
vulcanization time parameters tio and tg. Depending on the amount of HMTA used, the
values reached times at or slightly below those of the carbon black reference. Again, the

outlier was A5 with the least amount of HMTA used.

Table 7. Rheometer results for experimental compounds A1-A11 at 170 °C.

Compound | ML (dNm) | MH (dNm) | AM (dNm) | tio(min) | teo (min)
A1 1.39 12.60 11.21 0.98 2.29
A2 1.29 13.01 11.72 0.72 1.88
A3 1.09 12.48 11.39 1.03 2.48
A4 1.08 11.93 10.85 0.78 2.1
A5 1.16 11.67 10.51 1.14 2.64
A6 1.12 12.58 11.46 0.72 1.96
A7 1.17 12.79 11.62 0.78 1.92
A8 1.18 12.92 11.74 0.85 2.22
A9 1.16 13.16 12.00 0.86 2.09

A10 1.10 12.64 11.54 0.82 2.04
A11 1.1 12.87 11.76 0.83 2.05

The clear increases in the torque values of series A when compared to the lignin-filled
reference (Figure 16) indicate that through HMTA and silane additions stiffer compounds
with higher crosslink densities and more filler-rubber and filler-filler interactions can be
achieved. The indications are not 100 % certain but do often go in tandem with increases
in torque, and tend to correlate with higher stiffness, hardness, and strength values (non-
linear relation). The results of series A’s rheometer measurements corroborated the prior

observations about the HMTA reference compound.
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Figure 16. Maximum torque (MH) and change in torque (AM) during vulcanization at
170 °C for CB ref., Lig ref. and series A.

The mechanical properties of series A (Table 8) were not as clear-cut on all fronts as the
rheometric ones. Again, more conclusive DoE analysis will follow in the next chapter.
Hardnesses were slightly above those of the lignin reference (~55 vs. 51), with higher
additive concentrations correlating with increasing ShA hardness. Tensile strength and
tear strength values seemed inconclusive and rather puzzling, as they varied between
being slightly higher or lower than those of the lignin reference (Figure 22) with no clear
trend. Standard deviations of TS were quite high for many compounds, with no pattern,
at an average of 0.8 MPa with some samples reaching values above 1 MPa (Table 8,
Figure 22). Elongations at break were across all samples somewhat lower than both CB
and lignin references. All moduli of series A increased when compared to the lignin ref-
erence, with the starkest change occurring at the modulus measured at 100 % elongation
(average 30 % rise), which nearly reached the value of the CB reference. Moduli at 200
% and 300 % increased by averages of 27 % and 21 % respectively, when compared to
Lig ref., while those of CB ref. were 70 % higher. Abrasion results were encouraging, as
the degree of wear was reduced on average (165 mm?®) to the general halfway point
between the CB reference (118 mm?®) and lignin reference (208 mm3). While CB ref.
suffered 43 % less material loss due to abrasive wear than the lignin reference, the re-
ductions of series A varied between 16 to 22 %. Hypotheses regarding the obtained
unexpected results for mechanical properties gathered at the point of failure (tensile
strength, tear strength), and the possible reasons for the mere observed effect of noise

will be presented at the end of the following chapter along with deeper analysis.
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Table 8. Mechanical properties of experimental CCD series A.

com- | M| rangin | EOM9 | Modulus wpa) | Tear, | Abra
pound (ShA) (st(:,.ch’iae)v.) break (%) 100% 200% 300 % (N/mm) | (mmd)
A1 55 19.2 (0.4) 551 1.78 3.69 6.53 62.8 170.4
A2 56 17.6 (1.1) 505 2.00 411 7.23 62.0 166.0
A3 56 17.8 (0.7) 523 1.94 4.01 7.01 64.9 162.8
A4 55 18.4 (0.5) 539 1.84 3.80 6.80 56.5 163.3
A5 54 18.9 (1.5) 557 1.72 3.64 6.53 66.9 161.4
A6 57 17.3 (0.8) 518 1.94 3.96 6.94 65.3 169.1
A7 53 17.6 (0.9) 539 1.74 3.61 6.44 62.2 173.7
A8 56 19.2 (0.3) 545 1.94 3.97 6.92 68.0 163.2
A9 55 18.5(0.4) 531 1.90 3.98 7.03 63.2 161.7
A10 56 18.4 (0.8) 537 1.90 3.94 6.88 56.7 162.3
A11 55 18.1 (0.9) 531 1.96 4.01 6.98 63.9 165.2

Samples A9-A11 were manufactured for estimating the effectiveness of CCD model pre-
dictions about the optimal concentrations of the additives used. Since their recipes were
identical, so should their results be. Some deviations between the compounds are al-
ways present due to naturally occurring variations in local ingredient dispersion, uneven-
ness between rubber plate quality, human error, et cetera. Between A9, A10 and A11,
the ML values along with t1o and teo possessed little to no noteworthy deviations from
each other. Such was also the general case with most mechanical properties excluding
the low tear strength of A10. The MH values, and thus the changes in torque, also pos-
sessed deviations between the compounds that were a bit higher than preferable, but
nonetheless no properties were catastrophically different. One could hypothesize such
deviations to be caused by imperfect lignin dispersion, unintentional differences in mixing
parameters, or local small air bubbles. It should be assumed that other compounds also
possessed such fluctuations in their properties despite not currently being observable

from only a single manufactured sample batch.

