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Chapter 1

1 Introduction

1.1 Background & Motivation

Tire is a complex structure of the vehicle consisting of assembly of several components
such as tread, sidewall, inner liner, etc., as shown in Figure 1.1. All these components
are built either by a rubber compound designed with a specific chemical formulation or
by constructive materials like reinforcing fabrics and steel cords to meet the vehicle’s
performance. Most of the raw materials (either the base raw material i.e., synthetic pol-
ymers or a supplementary material such as reinforcing fillers (carbon black), processing
aids, anti-degradants, curatives etc.,) used for formulating a rubber compound are de-
pendent on non-renewable fossil fuels. The dependency on these petroleum-based raw
material is creating a global concern in relation to its deleterious impact on the environ-
ment such as global warming. Also, due to the fact that the market growth of the tire
industry is increasing day by day with the growing vehicle sales and expanding automo-
bile fleet, it can be clearly visualized that this expeditious development emerges at the
expense of over-exploitation of non-renewable resources [1].

Tread
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)

Steel belts
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. I 4 //////////// TR | /
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Inner Liner

Bead Filler Bead Bundle

Figure 1.1 Construction of a passenger car tire [2]
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Chapter 1

More stringent rules and strict regulatory controls are being enforced by governing bod-
ies in the view of neutralizing the global carbon footprint and sustaining the natural re-
sources. One such regulation (No. 443/2009) is implemented by the European Union for
reducing the CO; emission from passenger cars. The target was setto 130 g/km for 2015
which corresponds to a fuel consumption of around 5.6 1/100 km of petrol, whereas for
2021 the target to be achieved is 95 g/km (i.e., 4.1 1/100 km for petrol) [3]. Tires do
contribute to the vehicle’s fuel consumption by influencing the rolling resistance. Any
reduction in tire rolling loss would yield discernible fuel saving [4]. It is estimated that
10% reduction in tire rolling resistance can provide 1%-2% improvement in fuel economy
for passenger vehicles [4]. Over past few decades, all these demands were addressed
and fulfilled by the tire manufacturers through persistent development and advancement
in tire tread compound, since it contributes to the large fraction of the total energy ex-
pended by the passenger car tire as shown in Figure 1.2 without compromising the tire
performance characteristics and balancing the “magic triangle” which features the rela-
tionship between rolling resistance, wet skid resistance and abrasion resistance. Espe-
cially, the revolution in filler technology through the replacement of traditional carbon
black filler by mineral-based silica reduced rolling resistance roughly by 20%. Extended
research gave a brief conclusion that filler parameters like morphology and surface char-
acteristics, filler networking (both its architecture and strength), its loading and interaction
with the polymer play a vital role in the viscoelastic behavior of the compound and affect
the tire rolling resistance [5]. However, only with silica technology (for instance, with var-
ied surface chemistries), it is not possible to meet the current EU demands of rolling
resistance reduction of 20-30% resulting in 5%-6% decreased fuel consumption which
would lead to lesser CO; emission from the present level [6].

GUM INNER LINER

BEAD 0%

Figure 1.2 Contribution of passenger car tire components on vehicle rolling loss [7]
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On the whole, to overcome the issues of non-renewable raw material debilitation and its
environmental impact, tire manufacturers are driven towards the development of more
green technologies and introduction of new alternative sustainable materials, which are
able to provide a decline in tire hysteresis loss without affecting other tire performance
criteria.

Ssyusﬁg:g CO, emission (130 CO,emission (119
g/km) g/km)
Ultra low rolling
resistance (< 5 RRC)
Silica filled rubber Bio-based filled rubber
compound compound

Past_ Present Future
(Cont\;fen:;onal (Green tires) (Sustainable tires)

Figure 1.3 Schematic structure of the project motivation

The introduction of bio-based fillers in tires would be one of the economically viable so-
lutions to boost sustainability and fuel economy targets as represented in Figure 1.3.
However, the main challenge is to produce a sustainable counterpart for the products
that have been evolving over decades with high technological standards. Thus, this pro-
ject focusses on enhancing the reinforcing characteristics of one such sustainable bio-
based material — lignin for tire tread application.

1.2 Company information

The whole project is supported by Suncoal Industries GmbH, Germany. They have de-
veloped Hydrothermal Carbonization Technology (HTC) to process ligno-cellulosic bio-
mass into more technical and functional bio-based fillers (technical carbon) which might
be utilized in material applications such as tires. The design project was initiated to im-
prove the bio-based filler system for rubber reinforcement and to envisage its practical
application in tires.

Apart from the technical carbons, bio-based platform chemicals or biofuels are also their
area of commercialization.
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1.3 Thesis structure

The thesis is composed of the following chapters:
Chapter 1: Introduction provides a general overview, motivation of the design project.

Chapter 2: Objectives comprises the problem outline and desired outcome of the pro-
ject.

Chapter 3: Program of requirements introduces the stakeholders of the project and
requirements of this design project in more detail, thereby finalizing the more specific
achievables.

Chapter 4: Literature review covers the overview of the key components relevant to
this design project.

Chapter 5: Design methodology presents the ideology and approach for developing
the project.

Chapter 6: Development phase provides guideline steps for the implementation of the
project plans.

Chapter 7: Experimental results and discussion
Chapter 8: Design deliverables details the final prototype compound

Chapter 9: Summary and Outlook encapsulates and provides further prospective for
improvement of the design.

4Page



Chapter 2

2 Objectives

2.1 Description of design topic

Sustainability and circular economy has become the need of the hour in tire industry,
since consumption of non-renewable resources and one-time use of tires pose a huge
environmental challenge [8]. The ultimate goal of these two key topics is to maintain the
product and material value for a long run thereby minimizing the utilization of the re-
sources and waste generation [9]. To strive towards the ongoing needs, it is hecessary
to focus on all aspects of the tire; from materials sourced, to the production process, fuel
efficiency and ultimately, the end-of tire life.

The current design work concentrates on developing one of these aspects, in particular,
use of alternative renewable source (biomass) for the production of passenger car tire.
A closer look at the composition of passenger car/light truck tires infer that synthetic
rubber and filler covers vast portion as represented in Figure 2.1. Thus, replacing them
by renewable alternatives would contribute to many ecological benefits. Of these, re-
placement of non-renewable fillers with renewable biomass has gained much attention
due to their additional positive impact on tire rolling resistance. It is anticipated that Ligno-
cellulosic biomass could be a promising alternative to fossil resources because of its
abundancy, renewability and versatility. This research mainly focuses on the use of Hy-
drothermally Carbonized lignin (HTC lignin) derived from Ligno-cellulosic biomass as a
sustainable filler to replace the conventional fossil and mineral-based rubber fillers in tire
application.

ANTIOXIDANTS, ANTIOZONANTS,
CURING SYSTEMS NATURAL RUBBER

14%

Passenger/
Light Truck
Tires

FILLERS
26%

SYNTHETIC
POLYMERS

24%

TEXTILE
4% STEEL
12%
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Figure 2.1 Raw materials composition of a tire [10]

2.2 Project Objectives

The focus of this PDEnNng project is to design a green sustainable tire tread compound
using HTC lignin as afiller. The envisaged goal is to tailormade HTC lignin in such a way
that it can reinforce and enhance both static and dynamic mechanical properties of the
compound. The resulting properties also contribute to the improvement of tire specific
properties such as wet traction, wear resistance, and rolling resistance. Under this con-
text, the following objectives are to be accomplished:

To understand the reinforcing potential of HTC lignin compared to conventional
fillers.

To comprehend the diverse structure and complex chemistry of HTC lignin in
relation to rubber reinforcement.

To anticipate if appropriate additives are needed to make HTC lignin compatible
with hydrophobic rubber since bio-fillers in general are hydrophilic in nature.

To understand the processing behavior to well disperse the modified HTC lignin
in an elastomeric matrix

To identify and define the crucial mixing parameters affecting the final compound
properties.

To investigate different compounding approaches to customize the HTC lignin
filled compounds for use in tire tread application.
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3  Program of requirements

The early phase of any design process is to define the requirements in terms of stake-
holder needs which could ease the decision making process. Also, this could facilitate to
work on committed goals without any uncertainties related to design [11]. Requirements
could be either in the form of functional (technical/performance related) or non-functional
(reliability, safety & environmental impact).

3.1 Functional requirements of the project

The first step in any requirement engineering process is to carry out a stakeholder anal-
ysis and to delineate the motivated requirements based on their needs [11].

3.1.1 Stakeholder analysis

The stakeholders and their goals for the current project can be viewed from different
perspectives as shown in Figure 3.1 & Table 1. This also gives a hint of the considera-
tions and constraints in developing the project.

External stakeholders
Environmental
regulatory
bodies

Customers (Car drivers)

;;;;;;;;;;;;;

Internal stakeholders

————————————————————————————————————

‘ ‘ OFTWENTE ‘ ‘g
MOMENTIVE
-u _‘[Jh W/ University

Company | Supervisors

D|rector

| . i =
BIOMASS | Superwsor: STAKEHOLDERS OF MY : ! THE LINDE GROUP
PRODUCERS | COAL ! PROJECT r |

Filler manufacturer | S SO
! PDEng

Chemical manufacturing industries

Figure 3.1 Stakeholder Analysis
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Table 1 Anticipated goals of different stakeholders [12]

Normal operators
(Bio-filler manufacturers)

System Under Development (SUD)

To improve the HTC lignin fillers to meet
the desired criteria for target applications

Maintenance operators
(Supervisors)

To provide support to the intended work
and to get a good scientific outcome

Operational support
(Material specialist, Technician)

Functional beneficiaries (Tire industry
& consumers, University of Twente)

To develop skills in the field of fillers and
implement them to obtain the desired rub-
ber reinforcement

Immediate environment of the SUD

» To have durable and economic tires
without compromising e.g. mileage or
safety

» To provide businesses with access to
their innovative ideas and technology
through research or even work with
businesses and other external organi-
zations to actively introduce the tech-
nologies to market.

Interfacing systems
(Chemical i.e., Coupling agent manu-
facturers)

Financial beneficiaries
(Bio-filler manufacturers)

To innovate new technologies and estab-
lish their market in the field of innovative
solutions.

Wider environment of the SUD

» To gain profit

» To develop trust. i.e., investment wor-
thy relationship among the customers
and investors

Economical beneficiaries
(Tire industries & Bio-filler
manufacturers)

> To establish a sustainable market
> To establish market in the field of re-
inforcing fillers

Negative stakeholder
(Conventional filler manufacturers)

» To sustain their filler market
» To enhance the filler properties further

Threat agent
(Environmental Protection agency)

» To conserve the plants thereby pre-
venting deforestation.
» To avoid microplastic pollution.
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3.1.2 Project needs and requirements

Based on the stakeholder analysis and their anticipated goals, the following project
needs & requirements motivated in terms of both internal & external stakeholder goals
are summarized below:

3.1.2.1 Project needs

% To have an excellent reinforcement with HTC lignin filler in comparison with other
conventional fillers

% To make the filler more compatible with rubber

% To provide a design guide (compounding and processing) for use in tires

% To achieve positive end-use properties (tire performance) with HTC lignin filled
compound to be used in tire

% To consider the environmental implications of the technology to be developed

3.1.2.2 Design requirements

% To understand the surface properties of the HTC lignin filler which plays an im-
portant role in reinforcement

%+ To obtain model formulation for the desired tire component (e.g., tread) from jour-
nals or industries

% To review the range of coupling materials which are combined in an elastomeric

formulation with HTC lignin filler to generate a defined set of mechanical proper-

ties (reinforcement)

To define the key property guidelines, for example,

Hardness

5

S

(Shore A) 55-65
Tensile strength
(MPa) AL
Reinforceability index 3-4
(M300/M100) )

Hysteresis properties
(tan & at 70 °C and 3% <0.15
dynamic strain)

Hysteresis properties
(tan ® at 0 °C and 1% dy- >0.15
namic strain)

Mooney viscosity
(MU) 50-60

« Accuracy in the measurement (i.e., it should be reproducible and reliable) under
the standard conditions
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< Economically feasible and scalable to industrial scale

3.2 Non-Functional requirements of the project

Only most important and sensible non-functional requirements desired for this design
are being defined in this section. Also, not all the set requirements are standardized by
a SMART (Specific, Measureable, Achievable, Relevant, Time-based) approach [13].

3.2.1 Safety/Risks

Safety is the prime concern of any industries. Since this design might deal with tailoring
the surface of filler, it involves chemical modification reactions using surface modifier.
During this surface modification (either by pre-modification in a reaction vessel or in-situ
modification in the mixer), by-products may be evolved which could be toxic and hazard-
ous to the environment. The following safety requirements are taken into consideration
during the design phase:

¢ Inthe screening phase of different surface modifiers, minimal risk chemicals have
to be selected based on the H-statement [14]. For example, H-statement stating
fatal, unstable explosives, toxic if inhaled need to be strictly avoided.

e At the end of the design project, the potential hazards of the tailor-made filler
during modification/mixing, if any, has to be reported in the form of a Safety Data
Sheet (SDS) to protect the occupational workers.

Apart from the occupational safety requirement, the prototype design (i.e., tire) should
meet required technical safety criteria demanded by the tire industry. High traction/grip
between the wheel and road surface is desirable for safe driving. The grip (snow/wet/dry)
characteristics of the compound can be determined in laboratory by dynamic mechanical
analysis (DMA) or by laboratory abrasion tester 100 (LAT 100). The DMA parameters
tan delta/E’/E* can be used as an indicator for grip characteristics. The following require-
ments has to be fulfilled by compound in comparison to reference compounds (prepared
using conventional fillers) to ensure vehicle safety:

» low/comparable E’ at -20 °C (MPa) (snow indicator) [15]
» high/comparable tand at 0 °C (wet grip indicator) [16]
» high /comparable E*at 50 °C (MPa) (dry handling indicator) [17]

In case of LAT100, a high rating should be obtained in comparison to the reference com-
pounds. This gives an indication that the achieved properties are better.
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3.2.2 Reliability

Reliability of any system can be related to technological feasibility of that system for long
service. Reliability of the design depends on the unaltered surface properties (durability
of the formed bond between filler-surface modifier) during cyclic deformation and harsh
environmental conditions. Also, wear resistance of the prototype tread in a real tire test
should be similar or better than conventional tire treads. This was predicted by Labora-
tory Abrasion test (LAT 100).

3.2.3 Finances/Costs

The cost of technical lignin ranges from 50-750 USD/MT depending on the level of purity
and isolation process [19]. In comparison to the conventional fillers, the price of the HTC
lignin is lower. Thus, the newly designed system shouldn’t exceed the existing costs of
conventional fillers, meaning the selected surface modifier should be affordable making
the whole system easier for implementation. Even, if the newly developed design in-
creases the production cost, it can be compromised by the achieved performance and
environmental benefits provided by the filler.

3.2.4 Environmental/Sustainability

This project is strongly connected to environmental issues and sustainability. The re-
quirement of this system in terms of sustainability is to achieve low rolling resistance (tan
delta at 60 °C < 0.15 at 3% dynamic strain) which in turn reduces vehicle’s fuel consump-
tion. Also, the filler as such is synthesized from ligno-cellulosic biomass, a non-edible
plant residue which is a renewable resource and doesn’t have any negative impact on
the environment as well as doesn’t compete with food supply as the first generation
feedstocks e.g. starch based materials [18]. It is reported that around 5-36*108 tons of
natural lignin are produced annually. Apart, from that more than 70 million tons of tech-
nical lignin are generated as waste by-products from paper and pulp industries and bio-
refineries [19], which itself could be a serious concern in the near future. The usage of
this surplus carbonaceous waste as an alternative filler in tire application could conserve
the exquisite non-renewable resources and is potentially sustainable.

