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Resumen

Debido a la creciente necesidad de encontrar productos que respeten el medio
ambiente, el trabajo que conforma esta Tesis Doctoral estd centrado en el uso y
aprovechamiento de material lignoceluldsico procedente de diversas fuentes, principalmente
ligninas residuales, como polioles para la formacién de poliuretanos, que pueden actuar como
agentes gelificantes alternativos en medio oleoso. Para lograr tal fin, se han llevado a cabo
modificaciones quimicas y/o biol6gicas, a través de las cuales se ha conseguido mejorar y
modular tanto las propiedades mecénicas como reologicas de los oleogeles de poliuretano
resultantes. Se han empleado satisfactoriamente como material lignoceluldsico residuos
procedentes de la agricultura como son la paja de trigo y de cebada directamente, asi como
ligninas obtenidas de diversas fuentes y pasta de celulosa. Ademas, en funcion del tipo y
concentracién del material lignocelulésico, naturaleza y concentracién del agente entrecruzante
y protocolo de procesado, se han desarrollado sistemas tipo gel con propiedades lubricantes,

adhesivos y elastomeros con excelentes propiedades de amortiguacian.
Abstract

Propelled by the urgent need of finding more environmental-friendly products, the
study comprising the present Ph.D. thesis is devoted to the use of different lignocellulosic
materials from several sources, mainly waste lignins, as polyols for polyurethane formation,
which have been targeted as alternative bio-based gelling agents in oil media. For achieving
such purpose, chemical and/or biological modifications have been aimed, through which
improved and tailored rheological and mechanical properties of the resulting polyurethane
oleogels have been obtained. Agriculture residues such as barley and wheat straw, lignin from
different origins, and cellulose pulp have successfully been employed as alternative
lignocellulosic materials. Furthermore, depending on lignocellulose source type and
concentration, nature and concentration of crosslinker and processing protocol, soft gel-like
systems with lubricant properties, adhesives, and elastomeric materials with excellent

cushioning properties have been developed.






Chapter 1: Introduction






Chapter 1: Introduction

1.  Summary

Driven by the environmental awareness and the still lack of bio-based products that
may replace the non-renewable-based systems, this Ph.D. thesis is devoted to the search for
lignocellulosic-based networks that can act as thickening and/or gelling agents in oil media for
several consumer goods such as lubricants, adhesives or cushioning materials. Therefore, the
main purpose of this study is the finding of suitable combinations of lignocellulosic biomass
with castor oil, as the vegetable oil selected for the accomplishment of eco-friendly gel-like
systems, through proper crosslinking with diisocyanate compounds. In this sense, two different
processing protocols have been studied, a two-step process dealing first with a
functionalization of the biosource with the diisocyanate and followed by a proper chemical
oleogelation; and a second more straightforward one-step process consisting of the reaction of
both components with the diisocyanate, implying a simultaneous oleogel formation. A wide
range of lignocellulosic biomass from different sources and submitted to different treatments
has been used for these purposes. First of all, wheat and barley straws were treated with an
actinobacteria strain, and without further separation, were combined with castor oil and
hexamethylene diisocyanate to obtain oleogels for lubricating purposes. Cellulose pulps,
likewise obtained from fermented procedures, with high cellulose and hemicellulose and low
lignin contents were also tested. Finally, due to its scarce use for commercial purposes and lack
of industrial applications, the most studied lignocellulosic source in this thesis was lignin.
Commercial or technical kraft lignins (Kraft lignin from Merck and Indulin IAT, a Kraft lignin
from pine (MeadWestvaco)), as well as residual lignin-containing fractions generated as side-
streams in different conversion processes of eucalyptus and pine woods such as Kraft pulping
and fermentable sugars extraction by autohydrolysis and steam explosion were used.
Moreover, lignin of different agricultural wastes such as wheat and barley straws treated with
two Streptomyces strains were also evaluated. All of them were modified and tested as gelling

agents for either lubricating grease, adhesive or cushioning materials production.

The chemical structure and properties of the lignocellulosic sources and products
obtained were investigated by means of different techniques: Fourier-transform infrared
spectroscopy let functional groups be distinguished, curing process be monitored and the
different urethane/urea-based structures within the polyurethane network be discerned.

Thermogravimetric analysis was employed to establish the thermal stability and structure of

13



Chapter 1: Introduction

raw materials and final products, differential scanning calorimetry let both curing and glass
transition temperatures be obtained, while nuclear magnetic resonance gave a deep insight of
lignocellulosic chemical structure. In addition, the rheological properties of polyurethane-
based products were also assessed, generally considering both viscoelastic and viscous
behaviour. Moreover, depending on polyurethane functionality, those systems devoted to
lubricating performance were eventually tested by tribological and mechanical resistance tests,
whereas the stickiness of the adhesive products was evaluated by standardized mechanical
analysis on different surfaces, and the cushioning properties were measured by both static and

dynamic mechanical experiments.

Since many diisocyanates are commercially available, the preliminary study was to
assess the rheological properties imparted by several diisocyanates which differed in their
structure, i.e., two aromatic diisocyanates (toluene diisocyanate (TDI) and 4,4'-methylene bis
(phenyl isocyanate) (MDI)), a linear one (hexamethylene diisocyanate (HDI)) and a cyclic
saturated one (isophorone diisocyanate (IDI)). Thus, the oleogels obtained with technical kraft
lignin provided completely different results according to the diisocyanate own structure. The
strongest gel-like characteristics were observed using HDI as the crosslinker, while relatively
liquid-like characteristics were obtained by using either aromatic or cyclic diisocyanates. It
was also worth noticing the influence of lignin type and processing in the diverse bioproducts
generated. Thus, both processing temperature and agitation speed turned out to be crucial for
polyurethane development as a consequence of the diverse structural conformations obtained.
The lower both temperature and agitation speed, the stronger the mechanical properties
achieved. The diverse lignin types studied have also demonstrated to critically influence
oleogel properties. The higher the carbohydrate content, the higher the viscoelastic properties
obtained, while the inherent structure depending on the biosource origin also demonstrated
remarkable differences. On the other hand, pretreatments have also shown the possibility of
tuning the rheological properties of lignocellulosic biomass. Therefore, actinobacteria as
Streptomyces have been used in order to induce structural changes within agricultural residues
such as barley and wheat straws, which are responsible for severe modifications leading to the
accomplishment of oleogels with enhanced rheological properties compared to the
uninoculated ones. Furthermore, this influence caused by Strepfomyces can be seen not only in
the use of the lignocellulosic residues. Instead, it can be extrapolated to both lignin and

cellulose pulps obtained from those fermented straws.
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The systems may achieve exceptional adhesive properties if the crosslinker
concentration is increased. As a result, adhesives performed with kraft lignin, castor oil and
HDI were produced and characterized. Furthermore, both the origin and the pretreatment
demonstrated to influence the adhesion performance in different surfaces by testing lignins

from wheat and barley straws, treated with actinobacteria strains.