Preliminary findings of the vulcanization behaviour and mechanical properties of series
A are next expanded upon by DoE analysis. Do note that unless otherwise stated, the
phr amounts given correspond to those of the additives, instead of 100 % pure TESPT
or HMTA. The DoE graphs and contour plots tell of the relations between additives and
properties within series A, and thus comparing series A with reference compounds for

further analysis about the effects of the additives must be done separately.
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6.2.1 DoE analysis of series A

As covered previously, the results of the rheometer tests for series A were promising.
MH and AM rose by averages of 30 % and 34 %, respectively, when compared to the
lignin reference, either reaching or slightly exceeding the values of the CB reference.
Based on the increases in the maximum torque values, it can be assumed that the addi-
tives thus stiffen the rubber by increasing the degrees of filler-rubber interaction, filler-
filler interaction and/or crosslinking. While DoE analysis revealed no distinct correlations
with the additives’ amounts and ML, MH and AM showed clear correlations with the
amount of HMTA. They both were found to correlate with increasing amounts, and more
distinctly the quadratic components, of HMTA (Figures 17 and 18) with a very slight de-
creasing effect of TESPT (Figure 18) being statistically non-significant and likely attribut-

able to noise.

Corroborating the previously mentioned visual observations of the optimal HMTA
amounts, the MH and AM plots (Figures 17 and 18) peaked roughly in the range of 4-5
phr of HMTA. The torque peaks were widened in part by the possibly interfering presence
of TESPT, lignin re-agglomeration, the variations in the number of available functional
groups in lignin precursor monomers, and local dispersion variations. The slight reduc-
tions in MH and AM after the maximum point may be caused by brittleness induced by
excessive crosslinking via excess HMTA. Nevertheless, the reaction hypothesis of U.
Hwang et. al [25] (Figure 10) seems to be further confirmed by both visual (i.e. HMTA

blooming) and rheological observations.
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Figure 17. The effect of HMTA (phr) on MH (dNm) and AM (dNm) of series A.
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Figure 18. Contour plot for change in torque as a factor of HMTA and silane (phr).

The vulcanization times of series A also showed clear and easily correlated changes,
being those of decreases of around 30 %. Both tio and tg (Figure 19) decreased non-
linearly as a function of HMTA, and especially its quadratic component. This acceleration
of vulcanization processes was likely due to the exothermic reaction between HMTA and
lignin [25, pp. 3—4], which increased the rubber’s internal temperature during curing. If
this effect were to be caused by HMTA acting primarily as an accelerator instead of lignin
crosslinking agent, one would assume the plot (Figure 19) to continue decreasing even
at 6-7 phr of HMTA. Instead, the plot plateaued after the maximum reactivity between
HMTA and lignin was reached. TESPT addition resulted in a slight increase in both pa-
rameters, which was expected of higher silane concentrations interfering with vulcaniza-
tion reactions as explained in Chapter 4.2. All models had high confidence. Scorch and
vulcanization times were generally slightly below even those of the carbon black refer-
ence. While too fast vulcanization can be considered harmful in rubber product manu-
facturing due to insufficient reaction times, — rubber flowability, or premature curing, this
problem can easily be negated by optimization of the additive amounts.
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Figure 19. 3D surface graph of ty at 170 °C as a factor of HMTA and silane (phr).

The effects of HMTA and TESPT were also visible in the moduli measured at 100 %,
200 %, and 300 % elongations (Figure 20). In DoE analysis, it was found that all moduli
were increasingly dependent on the amount of HMTA, and the combined effect of simul-
taneous usage of HMTA and TESPT, while TESPT alone showed no clear correlations.
Compared to the lignin reference, the moduli at 100 %, 200 % and 300 % increased
clearly, and even at the lowest additive concentrations (A5 & A7) the moduli were 20 %
higher than those of the mere lignin reference. Moduli did not reach the values of the CB
reference, but nonetheless the results seemed to indicate that the experimental lignin-
filled rubbers of series A were stiffer and more rigid than those without HMTA/TESPT.
Increased stiffness is likely to correlate with increased crosslink densities, filler-rubber
interaction and filler-filler network (especially at low elongations). DoE contour plots (Fig-
ure 21) seemed to indicate that HMTA and TESPT may not reach the highest reinforcing
effects when used in high concentrations simultaneously. The highest moduli were
achieved when either the coupling effect of TESPT or the in-situ lignin crosslinking via
HMTA were at their highest extents, i.e. when the amount of the other additive was low.
Nevertheless, very high moduli are not necessarily desirable, as they tend to lead to
brittleness of the structure and the following comparatively early failure under stress.
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Figure 20. 100 %, 200 % & 300 % moduli (MPa) for CB ref., Lig ref. & series A.
(v-axis is logarithmic for better visibility of changes in early moduli)
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Figure 21. Contour plots for 100 % and 300 % moduli (MPa) as factors of HMTA and
silane (phr) for series A.