3.2.5 Recyclability/Disposability

Recycling of end-of-use tires (closing the loop) is another major issue in the tire industry.
Although, the design in particular doesn’t focus on this issue, further implementation of
the design in industrial scale should take into account this hot topic.
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4 Literature review

This chapter consists of two subsections describing the background, context, and topics
of this thesis. The first subsection deals with a general introduction to fillers, their char-
acteristics influencing the rubber properties, and dynamic mechanical properties. The
second subsection focusses more on lignin, some terminologies, and definitions followed
by chemistry, isolation of lignin from biomass, their characterization techniques, and fi-
nally, the application of technical lignins and their limits in the rubber industry. The hy-
drothermal carbonization process will be shortly covered at the end of this chapter.

4.1 Fillers

Elastomers are the class of polymeric materials with a low glass transition temperature.
These elastomers can be of either natural (NR) or synthetic origin (SBR, BR, EPDM, IIR,
etc.). Due to their relatively low mechanical properties, reinforcing fillers are added to
improve elastomer performance.

ME Compound Shore A Hardness MPa Tensile strenght
‘ Viscosity ML (1+4) ‘ ‘
100 %0 r 20
80 - 80 t+ active 15
&0 4 70 T
10 1
401 inactive 60 1 inactive )
54 inactive
20+ 50
- - : -
Filler Content phr Filler Content phr Filler Content phr
% Elongation at break m‘m‘r’ Abrasion % Compression Set
- inactive 50 +
1000 T 500
active 400 1 40 T
300 4 iS
inactive 30
500 1 200 20 inactive
100 4 10 -
- - - -
Filler Content phr Filler Gontent phr Filler Content phr

Figure 4.1 Influence of fillers on rubber properties [20-21]
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Originally, particulate fillers were used for dilution to reduce cost, and for increasing the
rigidity and hardness, but soon it was realized that a certain filler improved rubber prop-
erties like modulus, tensile strength, tear strength, abrasion resistance and dynamic
properties such as hysteresis and fatigue resistance [20, 22]. Particulate fillers can be
classified into two groups: (1) active/reinforcing filler (2) inactive/non-reinforcing filler
based on the reinforcement exhibited by them, which can be well understood using Fig-
ure 4.1. Moreover, rubbers are always vulcanized, i.e., chemically cross-linked to have
a highly elastic product capable of reversing back to its original shape (resilient proper-
ties) following very large deformations from a formable, viscoelastic nature. This can be
imagined as a three-dimensional network, and the size of this will vary based on the
crosslink density [23]. Besides the reinforcing filler, the formed crosslinks (crosslink den-
sity and their distribution) also influence the physical, mechanical, and viscoelastic prop-
erties of a vulcanizate. The general dependence of crosslink density on the properties of
the rubber can be explained in Figure 4.2 [24].

»

Tear strength

~

Moduli
Hardness

— Tensile strength

Vulcanizate properties

Compression set

/ Elongation at break

Crosslink density

Figure 4.2 Influence of crosslink density on vulcanizates properties [24]

Thus, the use of fillers, together with accelerated sulfur vulcanization (or other
crosslinking types), has remained the fundamental technique for achieving the broad
range of mechanical properties required for the great variety of modern rubber products
[25]. Furthermore, their addition could also enhance other exciting features to the final
product (e.g., tire) such as rolling resistance, wear resistance, and abrasion resistance.
The reinforcement of the elastomers by the particulate fillers to a large extent depends
on the polymer properties, filler characteristics, and processing methods. Carbon black
and silica are the reinforcing fillers most commonly used in rubber industries.
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4.1.1 Filler characteristics influencing rubber reinforcement

Several filler properties are affecting the reinforcing characteristics of each type of filler
used (for instance, carbon black, silica), namely particle size/surface area, structure, sur-
face chemical characteristics/surface activity.

i. Primary particle size or specific surface area: determines the effective contact
area between the filler and polymer matrix [26].

ii.  Thestructure plays an essential role in the restrictive motion of elastomer chains
under strain [26]. Fillers are made of primary particles at the smallest size-scale
(Angstrom to nanometer), which are strongly bonded to other primary particles to
form a three dimensional aggregated structure (primary structure). These aggre-
gates range from nanometer to micron in size, and they can interact with other
aggregates, especially at higher loadings through weaker secondary bonding to
form chain-like filler structures (carbon black) or clusters (silica), generally termed
as ‘secondary structure/agglomerates/filler network’ as shown in Figure 4.3.
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Figure 4.3 Basic structure of carbon black and silica filler [27-28]

iii. The surface activity, which is the predominant factor concerning filler-filler and
filler-polymer interaction [26].

For instance, the effect of silica characteristics influencing the polymer can be seen in
Table 2 [29].
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Table 2 Silica filler characteristics [28-29]

Morphology Filler effect
o L Surface chemistry Filler-Filler
N \/ ,* (~10 A) Filler-polymer
Primary particle vol- Hydrodynamic/mechanical rein-
. ume, shape forcement
(5-45 nm)
1} .t‘o Aggregate (100-500 Hydrodynamic reinforcement
nm) Occluded rubber
Agglomerate (>500 Filler networking
: nm) Trapped rubber

Along with the characteristics mentioned above, the amount of filler added to the rubber
also influences the reinforcement properties. There is an optimum loading for reinforce-
ment properties such as tensile strength, tear, and abrasion resistance, whereas stiff-
ness increases steadily, and elongation decreases at higher loadings. These properties
also vary with the type of filler used. The optimum occurs because the reinforcing effect
(surface effect) is counteracted and finally dominated by a dilution effect (volume effect).

4.1.2 Mechanism of rubber reinforcement

The reinforcement of rubber by colloidal fillers like carbon black or silica is a fascinating
phenomenon. Since it is well known that the presence of small amounts of impurities in
rubber such as sand will generally act as local stress concentration sites, which in turn
initiate failure. However, it is surprising that the addition of similar rigid particulate fillers
like carbon black and silica to rubber compounds imparts additional strength to the rub-
ber [30]. This reinforcing potential is mainly due to two effects:

e the formation of a physically bonded flexible filler network (filler-filler interactions),
e strong polymer-filler interactions that arise from a high surface activity, and spe-
cific surface of the filler particles.

Thus, there is a strong impact on the rubber’s static and dynamic behavior upon the
addition of fillers [30]. The modulus of filled rubbers decreases with increasing applied
dynamic strain up to intermediate amplitudes. This typical behavior is shown in Figure
4.4 using silica and carbon black compounds. This strain-dependent modulus is known
as the Payne effect. Similar to this, it can also be noticed that some part of the modulus
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is strain-independent. This strain-independent shear modulus is a contribution from pol-
ymer network, hydrodynamic effect, and in-rubber structures [20, 26].

Hydrodynamic effect

The addition of rigid spherical particles results in a strain amplification effect, which can-
not be deformed. As a consequence, the intrinsic strain of the polymer matrix is higher
than the external strain yielding a strain-independent contribution to the modulus.

Carbon black filled

Silica filled compounds
compounds

Filler-filler interaction: Payne effect

Complex shear modulus

Filler-polymer interaction
|

1
Polymer-network contribution

L
Hydrodynamic effects
1

Log (strain) Log (strain)

Figure 4.4 Different strain-dependent and -independent contributors to reinforcement:
comparison of carbon black and silica [20]

Polymer network

The polymer network contribution depends on the crosslink density of the matrix and the
nature of the polymer.

In-rubber structure (polymer-filler interaction)

The in-rubber structure can be understood as a combination of the structure of the filler
in the in-rubber state (filler aggregates or agglomerates) and the extent of filler-polymer
interaction (bound rubber and occluded rubber/rubber shell). Occluded rubber is a geo-
metrical concept introduced by Medalia where rubber fills the internal voids of the filler
aggregates, making it unable to participate in the macro-deformation. This portion of
rubber behaves more like the rigid filler particle rather than the polymer matrix, which
results in the increased effective volume of filler with regard to the stress-strain behavior
of the filled rubber [31]. Filler-polymer interactions, detected as bound rubber, signifi-
cantly increase the storage modulus G’ with increasing filler load. These are elastomer
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chains immobilized on the filler surface, which cannot be extracted from uncured filled
rubber, not even by extraction with a good solvent. This can be attributed to physical
(van der Waals) as well as chemical linkages or a mixture of both. In the case of the
silica-silane system, this interaction is formed by chemical linkages [20, 26].

Filler-Filler interaction (Payne effect)

The elastic modulus of filled rubber is strongly dependent on deformation and decreases
substantially at higher strains ('Payne effect'). This is attributed to the presence and
breakdown of the filler network during dynamic deformation. The sigmoidal decline of the
storage modulus at zero amplitude (Go') to a high amplitude plateau G;' was interpreted
by Payne as the breakage of physical (London and van der Waals) bonds between car-
bon black filler particles. At low deformations, the energetic elastic contribution of the
rigid filler network is dominant, in contrast, at high deformations, the filler has only a
limited effect, which is hydrodynamic and caused by the rubber-filler interaction. It was
also noted that the value Go' is mostly recoverable upon return to smaller amplitudes,
and it is shown that the phenomenon is independent of the polymer, provided enough
time is allowed for recovery. However, it is dependent on the type of filler used. This
phenomenon can be seen clearly in Figure 4.4, when silica is used as reinforcing filler,
a high level of elastic modulus at low strains and a drop of elastic modulus at higher
strain amplitudes prove the existence of a stable filler network formed by silica.[20, 27]
The breakdown and reformation of the network linkages during dynamic deformation
consumes energy (hysteresis loss), which reflects in the variation of the tangent delta
with increasing dynamic strain.

4.1.3 Dynamic mechanical properties of rubber compound and tire
performance

Incorporation of a filler system into the rubber influences its dynamic properties, espe-
cially the dynamic modulus and hysteresis during dynamic strain. It is well known that
the dynamic properties of compounds can be influenced by filler parameters like mor-
phology and surface characteristics (interaction between filler and polymer), filler net-
working (both its architecture and strength), and filler loading [32-33]. These dynamic
properties, in turn, affect the tire’s final performance. The major functions of the tire in
automobiles are as follows: moving load, providing isolation from road irregularities,
transferring forces in driving, braking, and steering under all types of weather conditions
on dry, wet, and ice/snow road surfaces. Furthermore, tires are expected to perform
these functions with the following criteria, and all these are linked to the tread compound
of the tire since it is the only part which is in contact with the road surfaces:

(a) The first and foremost thing is that it should generate the highest possible traction
force on the road surface, thereby avoiding slippage by creating a good grip, which is an
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indication of safety. This traction is determined by the friction properties of the tread
compound.

(b) For a good comfortability, the steering properties should be precise and highly pre-
dictable under all handling situations, which depends on the stiffness of the tread com-
pound, and especially on its dynamic modulus and thereby improving the durability of
the tire. This is related to the damping behavior of the compound.

(c) It should possess a low rolling resistance, which largely depends on the loss modulus,
which is related to the dynamic hysteresis of the tread compound. This is required for
improved fuel efficiency.

Tire performance criteria (rolling resistance, wet traction, and abrasion resistance) are
significantly affected by the viscoelasticity of rubber compounds. Therefore, understand-
ing the theory of viscoelasticity is extremely important in the tire industry to reach the
most favorable final properties of rubber compounds. Rubber is a viscoelastic material:
when it is deformed, a part of the energy is stored elastically (related to storage modulus
G’), and the remaining part is dissipated as heat (relating to loss modulus G”) into the
material. This hysteretic loss is not recoverable and contributes to the total drag force of
a moving vehicle. Both G’ and G”, have a strong dependence on frequency and temper-
ature. Since time (frequency) -temperature superposition principle can be applied for the
viscoelasticity of rubber compounds, several indications enabling to predict tire perfor-
mances can be obtained by performing viscoelasticity measurements at different tem-
peratures. The deformation frequency of a tire during the normal rotation is known to be
at ca. 10 Hz and for sliding over the unevenness surface of the road between 103-10°
Hz, respectively. 10 Hz corresponds to ca. 60 °C, and 10%-10° Hz corresponds to the
range of -10 to +10 °C under the normal conditions of the viscoelasticity measurement.
Therefore, the values of the tangent delta at these temperatures can be used as indica-
tors for the rolling resistance and wet grip performance of the tire. Herein, tan delta at 60
°C can precisely predict the rolling resistance, while tan delta at 0 °C has a certain limi-
tation due to the complexity of the friction mechanism. The relationship between the vis-
coelastic properties of rubbers at different temperatures and tire performance is shown
in Figure 4.5 [34].
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Figure 4.5 Temperature dependence of dynamic properties of polymers and tire perfor-
mance at different temperatures [20, 27]

Different fillers influence dynamic properties differently. Figure 4.5 presents the variation
of tan § values with different temperatures for carbon black and silica filled compounds.
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Figure 4.6 Variation of tan & with temperature on carbon black and silica filled com-
pounds [116]

sThis indicated that silica filled rubber has advantages in terms of rolling resistance and
wet traction performance compared to carbon black filled rubber. The main reason for
these differences between silica and carbon black reinforced compounds is the differ-
ence in surface properties of the two fillers. The silanization reaction occurring in silica
filled compounds leads to increased filler-polymer interactions through chemical bonds,
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which improves the rolling resistance properties [20, 27]. The improvement in wet grip
properties is attributed to the polar and hydrophilic silica surface, which can interact with
the water film on the surface and can break it easier compared to a carbon black
containing surface [34].

4.2 Lignin as an alternative filler for rubber compounds

Recently, sustainability, renewability, commercial viability, and environmental impact
have become the major focus of the tire industry. The focus on the development of green
tire formulated from renewable resources holds a promising outcome. Recent trends in
technology innovation for green tires incorporate a bio-filler to substitute non-renewable
fillers. The prominent concern in this area is their quantitative production to meet the
demands of the tire industry and also ethical concerns such as restriction for the use of
edible food sources as bio-filler. Lignin offers many possibilities as reinforcing filler since
it doesn’t compete with edible food sources, and also it has a chemical composition that
represents 30% of all non-fossil organic carbon [35]. Apart from this, it is abundantly
available and relatively low cost when the conversion to products can be carried out
economically and sustainably. It is important to recognize that the annual production of
inedible native lignin on earth is in the range of 5-36*108 tons, and it is estimated that
over 50 million tons of lignin is extracted by paper and pulp industries alone as technical
lignin. Of these, around 95% of produced lignin is burnt for energy, and the remaining
5% is used for low-end commercial applications, including additives, dispersants, binders
or surfactants, etc. [36]. This justifies the need to use this economical, potentially sus-
tainable and versatile material in a more efficient, high engineering applications such as
tires. Some of the challenging aspects of lignin (biomass source, structure, functional
groups, isolation techniques) and characterization techniques will be covered under this
section.