On the other hand, if the component proportions are carefully selected, then elastomers
can also be obtained, some of them exhibiting outstanding cushioning properties for

application in multiple fields and consumer goods.

Summarising, the ability of lignocellulosic materials to produce suitable thickening
agents in oil media, via polyurethane formation, for lubricating, cushioning and adhesive
applications has been demonstrated in this study, as well as how diverse lignocellulosic origin,

processing and pretreatments may tune the oleogel properties.

2. Justification

The increasing challenge related to climate change, waste valorization and non-
renewable resources depletion is driving the search for bio-based and renewable materials that
could replace those systems, complying with the principles of Green Chemistry. Nonetheless,
some industries are far from that commitment. Such is the case of the lubricating grease
industry, which has traditionally used the combination of either mineral or synthetic oils with
metallic-based soaps, being lithium the predominant metal employed, with the disadvantages
of the lithium utilization in important competing applications like batteries and
microelectronics. Regarding the adhesive industry, apart from the harmful synthetic materials
usually utilised for the formulation of the most common commercial adhesives, these are well
known to release harmful volatile organic compounds when processed and applied.
Considering cushioning materials, once more, synthetic and petroleum-based products are the

most common ones.

Therefore, there has been intense research during the last decades for the replacement
of those petroleum-based raw materials for bio-based and renewable ones. It is at this point
where lignocellulosic sources may play a significant role. Lignocellulosic sources are the most

ubiquitously raw materials produced on Earth, and are composed of three interesting
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biopolymers, i.e., cellulose, hemicellulose and lignin. Either by its use as pristine material or
divided into the three different biopolymers, extensive research has been done to obtain

energy, high-value added chemicals or end-use biomaterials from these.

However, not all of them possess similar characteristics or advantages. Whereas
lignocellulose covers all existing plants on Earth, the main advantage lies in the preferential
use of residues such as straws, which have low or non-valuable uses beyond. When separating
the biopolymers, again advantage is preferably taken from cellulose in order to produce paper,
while lignin and hemicellulose are generally considered as low-valuable or even residual
products. For that reason, the use of lignin as a biological network for thickening purposes is

the main purpose of this study.

For the production of oleogel systems, in addition to the thickening agent, obviously an
oil phase is required, which in many industrial applications is a synthetic or mineral one, as
above mentioned. Nonetheless, in this study, the use of a vegetable oil, i.e., castor oil, has been
tested, due to its interesting and singular characteristics, i.e. high viscosity, high thermal

resistance and hydroxyl groups functionality.

As both lignin and castor oil can act as polyols for polyurethane formation, the
combination with diisocyanate may generate extensive networks of different characteristics,
where both lignin and castor oil become entangled. Moreover, depending on the degree of
crosslinking, from soft gels to strong elastomeric materials can be obtained, hereby

applications may vary from lubricating greases to elastomers or even strong adhesives.
3. Objectives

The principal objective of the present thesis relies on the valorization of different
lignocellulosic sources and biopolymers derived from them, especially lignin, by means of the
production of thickening agents able to gelify vegetable oils, via polyurethane formation, for
high-value added applications. For reaching that purpose, crosslinking of the different
biosources with diisocyanate compounds was promoted, aiming to obtain suitable networks in
combination with castor oil, where the rheological properties account for viscoelastic materials

with different industrial possibilities.
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The first specific objective was related to the study and optimization of the oleogel
formulation and the processing protocol. First, the most suitable diisocyanate for the
production of lignin- and castor oil-based polyurethane oleogels by means of a sequential two-
step process was evaluated. Several aromatic, linear and cyclic aliphatic diisocyanates were
tested, in different biosource/crosslinker ratios and castor oil/gelling agent concentration.
Afterwards, the optimization of the processing protocol was addressed. For that, the search for
a more environmentally friendly process was undertaken. Thus, temperature, agitation speed
and diisocyanate type were evaluated in the implementation of a more straightforward one-step

process, free of harmful solvents and catalysts.

The second specific objective was related to the study of the use of several residual
lignin fractions from different physico-chemical treatments as gelling agents for lubricating
grease formulations. Thus, several different lignin/HDI ratios and castor oil concentrations for
the production of suitable bio-based substitutes for traditional lubricating grease formulations
were assessed with residual fractions from eucalyptus. Lignin from different pretreatments,
like steam explosion, autohydrolysis, and Kraft processes were also evaluated. With the
lubricating grease application in mind, apart from a convenient rheological characterization,
some of the specimens created were analysed tribologically in order to evaluate the frictional

and anti-wear responses.

The third specific objective was also related to the use of lignocellulosic fractions as
gelling agents for lubricating grease purposes, but treated with Streptomyces strains to evaluate
the action of the biological pretreatment and the resulting modifications in the rheological and
tribological response. Within this framework, three different goals were addressed. The first
one implied to go a step backwards, and instead of using cellulose, lignin or hemicellulose,
take the advantages of using the three biopolymers together, in the form of the original
lignocellulosic material. Moreover, the use of two straws with different origin, barley and
wheat straws, could let both pretreatment and original source be likewise evaluated. The
following one consisted of the development of gel-like systems using cellulose pulp from the
solid-state fermentation of those residual straws as gelling agent by applying the one-step
process with optimized conditions previously described, and the successful modifications
promoted by the Streptomyces action. Lastly, similar enzymatic action was evaluated for
lignin-rich fractions, and the fermentation modifications were studied for both lignin and

oleogels developed.
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The fourth specific objective was to use lignin, also derived from solid-state
fermentation, as binder in adhesive formulations, and evaluate both the influence of the
lignocellulose source and further pretreatment on the rheological and adhesion performance of

resulting polyurethane adhesives.

Finally, the fifth specific objective was to use lignin to develop a third type of
formulation, a cushioning material, able to withstand extraordinary compression properties,
both under static and dynamic modes, thus proving to be an outstanding bio-replacer for
petroleum-based rubbers and elastomers. This was made by using a high hydroxyl content

lignin and tailoring the lignin/HDI ratio and castor oil concentration.

4. Document Structure

The present thesis manuscript is divided into five chapters. In addition to this first
chapter comprising the introduction, justification and objectives of the Ph.D. thesis, the second
one includes an analysis of the state-of-the-art related to lignocellulose description, main
techniques for lignocellulose pretreatment, main bioproducts obtained from lignocellulose and

more specifically, bio-based polyurethanes.