DoE analysis of Shore A hardness revealed no statistically significant correlations: hard-
ness increased in a gradual manner as the amount of additives rose. Elongations at
break were slightly lower than those of the reference samples, which can be assumed to
be caused by HMTA acting as an accelerator via mainly exothermic reactions with lignin,
thus increasing crosslink density and rigidity. This hypothesis was proven true, as DoE

analysis found higher concentrations of HMTA to linearly correlate with slight decreases
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in elongations at break (e.g. A1 vs. A2). Tensile- and tear strength values were in practise
identical to those of the lignin reference (Figure 22: some were slightly better, some
slightly worse) with no significant correlations found in the DoE analysis. Perhaps the
most puzzling aspect of the results was the question: why do moment, modulus (100-
300 %), and abrasion values seem promising, but the properties measured at the failure
point (TS, tear strength) only seem to differ by noise? Hypotheses regarding this obser-

vation are given after the abrasion results.
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Figure 22. Tensile strength & its standard deviations for CB ref., Lig ref. & series A,
demonstrating the noise observed in tensile strength and tear strength results.

While the results of tensile testing were not ideal, the experimental compounds’ re-
sistances to abrasive wear were more encouraging. With an average material loss of
165 mm?3, wear decreased to the midpoint between the carbon black (118 mm?) and
lignin (208 mm?3) references (Figure 23). DoE analysis revealed that within series A, the
degree of wear was non-linearly dependent on the amount of TESPT and its quadratic
component, with higher concentrations correlating with lower wear (Figure 24). Within
series A, a slight linear increase in wear occurred at elevated concentrations of HMTA,
but this can be assumed to be caused by noise or the unreacted HMTA above 4-5 phr.
This assumption can be made as firstly, the excess HMTA rose onto the rubber’s surface
thus indicating good mobility and weaker interactions with the rubber matrix, which would
lead to easy wear of excess HMTA particles. More importantly, in compounds which
possessed little (A1 & A2) to no (A7) TESPT within their structures, clear reductions in
wear could be seen despite only the significant presence of HMTA. Thus, it can be con-
fidently assumed that in addition to TESPT, also HMTA reduces abrasive wear experi-
enced by the rubber. AM did not show correlations with reductions in wear, but instead

the observations were caused by additives alone.
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Figure 23. Volume loss (mm?®) due to abrasive wear for CB ref., Lig ref. & series A.
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Figure 24. Contour plot for volume loss (mm?®) during abrasive wear as a factor of
HMTA & silane (phr) within series A.
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Changes in vulcanization times, increased moduli and MH, and decreases in abrasive
wear indicated interactions between TESPT/HMTA and lignin, and likely changes in the
degrees of rubber-filler interaction, filler-filler interaction and/or crosslinking. Why were
no significant changes present in tensile strength or tear- values of the experimental
rubbers? Possible reasons include poor dispersion/self-agglomeration of lignin, insuffi-
cient or unfavourable reactions of the additives, premature failure of the reinforcing struc-
tures, or the fact that large quantities and poor dispersion of lignin may mask more subtle

changes, especially when combined with the inherently high strength of NR.

Longer vulcanization times and a different mixing order were tried for select compounds
with no significant improvements in the rubbers’ mechanical properties. Sulfur compen-
sation resulted in a very slightly stronger compound, and the changes (single digit per-
centages in either direction) were within the realm of random noise. Thus, it can be con-
cluded that the reason for the suboptimal performance at the failure point was likely not
due to insufficient curing times, or excess sulfur. Mixing and vulcanization parameters

were chosen so that they should be sufficient for reactions to occur, but not too high.

Though abrasion, rheometer measurements and earlier phases of tensile testing indi-
cated reactions between the HMTA/TESPT and lignin, the observed lignin agglomerates
likely led to the full potential of the additives’ reinforcing effects not being fully available.
Clear increases in moduli were likely caused by network forming reactions between lignin
and HMTA/TESPT, as indicated by higher stiffnesses. The absence of their reinforcing
nature at larger (>500 %) strains was likely in part due to premature failure caused by
lignin re-agglomeration, which both prevented the additives from sufficiently reacting with
lignin, and was a likely major source of stress concentrations. Stress concentrations
stemming from poor interfacial bonding and voids (acting as microscopic cracks) caused
by agglomeration or poor lignin compatibility, could explain why the samples initially
showed indications of better mechanical properties in the form of increased hardness,
moduli and better resistance to abrasion, but no such effect was seen specifically at the
failure points under tensile loading (tensile strength, tear strength) [25, p. 6]. Large lignin
agglomerates also lead to poor stress transfer with their immediate surroundings due to
poor interfacial compatibility and stiffness differences, thus resulting in more uneven
stress fields acting as possible initiation points for cracking. Lignin agglomerates were
visible in the same general amounts and sizes in the cross-sections of the lignin refer-

ence compounds, compounds with differing amounts of either TESPT or HMTA (e.g. A2
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vs. A3 vs. A5), and additional compounds mixed in a different order. As such, we can
reasonably conclude that the dispersion was not poor because of unfavourable mixing
sequences, the presence of HMTA, or related to the amount of HMTA/TESPT. Instead,

the amount of lignin, 15 phr, seemed to be the underlying cause.