4.2.1 Chemistry of lignin

Lignin is the second most abundant renewable natural resource next to cellulose. It is a
complex aromatic polymer consisting of basic phenylpropane units such as guaiacyl (G-
unit), syringyl (S-unit), and p-hydroxyphenyl (H-unit) formed by polymerization of hy-
droxycinnamyl alcohols such as coniferyl, sinapyl and p-coumaryl alcohol respectively
[37-38]. These key building blocks are usually known as monolignols, differing only in
their degree of methoxylation, as represented in Figure 4.7.
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Figure 4.7 (a) General structure of monolignol (b) Structure of major monomers of lignin
and their polymerization products [39]

The relative proportion of these units depends on the biomass source (hardwood, soft-
wood, annual plants like grass). In softwoods, guaiacyl propanol, G-unit (coniferyl alco-
hol) is the main unit (90%) with other propanols such as p-coumaryl (H-unit) and sinapyl
(S-unit). The lignin of hardwood is composed of a mixture of G- and S- units. Grass
lignins are primarily derived from G- and S- units with 10-20% H- units [40]. Thus, based
on the wood type (soft and hard), the structure and content of lignin in the lignocellulosic
composition also vary. This is mainly due to the variation in the degree of methoxylation,
which plays an important role in the type of bonds formed and also in the extent of cross-
linking. Since the chemical structure of lignin is complex and changes according to the
biomass source, it is not possible to define the precise structure of lignin as a chemical
molecule. However, Freudenberg proposed a hypothetic structural formula of a lignin

fragment, as shown in Figure 4.8.
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Figure 4.8 Hypothetical structural formula of Softwood lignin [35-36]

Based on Freudenberg’s structural formula, it is obvious that during polymerization, most
of the phenylpropane units or Ce(monolignols) are joined together either by alkyl-aryl
ether units, i.e., C-O-C (a-O-4, B-O-4, 4-0-5), or C-C (B-5, 5-5, B-1, B-B) linkages to form
complex three-dimensional molecular architectures [36]. It can be concluded that lignin
is an amorphous (disordered), three-dimensional hetero-polymer without any overall de-
fined chemical structure. Apart from this heterogeneity, the oxygen in the lignin can be-
long to a variety of functions and groups. It is well known from the monolignols that the
attached oxygen is either in the form of methoxy groups or in phenolic hydroxyls, as
represented in Figure 4.7 & 4.8 [41]. However, during polymerization, several other func-
tional groups can be formed, such as primary and secondary aliphatic hydroxyl, carbonyl
groups such as ketone & aldehyde, carboxylic acid groups, as depicted in Figure 4.9.
These functional groups confer unique functional properties to lignin depending upon
their amount, nature, and isolation process.
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primary OH

p-O-4 p-0-4/5-5

Figure 4.9 Molecular representation of lignin showing hydroxyl functional groups and
methoxy groups [42]

Thus, the generic structure of native lignin can be described by basic units (phenylpro-
panoid units), inter-unit linkages (alkyl-aryl ether units or C-C units), and functionality (-
OH, -OCHjs, etc.). Based on this, it can be concluded that the structure of lignin itself
makes their isolation (which will be discussed in the upcoming Section 4.2.2) compli-
cated as it involves depolymerization as well as cleavage of lignin-carbohydrate covalent
bonds.

4.2.2 Isolation of lignin from wood

In bio-refineries and pulping industries, wood and other lignocellulosic resources are
used to extract the cellulose and hemicellulose for ethanol or paper production. At the
same time, lignin is considered a low-value residual/waste byproduct. This is mainly due
to its complex structure, as discussed in Section 4.2.1 and uncertain reactivity of lignin,
which limits its wide-scale usage. This extraction process can involve different physical,
chemical, and biochemical treatment methods and can be termed as delignification /
isolation /cooking process. Depending on the isolation procedure, the native lignin un-
dergoes profound structural changes and significant modifications of molecular weight
distribution as well as the distribution of functional groups based on which different phys-
ical and chemical properties are obtained [36, 43]. These modified lignin samples are
referred to as technical lignin. Figure 4.10 shows the classification of the commercial
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isolation process [35-36, 43]. The acid sulfite and sulfate/Kraft processes are the com-
mon delignification processes, and the technical lignins produced by these techniques
are named as sulfite (lignosulphonates) and alkali/Kraft lignins, respectively. There are
also some known sulfur-free delignification processes such as solvent pulping and soda
pulping process where alcohol-water mixtures and alkaline medium respectively used to
extract the lignin.

| Extraction processes ‘
Sulfur processes ‘ Sulfur-free processes
| Sulfite ‘ | Kraft ‘ | Solvent pulping ‘ | Soda pulping |
pH=1-2 pH=13 150 - 200°C pH=11-13
140°C, HiSOy  176°C, NaOH +NayS 150-170°C, NaOH
] 1 | |
i i @ i
[ ! Acetic acid / Farmic ! Ethanol !
: : acid /water : :
¥ v Y Y
Lignosulfonatelignin  Kraftlignin Organosolvlignin Soda lignin

Figure 4.10 Industrial processes for the production of technical lignins [36]

4.2.3 Characterization of lignin

4.2.3.1 Structure of lignin

Since lignin is a heterogeneous polymer which is influenced by several factors (such as
plant origin, isolation technique, post-treatment/purification), it is important to distinguish
the structural differences and concentration of surface functional groups of the obtained
lignins. Spectroscopic methods such as Ultraviolet-Visible (UV-Vis), Fourier Transform
Infrared (FTIR) [44], Raman [45], both solid and liquid states of One-dimensional *H, 13
C, 3P, and Two-Dimensional Heteronuclear Single Quantum Coherence (2D HSQC)
NMR spectroscopies [44, 46-51] and other chemical degradative methods like pyrolysis
GC-MS, permanganate oxidation, nitrobenzene oxidation, and thioacidolysis can reveal
the H/ G/ S composition of the lignin [43, 52]. These methods are based on the cleavage
of the lignin backbone and analysis of the fragments obtained. Based on the specificity
of the treatments, the obtained data changes. In recent years, one and two dimensional
NMR spectroscopies have become indispensable tools for the structural elucidation in
comparison to other spectroscopic techniques due to their high resolution enabling a
larger amount of information to be obtained [53]. These methods have confirmed the
presence and distribution of the various functionalities present in lignin and have pro-
vided additional structural information regarding the H/G/S units. Despite the advances
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in these NMR approaches, both 1D (e.g., *H and *C NMR) and 2D correlation (e.g.,
HSQC) techniques have their limitations; 2D NMR is typically not fully quantitative, and
1D NMR usually suffers from the spectral overlap of functionality. An alternative ap-
proach to the abovementioned *C and *H NMR methodologies is to selectively label
functional groups such as hydroxyl groups with a specific NMR-active nucleus and then
analyze the derivatized substrate by NMR. These active nuclei normally have much
broader chemical shift ranges with less signal overlap and less interference from the
homonuclear coupling. Phosphitylation followed by 3P NMR analysis is one of the first
methodologies to use this approach to characterize the lignin structure. It uses the phos-
phorylating agent 2-chloro-4,4,5,5-tetramethyl 1,3,2-dioxaphospholane (TMDP). The re-
actions of TMDP with hydroxyl functional groups are illustrated in Figure 4.11. This leads
to phosphite products which are resolvable by 3P NMR into separate regions arising
from aliphatic, phenolic and carboxylic groups. The peak assignment of these groups in
the spectra is listed in Table 3.

0 _CpCly
Lignin-OH + CI—R —0- P
0 Pyndme

A T o/
ﬂ ﬁ ) R—O-R_ |
Y ~OCH, ¥ o7\
? o R: lignin side chain
| /
9o o™
Syringyl Guaiacyl p-Hydroxyphenyl C, substituted Aliphatic and

carboxylic hydroxyl

Figure 4.11 Derivatization of phenolic structures with 2-chloro-4,4,5,5-tetramethyl 1,3,2-
dioxaphospholane (TMDP) in the presence of solvents [54]
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Table 3 Typical integration regions for lignin in a 3P NMR spectrum [54]

Chemical shift/ppm Structural assignments
145.5-150.0 Aliphatic OH
137.6-144.0 Phenolic OH
140.0-144.5 C5 substituted

141.2 5-5

142.3 4-0-5

142.7 Syringyl

143.5 B-5
139.0-140.2 Guaiacyl

137.8 p-Hydroxyphenyl
133.6-136.0 Carboxylic acid OH

4.2.3.2 Functional group analysis

Much research has focused on functional groups, as discussed in Section 4.2.1, and all
these different groups confer unique functional properties to lignin depending on their
amount, nature, and isolation process. Wet chemical methods for the measurement of
specific lignin functional groups can be found in the literature [52]. Among these groups,
phenolic hydroxyl groups influence solubility and reactivity of isolated lignin. The phenolic
hydroxyl group is one of the most important functionalities affecting the physical and
chemical properties of the lignin during delignification. The chemical reactivity of lignin in
various modification processes is also profoundly influenced by its phenolic hydroxyl
content (e.g., in the reaction with formaldehyde for the production of lignin adhesives).
Thus, quantitative measurements of phenolic hydroxyl groups provide pertinent infor-
mation relating to the structure and reactivity of lignin.

Determination of phenolic hydroxyl groups

The quantitative analysis of phenolic hydroxyl groups can be performed by several meth-
ods, both physical and chemical, or combinations of both, as shown in Table 4. Each
technique has its advantages and disadvantages [55].
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Table 4 Techniques to determine phenolic OH groups [56]

Methods Techniques

Wet-chemistry methods Diazomethane methylation [57]
Aminolysis [55, 58]

Periodate oxidation [59]

YV |V V V

Potentiometric or conductometric
Titration [60-61]

UV spectrophotometry [62-63]
NMR spectroscopy [57]

Analytical/physical methods

Indirect degradation methods Permanganate reaction
Thioacidolysis [64]

Pyrolytic gas chromatography [65]

YV V V |V V

Wet chemical and indirect degradation methods can provide a precise understanding of
specific functional groups and structural moieties. These studies also indirectly contrib-
ute to the analysis of lignin structure. In contrast, these methods are time-consuming,
and often correction coefficients were needed for accurate and quantitative measure-
ments of functional groups [53]. Ultraviolet (UV) spectrophotometry has been extensively
employed in the study of the chemistry and molecular structure of lignins due to its ease
of measurement [66]. In particular, modified UV spectrophotometry based on Ag (ioniza-
tion difference) method of Aulin-Erdtman has been used widely to determine the phenolic
—OH content of lignin. The method determines the phenolic content based on the differ-
ence in spectroscopic properties of ionized (i.e., alkaline media) and the non-ionized
phenol (i.e., in neutral media) at 300 and 350 nm [56, 63]. The drawbacks of this tech-
nique are as follows:

= suitable only for soluble lignin
= jtis not absolute since the measurement must be calibrated by using appropriate
lignin model compounds or lignin of known phenolic hydroxyl content [63]

Due to this drawback of the Ae method, UV/VIS spectrophotometry based on colorimetric
reactions was developed, which is a relatively simple, fast, reliable, and inexpensive
method for determining the phenolic hydroxyls in lignin. De Sousa developed, e.g., a
procedure for the determination of phenolic —OH groups using UV. This method is based
on a phosphotungstic-phosphomolybdenum reagent to produce a blue color, which is
proportional to the total amount of phenolic hydroxyl groups and which is easy to detect
by visible light spectrophotometry [67].
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4.2.4 Use of technical lignin as a natural alternative filler

Several studies exist on lignin-based rubber compounds which focus on reinforcement,
dynamic mechanical properties, and rolling resistance [68-72]. Some papers from the
literature about the use of lignin in the rubber industry are highlighted in Table 5.

The use of lignin as reinforcing filler was studied as early as 1947 by Keilen, and it is
reported that when Kraft lignin was co-precipitated with synthetic or natural rubber latex,
it exhibits a high degree of dispersion resulting in 5-10 times shorter milling time than the
gum rubber. It was also concluded that the obtained tensile strength values are similar
to those obtained using channel blacks at low loadings and higher tensile strengths and
tear resistances at high loadings [70, 77]. The observed good results of the latex co-
precipitation method are related to the formation of fine particle size during coprecipita-
tion resulting in their homogeneous distribution in the rubber compound [40]. Several
studies were carried out to investigate the influence of co-precipitation conditions (tem-
perature, pH, the concentration of lignin and surfactant) on rubber properties and how to
overcome the problem of the slow rate of cure of co-precipitated lignin natural rubber
compounds. All these studies of co-precipitation of rubber latex and alkaline solutions of
lignin illustrate that in this way lignin can reach the reinforcing level of carbon black or
silica of equivalent particle characteristics [40]. In contrast to these findings, co-precipi-
tation methods cause a major issue limiting lignin’s application. During this process, acid
is employed as flocculant. The pH of the used acid plays an important role in governing
the patrticle size of lignin. If the pH value ranges below 4, it result in an irreversible ag-
gregation of lignin particles, which further can deteriorate the performance of rubber [78].
Furthermore, the flocculation and filtration of lignin/rubber co-precipitates are extremely
slow when the ratio of lignin to rubber is high, limiting further development of lignin-based
rubber composites [79]. Hence, a direct mixing of lignin and rubber is pursued because
of its industrial availability. But conventional mixing of Kraft lignin powder into the rubber
matrix shows almost very little to no reinforcement of mechanical properties, and the
conclusions from these studies considered lignin as an inert filler [40, 80,81]. The cause
of this disparity in behavior is related to the large particle size of lignin (ranging from 10
um to >100 um) and the lack of interfacial interactions between the lignin and the rubber
matrix [79, 81-82]. To improve the reinforcing efficiency of lignin, some researchers pro-
posed surface chemical modification techniques and use of hybrid filler technology to
address the issue of the dispersion and compatibility of lignin in the rubber matrix. For
instance, chemical modifications of sulfur-free lignin with hexamethylenetetramine [76]
or lignosulphonates with cyclohexylamine [83] show an improvement in compatibility with
non-polar rubbers leading to enhanced properties. These studies also highlight the fact
that even though surface chemical modification provides a finite reinforcing effect, the
modified lignin still lacks strong interfacial adhesion with rubber limiting its dispersion
behavior at nano-scale.
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Table 5 Application of technical lignins as a rubber filler [40]

Type of o o
Lignin Rubber Type Application Finding
Co-precipitation of lignin with latex
The improved oil re-
Alkali sistance of rubber latex
ali i
o NR latex Reinforcing filler film ~ and en_hanced
Lignin strength at loading be-
tween 10 and 12 wt.%
[73]
Higher co-coagulating
T - rate of CLM as com-
Sulfate Cationic lignin modified pared to unmodified lig-
o SBR with montmorillonite : ;
Lignin (CLM) as nanofiller | "M / Improved perfor-
mance of composite
with 10 phr of CLM [74]
Increased resistance of
Sulfur-free . L NR vulcanizates to ther-
I NR Reinforcing filler e
Lignin mooxidative  degrada-
tion in air
Direct mixing of lignin in rubber
Lignin aggregated and
Sulfate Lio- immiscible with ENR
nin g ENR Reinforcing filler matrix and improved
performance of compo-
site
Weaken the Payne ef-
fect and improve pro-
_ o cessability, anti-aging
Alkali Reinforcing filler- | resistance, and anti-flex
o NR hybrid flller_of silica/lig- cracking / Exhibited op-
Lignin nin timal overall mechanical
properties at 20 phr of
lignin and 30 phr of silica
[75]
Low performance due to
Sulfur-free Reinforcing filler as | the high amount of im-
- i purities [ash and poly-
Lignin partial _
(steam ex- NR (STR20) replacements for saccharide] and polar-
. and SBR carbon ized hydroxyl groups in
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The same is true for a hybrid filler approach where Kraft lignin combined either with
montmorillonite [84] or with carbon black [85] shows an improvement in tensile strength,
thermal stability, and low rolling resistance. This is because lignin, as a component of
hybrid fillers, can suppress the formation of filler networks of other fillers, facilitating the
overall dispersion. However, the interfacial interaction between lignin and rubber is still
poor in the hybrid fillers/rubber composites [79]. The reason for poor interfacial adhesion
of lignin with rubber is mainly due to the polarity difference between them. Lignin has a
high content of hydroxy groups on its surface due to which lignin agglomerates are
formed, resulting in incompatibility issues. Suncoal industries GmbH tries to address this
issue by post-treating the technical lignin by a Hydrothermal Carbonization process
(HTC), which will be discussed in Section 4.2.5 [86-87].