The third one includes a detailed description of the materials, techniques, processing
protocols and equipment utilized for the preparation, modification and characterization of raw

materials, intermediates and final products obtained.

The fourth chapter contains the experimental results, formal analysis and discussion of
the different studies that comprise this thesis. As the Ph.D. manuscript is presented as a
compendium of articles, the fourth section is divided into five sections, related to the specific
objectives, each one including at least one published article, or ready-to-send manuscript, in
relevant scientific journals. Thus, the articles have been separated according to the objectives

into the five sections, which are detailed hereunder:

1) Study and optimization of lignin-based polyurethane formulations and processing protocol
a) Rheology of lignin-based chemical oleogels prepared using diisocyanate crosslinkers:
effect of the diisocyanate and curing kinetics
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2)

3)

4)

5)
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b) Green and facile procedure for the preparation of liquid and gel-like polyurethanes
based on castor oil and lignin: Effect of processing conditions on the rheological
properties

Use of residual lignin fractions obtained from different physico-chemical pretreatments as

gelling agent for lubricating grease application

a) Valorization of Kraft lignin as thickener in castor oil for lubricant applications

b) Evaluation of lignin-enriched side-streams from different biomass conversion
processes as thickeners in bio-lubricant formulations

Use of lignocellulose from solid-state fermentation with Streptomyces as thickening agent

for lubricating grease formulations

a) Influence of solid-state fermentation with Streptomyces on the ability of wheat and
barley straws to thicken castor oil for lubricating purposes

b) Cellulose pulp- and castor oil-based polyurethanes for lubricating applications:
influence of Streptomyces action on barley and wheat straws

¢) Valorization of soda lignin from wheat straw solid-state fermentation: Production of
oleogels

Use of lignin from solid-state fermentation with Streptomyces as binder for adhesive

formulations

a) Rheology and adhesion performance of bio-sourced adhesives formulated with lignins
from agricultural waste straws submitted to solid-state fermentation

Use of lignin as filler for elastomeric cushioning formulations

a) Lignin effect in castor oil-based elastomers: Reaching new limits in rheological and

cushioning behaviors

The last chapter summarises the main general conclusions arisen from the

experimental studies, and establishes possible future routes and pathways for the continuation

of this research.

Annex [ includes other articles and oral and poster presentations in national and

international congresses derived from or related to the present thesis.
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1.  Environmental problematic

It is for all well known that with the increasing issue of climate change, waste
management and the unstoppable resource exhaustion, politics and efforts need to be combined
into the search of new materials and sources that can replace fossil fuels and non-renewable
resources currently in use, which besides generally include hazardous/toxic manufacture
protocols and problematic end-of-life. The anthropogenic imprint on global temperature has
already been reported as an increase of 0.87°C, and it is expected to be around 1.5°C between
2030-2050, temperatures which may imply severe changes in the worldwide climate,
increasing the probabilities of droughts and heavy precipitations in determined regions, along
with many increasing risks in fields such as health, food security, water supply, etc. [1]. In
order to mitigate these increments and minimize the human impact, stronger politics need to be
applied, as well as worldwide research must provide the technology and resources necessary
for the replacement of the contaminating sources by biomaterials and harmless products
manufacturing [2,3]. It is at this point that lignocellulosic sources can play a fundamental role
as a consequence of their natural origin, ubiquitous production all over the world, minimum

carbon footprint and the interesting properties of their main components [3—6].

2. Lignocellulosic materials as a source for the production of

Biomaterials, Biochemicals and Biofuels

Lignocellulosic biomass comprises the skeleton of all the living plants on Earth from
their roots, leaves and stalks to their fruits and flowers. Wood is generally divided into two
main groups, hardwood and softwood. Whereas hardwood refers to wood coming from
angiosperm trees, like oak, eucalyptus and beech, softwood is originated from gymnosperm
trees, such as conifers. Both of them are mainly composed by the joined combination of three
natural polymers, i.e., cellulose, hemicellulose and lignin, and are nowadays widely targeted as
they comprise promising renewable materials for bioproducts performance and biofuels [6—
11]. Their content range varies between 40-50% of cellulose, 15-30% of lignin and 25-30% of
hemicellulose, nonetheless, these concentrations depend significantly on the type of biomass
selected, part and age of the plant, part of the cellulose wall (see Figure 1) and growth
conditions [12,13] (see Table 1).
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Figure 1. Distribution of cellulose, hemicellulose and lignin in the plant cell wall [14].

Each one of those biopolymers confers unique properties to the biomass due to their
distinctive structure and the synergistic effect when they act as a whole for plant structuration.

More detailed information about each one of them is included in the following section.
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Table 1. Composition of representative lignocellulosic feedstocks [12].

Carbohydrate composition (% dry weight)

Feedstocks - —
Cellulose Hemicellulose Lignin
Barley hull 24 36 19
Barley straw 36-43 24-33 6.3-9.8
Bamboo 49-50 18-20 23
Banana waste 13 15 14
Corn cob 32.3-45.6 39.8 6.7-13.9
Corn stover 35.1-39.5 20.7-24.6 11.0-19.1
Cotton 85-95 5-15 0
Cotton stalk 31 11 30
Coffee pulp 33.7-36.9 44.2-47.5 15.6-19.1
Douglas fir 35-48 20-22 15-21
Eucalyptus 45-51 11-18 29
Hardwood
40-55 24-40 18-25
stems
Rice straw 29.2-34.7 23-25.9 17-19
Rice husk 28.7-35.6 11.96-29.3 15.4-20
Wheat straw 35-39 22-30 12-16
Wheat bran 10.5-14.8 35.5-39.2 8.3-12.5
Grasses 25-40 25-50 10-30
Newspaper 40-55 24-39 18-30
Sugarcane 25-45 28-32 1525
bagasse
Sugarcane tops 35 32 14
Pine 42-49 13-25 23-29
Poplar wood 45-51 25-28 10-21
Olive tree 252 15.8 19.1
biomass
Jute fibres 45-53 18-21 21-26
Switchgrass 35-40 25-30 15-20
Grasses 25-40 25-50 10-30
Winter rye 29-30 22-26 16.1
Oilseed rape 27.3 20.5 14.2
Softwood stem 45-50 24-40 18-25
Oat straw 31-35 20-26 10-15
Nut shells 25-30 22-28 30-40
Sorghum straw 32-35 24-27 15-21
Tamarind kernel 10-15 55.65 i
powder
Water hyacinth 18.2-22.1 48.7-50.1 35.-5.4
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2.1.  Description and components