It is also important to note, that if reinforcing networks were to be generated via the use
of our additives (as some results indicate), they may break under stresses before the
rubber sample itself. Payne effect, where the filler-filler network (i.e. lignin clusters) is
progressively destroyed under ever increasing deformations may be a now occurring
phenomenon [4, pp. 404-7]. An initially produced higher filler-filler network combined
with Payne effect could explain the increases in stiffness observed at lower elongations,
and their seeming absence at 500 % strain. Thus, the results might tell of the fact that
while the additives may enhance the mechanical properties of the rubbers initially, this
effect does not hold true with the now used NR at high stresses and strains. Studying
the additives’ behaviour under different rubbers would thus be of interest, as the inher-
ently high strength of NR may mask some changes. As alluded to previously, the cou-
pling effect of TESPT on the rubber-filler interaction may have not been sufficient at the
concentrations or silanization times currently used. The lacklustre changes between Lig
ref. and Silane ref. may be indicative of such a phenomenon. If fillerfiller interaction,
polymer-filler interaction or the degree of crosslinking were to have become too high,
one would assume clearly unfavourable decreases in properties to be seen. As no clear
major strength decreases, hardness increases or other indications of excessive cross-
linking were found, especially when compared to the lignin reference, one can for now

assume that the induced stiffening effect on the rubber compounds was not too high.

A possible hinderance could have also been a premature and unwanted reaction be-
tween TESPT and HMTA during mixing. As the rubbers were run through a two-roll mill
after mixing, vapor arose from the rubber sheet. Although unverified due to no deeper
chemical analysis taking place, this was hypothesized to possibly be water vapor based
on supplementary DSC measurements by Tampere university (reactions with lignin were
observed with DSC as assumed) where an endothermic spike was seen at exactly 100
°C. Further studies would need to take place to confirm this however, as no sources
discussing the issue of HMTA/TESPT reactivity were found during the literature review.
Using a different mixing order where HMTA and TESPT were added in separate stages

resulted in no vapor generation, but also no significant changes in mechanical properties.
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While premature reactions between additives may affect the compounds’ properties and
structure, they did not seem to be the major reason behind the lack of conclusive

changes in mechanical properties measured at sample failure points.

Due to HMTA being able to function as an accelerator, ponderings arose about it possibly
acting in vulcanization reactions prior to, or primarily instead of, in-situ crosslinking of
lignin. Based on empirical observations though, | would refute the significance of this
theory and argue that vulcanization was predominantly chemical reaction -wise acceler-
ated by CBS only. If HMTA were to chemically act in vulcanization reactions instead of
lignin crosslinking, no significant blooming would have assumably taken place. This is
especially the case when we consider that blooming only occurred in compounds with
assumed excess HMTA based on the amount of reactive functional groups of lignin. The
decreases in tog that were found to correlate with HMTA can be explained by the proven
(Figure 11) [25, pp. 3—4] exothermic reactions between lignin and HMTA that accelerate
vulcanization by releasing heat into the surrounding rubber matrix. This is likely, particu-
larly as the decreases in tg did not continue above roughly 5 phr of pure HMTA, but
instead the curve plateaued: if HMTA were to act primarily as an accelerator through
forming reactive species, one would assume the tg curve to continue decreasing. It is
also important to remember that not only vulcanization reactions occur during rheometer
measurements where increases in AM are observed, but that also HMTA/lignin in-situ
crosslinking and TESPT/lignin coupling reactions happen. The findings of previous stud-
ies also support my theory, as based on DSC measurements HMTA was found to seem-
ingly begin reactions with lignin below the vulcanization temperatures (i.e. already during
our mixing phase) (Figure 11) [25, pp. 3—4]. In another study [24] mechanical properties
between lignin that reacted with HMTA during vulcanization, and HMTA pre-reacted lig-
nin that chemically could not have functioned as an independent accelerating agent were
found to be near identical. If HMTA were to molecularly take part in vulcanization reac-
tions in a significant way before lignin crosslinking, the results between these compounds

can be assumed to have been tangibly different.

Although in this study the choice of rubber limited the maximum temperature range avail-
able, high temperatures (around 200 °C) during mixing have indicated better lignin dis-
persion and thus should be used in the future whenever possible [8]. Using HMTA pre-

reacted lignin could also limit the occurrence of lignin self-agglomeration or insufficient



59

reactions between HMTA/lignin, thus enabling the full reinforcing potential of HMTA re-
inforced lignin as indicated by the measurements of P. Frigerio et. al. [24]. Trying to mix
the rubbers in a stepwise manner where TESPT and HMTA cannot prematurely react

with each other may also prevent further issues.