4.2.5 Hydrothermal Carbonization process

As discussed in Section 4.2.2, during the respective pulping process, different lignin
types are recovered from different techniques. Furthermore, these lignin types can be
chemically modified/post-treated to a greater or lesser extent depending on the isolation
process by which they are derived. One such post-treatment method is the HydroTher-
mal Carbonization technique (HTC). This post-treatment technique involves derivatiza-
tion of carbonaceous materials from any technical lignin (Kraft/Organosolv/Lignosulpho-
nate) with varying morphologies, physical (pore structures, such as nano, meso, and
macropores), and chemical properties (varying composition, surface functionalities,
thereby changing the chemical reactivity) [88]. In this technique, wet biomass is pro-
cessed at moderate temperatures (~180-250 °C) under pressure (~20-30 bar), which
leads to numerous chemical reactions on the used technical lignin such as hydrolysis,
dehydration, decarboxylation, polymerization, aromatization, and condensation. This ex-
othermal process lowers both the oxygen and hydrogen content of the material resulting
in high carbon material, which can be used for high-end applications and improve surface
compatibility [89].
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5 Design Methodology

Design methodology provides a path to fulfil the context of stakeholders and goals of the
design project. In this case, the design project which is considered as an artifact (the
object under study) flows through a circular loop of an iteration process called a design
cycle as shown in Figure 5.1. This cycle iterates over the activities of the design by
performing the following tasks: problem investigation (problem identification and motiva-
tion), treatment design (requirement specification, design and development), treatment
validation (prototype development and its effect which will be discussed in detail in this
chapter) [12].
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Develop modification

Process
Technical & process In-rubber optimization

evaluation property study

Figure 5.1 Design methodology for the current project

5.1 Problem investigation

The key learnings from Chapter 4, Section 4.2 highlights that lignin is a polydisperse
polymer with no extended sequences of regularly repeating units, its composition is gen-
erally characterized by the relative abundance of H/ G / S units and by the distribution
of inter-unit linkages in the polymer [43]. Besides, different variants of lignin with different
composition (different monomeric units & their connective patterns, different surface
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chemistries) and properties can be obtained with different isolation and post-treatment
procedures. This is summarized using a schematic represented in Figure 5.2 [35].

Further
treatment

Chemical
reactivity

Thermal
stability Inter-unit
linkages

Other chemical &

physical
properties

Figure 5.2 Relation between origin, structure and properties [35]

This complex structure and surface functional groups of lignin pose challenges in inter-
acting with the hydrophobic polymer. This might also lead to weak filler-polymer interac-
tion leading to poor reinforcing behavior of lignin.

5.2 Treatment design & validation

Tailoring the surface characteristics of the HTC lignin filler (while retaining the bulk prop-
erties of it) could make it compatible with rubber thereby enhancing the performance
characteristics of the final compounds. Use of silane coupling agent as a surface modifier
for hydrophilic filler is a common approach in rubber technology [90].

The first part of this design project involves selection of right reference tire tread formu-
lation. With the selected formulation, a fundamental study is carried out to understand
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the interaction and reinforcement provided by HTC lignin in comparison to the conven-
tional fillers. The second part focuses on pre-requisite studies for surface modification
i.e., filler characterization followed by the selection of promising coupling agents for the
surface modification, which can form a strong bond between the rubber and filler. Based
on this study, it will be decided which type of modification technique (in-situ/ex-situ) will
be applied to study the in-rubber properties. Finally, optimization of surface modification
and its influence on properties will be investigated to deliver a final ‘green’ tread com-
pound. This compound will be formulated by combining the most promising bio-based
filler system (HTC lignin + surface modifier) concluded from each investigation.

1. Characterization of the filler:

The initial characterization of filler is done to quantitatively using a Phosphorus Nuclear
Magnetic Resonance (*!P NMR). The information obtained from 3!P NMR gives an in-
sight to understand the structure and different -OH compositions (e.g., syringyl, phenolic
-OH, aliphatic -OH, carboxylic -OH etc).

2. Surface modification of filler and characterization:

Surface modification can be carried out in two ways: (i) In-situ modification i.e., modifi-
cation of the filler surface by chosen coupling agents in the rubber mixing chamber along
with other rubber additives. (i) Ex-situ modification i.e., Pre-modification of the filler in a
solvent (liquid phase modification), where the filler and coupling agent are reacted at
specific conditions (temperature, time, concentration). For this design, In-situ modifica-
tion is preferred as it is efficient and fast.

2.1 Selection of coupling agents: One of the crucial steps of this design is the se-
lection of promising coupling agents, which can form stable bonds with HTC lignin
surface and also can couple to the elastomer matrix. The resulting filler-polymer
interaction can enhance mechanical and viscoelastic properties of the final com-
pounds. The screening of the most promising coupling agents will be done based
on their chemical structure, reactivity with the filler and also bond stability, which
are expected to make the HTC lignin surface hydrophobic and decrease the sur-
face energy close to the polymer during mixing.

2.2 Optimization study: For in-situ modification, it is important to tailor the mixing
parameters (time and temperature) as well as adjust the compounding to improve
the overall compound properties.

After each compounding and mixing trail, in-rubber properties such as mechanical, rhe-
ological and other tire related properties are measured using different techniques (tensile
test, Rubber Processer Analyzer (RPA), Dynamic mechanical Analysis (DMA)). Apart
from these measurements, the potential of the modified fillers was further evaluated by
measuring the Payne effect (filler-filler interactions).
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6 Development phase

Based on the summary of Chapter 5, the design development begins with the initial
characterization of the filler and is followed by in-rubber analysis. The detailed descrip-
tion of the materials and equipment used in the experiments, characterization tech-
nigues, test method and procedure are briefly elaborated in this chapter.

6.1 Experimental setup for Filler characterization
6.1.1 Phosphorus-31 Nuclear Magnetic Resonance (°! P NMR)

6.1.1.1 Materials

All the chemicals and reagents described in Table 6 were obtained from commercial
sources and were used as received.

Table 6 Chemicals and reagents used for NMR study

Function Chemical Product specification/sup-

pliers
- CAS-110-86-1,
Anhydrous pyridine; 99%
ABCR
N,N-Dimethylformamide- CAS-4472-41-7,
Solvents d7(DMF-d7); 99.5 atom
%D; 10*0.75ml ampoules ABCR
CAS-865-49-6,
Deuterated chloroform _ )
Sigma-Aldrich
Relaxation agent Chromium (1l) acetyl ace- CAS-21679-31-2,
tonate (97%) (Cr(acac)s) Sigma-Aldrich
, 2-chloro-4,4,5,5—tetrame- CAS-14812-59-0
Phosp;hc;mlatmg thyl-1,3,2-dioxaphos- _ _
g pholane; 95% (TMDP) Sigma Aldrich
N-hydroxy-5-norborene-2-3 CAS-21715-90-2,
Internal standard . o
dicarboximide (NHND) ABCR
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6.1.1.2 Apparatus and equipment

NMR tubes 600 MHz (8 in. length), Wilmand; Hamilton gastight 1700 series syringes,
Sigma-Aldrich; Glass vials (Sigma Aldrich); NMR spectrometer (Bruker AVANCE Il 600
MHz, capable of *'P detection); vacuum oven.

6.1.1.3 Preparation for NMR analysis
Preparation of solvent solution

For an accurate gquantitative liquid-state NMR measurement, one of the essential pre-
requisites is complete solubilization of the used substrate in an appropriate solvent. Tak-
ing into consideration the limited solubility of HTC lignin in conventional deuterated chlo-
roform and pyridine solvent mixture, a third solvent N,N-dimethylformide is introduced.
3000 ul of solvent solution of anhydrous pyridine, deuterated chloroform, deuterated
DMF at a volume ratio of 1:1.2:1 (v/v/v) was prepared.

Preparation of mixture solution

Chromium (lll) acetylacetonate solution was prepared by using an aliquot of solvent so-
lution at a concentration of 3.6 mg/ml. To this solution, N-hydroxy-5-norborene-2-3-di-
carboximide solution at a concentration of 4 mg/ml (~0.02 mmol) prepared using the
solvent solution is added. The final resulting solution is referred as mixture solution.

Preparation of phosphitylated solution

20 mg of dried HTC lignin (i.e., dried under vacuum at 40 °C for 24 hrs) was accurately
weighed into a 4 ml vial equipped with a PTFE-lined silicone septum and to this, 500 pl
solvent solution was added and sealed with the Teflon cap. The mixture is shaken well
for a few minutes at room temperature to dissolve the SCF (10-15 mins). An aliquot of
the mixture solution of 150 pl was introduced into the vial containing HTC lignin solution
using a Hamilton syringe. The mixture in the vial was again shaken well at room temper-
ature to homogenize the mixture. 100 pl of TMDP was introduced into the vial using
gastight syringe. The mixture is shaken for few minutes to confirm no precipitates are
formed. Then the whole phosphitylated lignin solution is transferred to 5mm NMR tube
to record the NMR spectrum.

NMR acquisition parameters

The NMR spectra were recorded on a Bruker AVANCE 600 MHz spectrometer. A 90°
pulse was utilized with a 25-second pulse delay along with inverse gated decoupling for
the guantitative acquisitions. A line-broadening factor of 5 Hz was used and the time
domain (TD) size was 192K. For each spectrum more than 900 scans were collected to
increase signal to noise ratio.
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6.2 Experimental set-up for rubber compound preparation

6.2.1 Materials

Table 7 Reference tire tread formulation of the compound used in this study

: _ Amount
Ingredients Supplier (phr)
Rubber
i 75
SSBR SPRINTAN™ SLR 4602 Trinseo Deutschland GmbH,
Schkopau, Germany
BR BUNA®CB 24 Arlanxeo Deutschland GmbH, o5
(h|gh CiS Content) Leverkusen, Germany
Filler system
Lianin HTC Lignin grade SQ243- | Suncoal Industries GmbH, Ber- 80
9 00341 lin, Germany
Process oil
TDAE Treated Distillate Aromatic | Hansen & Rosenthal KG, Ham- 33
Extract, VIVATEC 500 burg, Germany
Cure Activators
7n0 Zinc oxide Sigma-Aldrich Chemie, Ger- o5
many
St Ac Stearic acid Sigma-Aldrich Chemie, Ger- o5
many
Antidegradants
T™MQ 2,2,4-tr|methyl-'l,2-d|hydro- Flexsys, Belgium 2
quinoline
N-(1,3-dimethylbutyl)-N’-
6-PPD Phenyl-p-PhenyleneDia- Flexsys, Belgium 2
mine
Cure system
S Sulfur Sigma-Aldrich Chemie, Ger- 29
many
DPG 1,3 Diphenyl guanidine Flexsys, Belgium 0.25
TBBS N—Tert—ButyI—Z—Ber_\zoth|a— Sigma-Aldrich Chemie, Ger- 15
zoleSulfenamide many
TBZTD Tetrabenzylt_hluram disul- Sigma-Aldrich Chemie, Ger- 05
phide many
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For the investigation, a modified tire tread formulation from Michelin’s green compound
was used as a base formulation by replacing silica filler with HTC lignin as shown in
Table 7. The quantity of the used ingredients was calculated based on parts per hundred
rubber (phr). Polymer blends of functionalized solution styrene butadiene rubber [S-SBR
with medium styrene (21.1%) & high vinyl (62.1%) content, Mooney viscosity
(ML1+4@100 °C) of 63] and neodymium butadiene rubber [BR with high cis content of
96% & Mooney viscosity (ML1+4@2100 °C) of 44] were applied for this study.

6.2.2 Sample preparation

The in-situ modification of lignin with surface modifier as well as mixing of the ingredients
was performed on a laboratory scale tangential internal mixer (Brabender Internal mixer
350S) with a chamber volume of 390 cm®. The heating and cooling of the mixing device
is achieved by passing oil through the inner tubing in the chamber walls. The temperature
of the oil is controlled by an external unit that can be set to the desired temperature. The
mixing device is connected to a driver which is computer and software (winmix) con-
trolled. The software is used to set the mixing parameters. Apart from the external heat-
ing, the desired temperature of the mixer (max. 250 rpm) during mixing can also be con-
trolled manually by adjusting the speed of the rotor (max. 350 rpm).

6.2.2.1 Mixing procedure

The compounds were mixed in two stages in the internal mixer with specified mixing
parameters as represented in Table 8. The first stage of mixing involves mixing of all the
compounding ingredients except of curatives. The resulting mixed compounds are
termed as “masterbatch”. The second/final stage of mixing is carried after a maturation
period of approximately 16 h at 23 °C which involves mixing the masterbatch with the
curatives. The achieved final compound is termed as “green compound”.

Table 8 Mixing parameters for the two stage mixing process

Mixing stages Masterbatch mixing Final mixing
Initial mixer temperature (°C) 50 50
Rotor speed (rpm) 50 30
Fill factor (%) 70 70
Mixing time (min) 10 5
Dump temperature (°C) 140-150 90-100
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The desired final dump temperature of the compound mentioned in Table 8 is controlled
by adjusting the rotor speed. The final dump temperature is recorded by a thermocouple.
After each mixing stages, the compounds were sheeted out using Schwabenthan
Polymix 80T two-roll mill operating with a gap of 2.5mm.

The order of mixing is also one of the influencing factors which can affect the mixing
efficiency due to the differences in structure, viscosity and cure behavior of the added
chemical ingredients. Therefore, a specific sequence of addition of compounding ingre-
dients were followed as tabulated in Table 9. Due to the fluffiness and unpelletized form
of the HTC lignin, the filler was added in four equal portions for easier incorporation.

Table 9 Mixing sequence

Mixing time Masterbatch mixing
(min:sec)
0:00 Open ram & add polymer
0:20 Close ram
1:00 Open ram & add 1% part of filler
1:20 Close ram
2:00 Open ram & add 2" part of filler
2:20 Close ram
3:00 Open ram & add 3" part of filler
3:20 Close ram
4:00 Open ram & add 4" part of filler, ZnO, St. Ac., TMQ, 6PPD
4:20 Close ram
5:00 Open ram & sweep
5:20 Close ram & adjust rotor speed
10:00 Dump
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6.2.2.2 Curing of the compounds

The cure characteristics were determined using an elite Rubber Process Analyzer (TA
Instruments, US) at 160 °C for 30 minutes at 1.667Hz frequency and 6.98% strain ac-
cording to ISO 3417. Tgo was used as the optimum curing time .

The rubber compounds were finally cured in a Wickert laboratory press WLP 1600/5*4/3
at 160 °C and 100 bar pressure with their respective optimum cure time (Tq). For differ-
entin-rubber tests, the sample size and curing conditions are varied as mentioned below
in Table 10.

Table 10 Curing conditions for different test samples

Cure time Test Sample dimension

Teo+2 mins Tensle Slab of 90*90*2mm
. Hardness, Cylindrical specimen

Too+Smins Rebound resilience of 12.5 mm thickness

6.2.3 Characterization of compounds

The technical properties of the mixed compounds were characterized by the following
standard procedure.