2.1.1. Cellulose

Cellulose comprises the most abundant biopolymer on Earth, as it is the most
important skeletal component of plant cell walls (see Table 1). It is formed by the union of D-
glucose units via -1,4 glycosidic linkages, forming a semicrystalline fibrous structure, which
can surpass polymerization degrees of 9000 units [15-17]. However, the cellulose
homopolymer length can vary considerably, as it is strongly dependent on the plant source
nature and pretreatment extraction method, hence ranging between hundreds to thousands of
glucose units. Therefore, the number of glucose units per cellulose molecule coming from
wood pulp may vary between 300-1700, whereas cotton, bacterial cellulose and other plant
fibres vary between 800-10000 units [17]. By acid treatment or by cellulase catalysed
hydrolysis, the number of glucose units can be critically reduced, reaching 250-500 monomer
units. Nonetheless, it has been demonstrated that only 25-30 glucose units are enough for
keeping all the outstanding properties of this biopolymer [18]. Between its main
characteristics, chirality, hydrophilicity, degradability and reactivity (mainly consequence of
the hydroxyl groups, found in C-2, C-3 and C-6) are the most important ones [17,19].
Nonetheless, not only the chemical sequence but the structural conformation has made this
biopolymer to reach such importance. Cellulose, as a consequence of its linearity and hydroxyl
groups present in its structure, possesses the ability to generate hydrogen bonds, which can
confer a semicrystalline conformation to the biopolymer structure, in which ordered and
disordered domains are randomly distributed (see Figure 2) [20]. Up to four types of crystalline
structures have been accepted, but only cellulose II is chosen as relevant because it is the most

stable structure compared to the others (see Figure 3).

Amorphous region

Crystalli?e region l Crystalline region

Figure 2. Schematic structure of a cellulose fibril [20].
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As a consequence of the great abundance and the stunning properties, cellulose, in its
pristine mode, by the formation of complex structures or by chemical or biological
modification, has been used in a huge variety of applications. Among them, applications such
as biofilms (barrier, antimicrobial or transparent films), reinforcing fillers for polymers and at
the same time for flexible displays, biomedical implants, pharmaceuticals, drug delivery
systems, fibres for textile production, templates for electrical and electronic devices,
supercapacitors, highly-specialized separation membranes, carrier materials, batteries,
electroactive polymers, nonwovens, colour pigments, enantioselective chromatography, fibre-
optical biosensors, hydrophobic matrices for cosmetics, antimicrobial activity, emulsion

stabilizer, etc. can be found [17,21-26].

callulose Il

Figure 3. Crystal structures of cellulose II: a) projection of the unit cell along the a—b plane; b) projection of the
UC parallel to the (010) lattice plane [17].
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2.1.2. Hemicellulose

On the other hand, hemicellulose does not possess a defined structure, as it consists of
a combination of several diverse monomers, i.e., Xylose, arabinose, mannose, galactose,
rhamnose, glucose, etc. (see detailed structures in Figure 4), whose concentrations depend on
the biomass. Unlike cellulose, it is comprised of an amorphous and branched polymer in which
monomer units are usually within the range of 500-3000 units [27,28]. The combination of the
diverse units usually generates four main hemicellulose structures, i.e., xylan, xyloglucan,
galactomannan and galactoglucomannan, which have been included in Figure 5. The main role
of hemicellulose in biological growth resides in the toughening of the cell wall by the

interaction with lignin and cellulose [27].

O OH CH,OH

o)
HO
HO Q/OH QOH
HO HO (0] OH CH,OH OH 0 OH A,
’\L(\E OH 0. OH CHs o
/\ﬁ‘OH HO OH OH o

"o ;s on OH OH OH OH
HO  ©OH OH OH

a) xylose b) mannose c) galactose d) rhamnose e) arabinose

Figure 4. Hemicellulose main structural units [29].

Industrially, it is mainly obtained during the paper-making process as a byproduct, and
has not been exploited properly on a large-production scale [30]. The main research focus had
traditionally been paid in obtaining sugars, chemicals and fuels or other heat sources [31-34].
Recently, nevertheless, the attention has been redirected into the leveraging of the biopolymer
with its inherent properties [30], being able to be utilised in fields such as ultrasensitive

detection of metals [35], food biopackaging [36], sulfadimidine absorption [37], etc.
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Figure 5. Schematic representation of the three major hemicellulose structures. A) xylan, B) xyloglucan, C)

galactomannan (upper left) and galactoglucamannan (lower right) [38].
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2.1.3. Lignin

Lignin constitutes the second most ubiquitous biopolymer around the world, just
overtook by cellulose. It is responsible for biomass rigidity but it also acts as a defence against
diseases and microbial attacks [39,40]. Its content in lignocellulosic sources follows the
general trend softwoods > hardwoods > grasses [41]. Industrially, it is mainly generated as a
residue or by-product of the pulping process, being its main use (98-99%) the direct
incineration in an energy-recovering co-generation process within the own pulp and paper
industry. The use of lignin as fuel, however, is not a profitable process, as the calculations
make lignin-based fuel value not arise from 0.18 US $/kg [42]. The remaining 1-2% of the
produced lignin is extracted and used for commercial purposes [40,41], where two opposed
trends can be found, transforming lignin into those products which take advantage of the units
that conform lignin (vanillin and dimethylsufoxide (DMSO) obtaining), and those products
that make use of the polymer and polyelectrolyte properties of the aromatic chain (dispersants,
binders, emulsifiers, sequestrants, adhesives or fillers) [43,44]. Albeit, it is still a promising
raw material, since with suitable techniques, it could become a major and cheap source of
high-added value aromatic compounds [40,41,44,45], such as syringaldehyde, phenol,
syringol, coniferol or guaiacol [43,46]. Moreover, there are also great expectations based on
those above-mentioned applications taking advantage of the 3-dimensional aromatic structure
[47], as well as some new trends, like hydrogels with healing or adhesive characteristics
[48,49]. Hence, currently, there is great attention in the research of this by-product [50-54].

Within this research, the work proposed in this thesis is mainly framed.
2.1.3.1. Lignin structure
Lignin consists of a highly-entangled biopolymer based on several phenyl propane
aromatic units, known as monolignols, together with other aromatic and non-aromatic units.

Basically, these monolignols are three, i.e., coniferyl alcohol, sinapyl alcohol and

paracoumaryl alcohol, shown in Figure 6.
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Figure 6. Main monolignols units. p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol from left to right.