One of the aims of this thesis was to find optimum phr values for TESPT and HMTA to
reduce the adverse effects of lignin usage. While the results of tensile testing were partly
inconclusive, some guidelines can still be given. HMTA does not seem to take part in in-
situ crosslinking of lignin, or increase filler-filler interaction, after the phr-relation between
HMTA and lignin exceeds roughly 1:3. Thus, the maximum amount of HMTA, or other
additives that interact with the phenolic hydroxyl groups of lignin in a similar way, should
not exceed '/3 of the amount of lignin. Higher concentrations of HMTA up till this limit led
to lower t1o/too values and higher MH/AM during vulcanization. Moduli reached their max-
imum values when either additive was present in their highest concentrations, while the
other's amount was minimal. Excessive stiffness, however, is not desirable as it may
lead to brittleness and reduced strength. As such, values below the maximums (Figure
21) are suggested. HMTA and TESPT were found to reduce abrasive wear experienced
by the rubbers both in combination and alone. An additive combination to reduce abra-
sive wear while preventing too fast vulcanization times or too high stiffnesses, could thus
be 1-1.5 phr of TESPT and 3.5-4 phr of HMTA, for example. The concentrations should

be tailored for each compound and application.

In summary, based on our observations | would conclude that HMTA was able to in-
crease the filler-filler interaction of lignin through exothermic in-situ crosslinking reac-
tions, that simultaneously expedited vulcanization, thus leading to shorter vulcanization
times, increased moduli, and reduced abrasive wear. Simultaneously, TESPT was found
to significantly reduce abrasive wear and increase moduli through enhanced lignin-poly-
mer interaction by acting as a coupling agent. The lack of conclusive changes in some
mechanical properties, e.g. tensile strength, was deduced to be most likely caused by
the observed poor dispersion and re-agglomeration of lignin, with inadequate silanization

reactions or Payne effect possibly also influencing the outcome.
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6.3 Series B

Series B was conducted to study lignin’s effects on the properties of SBR with different
vulcanization systems used. Conventional (B1), semi-efficient (B2), and efficient (B3)
vulcanization systems were tested to see the feasibility of using them to reduce the det-
rimental effects of lignin addition. CB-reinforced reference compounds (B) and CB/lignin
hybrid filled test compounds (B/L) were made for the purposes of comparing the effects
of lignin separately for every system. When contrasting the data with the contents of
Chapter 4.3, do note that in our series the concentration of the primary accelerator (CBS)
was kept constant while sulfur and CLD varied, but in the reference study [30] both ac-
celerator and sulfur concentrations varied to a major degree. Also, we compared more
general CB/lignin filled CV, semi-EV and EV systems to each other, while Nando & De
[30] said to have made their lignin filled recipes in a way, that the initial hypothetical
crosslink amounts between the systems would be roughly the same. The term retention
is used to refer to the preservation of properties (e.g. hardness, TS, crosslinks) when
comparing CB/lignin compounds (B/L) to CB compounds (B). If the vulcanization system
resisted the adverse effects of lignin addition on a property the best (i.e. the change

caused by lignin inclusion was the lowest), its retention was deemed to be the best.

The results of rheometer measurements are given in Table 9, with the rheometer curves
shown in Appendix D. From the results we can see that, just like previous measurements
indicate, lignin addition increased vulcanization times. For EV system the increase in tgo
was clearly the lowest, and tio decreased the most. In the CV system tio rose by 5 %.
The differences in vulcanization times between CV and semi-EV systems are initially (B1
vs. B2) not as drastic, which is likely in part caused by the recipe choice: the amount of
CBS was kept constant, while sulfur decreased. This was because in series B we were
interested in the effects of variances in crosslinking and crosslink retention, instead of
vulcanization times. The more often seen drastic vulcanization time accelerations
caused by semi-EV and EV systems with increased amounts of accelerators were not
thus majorly visible. Nevertheless, the performance of the semi-EV system was the poor-
est regarding vulcanization times. As the system moved from polysulfidically crosslinked
CV to the mono- and disulfidically linked EV, the highest torques reached and thus the
changes in torque were lesser. The discrepancy between these results and the meas-
urements of Nando & De can be explained by both the presence of CB, and the assump-
tion that Nando & De planned their recipes so that crosslink concentrations before lignin
addition between the systems would be comparable [30], while ours were more general

with no such approach taken. We were now more so interested in the percentual
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changes caused by lignin, and not the exact values themselves. Lignin addition lowered

both MH and AM in all systems by interfering with crosslink formation and resulting in

worse polymer-filler/fillerfiller interactions, while ML decreased by minute amounts.

Table 9. Rheometer results for experimental vulcanization system series B at 160 °C.