6.2.3.1 Characterization of green compound

6.2.3.1.1 Mooney viscosity

The final compound’s viscosity was determined using a Mooney viscometer 2000E (Al-
pha Technologies) at 100 °C according to ASTM D1646 using a large rotor. The Mooney
values are represented as ML (1+4) 100 °C. The mean shear rate of the rotor was 1.25
st

6.2.3.1.2 Payne effect

Filler-filler interactions were determined by Payne effect measurements. The measure-
ments were performed by RPA elite Rubber Process Analyzer (TA instruments) at 100
°C. The values of storage modulus (G’) were recorded under shear deformation with a
strain sweep range of 0.56-100% at a frequency of 1 Hz.
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6.2.3.2 Characterization of cured compounds

6.2.3.2.1 Tensile properties

For tensile test, the vulcanized sheets were die-cut to dumbbell shaped specimens. The
test was performed in a Zwick/Roell Z1.0 Universal Tensile Tester (Germany) at a cross-
head speed of 500 mm/min, according to ASTM D412. Five specimens were used in
each case for the evaluation of the tensile data. The mean values of tensile properties
taken from these five specimens are reported.

6.2.3.2.2 Hardness test

The hardness of the samples was measured with a Zwick 3150 hardness tester, Shore
A type, according to DIN 53505 at 23 °C. Three measurements from each of three spec-
imens were taken and average of the three specimens were reported.

6.2.3.3 Rebound resilience

The rebound resilience measurements were carried out with cylindrical specimens using
Zwick/Roell 5109 Rebound Resilience tester according to DIN 53512. The test was per-
formed at room temperature of 23 °C and 70 °C.

6.2.3.4 Dynamic mechanical analysis

For DMA test, cylindrical shaped specimens of 10mm diameter were die-cut from the
2mm thickness sheets prepared for the tensile tests. The temperature sweep test was
carried out using a DMA Eplexor 9 (Netzsch Gabo Instrument) in a double shear mode.
The measurements were divided into two segments with different dynamic strains as
shown in Table 11. The low strain was maintained at low temperature in order to avoid
the compound’s stiffness effect, whereas the high strain was used to investigate the dy-
namic properties at elevated temperatures, when the rubber samples elasticity is more
profound.

Table 11 Test conditions for DMA

Segment Temperature (°C) Strain (%) Frequency (Hz)
1 -40 to +10 1
10
2 +10 to 60 3
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6.2.3.5 Determination of Crosslink density

The crosslink densities of the rubber compounds were measured by swelling experi-
ments. Prior to the swelling test, the cured samples were extracted in a Soxhlet appa-
ratus with acetone for 48 h to remove low molecular weight polar substances like unre-
acted accelerators, curatives or curing by-products. The extracted samples were dried
in a vacuum oven at 40 °C for 24 h.

The acetone extracted specimens were immersed in toluene at room temperature for
one week. At the end of the immersion period, the samples were removed and blotted
with filter paper and transferred to the weighing bottle to obtain the weight of the swollen
vulcanizates. Afterwards the samples were dried in a vacuum oven for 24 h at 105 °C to
obtain the dried weight. The crosslink density per unit volume (Ve) was calculated ac-
cording to Flory-Rehner equations 6.2 and 6.3 [91]:

[In (1 = W) =V +xW’]

e

(6.1)

*wl»—x

v -1

where the volume fraction of polymer in the swollen gel at equilibrium (V) can be calcu-

lated as,
mT

=T
Com e+ meC ©-2)
N

And where x is the Flory-Huggins polymer-solvent interaction parameter (x= 0.37 for
SSBR/toluene system & for BR/toluene x= 0.34); Vs is the molar volume of solvent; m;
is the mass of the rubber network; ms is the mass of the solvent in the swollen sample at
equilibrium conditions; ps and p; are the densities of the solvent and rubber, respectively.
In this study, the value of x =0.36 is used. This value is calculated with reference to the
polymer-solvent interaction parameters of the individual polymers and their amount in
the blend.
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7  Experimental results and discussion

7.1 Understanding the reinforcing potential of HTC lignin

7.1.1 Background

The addition of certain particulate fillers like carbon black or silica reinforces the rubber
by enhancing broad range of mechanical properties and this has been studied in numer-
ous investigations [26, 92-93]. Based on these investigations, it is generally accepted
that filler-rubber interaction and filler network structure are the predominant factors de-
termining the degree of filler reinforcement. Therefore, this study concerns on under-
standing the degree of reinforcement provided by HTC lignin as such, to gain insight into
behavior of HTC lignin filler particles with elastomer. In particular, the effect of charac-
teristics of HTC lignin (surface area) on the rubber properties in comparison to the un-
filled rubber and conventional filler reinforced rubbers will be investigated under this
study.

7.1.2 Experimental

The investigation was performed with three differently filled systems (HTC lignin, carbon
black and silica/silane) and an unfilled (gum) system. The used grade of fillers for this
study is tabulated in Table 12.

Table 12 Fillers used, source and their specification

Specific den- Specific surface
Filler & grade Supplier spity (glcm?) area (BET)
(m?/g)
Carbon black, N330 | Orion Engineered Car- 1.8 78
bon, Germany
Silica, ULTRASIL Evonik Industries AG, 2.0 171
7000® Germany
HTC lignin, SQ243 Suncoal Industries 1.4 38
GmbH, Germany

The mixing formulation and mixing conditions as described in Section 6.2 ( Table 7 &
8) were used for HTC lignin and Carbon Black (Cblack) mixing. A similar mixing proce-
dure as described in Table 9 was followed for the silica filled compound, with an extra
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inclusion of the coupling agent Bis(triethoxysilylpropyltetrasulfide silane (TESPT/Si69®
- purchased from Evonik Industries, Germany) of 6.2 phr added to the formulation. This
is because silica fillers are hydrophilic in nature which makes them incompatible with the
hydrophobic polymer. Also, the silane coupling agent improves the dispersion and pro-
cessability of silica filler. The mixing formulation for silica is tabulated in Table 13. During
vulcanization, the well-known phenomenon observed for silica-TESPT/Si69® silane is
that the dissociated sulfur containing part of the silane and/or active sulfur released from
silane starts to react with rubber leading to the formation of additional silica-silane-rubber
covalent bonds and/or rubber crosslinked products [94]. This results in a higher crosslink
density in comparison to other filled system. Usually, sulfur correction (addition of free
sulfur to other filled systems) is done to compensate this effect. For this study, sulfur
correction was not taken into account for HTC lignin and Cblack filled compounds.

Table 13 Mixing formulation for coupling agent added compounds

Mixing time Masterbatch mixing
(min:sec)

0:00 Open ram & add polymer
0:20 Close ram
1:00 Open ram & add 1% part of filler, ¥2 coupling agent
1:20 Close ram
2:00 Open ram & add 2™ part of filler, %2 coupling agent, oil
2:20 Close ram
3:00 Open ram & add 3' part of filler
3:20 Close ram
4:00 Open ram & add 4" part of filler, ZnO, St. Ac., TMQ, 6PPD
4:20 Close ram
5:00 Open ram & sweep
5:20 Close ram & adjust rotor speed
10:00 Dump
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In addition to this adjustment, TDAE oil was neglected for the unfilled compound (gum)
and the mixing of this compound was done for 5 mins and finally it was dumped at 100
°C. All the compounds were validated in terms of their processability (Mooney viscosity)
and static mechanical properties (hardness and tensile strength) and dynamic mechan-
ical properties.

7.1.3 Results and discussion
Processability of the HTC lignin compounds

Figure 7.1 shows the filled compound’s viscosity in comparison to the unfilled/gum com-
pound. Generally, the increase in viscosity of filled compounds is attributed to the hydro-
dynamic effect of the filler, filler-filler and filler-rubber interactions. Besides the increased
viscosity of HTC lignin compared to gum rubber, the contribution from the above-men-
tioned parameters seems to be considerably low compared to silica and Cblack filled
compounds. One of the reasons is the lower specific surface area of the HTC lignin filler
in comparison to Cblack or silica (Table 12).
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Figure 7.1 Mooney viscosity of the different filled compounds

Influence of HTC lignin on filler-filler interaction

It can be seen from Figure 7.2, in contrast to the filled compounds, the gum rubber
shows a linear viscoelastic behavior without any change in dynamic modulus G’ with
respect to the applied strain amplitude, which is the contribution from the polymer net-
work (physical entanglements) alone. For filled rubbers, a typical decrease in the G’ with
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increasing strain amplitude (Payne effect) is observed due to the breakage of loosely
bound network. This can be explained by two models: (i) filler structural breakdown
model based on filler-filler physical interactions for instance, van der Waals interactions,
hydrogen bonds and London forces and (i) filler-matrix interaction model based on labile
bonding of polymer chains to the filler surface resulting in trapped entanglements [95].
The filler network structure and strength influences the dynamic behavior of the filled
rubber [96]. Among the investigated fillers, HTC lignin shows lower G’ value at high strain
and low strain indicating weaker filler-filler interactions as well as filler-polymer interac-
tions.
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Figure 7.2 Payne effect of different filled compounds

Influence of HTC lignin on cure properties and crosslink density

The curing characteristics of the compounds with different filled systems are shown in
Figure 7.3. The HTC lignin compound shows better scorch safety (higher scorch time)
and lower minimum (M) and maximum torque (My) value compared to conventional fill-
ers. This suggests that the surface of HTC lignin is acidic which can adsorb the basic
accelerator and cure activator delaying the vulcanization. This hypothesis is also con-
firmed by the crosslink density measurement as shown in Figure 7.4 which demon-
strates a reduced value in comparison with other fillers. The increase in crosslink density
of different filled system in comparison to unfilled rubber is due to the presence of addi-
tional filler-filler and filler-polymer interactions provided by the incorporation of fillers and
it also depends on the used filler type.
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Figure 7.3 Cure behavior of different filled compounds
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Figure 7.4 Crosslink density of the compounds
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Influence of HTC lignin on hardness of the compound

The hardness of the rubber compound is strongly influenced by the type and density of
used fillers and crosslink density. The hardness results of the compounds (Figure 7.5)
are inline with the Payne effect results and crosslink density measurements. As ex-
pected, the filled compounds show higher hardness value in comparison to the gum
compound, whereas the obtained hardness of HTC lignin is lower in comparison with
conventional fillers due to its low density, weaker filler structure and crosslink density.
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Figure 7.5 Compound hardness

Influence of HTC lignin on mechanical and dynamic properties

The mechanical properties of the different compounds are shown in Figure 7.6. The HTC
lignin compound shows improved modulus at 300% and 100% elongation (M300 and
M100) and tensile strength in comparison with the gum rubber. The obtained values are
inferior compared to conventional fillers which is mainly due to the reduced crosslink
density, weaker filler-filler as well as lower filler-polymer interaction (confirmed by Payne
effect).
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Figure 7.6 Mechanical properties of the different compounds

Figure 7.7 displays the temperature dependent viscoelastic behavior of the unfilled gum
and filled compounds. The viscoelastic behavior represented by the loss factor, tan delta,
greatly impacts the tire performance properties such as rolling resistance and traction
(snow/wet/dry). It can be observed from Figure 7.7 that the viscoelastic glass transition
temperature of filled vulcanizates are affected by the type of the used filler. The variation
in the intensity of tan delta peaks in the glass transition region for the rubber samples
evidently suggests that the extent of interaction between the rubber-filler and filler-filler
of these systems plays a vital role in the dynamic modulus of the rubber. In the present
study, gum and HTC lignin compounds exhibit the highest peak in comparison to the
conventional fillers. This can be attributed to the low polymer-filler and filler-filler interac-
tion of HTC lignin (also confirmed by Payne effect results) which results in lower immo-
bilized rubber molecules. This eventually leads to an increase in the viscous component
in comparison to the conventional fillers.
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Figure 7.7 Dynamic mechanical properties of the different compounds

The wet grip property of the tire can be indicated by tan delta at 0 °C (higher the value,
better the wet grip). Among the filled compounds, silica shows better wet grip behavior
which can be attributed to its polar and hydrophilic surface compared to the HTC lignin
and carbon black surface.

The rolling resistance property of the tire is indicated by tan delta at 70 °C. The HTC
lignin filled compound shows the lower tan delta at 70 °C in comparison to Cblack but
higher value compared to silica. This indicates lower rolling resistance in comparison to
Cblack but higher than the expected one for the silica/silane system. The increased hys-
teresis of both HTC lignin and carbon black can be related to the physical interaction of
filler and polymer chains which can cause either slippage or adsorption and desorption
of polymer chains increasing the compound’s dynamic hysteresis in contrast to the
chemical linkages of silica filler with the rubber which restricts polymer mobility. In con-
trast, the low hysteresis of HTC lignin could be related to the weaker filler networks and
lower surface area in comparison to the carbon black fillers.

7.1.4 Summary

The present study was undertaken to give a more detailed analysis of the reinforcing
potential of HTC lignin in comparison to the conventional fillers. It can be observed that
HTC lignin provides inferior rubber properties (mechanical properties, hardness, dy-
namic properties). The probable reasons for this low reinforcing potential can be related
to physical characteristics: (i) low surface area (ii) polarity difference between polar HTC
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lignin and non-polar polymer. As a result, the compatibility between HTC lignin and pol-
ymer is affected leading to weak filler-polymer interaction. The fundamental study also
gives an indication that the surface chemistry of HTC lignin not only leads to weak filler-
polymer interactions but also hinders the vulcanization reaction which results in a re-
duced crosslink density. This leads to the conclusion that a chemical modification of the
HTC lignin filler is essential to improve its reinforcing potential.

7.2 Characterization of HTC lignin

Surface modification/ functionalization of fillers is one of the most effective approaches
to improve interfacial adhesion between a rubber and filler. Filler characterization was
carried out to elucidate the complex surface chemistry of HTC lignin which can help in
predicting their interaction with the rubber matrix. 3P NMR was used for the characteri-
zation of filler in this design study. This will be discussed in detail in this section.

7.2.1 Determination of different functional groups of HTC lignin

7.2.1.1 Background

Surface modification of filler depends not only on the nature of the used surface modifier
but also on the filler surface chemistry like the type of the functional group, their reactivity,
concentration etc. [32]. As elaborated in Chapter 4, native lignin is an irregular hetero-
geneous aromatic polymer. And during biomass processing (isolation techniques) or
post-treatment processes, the heterogeneity and structural complexity of lignin are typi-
cally increasing. Therefore, a detailed understanding of the structure and functional
groups of the used HTC lignin is critically important for their modification since their
chemical nature differs. This design study employed phosphitylation as described in
Chapter 4, Section 4.2.3.1 and Chapter 6, Section 6.1.1 (followed by *'P NMR) for
quantifying different types of hydroxyl groups, such as aliphatic, and various phenolic
hydroxyl groups as well as carboxylic groups. These groups are considered to be the
major lignin functionalities important for analyzing the lignin structure [98]. Among all the
spectroscopic techniques, 3P NMR was preferred due to its faster, simpler and more
reliable quantification approach.
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7.2.1.2 Results and discussion
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Figure 7.8 3P NMR spectrum of the HTC lignin under study.

The reaction of 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) with dif-
ferent functional groups of the HTC lignin generates different phosphite products which
cause characteristic changes in the chemical shift values. The resulting 3P NMR spec-
trum of HTC lignin is shown in Figure 7.8. The assignment of chemical shifts (8/ppm) for
different phosphitylated hydroxyl groups was conducted according to the relative position
specified in literature [54, 97]. The amount of different functional groups are quantitatively
determined by integration of the peak areas. Table 14 summarizes the results of a quan-

titative 3P NMR analysis of TMDP phosphitylated HTC lignin.