However, the possibilities of the lignin structure are immense, as just by the
combination of those three units, and having in mind the different resonance structures that can
be generated for further reaction (see Figure 7), a complex and wide range of bonding
alternatives are available, making lignin structure extremely difficult to predict [46].
Nonetheless, thanks to powerful nuclear magnetic resonance (NMR) techniques, as the two-
dimensional NMR (2D-NMR) or *C NMR, some of the principal sequences have been
elucidated, which are shown in Figure 8 [55-58]. Further information and extended work in
2D-NMR structural information of lignin can be seen elsewhere [59]. *C NMR detailed

information of lignin structure can also be found in the literature [60,61].

Figure 7. Resonance units of the radical intermediates of the diverse monolignols units during lignin synthesis.
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Figure 8. Main lignin structures identified by NMR. (R may indicate both aliphatic and aromatic chains). (4) f-O-4
alkyl-aryl ethers; (A') p-O-4 alkyl-aryl ethers with acylated y’-OH with p-coumaric acid; (B) resinols; (B’) di-c-
acylated mono-tetrahydrofuran structure formed by f—f8’ coupling and subsequent a-O-a’ bonding (R, acetyl/p-

coumaroyl); (C) phenylcoumarans; (I) p-hydroxycinnamyl alcohol end-groups; (C’) y-acetylated phenylcoumaran
(R, acetyl) (J) spirodienones (p-1') ; (PCA) p-coumarates; (PB) p-hydroxybenzoate; (FA) ferulates; (T) tricin
incorporation into the lignin polymer through a G-type p-O-4 linkage, (E) a,p-diaryl ethers (a-O-4/ f-O-4).
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2D-NMR technique also lets the different percentage of structural units be estimated
[55,56,58,62,63]. Thus, the quantification of these interunit linkages has been widely reported,
and as can be observed, $-O-4 is outlined as the most prevalent bond type (see Table 2) [41].
Figure 9 includes visual information about these different linkages in a possible partial lignin
structure. As softwood and hardwood evidence significant differences, diverse lignin structures

have been proposed for both of them, as shown in Figure 10.
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Figure 9. Main linkages of lignin: a-O-4 (green), f-O-4 (red), -1 (blue), -B (light blue), 5-5 (yellow), 4-O-5
(brown), -5 (grey) [64].

Table 2. Approximate percentages of linkages found in softwood and hardwood lignin [44].

Approximate Percentage (%)

Linkage Type

Softwood Hardwood
B-O-4 45-50 60
5-5 18-25 5
B-5 9-12 6
4-0-5 4-8 7
B-1 7-10 7
B- B 3 3
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Moreover, the proportion of monolignol units may differ significantly, with the H:G:S
ratio being an important parameter to define lignin. This ratio may be likewise acquired by 'H
NMR [65], a technique that lets hydroxyl groups proportion and aromatic/linear hydroxyl
groups ratio be collected as well [66—68]. As expected, this H:G:S ratio is highly dependent on

biomass selected, as illustrated in Table 3.

Table 3. Relative distributions of lignin monomers [69].

Biomass S G H

Poplar® 63 37 -
Birch? 78 22
Spruce? Trace 98
Miscanthus® 44 52
Wheat? 56 49
Alfalfa® 39 56 5

aThioacidolysis of extractive-free cell walls; ®Milled wood lignin; Thioacidolysis and acetyl bromide treatment.

(S SN S T

It is also worth noticing that some functional groups may be placed in different sites,
which can put into compromise their ability to react with other functional groups by either
chemical or biological attacks. That is the case, for example, of hydroxyl groups, which may
be placed in syringyl, guaiacyl, p-hydroxyphenyl units, in linear aliphatic chains, etc. Hence,
the elucidation of the diverse hydroxyl groups concentration may also play a fundamental role,

which can be performed thanks to *'P NMR [70].

Nonetheless, those differences between diverse types of plants have gone beyond,
as other authors have demonstrated that significant variations are present depending even on
the geographical location of similar species [44]. These deviations have always been
explained based on lignin polymerization in any biomass source to be carried out by means
of radical-radical random bonding, nonetheless, it is in fact directed by enzymatic procedures,
since some proteins have been discovered as “orienting carriers” of this polymerization [71].
In Table 4, molecular formulas of lignin monomers can be found depending on diverse
origins and pretreatments utilized. More information about the different lignin extraction

processes is found somewhere else [41].
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Table 4. Monomer molecular formulas and weight of lignin from various sources [41].

Type Monomer molecular formula Monomer My ref
(9/mol)
Kraft lignin CoHs502.1S0.1(OCHs)0.8(CO2H)0.2 180 [43]
Technical kraft lignin CoH7.9802.28650.08(OCH3)0.77 176.52 [72]
Unreacted kraft lignin CoHg.9702.6550.08(OCHa)o.89 189.73 [73]
L'g”(’é‘é'ff&’féﬁ )"9”'“ CoHe5025(0CH3)o.5(SOsH)o.4 215-254 [43]
ngn(zﬁglr];?,cggedl)lgnln CoH75025(0CHz)0.39(SOsH)o6 188 [43]
Organosolv lignin CoHe.5302.45(OCHs)1.04 nd [43]
Pyrolisis lignin CsH6.3-7.3006-1.4(OCH3)0.3-08(0OH)1-1.2 nd [43]
Steam explosion lignin CoHg.5302.45(OCHs)1.04 ~188 [43]
Dilute acid lignin CoHg5302.45(0OCHa)1.04 ~188 [43]
Alkaline oxidation lignin CoHg.5302.45(OCH3)1.04 ~188 [43]
Beech lignin CoHs 8302.37(0CH3)0.96 nd [74]
Lignophenol (bamboo) CoHs.2703.11N0.088S0.0006(OCH3)1.16 203.35 [75]
SOlu?LZrﬁrsgtol)lgnm CoHs.7702.77N0.09350.16(OCH3)o.75 187.76 [75]
Kraft Iignophenol (bamboo) CgH3_6703_36No_o4oSo,11(OCH3)1_og 208.45 [75]
Milled bamboo lignin CoH7.730381(OCH3)1.24 215.13 [76]

There are also new trends that aim to bioengineer lignin production in biomass [77-
79], as the use of genome bioediting technologies [80], often aiming to reduce and ease their
own recalcitrance. Thus, lignin can be tuned in order to make it more accessible and easy to
separate from holocellulose [77]. And more importantly, these different characteristics
provided to lignin structures may lead to diverse outcomes when considering final applications
[39,40].