Compound | ML (dNm) | MH (dNm) | AM (dNm) | tio (min) | teo (min)
B1 1.09 14.44 13.35 6.04 15.42

BIL| 1.02 11.54 10.52 6.37 21.51

B2| 1.14 9.74 8.60 6.44 15.43

B2/L | 1.01 7.55 6.54 6.10 24.97

B3| 1.15 7.87 6.72 6.25 15.06

B3L| 1.03 5.84 4.81 5.39 19.87

The mechanical properties of series B are given in Table 10. Just like in the case of the
reference compounds (Table 6) lignin through interfering with the formation of crosslinks
[27, p. 197] [2, pp. 11, 13] lowered hardnesses, tensile strengths, tear strengths, moduli,
and increased elongations at break. While the percentual changes in properties within
systems were the key interest of this series, a few observations between the vulcaniza-
tion series can be made. While moduli possessed clear differences, the initial tensile
strengths between conventional and semi-efficient systems (B1 vs. B2) were nearly the
same. Perhaps this was caused by noise (standard deviation of B1 was 0.7 MPa com-
pared to 0.2 MPa of B2), stress concentrations due to lignin agglomerates, or the differ-
ences between the recipes of CV and semi-EV systems not being more drastic. It is also
of note to mention that while moving from conventional to efficient systems the mechan-
ical properties did change, that addition of lignin caused more drastic changes in tensile
strengths specifically than different vulcanization systems did (also in part reflected by
results of previous studies [30]). Resistances to tearing and elongations at break were
clearly higher for semi-EV and EV systems, possibly due to the high stiffness (reflected
by hardness, MH and moduli) of the CV system.
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Table 10. Mechanical properties of experimental vulcanization system series B.
Tensile
Compound t::;ds- strength Elongation Modulus (MPa) stlTee:rth
P (std. dev.) | atbreak (%) | 100 % 200% 300 % g
(ShA) (N/mm)
(MPa)
B1 57 16.7 (0.7) 514 217 5.48 9.20 374
B1/L 55 15.4 (0.4) 730 1.70 3.02 477 32.8
B2 52 16.6 (0.2) 753 1.43 3.27 5.83 56.1
B2/L 50 12.4 (0.5) 966 1.23 1.93 2.89 45.6
B3 50 14.6 (0.1) 839 1.15 2.44 4.52 59.7
B3/L 47 8.5 (0.0) 999 1.04 1.53 2.18 404

The percentual changes in compound properties induced by lignin addition for different

vulcanization systems are compiled into Table 11. It is clearly visible that while not all

property changes between systems varied percentually to a major extent, that the system

resisting the adverse effects of lignin addition the best was the conventional system. This

was especially the case for such crucial values as tensile strength, tear strength, and

AM. Semi-EV system was not the least changed regarding any property, while the EV

system resisted increases in tgo, elongation at break, and moduli the best. Sometimes

the EV system resisted changes induced by lignin better than semi-EV, and vice versa.

Table 11.

Changes in properties induced by lignin. The smallest change is highlighted in

green. For tip an increase is considered more favourable.

B1(CV) B2 (semi-EV) B3 (EV)
tio +5 % -5 % -14 %
too +39 % +62 % +32 %
ML -6 % -1 % -10 %

MH -20 % -22 % -26 %

AM -21 % -24 % -28 %

ShA hardness -4 % -5 % -6 %
Tensile strength -8 % -26 % -42 %
Elongation at break +42 % +28 % +19 %
Modulus 100 % 22 % -14 % -10 %
Modulus 200 % -45 % -41 % -37 %
Modulus 300 % -48 % -50 % -52 %
Tear strength -12 % -19 % -32 %
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Based on previous observations [30], the disruptive effect of lignin on crosslink formation
may mainly concern monosulfidic crosslinks in EV systems, allowing some polysulfidic
ones to form instead. While the possible phenomena has not been extensively probed,
it may be caused by lignin mainly adsorbing the now plentiful accelerators with its acidic
phenolic groups instead of as actively masking crosslinking sites [27, p. 197] in rubber
molecules, or interfering with sulfur radicals [2, pp. 11, 13] [26, pp. 1738-9]. All hindering
interactions still likely occur, but statistically based on the concentrations of vulcanization
ingredients, accelerator-disruption could be assumed to be more significant than in CV
and semi-EV systems. In EV systems this would result in comparatively more sulfur be-

ing available, thus promoting the formation of di- and polysulfidic crosslinks.

If we assume that the hypothesis presented by Nando & De about the amount of poly-
sulfidic crosslinks in the EV system being increased via lignin addition [30] holds true,
the superiority of the CV system could be partly explained by differences in the initial
crosslink contents. Even if the number of crosslinks in the EV system were to increase —
or decrease the least — assuming the initial density of polysulfidic crosslinks in CV and
semi-EV systems was significantly higher than in EV [4, pp. 358-62], the decrease in
their number may not have been sufficient for the EV system to retentionally outperform
them regarding their mechanical properties. Assuming that the CV system lost polysul-
fidic (and total) crosslinks due to lignin usage [27, p. 197], the final crosslink density may
have simply still been comparatively high, leading to the CV system performing the best.
The high values of MH/AM in the CV system when compared to the EV system support
this theory. The addition of CLD in ever increasing amounts to more efficient systems
also may have increased the effect of subsequently generated mono- and disulfidic

crosslinks [70] to be more significant than that of sustained/created polysulfidic ones.