Table 14 Composition and distribution of hydroxyl groups of used HTC lignin quantified

by 3P NMR

Different hydroxyl groups Amount (mmol/g)

Aliphatic OH 0.9
5-substituted OH
Guaiacyl Phenolic OH
p- Hydroxy phenyl 0.6
Carboxylic OH 0.2
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The amount of different functional groups presented in Table 14 was calculated based
on the used internal standard (IS) as shown in equation (7.1) and is expressed in mmol
of functional groups per gram of dry lignin.

R * mole quantity of IS in NMR sample (7.1)
Dry weight of lignin sample (g)

Amount of OH per g of lignin =

Integration of spectral region of interest (Ioy)

Where, R =

Integration of IS region (I1s)

Among the various hydroxyl groups, it can be observed that a majority of HTC lignin is
composed of phenolic hydroxyl groups and only a minor amount of aliphatic and carbox-
ylic OH groups is present. Syringy!l units (S-units) and G-condensed units are reported
together as total 5-substituted phenolic —OH. The large amount of 5-substituted -OH
groups indicates that a high degree of condensation via ether bond and C-C coupling
has occured during biomass treatment. Also, the result features that the major phenolic
hydroxyls appeared to be guaiacyl (G-units) phenolics with a minor amount of p-hydroxy-
phenyl groups indicating that HTC lignin is basically a softwood lignin [40].

7.2.1.3 Conclusions

Quantitative 3P NMR spectroscopy has been used to study the structure of HTC lignin.
The study also gave understanding of the different functionalities on the HTC lignin sur-
face. The amount and presence of different functional groups such as phenolic, alcoholic,
carboxylic acids and various condensed phenolic units were determined. Eventhough,
the study gives an indication that HTC lignin’s structure can be compared to that of car-
bon black structure containing hydrogen (mostly in aromatic rings) and number of differ-
ent oxygen-containing groups (namely, phenol, carboxyl etc), both are distinct exhibiting
different surface chemistry. From the study, it can be reported that the concentration of
functional group decreases in the following order: phenolic —OH> aliphatic -OH>-COOH
groups. Of these, phenolic —OH groups are considered as active sites for filler modifica-
tion. The principal reasons are as follows: (i) based on the current study, it is considered
as the major functional group of HTC lignin (ii) also, the conclusions of a preliminary
reactivity study using the most reactive silane thiocyanatopropyl triethoxy silane
(Si264®) [98] highlighted that the phenolic hydroxyl groups are reactive towards ethoxy
group of the silane. Further, it is published in literature that phenolic moiety is one of the
most important functionalities which affects the physical and chemical properties of lignin
[99].
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7.3 Surface modification of HTC lignin using silane coupling
agents

In rubber industry, for more than a decade, bifunctional organosilane coupling agents
are extensively used as surface modifiers to enhance the compatibility between hydro-
philic filler (in particular, silica) and hydrophobic polymer matrix [100]. In principle, silane
coupling agents are composed of a silicon atom attached to two functional groups of
different reactivity (X-Si(OR)3). X represents an organo-functional group which is bonded
to the silicon atom by a short alkyl chain (e.g., tetrasulfide, -alkyl, mercapto-alkyl, vinyl,
etc.) and it can react with the organic polymer during vulcanization. OR represents a
readily hydrolyzable alkoxy group (e.g. OCH3, OCzHsor O(H4C> O)s(CH>)12CHs) and this
reacts with inorganic materials like filler during mixing [101-102]. As a consequence,
silane coupling agents act as a bridge between a filler and polymer to enhance the rub-
ber-filler interaction and, thus provide a significant improvement in properties. This si-
lanization reaction is explained for silica as filler and depicted in Figure 7.9.

Silica surface

OH ... . Rubber

/ Silica coupling Rubber coupling

RO \
—od__ro—[s A/\®/ |
--------- / Spacer
RO .
. . Organofunctional
N\ Trialkoxysilyl
OH group
group
Coupling during mixing Coupling during vulcanization

Figure 7.9 Reaction mechanism of silane as a coupling agent [103]

It is established that the application of these intermediate agents improves the reinforcing
efficiency of silica filler in rubber compounds [100, 104]. Thus, for this design study,
silane coupling agents were selected as surface modifier for HTC lignin.

7.3.1 Screening of different silane coupling agents by in-situ modification

7.3.1.1 Background

Several different rubber silanes have been developed and investigated for silica fillers
[104-105]. Each silane has its own advantages and disadvantages [104]. Some of the
silanes developed over a period of time are shown in Figure 7.10. These silanes differ
in their chemical structures, sulfur rank, and functionalities. Initial screening tests were
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performed as it is of paramount importance to select the right surface modifier which can
remarkably improve the mechanical properties of HTC lignin filled compounds. Sulfur-
functional silanes were preferred for this initial screening as they are able to participate
directly in sulfur vulcanization of HTC lignin filled rubber compounds. Also, the modifica-
tion/silanization reaction is carried out in-situ. This means that HTC lignin, silane coupling
agent, rubber and other ingredients are simultaneously introduced into a thermo-me-
chanical internal mixer. The objective of this study is to understand the coupling effi-
ciency of the selected silane and the reinforcement of HTC lignin filled compounds.

Di- and tetrasulfide silane
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Sterically shi_elded- Chemically blocked-
Mercapto silane Mercapto silane

013H2?40\/t? M
/\O/S\i\/\/s“ o NN

)‘o\/\—io = 7

C‘\S\'\ﬂ

O~(-0-”

Si 363® NXT®
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ethoxylate) monoethoxy silane 3-octonylthio-1-propyltriethoxy silane

Figure 7.10 Different coupling silanes

7.3.1.2 Experimental

For this screening, some of the commercial silane coupling agents from each category
as described in Figure 7.10 (TESPT/Si69, NXT, Si363) were selected. The amount is
kept as 6.2 phr similar to Michelin’s green tire recipe irrespective of the filler surface area.
Assuming Si69 silane as reference silane, the quantities of the other used coupling
agents were adjusted equimolar. Also, considering the two reactive sites of Si69 silanes,
double molar quantity of the other coupling agents was added. However, equimolar and
alkoxy equivalent calculation resulted in a higher amount of Si363 silane (23 phr) leading
to difficulties in the processing of the compounds. Thus, an amount of 9 phr was used
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for this study. Addition of a lower amount of Si363 silane than the equimolar amount to
Si69 is also common in silica technology [106]. Due to the structural differences between
the three silane types as shown in Figure 7.10, the amount of total sulfur in the com-
pound varies. This, in turn, affects the network formation, therefore a sulfur correction is
required. Assuming all the other already discussed influences, a sulfur correction was
not taken into account to avoid further complications.

The experiments were carried out using the reference tire tread formulation shown in
Table 15 with a variation in type and amount of used silane coupling agent. A reference
compound without silane is also mixed to understand the influence of different coupling
agents.

Table 15 Types and amounts of the investigated silanes

. Supplier Molecular weight
Coupling agents (g/mol)
Si69* Evonik Indus- 532.5 6.2*
tries, Germany
NXT Momentive, Ger- 365 8.5
many
Si363 Evonik Indus- 987.5 9
tries, Germany

SSBR-75; BR-25; HTC lignin-80; TDAE- 33; Zn0O-2.5; St. Ac- 2.5; 6 PPD-2; TMQ-
2;5-2.2; TBBS-1.5; DPG-0.25; TBzTD-0.5

*reference silane 6.2 phr = 15mmol

The mixing conditions and mixing procedure as described in Table 8 &Table 13 were
used for this study. The compounds were investigated in terms of their cure and other
physical properties.

7.3.1.3 Results and discussion
Cure properties

The cure behavior of different silanized compounds are shown in Figure 7.11. It can be
observed that the addition of silane decreases the scorch time of the compound i.e.,
kinetics of vulcanization is improved .This suggests that the addition of silane increases
the compound’s basicity and also facilitates in shielding the acidic phenolic hydroxyls
from adsorbing the basic accelerators and cure activators. This improvement in kinetics
is achieved without affecting the processability of compounds for Si69 and NXT silane,
whereas for Si363 silane, the scorch safety is inferior due to the presence of unblocked
mercapto groups which is more reactive to the vinyl groups of the rubber [94]. The better

55|Page



Chapter 7

scorch safety of NXT silane, on the other hand, can be related to its bulky blocking end-
group on the reactive mercapto function [94].
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Figure 7.11 Cure properties of the silanized compounds

The increase in minimum (M.) and maximum torque (My) of Si69 compounds compared
to other silanes can be explained by the higher sulfur rank of Si69 which can donate
some of its sulfur to the compound rising the free sulfur amount and consequently con-
tributing to polymer-filler interaction during mixing and extra crosslinking during vulcani-
zation respectively. Also, a reduction of stiffness of the final vulcanizate of Si363 could
be caused by the plasticizing effect of long alkoxy groups, whereas with NXT containing
compound, it could be due to the interaction of HTC lignin with the octanoyl group re-
stricting the de-blocking reaction to occur. This might hinder the mercapto function to
react with the vinyl groups of the polymers reducing its coupling efficiency.

Payne effect

The Payne effect of different silanized uncured compounds are shown in Figure 7.12.
The increase in shear modulus at small and high strain can be related to filler-filler and
filler-polymer interactions respectively (Chapter 4, Section 4.1.2).
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Figure 7.12 Payne effect (uncured) of the compounds with different silanes

The addition of silanes (Si69 , Si363) increases the G’ at lower strain which is in contrast
to the silica/silane system [32-33]. The higher filler-filler interactions i.e., stronger filler
networking of the Si69 silanized HTC lignin filled compounds can be explained by the
following theories: (i) the interaction of Si69 to the lignin particles and simultaneous self-
condensation of silane creating a ‘lignin clusters’. This formed cluster structure can trap
the rubber molecules increasing the effective volume fraction of the filler contributing to
a high modulus at low strain. This kind of silane self-condensation reaction is highly fa-
vourable and more pronounced with Si69 silane due to its structure containing a higher
number of ethoxy functionalities (six groups). Upon increasing the strain amplitude, the
trapped rubber molecules are released decreasing the G’ value. (ii) The resulting cluster
structure can also lead to poor micro-dispersion of the fillers in the rubber matrix (iii) The
known effect from cellulose is that an irreversible structural change of cellulose fiber can
occur by increased crystallinity and fiber aggregation by hydrogen bonds when exposed
to temperature which is known as “hornification” [107]. This suggests that a similar kind
of structural change might also occur in lignin during this intensive mixing process. Lignin
can undergo oxidation when exposed to high temperature i.e.,150 °C-250 °C. Beyond
250 °C, the oxidized lignin can undergo crosslinking /condensation reactions [108]. A
thermo-oxidation and condensation of HTC lignin can increase the polarity of the lignin
surface which might result in higher filler-filler interactions. This oxidation might occur
during mixing where HTC lignin is exposed to a mixing temperature of 150° C which can
lead to the formation of carboxylic acid moieties. And these groups can further undergo
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condensation reaction (between carboxylic acid group and a hydroxyl group (self-con-
densation of lignin)) to form an ester which might be catalyzed by silanes (or other reac-
tive modifying agents with a suitable functional group). This might result in a condensed
lignin structure which is denser. The probability of this reaction is very low and is less
pronounced as it is a not noticeable effect in the presence of other silanes. (iv) The high
sulfur rank of Si69 silane which can donate its sulfur at high processing temperature
leading to formation of filler-polymer interaction / polymer-polymer interaction in the
mixer. This effect is also observed for Si363 silane containing the sterically blocked mer-
capto groups where the early radical breakage of the S-H bond can cause a coupling
reaction towards vinyl groups of the polymers during mixing resulting in a pre-scorch
effect (which is also in line with lower scorch safety of these compound). The resulting
filler-polymer interaction not only increases the G’ at low strain but also at high strain.
And this theory is true and valid when comparing the results of NXT silane which can’t
deblock the octanoyl groups protecting the mercapto functionality at lower mixing tem-
perature (140-150°C) resulting in lower filler-filler and filler-polymer interactions.

Mechanical properties

Figure 7.13 presents the stress-strain behavior of different silanized compounds. Among
all the compounds, the Si69 silanized compound shows the best improvement in the
stress-strain properties which is due to the coupling efficiency in addition to its sulfur
donating effect creating an additional increase in crosslink density. The NXT silanized
compound shows identical properties to that of the reference compound clearly indicat-
ing poor filler-polymer interactions which is in line with the results of the Payne effect.
This leads to the assumption that the thioesters are not deblocked to release mercapto
groups which can then couple to the polymer chains increasing the filler-polymer inter-
action unlike Si363 silane.
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Figure 7.13 Mechanical properties of the vulcanizates containing different silanes

Compound hardness

The hardness results shown in Figure 7.14 are in line with the Payne results, especially
G* at low strain. The increase in filler-filler network increases the hardness of the com-
pound. This means that Si69 and Si363 silanes are creating filler network structures
which can reinforce the rubber.

59|Page



Chapter 7

70

58
53 53

o]
o

55

Hardness (Shore A)
w B a
o o o

N
o

[y
o

Reference Si69 NXT Si363

Figure 7.14 Hardness of the vulcanizates

Rebound resilience

The rebound resilience can be indirectly correlated with the DMA results. The higher the
rebound value higher the compound’s elasticity i.e., lower the tan delta. Rebound resili-
ence of different silanes at 70 °C shows improvement in the dynamic behavior of the
compound, in comparison to the reference (without silane) as depicted in Figure 7.15.
This improvement can be related to an improved filler-polymer interaction provided by
the silanes. For Si363 and Si69, this interaction is provided by chemical linkages be-
tween filler and polymer resulting in lower dynamic hysteresis. In case of NXT silane,
this is solely related to hydrophobation effect which makes the filler more compatible with
rubber, however the absence of chemical linkages between filler and polymer resulted
in lower elasticity. This is also in line with the other achieved properties.
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Figure 7.15 Rebound resilience of the vulcanizates

7.3.1.4 Summary

Different coupling silanes (Si69, NXT, Si363) were used as surface modifier for HTC
lignin. The comparative study of the properties of compounds and vulcanizates contain-
ing HTC lignin silanized by these different coupling agents, shows their different coupling
efficiency and its impact on the rubber reinforcement by HTC lignin. Among these
silanes, NXT gives the poorest overall properties indicating that the deblocking reaction
was hindered by the presence of HTC lignin which leads to poor filler-polymer interac-
tions. The use of Si69 and Si 363 silane results in an improvement in compound proper-
ties which is mainly due to the presence of polymer reactive groups i.e, tetrasulfide and
mercapto group respectively that take part in the vulcanization leading to strong polymer-
filler interaction. Also, the silanization reaction between the lignin and the silanes (Si69
& Si363) resulted in increased filler-filler interactions, which is assumed to be due to
several theories described under Payne effect. This increased filler-filler interaction
doesn’t have a negative effect on compound hysteresis which is contrary to the sil-
ica/silane system [32-33]. Based on the results, Si69 silane shows the overall best per-
formance and better process safety, therefore it was selected to develop an optimized
system.