2.1.3.2. Molecular weight

The molecular weight of lignin also dependent largely on the biomass selected, but
even more crucial is the technique used to isolate the lignin from biomass, as well as the
characterization method chosen, which may interfere in lignin molecular weight calculations
[69]. In some cases, an increase in molecular weight of around 100% is achieved when
changing from one isolation technique to another. As an example, Kraft lignin has been studied
and, depending on the biomass and processing, average molecular weights between 200 and
20000 g-mol? have been reported [69]. An extensive report on lignin molecular weight
elucidation and differences depending on characterization techniques, nature of the biomass

and pretreatments can be found elsewhere [69].
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2.1.3.3.  Thermal stability

The thermal stability of lignin has also been deeply studied in the literature. At
relatively low temperatures (up to 125°C), an initial loss of moisture is generally undergone.
Later on, from 165 to 250°C, small weight losses are a consequence of both residual
hemicellulose [81] and dehydration of hydroxyl groups present on lignin structure [82]. In
addition, one of the main weight losses is achieved around 250-350°C, assigned to the p-O-4
linkages breakdown, leading to the formation of many volatile groups at these temperatures
such as guaiacol, dimethoxyphenol, dimetoxyacetophenone and trimethoxyacetophenone.
Overlapped to this weight loss and generally comprising an unique combined event, the [-
aryl-alkyl—ether linkages scission (150-300°C) are found, as well as the rupture of the aliphatic
side chains joined to the aromatic units (around 300°C), and the C-C cleavage of lignin
structural units at higher temperatures (370-400°C) (see Figure 11) [82—84]. No thermal events
are displayed further on but a continuous decrease up to a final residue of around 22-32% at
900°C [85], again highly dependent on the selected biomass [86].
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Figure 11. Thermogravimetric spectrum of lignin [83].

Once the main units and linkages have been elucidated, a final representation of the

lignin structure can be envisioned in Figure 12.
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Figure 12. Lignin structure [87].

2.1.4. Lignocellulosic biorefinery

All these three materials together perform a highly-developed 3D network, which has
made the separation of these biopolymers an extremely interesting topic, due to its inherent
relationship with the papermaking industry. Such has been the case that meticulous research
has been carried out in order to improve this separation and hence decrease energy costs [88].
As an example of the traditional pulp and paper industry, the Kraft process, the most followed
procedure, is hereafter explained: Once the biomass has been properly milled, a Kraft process
takes place (extensive information about this process can be found elsewhere [89]), where an
aqueous solution containing sodium sulphide and sodium hydroxide is mixed together with the
biomass at high temperature (around 170°C), thus bonds among lignin, cellulose and
hemicellulose are broken. Both hemicellulose and lignin are dissolved in the strongly basic
solution whereas cellulose is obtained as a solid pulp. The final cellulose product is obtained
after several stages of washing and purifying. Lignin, however, is obtained from the black

liguor through acidification of the solution, appearing as a precipitate. Hemicellulose can be
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extracted through precipitation with an ethanol solution [90]. In this process, both
hemicellulose and lignin are considered low-valuable by-products, being both generally used
as low-valuable fuels for recovering part of the energy consumed during the process. However,
there are other pulping procedures, exploited in lower extents, which deserve mention, such as
alkaline sulfite anthraquinone methanol pulping, soda-anthraquinone, Alcell® or Organocell

processes [91].

Nonetheless, the full and/or alternative utilisation of the three components would lead
to a much better economic performance, which is the basis of the biorefinery concept. In
Figure 13, an example of how a paper industry could lead to complete exploitation of the raw

biomass is presented.
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Figure 13. Overview of the process flow diagram to exploit potential fractions from lignocellulosic biomass [92)].

Therefore, a wide range of more specific methodologies has been studied for the
separation and purification of cellulose [93], hemicellulose and lignin [11,12,94], some of them

including a proper biorefinery scheme for the valorisation of each lignocellulosic fraction [41].
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Most of the biorefinery concepts, like the one shown in Figure 13, are based on the
production of interesting chemicals derived from the lignocellulosic biopolymers. Even though
this trend looks promising, it requires complex processing units and multiple byproducts
formation. Therefore, a less-followed but likewise very appealing trend is based on the use of
the interesting characteristics of those biopolymers to produce high-added value specific
products. In this last framework, lignocellulosic materials have been previously investigated in
our department and Research Centre aiming to be implemented in biobased lubricant
formulations [95-99]. Cellulose and cellulose-derivatives have demonstrated outstanding
results, however, they compete strongly with the paper industry, including the processing of
paper and cardboard, as well as with other processes involving cellulose derivatives, which are
used in fields as coatings, optical films, laminates, sorption media, additives in building
materials, pharmaceuticals, food and cosmetics [17]. However, it is in the proper cellulose
refining process where another extremely interesting biopolymer, which competes with a much

smaller industrial market, can be found, i.e. lignin.

Within the following sections, the emerging possibilities and potential of lignin as a
key component of high-value added bioproducts will be discussed in more detail. However, as
established above, chemical processing is mandatory for the separation of the lignocellulosic
fractions. Thus, the exploitation of the lignocellulosic biomass without further separation

represents an even more appealing topic.

2.2.  Agricultural residues: barley and wheat straws.

The use and leverage of agricultural residues are among the hottest topics currently
aimed at research, as they consist of promising low-cost energy precursor of biofuels, high-
value added chemicals sources [100—105], feedstock for soil fertilizer [106,107], together with
potential precursors of some new applications which are currently being developed [108—111].
The main agricultural residues produced worldwide are originated from rice, wheat, soybean,
tomato, sugarcane, maize, potatoes, etc. [112], where many of them are just open-field burned,
with the consequent negative impact on climate change and the misuse of these materials
[113]. The biofuels that may be obtained from these crops vary between bioethanol [103,114],
biohydrogen [2,100], biobutanol [114—-116], etc., but they can also be directly burned as low-
energy fuels with heating values of around 4000 kcal/kg [117,118]. More concretely, studies

regarding both barley and wheat straws are gaining more and more interest, as can be seen by
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the peer-reviewed articles published recently containing either wheat or barley straw as

keywords (see Figure 14).
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Figure 14. Peer-reviewed articles including either barley or wheat straw in recent years (in Web of Science).

Barley has been produced at around 124 Tg/year for the last decade, mostly centred in
Europe, Asia and North America. Nevertheless, the production of wheat is much higher,

raising 529 Tg/year, with larger production centred in Asia and Europe [103].

The use of these crops together with the residues yielded are depicted in Table 5. Thus,
around 4.2 and 19.7 Tg of barley and wheat wastes are generated per year, which boosts the

study of these residues leverage worldwide.