It is also crucial to consider the role of CB reinforcement within our compounds: Nando
& De compared the changes between non-reinforced and lignin-filled rubbers [30] while
in our series a hybrid CB/lignin filler system was used. A crucial difference between solely
lignin filled rubbers and hybrid CB/lignin systems is the additional reinforcement stem-
ming from the better chemical and polar compatibility between CB and SBR. Since the
amount of bound rubber, meaning elastomers adsorbed onto the filler surface, is de-
pendent on the surface chemistry, -energy, filler size and -structure [4, pp. 400—401], the

chemically more incompatible polar lignin [2, p. 6] with a tendency to re-agglomerate into
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large particles [24, p. 1397] tends to result in worse rubber-filler interaction. As interac-
tions between CB and elastomer occur during mixing [4, p. 400], changing the vulcani-
zation system efficiency does not fundamentally change the amount of bound rubber.
This concludes that rubbers reinforced with CB possess higher strengths, when com-
pared to non-filled or only lignin-filled rubbers, possibly diminishing the importance of
changes in crosslink types as opposed to the polymer-filler and filler-filler interactions.
This hypothesis is supported by empirical observations of the decrease in tensile
strength being more major due to added lignin than changing the vulcanization system
(Table 10, [30]). It is reasonable to assume that the CV system performed the best in
part due to the significance of polysulfidic crosslink retention in CB/lignin compounds
being less dominating than in the merely lignin filled systems of Nando & De. The rhe-
ometer curves (Appendix D) showed minor crosslink reversion occurring at extended
vulcanization times in the CB compounds (B1, B2, B3). Nevertheless, thermally induced
crosslink reversion can be deemed to be non-significant, as it occurred in very minute

amounts at vulcanization times much longer than the ones used.

While for some properties, such as TS and t1o, semi-EV system had better retention than
its efficient counterpart, it did not perform the best in any property. While the exact com-
pound formulae in different studies are of great significance when determining the rub-
bers’ properties, it is worth shortly hypothesizing about why this was the case in our
series. Due to the lower amount of elemental sulfur in the semi-EV system as opposed
to the CV system, the density of formed polysulfidic crosslinks was lower. Simultane-
ously, the free sulfur donated by CLD resulted in the formation of more disulfidic and
monosulfidic crosslinks [70] resulting in a mechanically weaker baseline compound (B1
vs. B2). These assumptions could in part explain why CV performed better than the semi-
EV system. The often-occurring better property retention in EV systems could be ex-
plained by the hypothesis of Nando & De, regarding enhanced polysulfidic crosslink
preservation — and even creation — in efficient vulcanization systems as opposed to the
semi-efficient ones [30]. While it does not likely dominate the effects stemming from CB
inclusion and the possibly high initial crosslink density of our CV system, the observed
polysulfidic crosslink sustainment/creation in EV systems [30] still likely plays a role in
property retention when compared to the sometimes more poorly performing semi-EV
system. The semi-EV system practically always places in the middle ground between the

extremes of CV and EV systems, other of which performs the best in terms of retention.
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If one wants to maximize the strength of their hybrid CB/lignin reinforced rubber, it seems
that the inherently high strength and seemingly good reinforcement retention procured
by the hybrid CB/lignin-filled CV system should be chosen. EV systems are preferable
when retention of vulcanization time, elongation, or stiffness as indicated by early moduli
are of importance. While not separately measured, it is known that EV systems also
possess an excellent ability to resist thermal- and oxidative ageing [4, pp. 361—4]. Semi-
EV systems do not seem to perform the best in any property retention and should thus
be avoided if minimizing the detrimental effects of lignin is sought to be done. It would
seem like the hypothesis of Nando & De [30], concerning the supremacy of property and
crosslink retention of EV systems may only hold true for purely lignin-filled rubbers, and
that the presence of carbon black changes the outcome. Perhaps the crosslink retention
superiority hypothesis of EV systems only holds true when the rubber matrix is mainly
strengthened by polysulfidic crosslinks and does not consider the effects of bound rubber
and other reinforcement mechanisms present in more effective and better rubber-com-
patible fillers than lignin (i.e. carbon black). It is also possible that the hypotheses pre-
sented by the reference study [30] were flawed, as the phenomena has not been exten-
sively studied. The vulcanization systems being different may have also affected the out-
come: in our series the concentration of CBS was kept constant while the amount of
sulfur (and CLD) varied. It would be of interest to see whether our observations hold true

when also the amount of CBS is varied to a significant degree between systems.
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7. CONCLUSIONS