6l|Page



Chapter 7

7.3.2 Optimization of modification parameters on silane modified
compounds

The previous study concerning different silanes features that the silanization of lignin
with Si69 and Si363 leads to an improvement of in-rubber properties compared to the
unmodified lignin. The obtained reinforcement is still not sufficient enough and compa-
rable with the conventional fillers. In this aspect, the extent of the silanization reaction is
a crucial factor affecting the reinforcing characteristics of the silane modified HTC lignin
compounds. Extensive research has been undertaken in understanding the reaction
mechanism of TESPT (Si69®) with silica as a filler and influencing parameters of the
silica/silane coupling reactions [109,110]. The widely accepted mechanism is proposed
by Hunsche et al. and this theory concludes that coupling reaction follows a two-step
primary reaction involving hydrolysis of silane in the presence of water leading to ethanol
emission followed by chemical coupling of hydrolysed silane to a silanol group of the
silica by the release of water and a secondary reaction involving condensation of neigh-
boring silane molecules which are attached to the silica surface [110]. However, recent
investigations by Blume et al. highlighted the flaws of this coupling mechanism and pro-
posed a new model based on certain research questions and considerations. This new
model of coupling mechanism is depicted in Figure 7.16 [111]. The summary of the find-
ings are (i) not all the silanol groups of silica are reactive towards silane, therefore the
amount of these reactive silanes (isolated and geminal) are important for the silane cou-
pling (ii) only 25% of all Si-OHs are reactive (iii) the presence of water favors the silani-
zation reaction but a direct coupling seems to be a possible mechanism in the absence
of water (iv) the accessibility of silanol groups by the silane i.e., the distance that sepa-
rates the silane reactive silanols (isolated and geminal) is crucial for the coupling reaction
[111]. Based on these findings, the following reaction mechanism is proposed: (i) a pri-
mary reaction that occurs between one ethoxysilyl group of the coupling agent and si-
lanol group (preferably, isolated and geminal) of the silica. This can be either direct cou-
pling reaction (in the absence of water) or a hydrolysis reaction (in the presence of wa-
ter). Here in this model, precipitated silica is used whose surface contains water, there-
fore a hydrolysis step is proposed. The primary reaction starts at temperatures around
130 °C. (ii) a secondary condensation reaction that occurs between the neighboring
silane molecules which are already bound to the silica surface. [112].

Many published literatures concluded that the mixer silanization temperature and time
determine the degree of silanization [109, 113]. Therefore, the effects of these parame-
ters on the end-use properties of the HTC lignin filled rubber vulcanizates will be inves-
tigated in the current study. The optimization studies were carried out using the most
promising Si69 and this will be discussed in the upcoming sections.
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Figure 7.16 Silanization reaction mechanism [111].

7.3.2.1 Influence of mixing parameters: Mixing temperature

This section describes the investigation of the influence of the mixing temperature of a
Si69 modified HTC lignin filled compound.

7.3.2.1.1 Experimental

The compounds were mixed in an internal mixer. The mixing conditions and mixing pro-
cedure are similar to Table 8 & 13, respectively. The only change in the mixing conditions
is the variation in the dump temperature of the Si69 compounds representing different
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silanization temperature. This is tabulated in Table 16. The dump temperature was var-
ied by varying the mixer’s rotor speed while keeping other mixing conditions and mixing
time constant.

Table 16 Obtained dump temperatures of the compounds.

Compound Dump temperature (°C)
Reference (without Si69) 140-150
Si69_DT_140 140-150
Si69_DT_150 150-160
Si69_DT_160 160-170

The mixing formulation for this study is presented in Table 17. The compounds were
cured using the procedure discussed in Chapter 6, Section 6.2.2. Rheological and other
physical properties will be carried out using the procedures described in Chapter 6, Sec-
tion 6.2.3.1 & 6.2.3.2 at the end of the compound preparation.

Table 17 Compound formulation

Ingredient Reference (phr) Si69 (phr)
SSBR 75 75
BR 25 25
Filler 80 80
Si69 0 6.2
TDAE 33 33
Zn0O 2.5 2.5
St. Ac 2.5 2.5
T™MQ 2 2
6-PPD 2 2
Sulfur 2.2 2.2
TBBS 15 15
DPG 0.25 0.25
TBzTD 0.5 0.5
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7.3.2.1.2 Results and discussion
Cure properties

The vulcanization behavior of the lignin filled and lignin-Si69 filled compounds is shown
in Figure 7.17. The curves indicate slight marching behavior. The compounds containing
Si69 show a higher inital torque (ML), maximum torque (Mw) with lesser scorch safety in
comparison to the reference (unmodified lignin). The increased initial torque value is re-
lated to the compound’s viscosity and the higher final torque is related to the increased
polymer-polymer interaction due to the additional sulfur of Si69 silane as well as the
increased filler-filler and filler-polymer interactions. An increasing dump temperature
doesn’t influence the scorch safety of silane modified compounds significantly. However,
the initial viscosity of the compound is increased to a higher level. This effect is significant
for temperature above 150 °C and this indicates that the compound mixed at 160 °C is
pre-scorched, meaning that the sulfur moieties of the coupling agent has already partly
reacted with the polymer chains, restricting its mobility.
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Figure 7.17 Cure behavior of the HTC lignin filled compounds dumped at different tem-
peratures

Mooney viscosity and Payne effect

The Si69 modified lignin compounds show higher viscosities with increasing dump tem-
perature in comparison with the reference lignin as tabulated in Table 18.

65/Page



Chapter 7

Table 18 Viscosity of the compounds

Compounds Mooney viscosity (MU)
Reference 45

Si69 DT 140 55

Si69 DT 150 65

Si69 DT 160 125

The Mooney viscosities gradually increase with higher dump temperature. Whereas for
the compound mixed and dumped between 160-170 °C, there is an abrupt increase in
the obtained values. The former effect can be explained by the oxidation and resulting
self condensation of lignin leading to a denser filler structure with increasing dump tem-
perature (Section 7.3.1.3, “Payne effect theories”). For compounds mixed above 160
°C, apart from the above-mentioned hypothesis, the increase of the Mooney values can
be attributed to the contribution from the coupling reaction (crosslinking) between Si69
silane bonded to the lignin and rubber causing further restriction for polymer mobility.
This leads to worse processabilityof the compound compared to the other compounds.
The increase in the viscosity of the compounds can be indirectly related to dispersion
behavior. Compared to other two temperatures, the dispersion behavior of fillers for the
compounds dumped at 160 °C might be inferior.

The addition of Si69 to lignin increases the G’ values at both lower and higher strain as
shown in Figure 7.18. These results are in line with the Mooney values. The increase of
G’ at low strain values can be explained by previously explained theory of oxidation and
self-condensation of lignin to denser structure affecting the dispersion behavior of them
in the rubber matrix.
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Figure 7.18 Payne effect of the uncured compounds

The increase of G’ at higher strain value is related to polymer-filler interactions. With
increasing dump temperature, the filler-polymer interactions are increased due to the
increased coupling reaction between rubber and Si69 bonded lignin surface. However,
the compound dumped above 160 °C shows a significant increase in the interaction level
which is due to both lignin-rubber and rubber-rubber interactions.

Mechanical properties

The addition of Si69 significantly improves the compound’s tensile behavior and also
modulus at 100% and 300% compared to unmodified lignin as shown in Figure 7.19.
Unlike the effects observed in the case of the storage modulus G’ and Mooney viscosity,
the reinforcing effect with increasing mixing temperature (from 140 to 160 °C) are not
that significant and are less pronounced. This indicates that degree of silanization is not
improved with increasing mixing temperature. For the compound mixed and dumped
above 160 °C, the modulus and tensile strength is increased with decreasing elongation
at break which can be related to the increased crosslink density resulting in a stiffer
compound. This is in line with the Mooney viscosity results and Payne results showing a
significant rise for the compound dumped above 160 °C.
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Figure 7.19 Mechanical properties of the vulcanizates compounded at different temper-
atures

Hardness

The hardness of the cured compounds dumped between 140 to 160 °C are also not that
significant in comparison to the compounds dumped between 160 to 170 °C. This also
highlights that degree of silanization is not increased with increasing dump temperature.
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Figure 7.20 Hardness of the vulcanizates
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Figure 7.21 Rebound resilience of the vulcanizates

Compared to the reference, the compounds filled with silanized HTC lignin show a higher
resilience value due to the formed chemical linkages between the rubber and filler in the
presence of Si69. However, mixing at different temperatures doesn’t influence the com-
pound’s resilience significantly as presented in Figure 7.21. This could be due to the two
effects contradicting with each other i.e., the denser lignin structure and the increased
crosslink density at higher mixing temperature.

7.3.2.1.3 Summary

The results of this experimental work shows that mixing at 140 °C to < 160 °C ensures
an optimal performance characteristics of HTC lignin reinforced rubber compounds.
Also, an increasing dump temperature gives an indication that it there is an increase in
the oxidation and self-condensation of lignin leading to a denser structure. It also gives
an assumption that the sulfur silane also promote and catalyzes this condensation reac-
tion. This structure leads to worse dispersion of the filler resulting in a negligible increase
in-rubber properties (mechanical, hardness and rebound). Nevertheless, this hypothesis
need to be further confirmed by mixing reference (without silane) at different tempera-
tures. Whereas, temperatures above 160 °C support also the reaction between the rub-
ber matrix and sulphur moieties of Si69 which leads to a pre-scorch affecting the com-
pound’s processability. This also increases the crosslink density of the compound result-
ing in improved properties. This is confirmed by the results of the tensile strength, the
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M300% and M100% values and the higher Mooney viscosity. Based on the obtained
results, the dump temperature range between 140-150 °C is selected to achieve a com-
promise between the performance and processability.

7.3.2.2 Influence of mixing parameters: Mixing time

This section describes the investigation of the influence of the mixing time of a Si69
modified HTC lignin filled compound.

7.3.2.2.1 Experimental

The compounds were mixed in an internal mixer. All series of experiments were done
based on a tire tread compound as shown in Table 17. The mixing conditions and mixing
procedure are similar to Table 8 & 13. The only change in the mixing condition is the
variation in the total mixing time for Si69 based compounds which represents different
silanization time as tabulated in Table 19. In case of the reference compound (without
any silane), the total mixing time is 10 mins without silanization. Based on the outcome
of the previous study, an optimized dump temperature of 140-150 °C is selected for all
compounds.

Table 19 Obtained mixing time of the compound.

Compound Total mixing time (mins)
Reference (without Si69) 10

Si69_10min 10

Si69 _12min 12

Si69_14min 14

The compounds were cured using the procedure described in Chapter 6, Section 6.2.2.
Rheological and other mechanical properties were carried out using the procedures de-
scribed in Chapter 6, Section 6.2.3.1 & 6.2.3.2 at the end of the compounds’ preparation.

7.3.2.2.2 Results and discussion
Cure properties

The vulcanization behavior of the reference compound and Si69 modified HTC lignin
filled compounds prepared with different mixing times is shown in Figure 7.22. With in-
creasing silanization time, the minimum (M.) and maximum (My) torque of the silane
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modified HTC lignin filled compounds are increased which is due to an increased degree
of silanization.
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Figure 7.22 Cure behavior of the compounds

Mooney viscosity and Payne effect

As presented in Table 20, it can be seen that the Mooney viscosity of the silane-modified
HTC lignin filled compounds increases with increasing mixing time and this is in line with
the minimum torque (M.) of the cure curves.

Table 20 Mooney viscosity of the uncured compounds

Compounds Mooney viscosity (MU)
Reference 45
Si69_2min 55
Si69_4min 75
Si69_6min 86

The increase in Mooney viscosity with longer mixing time can also be explained by the
similar “lignin self condensation” phenomenon described in Section 7.3.2.1 which results
in denser filler structure. This formed structure can also cause a worse filler dispersion.
The observed values are not adverse compared to the values obtained with increasing
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mixing temperature. Also, the pre-scorch behavior of compounds mixed for a longer mix-
ing time is less pronounced. This is further confimed by the Payne effect measurements
presented in the following.
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Figure 7.23 Payne effect of the uncured compounds

The Payne effect results (Figure 7.23) are also in line with the Mooney viscosity values.
A longer mixing time increases the filler structure increasing the filler-filler interactions as
well as filler-polymer interaction.

Mechanical properties

The tensile strength and modulus at 100% and 300% results are depicted in Figure 7.24
are in a good agreement with the results of the maximum torque (Mu). This improved
reinforcing efficiency with increasing silanization time clearly indicates that the filler-filler
and filler-polymer interaction is increased. In addition to these effects, the increased
modulus and decreased elongation of the vulcanizate mixed above 12 mins can be at-
tributed to the pre-scorch effect of the compound (filler-polymer interactions & polymer-
polymer interactions) which increases the overall crosslink density of the compound, re-
sulting in a stiffer compound. This is also in line with the Mooney viscosity and Payne
effect results showing a significant rise for the compound with increasing mixing time.
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Figure 7.24 Mechanical properties of the vulcanizates

Hardness

The increase in hardness of the silane-modified-lignin filled compounds with increasing
mixing time also highlights the formation of stronger filler-filler interactions and filler-pol-
ymer interactions in comparison to referencecompound, as presented in Figure 7.25.
For longer mixing time, this increase is also due to the increase in crosslink density.
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Figure 7.25 Hardness of the vulcanizates
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Rebound resilience

Compared to the reference, the silanized compounds show a higher resilience value due
to the formed chemical linkages between the rubber and filler in the presence of Si69.
However, mixing at different time slightly influence the compound's resilience as pre-
sented in Figure 7.26. This is again attributed to the increased silanization degree.
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Figure 7.26 Rebound resilience of the vulcanizates

7.3.2.2.3 Summary

Based on this study, it can be concluded that unlike silanization temperature, the silani-
zation time strongly influences the reinforcing behavior of silane modified HTC lignin.
Increasing the silanization time creates more bonding of Si69 to the lignin surface (in-
crease in degree of silanization) and also results in a self-condensation of lignin leading
to denser structures. This increases both the filler-filler interaction and filler-polymer in-
teraction. It is confirmed by Payne effect and Mooney viscosity results. Nevertheless, a
longer mixing time also increases the Mooney viscosity of the compound which can affect
the processability. This observed value is not significant in comparison to the observed
effect for the mixing temperature of 160 °C. Therefore, a mixing time between 10-12 mins
is selected as optimum to achieve a compromise between the performance and pro-
cessability. A second mixing stage can also be introduced to avoid pre-mature crosslink-
ing and further increase the silanization efficiency.

74| Page



Chapter 7

7.3.2.3 Use of plasticizer as a possible compatibilizer for silane-modified
HTC lignin

The impact of a bio-based oil on the compatibilization of filler and rubber in comparison
to the conventional TDAE will be investigated in this section.

7.3.2.3.1 Background

In-situ compatibilization with low molecular weight chemicals is one of the strategies to
enhance the compatibility between filler and polymer. One of the low molecular weight
chemicals in tire formulation is a plasticizer oil. It is considered to be an indispensable
ingredient in a tire compound as it enables the use of higher amounts of filler and high
molecular weight polymers. Safe mineral based process oil Treated Distillate Aromatic
Extract (TDAE) is widely used in the tire tread formulation [114, 115]. Therefore, for this
whole design study it is preferred as a reference. The use of a more polar oil as an
alternative to TDAE can improve the compatibility of polar lignin filler. For this purpose,
a bio-based polar oil was selected due to their low cost, non-toxicity, wide availability and
renewability [114]. The recently introduced bio-based polar oil Vivamax 500 was chosen
as an alternative to TDAE for this study.

7.3.2.3.2 Experimental

The bio-based oil used for this study is Vivamax 500 (VVM), purchased from Hansen &
Rosenthal KG, Germany. The formulation used for this study is similar to the one from
Table 17 (Si69), with the variation in oil type. The compounds were mixed in an internal
mixer in two stages. The mixing procedure and mixing conditions were similar to these
presented in Tables 8 & 9. The cure and mechanical properties of the compounds con-
taining the two process oils will be compared and evaluated.