The lignocellulosic composition of the associated barley and wheat straws has already
been depicted in Table 1, where close values between both biosources are apparent. Thus, the
cellulose content varied from 39.5 to 37 wt%, hemicellulose from 28.5 and 26 wt% and lignin
from 8 to 14 wt% regarding barley and wheat straw, respectively [12,119]. Nonetheless, there
is scarce agreement in research data considering these contents, as wheat straw hemicellulose
concentrations have been reported up to more than 50 wt% in some cases [118]. Other studies
have once more highlighted its composition similarity, but have reported much higher lignin
concentrations (around 25 wt%) [114,120]. In conclusion, the growing conditions, the source

origin, together with many other factors become crucial to elucidate the lignocellulosic
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composition of these agricultural residues and may lead to significant differences, as

mentioned before. Thus, the concentration of the biopolymers estimated with proper analytical

methods is mandatory.

Table 5. Uses of barley and wheat grains [103].

Barle Feed Seed Waste manljﬁ“zgture Food Others
y %) (%) (%) (%) (%) (%)
Africa 3020 698  5.77 12.14 4457 034
Asia  54.18 593 673 19.91 9.70  3.82
Europe  75.19 9.52 259 11.05 138 027
North
: 7499 348  0.04 20.49 093  0.07
America
Central 907 138 222 65.11 1.90 033
America
Oceania 7847 550  3.08 12.77 0.15  0.03
South 1,63 278 335 73.69 729 185
America
World  66.74 7.54 339 15.99 532 1.03
Wheat
Africa  4.68 226 571 0.18 85.87  1.30
Asia 434 546  4.50 0.64 8431  0.74
Europe 38.78 8.13  2.44 1.60 4672 2.33
North
) 28.69 8.07  0.03 0.00 73.08  9.95
America
Central ;95 095 807 0.00 73.08  9.95
America
Oceania  42.00 829  4.02 3.07 28.19  14.44
South 35 373 51 0.00 86.80  0.01
America
World 1672 611  3.72 0.84 7113 1.48

Apart from the already-mentioned applications, less conventional uses have also been

pointed out. Thus, wheat and barley straws have been targeted as insulation for bricks in

construction materials [111], electricity production [110], phycoremediation of wastewater

[108], as cement properties enhancer [109], biochar production [121], fibres in concrete [122],

etc.

2.3. Pretreatments of lignocellulosic sources

Lignocellulosic biomass has naturally developed protection against enzymatic and

pathogen activity through a great entangled network in which the three biopolymers are
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covalent or hydrogen-bonded conforming a great resilient structure [123], which now plays
against human needs when the disruption of the plant cell wall is aimed [124]. In order to ease
the proper separation among the different lignocellulosic biopolymers, a wide range of
pretreatments are available [125]. Furthermore, when specific purposes that require determined
properties are aimed, the application of pretreatments of different nature becomes necessary.
These pretreatments have been classified into four categories: physical, thermal, chemical and
biological pretreatments [124,126]. Nevertheless, within a determined process, changes in

parameter conditions may anyway lead to diverse structural changes [127].

2.3.1. Physical pretreatments

The physical pretreatments include those processes which aim to disrupt the plant cell
wall mechanically, reducing the particle size and exposing a higher surface for later purposes.
Frequently, these are often preliminary stages after which other pretreatments may be applied.

Diverse ball milling procedures are some of the most researched examples [4,124].

2.3.2. Thermal pretreatments

Among the most used thermal pretreatments, examples such as steam explosion and
hydrothermolysis (also known as autohydrolysis) can be found. By taking advantage of water
at high temperatures, hemicellulose has been almost completely recovered [4], while lignin and
cellulose have been mildly modified making it more accessible for further treatments. Albeit,
the energy requirements in order to implement this technique industrially still remain too high

[126].

2.3.3. Chemical pretreatments

With the chemical pretreatments, the solubilisation of the biopolymers which comprise
the lignocellulosic biomass into different solvents is sought. The vast majority of the
lignocellulosic separation processes are chemically-based, which can be classified into acidic,

alkaline and oxidative pretreatments.

The three of them mainly affect both hemicellulose and lignin, leading to great
solubilisation of these two biopolymers and making cellulose available to a greater extent for
subsequent treatments [124]. For some authors, steam explosion and hydrothermolysis are

considered acidic pretreatments as a consequence of the acidic characteristics of water at high
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temperatures [124]. Detailed information about the diverse chemical pretreatments methods

can be found elsewhere [4,123-126].

2.3.4. Biological pretreatments

In opposition to the other types of pretreatments, biological procedures have the
advantage to be low-energy and low-chemical consuming processes, eco-friendly and without
the formation of inhibitors such as aldehydes, furfurals and phenolics [123,124,126]. Carried
out through the action of either fungi or bacteria, the degradation capacity relies on the
production of a great variety of enzymes, which are able to digest the three biopolymer types.
The main parameters affecting biological pretreatments are the incubation temperature and
time, moisture content, pH, aeration, inoculum concentration, particle size and type of
microorganism. Moreover, the biomass type also plays a fundamental role [128]. Hereby, the
correct scalability of the pretreatment to an industrial process lies in the correct selection of the
above-mentioned parameters [126,128]. Although the different biopolymer degradation by
both fungi and bacteria will be discussed in the following sections separately, it is worth
noticing that the synergistic activity of the different enzymes is responsible for the complete

degradation carried out by the microorganisms [129].

2.34.1. Biodegradation by fungus activity

Fungi are able to secrete a wide range of enzymes with the capacity to degrade the
three biopolymer types of plant cell walls. Within that range, enzymes can be divided into two
types: hydrolytic, able to degrade both cellulose and hemicellulose and oxidative, mainly
responsible for lignin degradation [130]. Fungi can be also divided into three diverse groups,
soft-, white- and brown-rot fungi, a classification that is based on the degradation mechanism
pattern for each lignocellulose biopolymer [131,132]. Therefore, the white-rot fungi are known
to degrade successfully the three lignocellulosic biopolymers. The brown-rot fungi attack is
mainly centred on the holocellulose instead, whilst action in lignin is only limited. Finally, the

soft-rot fungi demonstrate no effect on lignin [132].

2.34.1.1 Cellulose biodegradation by fungus activity

Regarding cellulose biodegradation, those enzymes with the ability to digest cellulose
are called cellulases. Three are the main cellulase groups generated by fungi, i.e.,

endoglucanases, cellobiohydrolases and p-glucosidases [131]. Endoglucanases are known to
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attack randomly the amorphous region, opening suitable locations for the subsequent
hydrolisation of crystalline structures by cellobiohydrolases and B-glucosidases, which are

known to act synergistically [131,132].