Lignin has emerged as a potential alternative to combat the environmental challenges
associated with using traditional reinforcing fillers in rubbers. Lignin is both cheap and
widely available due to being a by-product of paper and pulp industries. It is chemically
promising as a filler due to the ample functional groups and aromatic rings in its structure,
that nevertheless also simultaneously cause problems regarding its adoption. When
used in rubbers lignin tends to re-agglomerate, have poor dispersion and polymer-filler
interaction, and result in overall inferior properties of the compound. The aim of this the-
sis was to evaluate and enhance the usability of lignin as a rubber filler via increasing
polymer-filler and fillerfiller interactions through experimental additives, and by deter-
mining the least detrimental vulcanization system. The hypotheses were that filler-filler
interaction could be enhanced through HMTA induced in-situ crosslinking of lignin, and

polymer-filler interaction by using silane coupling agents.

Based on a series conducted for different concentrations of HMTA and TESPT in hybrid
carbon black and lignin -filled natural rubber it was concluded that HMTA was able to
negate the detrimental effects of lignin addition on tio, teo, MH and AM, by expediting
vulcanization via exothermic reactions between HMTA and lignin. Design of experiments
analysis revealed that higher concentrations of HMTA decreased tio/tso, and increased
MH/AM via quadratic correlations, while TESPT slightly increased vulcanization times. It
was demonstrated that both HMTA and TESPT were able to significantly reduce abrasive
wear experienced by carbon black and lignin -filled natural rubber. Moduli increased as
functions of both HMTA and TESPT, reaching their highest values when either additive
was able to react with lignin to the highest degree. Mechanical properties measured at
the failure points of the samples — tensile strength and tear strength — showed no clear
correlations with either HMTA or TESPT and did not significantly deviate from the refer-
ence containing neither additive. After additional testing this was hypothesized to be
likely caused by poor dispersion and re-agglomeration of lignin stemming from 15 phr of
it being used, with Payne effect, insufficient silanization or unwanted reactions between

HMTA and TESPT possibly also affecting the outcome.

Empirical observations of HMTA blooming, absence of too decreases above 5 phr of
HMTA, and the rheometer torque values MH/AM peaking at 4-5 phr of HMTA against 15
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phr of lignin seem to support previously suggested theories of the optimum relation be-
tween lignin and HMTA being 3 parts of lignin to 1 part of HMTA. Due to lignin possessing
a lower number of available functional groups because of re-agglomeration and the hy-
drophilicity of phenolic hydroxyl groups, the practical maximum is likely slightly lower.
Maximum amounts of HMTA and any other additives reacting with the phenolic hydroxyl
groups of lignin should thus be capped at '/3 of the amount of lignin. While the results
were partly inconclusive, a suggested optimum combination of HMTA and TESPT for
hybrid carbon black and lignin -filled rubbers with good resistance to abrasive wear could
thus be 1-1.5 phr of TESPT and 3.5-4 phr of HMTA, when the amount of lignin is 15 phr.

Comparing vulcanization systems to find which of them could be used to minimize the
detrimental effects of lignin inclusion in rubbers resulted in conclusions contrary to a pre-
vious study, which suggested that efficient vulcanization systems could retain polysulfidic
crosslinks and mechanical properties the best. The conventional vulcanization system
had clearly the best general retention of properties, while the efficient system resisted
changes in vulcanization times, elongation, and moduli the best. Semi-efficient systems
did not retain any measured property the best. This outcome was hypothesized to be
caused by differences in recipe design, and the presence of carbon black in our com-
pounds. It was suggested that the theory of a previous study which contained only lignin
as a filler, does not take into consideration the reinforcing effects of carbon black stem-
ming from its better chemical compatibility with rubbers, which likely diminishes/over-
shadows the importance of polysulfidic crosslink retention. Our more varied crosslink

densities and the use of a sulfur donor also likely influenced the outcome.

While lignin holds promise for use as a sustainable filler, especially plain powder-form
lignins do not as such seem to meet the performance of traditional fillers. For future ex-
periments it is recommended to study the feasibility of using HMTA pre-reacted lignin,
which could eliminate possible problems regarding the reactions between HMTA and
lignin, and hinder lignin re-agglomeration. It is also worth studying other silanes’ effects
on lignin bonding and dispersion — mainly lignin surface modifying aminosilanes such as
APTES - at preferably higher concentrations than the ones now used. The pressing
problem of lignin dispersion could be sought to be mitigated by using surface-modified
lignins or mixing temperatures of 180 — 210 °C [8] whenever the ingredients so allow.
While lower lignin amounts than the now used 15 phr are likely to result in better disper-

sion, they are not sufficiently representative of lignin-reinforced systems.
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APPENDIX A: RHEOMETER CURVES FOR
REFERENCE COMPOUNDS
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APPENDIX B: RHEOMETER CURVES FOR
COMPOUNDS A1-A6
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APPENDIX C: RHEOMETER CURVES FOR
COMPOUNDS A7-A11
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APPENDIX D: RHEOMETER CURVES FOR

COMPOUNDS OF SERIES B
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