7.3.2.3.3 Results and discussion
Cure behavior

The influence of the oil type on the cure properties is shown in Figure 7.27. The com-
pound with VVM demonstrates a faster cure rate and a decreased scorch safety. Similar
behavior of VVM is also reported for a silica filled system [115]. This indicates that along
with Si69, the polar groups of VVM (fatty acids or esters) is also interacting with the
phenolic groups at the lignin surface. This interaction can further hinder the adsorption
of accelerators and other cure activators. Also, the increase in the maximum torque (Mu)
can also be explained by the stronger filler-filler interaction formed by VVM in addition to
the crosslink density and filler-filler networks formed by Si69.
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Figure 7.27 Cure behavior of the compounds containing TDAE (Si69_TDAE) or Vivamax
500 (Si69_VVM)

Payne effect

The increase in Myis also in line with the Payne measurement (an increase in the shear
modulus (G’) at low strain) as shown in Figure 7.28. The magnitude of increase in G’ at
low strain with VVM oil suggests that along with the lignin cluster structures formed by
self condensation of Si69, VVM oil also forms additional structures with lignin by hydro-
gen bonding. This results also in an inferior micro-dispersion of the compound. Although
the presence of VVM oil shows an interaction with lignin, the level of filler-polymer inter-
action represented by G’at higher strain is similar for both oil types.
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Figure 7.29 Influence of oil type on stress-strain curve of the vulcanizates

The stress-strain behavior of the vulcanizates containing different oils is shown in Figure
7.41.The modulus of the compound is significantly increased with the addition of VVM

upto an elongation of 200% which could be related to the increased My value presented
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in Figure 7.29. After 200%, the obtained moduli of both systems are comparable which
is in line with the Payne effect showing similar filler-polymer interactions.

Hardness

A similar effect can be observed in the hardness results (Figure 7.30) The VVM com-
pound has a noticeably higher hardness value which is in line with the higher Payne
effect (Figure 7.28) and mechanical properties.
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Figure 7.30 Influence of oil type on the cured compound hardness

Rebound resilience

Figure 7.31 presents the obtained rebound resilience for both compounds containing
different oil types. The rebound resilience obtained with VVM is lower in comparison to
TDAE oil at both temperatures, meaning a lower elasticity which could be due to the
increased filler-filler interaction of the Si69_VVM compound (Figure 7.28). The VVM oil
exhibits a higher polarity than TDAE because of its natural origin (ester groups), thus it
will tend to be located close to the HTC lignin particles forming a physical interaction
links between them and exhibits hysteresis leading to a lower elasticity.
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Figure 7.31 Influence of oil type on rebound resilience of the vulcanizates

7.3.2.3.4 Summary

The use of bio-based oil Vivamax 500, as a possible compatibilizer for HTC lignin rein-
forced rubber is studied. The addition of VVM oil shows a significant improvement in the
cure behavior of the compound. With respect to the in-rubber properties, only a slight
improvement is observed in comparison to the TDAE oil except resilience property which
is deteriorated by introducing VVM oil. This observed effect is related to the higher po-
larity of Vivamax 500 oil in comparison to mineral-based TDAE which increases the filler-
filler interaction of the compound. Based on this study, it is recommended that the addi-
tion of both oils (TDAE and Vivamax) together in an appropriate proportion can result in
a bettter balance of properties.

7.3.3 Overall summary and conclusions of silane modified HTC lignin

Surface modification of HTC lignin using silane coupling agent enhances the in-rubber
properties. Different silane coupling agents are investigated and based on the achieved
results, Si69 is selected as the most promising coupling agent for HTC lignin. Although
the modified compound shows improved in-rubber properties compared to the unmodi-
fied HTC lignin filled compound, the achieved properties are inferior compared to those
compounds filled with conventional fillers. Thus, an optimization study involving an im-
provement in the degree of silanization was carried out to further increase the polymer-
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filler interaction which enhances also the in-rubber properties. Some of the parameters
such as mixing temperature, time and compatibilizer (process oil) influencing the silani-
zation degree were selected and investigated in detail. The obtained results are in con-
trast to the silica/silane system as tabulated in Table 21.

Table 21 Comparing the results of achieved in-rubber properties of Si69 modified HTC

lignin
Increase in silanization temperature leads to:
In-rubber properties Si69 modified Silica [109] Si69 modified HTC lignin
Mooney viscosity ! 1
Payne effect ! 1
Mechanical properties
(Tensile strength, M300 & ) No change
M100)
Hardness ! No change
Rebound resilience ) No change
Increase in silanization time leads to:
In-rubber properties Si69 modified Silica [109] | Si69 modified HTC lignin
Mooney viscosity ! 1
Payne effect ! 1
Mechanical properties
(Tensile strength, M300 & 1 1
M100)
Hardness ! 1
Rebound resilience 1 1

Silica is highly polar and consists of siloxane and silanol groups. The silanol groups can
interact with each other by hydrogen bonds and can form strong filler-filler interactions
leading to silica clusters. This results in difficulties to disperse the filler. The obtained
compounds also show high compound viscosities, high moduli at low strain amplitudes,
low moduli at high strain amplitudes and low bound rubber contents. To improve the
properties of silica-filled compounds, silane coupling agents are generally added to im-
prove the silica-rubber interaction and to decrease the silica-silica interaction. The addi-
tion of TESPT silane to silica reduces the Mooney viscosity and the Payne effect, and
increases the mechanical properties by improving the filler-polymer interaction. In case
of HTC lignin which consists of phenolic —OH groups, the filler —filler interaction and filler-
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polymer interaction are weak confirmed by Payne effect measurements (Section 7.1).
Upon addition of silane, all the observed properties such as Mooney viscosity, modulus
at low strain (filler-filler interaction) and modulus at high strain (filler-polymer interaction),
static and dynamic mechanical properties are increased. The reason for this disparity
can be explained by different reinforcing mechanisms exhibited by these fillers. Filler
structure plays an dominating role in this mechanism. In case of silica, the structure is
reduced by addition of silane which can cover the polar silica surface and makes it well
dispersed in the rubber matrix and increases its compatibility with rubber, whereas in
case of HTC lignin, the structure is increased either due to the formation of lignin clusters
due to oligomerized silanes or self-condensation of lignin due to thermo-oxidation and
catalytic effect of Si69 (sulfur silane). These structures determine the further improve-
ment in properties of silanized HTC lignin. The results of optimization study suggest that
the parameters affecting degree of silanization also influence the structures formed in-
side the rubber matrix. The summary from Section 7.3.2.1 suggested that the higher
silanization temperature seems to result in a higher degree of condensed lignin structure
but not in an improvement in the degree of silanization resulting in no further improve-
ment in static mechanical and dynamic mechanical properties. In contrary, a longer si-
lanization time at a constant mixing temperature increases the degree of silanization as
well as that of the condensed lignin structure enhancing the in-rubber properties. This
highlights that even in the former case, there is an observed increase in silanization de-
gree as well as condensed lignin structure but these reactions seems to be contradictory
which makes it difficult to identify the effect of the single reaction. Further model com-
pound studies are needed to confirm this hypothesis. More polar oil like Vivamax used
in this study also moderately influenced the in-rubber properties.

All these studies highlight that the structure of HTC lignin differs significantly not only
with carbon black (Section 7.2.3.1), but also with silica. Therefore, the existing reinforc-
ing mechanisms and theories doesn’t hold good for explaining the reinforcing behavior
of HTC lignin. Further improvement in properties of silane modified HTC lignin can be
achieved if the influence of HTC lignin structure on reinforcement is well understood.
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8 Project deliverables

The objective of this project is to design a green tread formulation using a bio-based filler
system. Under this context, the feasibility of Hydrothermally Carbonized HTC lignin as a
filler was studied. A modified Michelin green recipe was used as a reference compound.
Initial studies of HTC lignin in rubber compared with conventional fillers (carbon black,
silica) suggest a need for its surface modification using coupling agents. The reinforcing
potential of HTC lignin is shown in Figure 8.1.
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—e—Cblack =—e—HTC lignin =e=Silica+TESPT

Figure 8.1 Performance summary of HTC lignin in comparison to conventional fillers.

(Obtained values are relative to reference compound (Silica+TESPT). The higher
the value the better the properties)

This design project delivers the following outcomes:

e The first and foremost deliverable of this project is the identification of promising
coupling agents by a screening test, bis(triethoxypropyl) tetrasulfide silane
(TESPT/Si69®). Addition of this surface modifier had a positive influence on the
properties of HTC lignin filled compounds which is the corresponding deliverables
from this project. Figure 8.2 summarizes the key deliverables of the achieved
properties (cure, mechanical property as well as key tire performance) of si-
lanized HTC lignin compound using a spider diagram. This chart is based on
relative values versus the reference (HTC lignin). The higher the values the better
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the achieved properties. In case of rolling resistance, a higher rating means a
lower rolling resistance. The same is true for the scorch time, higher the rating
faster the kinetics of vulcanization without affecting the compound’s processabil-

ity.
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Figure 8.2 Performance summary of prototype compounds

Based on the results, the prototype green tire tread formulation using TESPT modified
HTC lignin (Formulation 1) is suggested for design implementation as tabulated in Table
22.
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Table 22 Formulations for the prototype compound

Ingredients Formulation |
(phr)
SSBR_4602 75
BR_CB24 95
HTC lignin 80
TESPT 6.2
TDAE 33
Zn0O ”s
Stearic acid 95
TMQ )
6PPD 5
DPG 0.25
TBBS 15
Sulphur 22
TBzTD 05

e The process guide for the silanization of HTC lignin was developed based on the
optimization study. This is tabulated in Table 23.
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Table 23 Optimized conditions for silanization of HTC lignin

Parameters Optimum

Initial mixing temperature 50 °C
Rotor speed 50 rpm
Fill factor 70%
Silanization temperature/dump
140-150 °C
temperature
Extent of silanization 4mins
Total Mixing time 12 mins
Process oil Vivamax 500 in combination with
TDAE
Amount of Process oil 33 phr
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9 Conclusion & Outlook

9.1 Summary

A growing emphasis on managing the global environmental concerns like increased en-
ergy demands and emissions drives tire manufacturers to strive towards sustainable de-
velopment. Recent scientific studies spotlight the use of renewable alternatives as one
of the emerging strategies that can encompass both tire performance and sustainability.
The objective of this thesis is to design a greener elastomeric compounds for tire tread
application using renewable HydroThermally Carbonized ( HTC) lignin as a reinforcing
filler. The developed compound should exhibit improved in-rubber properties and tire
tread performance in comparison to the conventional fillers (carbon black and silica).

The design cycle using spiral model was beneficial for developing the present project
(Chapter 5, Figure 5.1 ). The filler characterization and their specific influence on the
properties of a rubber formulation showed that HTC lignin cannot completely replace
conventional fillers as it imparted lower mechanical properties in tread compounds
(Chapter 7, Section 7.1 and 7.2). The study also gain insight that lignin’s surface char-
acteristics not only affects the compatibility and interfacial adhesion of filler with rubber
but also interfers with the kinetics of curing. Therefore, a surface modification approach
using different coupling agents was followed to enhance filler-polymer compatibility re-
sulting in an improvement in in-rubber properties. The overall summary of the thesis can
be illustrated using Figure 9.1.
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Figure 9.1 Development of a greener tire tread compound using HTC lignin

With this approach, different commercial silanes were investigated as a coupling agent
for HTC lignin. Additionally, various non-silane coupling agents were also investigated
for HTC lignin. A screening test of different silane (Section 7.3.1) and non-silane cou-
pling agents (Section 7.4) were carried out to identify the best suitable surface modifier
for HTC lignin under each category. Based on the results of the screening test of silane
surface modifiers, bis(triethoxypropyl) tetrasulfide silane (TESPT/Si69®) was selected.

The crucial parameters such as mixing parameters (temperature and time), presence of
a catalyst and the processing oil type affecting the performance of TESPT modified HTC
lignin were identified and optimization studies were undertaken to design a prototype tire
tread compound using HTC lignin filler (Section 7.3.2). All these factors played a vital
role in a further improvement of in-rubber properties. The final conclusions of this study
highlighted that a chemical surface modification of HTC lignin using silane coupling agent
is one of the feasible solutions to improve the rubber properties filled with HTC lignin.
The studies also indicate that the influence of silane on HTC lignin is completely different
from that of silica-silane system (Section 7.3.3).

In conclusion, the goal of the project was achieved by developing a bio-based filler sys-
tem (HTC lignin+TESPT) to design a greener rubber compound. The developed com-
pounds show an improvement in all the in-rubber properties in comparison to the pristine
HTC lignin compounds. Nevertheless, the achieved performances are still lower in com-
parison to conventional fillers. This is mainly due to the low surface area of HTC lignin
which results in a performance similar to a semi-reinforcing filler.

9.2 Recommendations for Future Works

Surface modification of HTC lignin with coupling agents improves the in-rubber proper-
ties. From silica technology, it is well-known that in-situ mixing is a challenging task. Also,
during this mixing, two factors need to be taken into account, which are the mixing se-
guence of specific ingredients and the completion of the modification reaction of HTC
lignin with TESPT/Si69®. The pre-requisites for the completion of the modification reac-
tion (mixing temperature, time, catalyst) are thoroughly investigated in this thesis. Sec-
ondly, for an enhanced surface maodification reaction, it is important to gain knowledge
about crucial parameters such as concentration and reactivity of the coupling agent, the
phenolic group concentration of HTC lignin and their reactivity and distribution of these
groups on the surface of lignin. In this thesis, the first two parameters were taken into
account. Knowledge about the distribution of phenolic groups can help to understand the
surface coverage of surface modifiers. This influencing factor was not studied in this
design project. Furthermore, the coupling efficiency and reactivity of given coupling

87|Page



Chapter 9

agents with HTC lignin are not investigated in detail. This could be another valuable
information for further design improvement and understanding the reinforcing mecha-
nism. The compounding ingredients such as zinc oxide and DPG which might interfere
with the ethoxy groups of TESPT are also crucial for the modification reaction. The influ-
ence of these specific ingredients on silanization and their mixing sequence needs to be
studied in depth to understand the reinforcing efficiency of TESPT silane.

Another uncovered investigation is the dispersion behavior of HTC lignin in rubber which
can bring further explanation for many observed phenomena such as an increase in
Payne effect and Mooney viscosity of TESPT modified HTC lignin which is in contrast to
the silica-silane system. The investigations in this design project envisaged that struc-
tural changes of lignin triggered by thermo-oxidative reaction is one of the phenomenon
which affected the above-mentioned in-rubber properties. Here, we have taken into ac-
count only the temperature effect, since mixing of silanizaed HTC lignin filled rubber
compound is a complex process involving temperature, shear forces and modifying
agents, the joint influene of these parameters on these structural changes are unclear.
Further studies are needed to understand the influence of a combination of these pa-
rameters on structural changes and their effect on dispersion and in-rubber properties.

The present thesis provides an insight into many aspects of HTC lignin reinforcement of
rubber, as well as an understanding of crucial parameters affecting the in-rubber prop-
erties. On the whole, modified HTC lignin can be highly recommended for the tire tread
application as it greatly contributes to the reduction of rolling resistance of tires if the
reinforcement provided by HTC lignin is improved further. This means that in future, HTC
lignin reinforcement will be of growing importance in tires because of its advantage of
reduced fuel consumption in automotive transport and embedding sustainability in tire
by reducing it's environmental footprint. This study is also expected to contribute to the
future direction of HTC lignin technology leading also to advancements in the develop-
ment of other “green” rubber products such as seals and hoses.
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