2.3.4.1.2. Hemicellulose biodegradation by fungus activity

As a consequence of the greater heterogeneity of this biopolymer in comparison to
cellulose, a greater number of enzymes are necessary in order to properly degrade the
biopolymer. Each one of the typical monomers that compose hemicellulose, i.e., xylose,
mannose, galactose, arabinose, etc. has its own range of enzymes suitable for its proper
degradation and transformation [133]. Generally, at least two types of enzymes may be present
for each monomer, a first one responsible for the transformation of the hemicellulose chain
into oligosaccharides and a second one which acts for the ulterior degradation to the monomers

and acetic acid [131].

2.3.4.1.3. Lignin biodegradation by fungus activity

The most common oxidative enzymes produced by fungi are phenol oxidases, from
which lignin and manganese peroxidases and laccases have been more deeply studied. The first
ones are responsible for the degradation of the non-phenolic units, whereas the second ones are
known to attack both phenolic and non-phenolic units. Laccases, however, only degrade
phenolics and other electron-rich groups. The different routes for lignin degradation by using
both laccases and peroxidases have been depicted in Figure 15. The lignin breakdown by those
enzymes could lead to the production of important aromatic chemicals. For instance, a wide
range of aromatic carboxylic acids and acyclic 2,4-hexadiene-1,6-dioic acids were found when
spruce-based lignin was degraded by Phanerochaete chrysosporium. In this particular case,
lignin degradation is occurring by C,—Cp oxidative cleavage as suggested by the benzoic-acid
derivative nature of the compounds obtained [134]. Detailed information about the scheme and
further information about fungi-based lignocellulosic degradation can be found elsewhere

[131,135].
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Figure 15. Lignin degradation by enzymatic process [135].

2.3.4.2. Biodegradation by bacterial activity

By producing different types of enzymes, bacteria are also able to degrade
lignocellulosic biomass in the same way as fungi do. However, as bacteria generally do not
produce lignanases, the aromatic biopolymer constitutes a barrier for many of these bacteria.
Such is the interest of the bacterial ability to degrade lignocellulose that some genetic
modifications have been carried out in order to improve the degradation capacity [136] or
target some specific degradation products [137,138]. The search for bacterial activity related to
lignocellulosic degradation has traditionally been performed in the animal gastrointestinal

system, but also in landfill sites, interesting microorganisms have been found lately [139,140].
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2.3.4.2.1. Cellulose biodegradation by bacterial activity

Many specific bacteria have shown the ability to degrade cellulose, such as those
coming from the genera Sporocytophaga, Trichonympha, Cellulomonas Erwinia, Clostridium,
Acetivibrio, Thermobifida, Mucilaginibacter, Bacteroides, Streptomyces, Cytophaga,
Butyrivibrio, Fibrobacter, Pedobacter, Ruminococcus, Methanobrevibacter,
Caldicel-lulosiruptor and Clostridium [38,141-143], which come from both aerobic and
anaerobic types of bacteria. Generally, likewise fungi, acrobic bacteria possess the three types
of enzymes acting synergistically [143], while the digestion by anaerobic procedures is based
on the formation of complexes called cellulosomes (calcium-and-thiol-dependent
multicomponent complexes) acting on the bacteria’s surface [144,145]. Cellulases have also
been divided into families that share a distinctive catalytic core, thus exhibiting similar reaction
mechanism, i.e., either a single substitution with the inversion of the configuration or a double
substitution leading to the maintenance of the B-arrangement at the anomeric carbon [20].
Cellulases possess very particular structures, where along with the usual catalytic domain,
many also include domains related to the substrate, cell or cellulosomes binding, the last one
leading to the formation of these enzyme-based complexes [20]. These bindings may avoid the
elimination of the enzyme from the substrate, conduct hydrolysis to specific domains or

facilitate the recovery of the digestion products [20].

Furthermore, often bacteria and microorganisms do not possess the three types, but
they act synergistically between them instead. The enzymatic cellulose degradation is affected
by both the structural characteristics of the biopolymer (crystallinity, degree of polymerization,
etc.) and the own acting enzymes [129,146]. The enzyme-related factors which affect cellulose
degradation are enzyme origin, temperature, specific product inhibition, binding to the
substrate, activity balance for synergism, specific activity and both enzyme processibility and

compatibility [129].

2.3.4.2.2. Hemicellulose biodegradation by bacterial activity

Once more, species from both aerobic and anaerobic bacteria were identified as
hemicellulose degraders, counting Ochrobactrum, Bacillus, Paenibacillus, Acinetobacter,
Thermomonospora, Clostridia, Streptomyces, Cellvibrio and Pseudomonas between the
hemicellulase-producer genera [145,147]. In the same way as fungi, hemicellulose complete

degradation is accomplished by the synergistic operation of a vast range of enzymes because of
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the inherent variability of the hemicellulose biopolymer. Only for xylan, a wide range of
enzymes have been reported mandatory for the degradation completion, which have been

included in Table 6, together with a short explanation of their mode of action [32,147].

Table 6. Enzymes involved in the hydrolysis of complex heteroarabinoxylans [32].

Enzyme Mode of action
Hydrolyzes mainly interior f -1,4-
Endo-B-1,4-xylanase xylose linkages of the xylan
backbone

Hydrolyzes B -1,4-xylose linkages
releasing xylobiose
Releases xylose from xylobiose and
short-chain xylooligosaccharides
Hydrolyzes terminal nonreducing o

Exo-xylanase

B -Xylosidase

o-L-Arabinofuranosidase -arabinofuranose from
arabinoxylans
. Releases glucuronic acid from
o -Glucuronidase
glucuronoxylans

Hydrolyzes acetylester bonds in
acetyl xylans
Hydrolyzes feruloylester bonds in
xylans
Hydrolyzes p -coumaryl ester bonds
in xylans

Acetylxylan esterase
Ferulic acid esterase

p-Coumaric acid esterase

On the other hand, some xylanases are known not to provoke the breakdown of
glycosidic linkages until a proper debranching has been performed. However, those
debranching enzymes often require partial hydrolysis before a proper breakage can be
obtained. Hence, these findings highlight the intricate complexity of hemicellulose
degradation, which apart from the great numbers of enzymes involved, also requires a careful

equilibrium and synergistic operation between the different enzymes [32,145,148].

2.3.4.2.3. Lignin biodegradation by bacterial activity

Although the ability to degrade lignin is exclusive of a few bacteria genus such as
Streptomyces, Rhodococcus, Nocardia or several Sphingomonas, Pseudomonas, Enterobacter
and Actinomyces species [38,137,149], it has often been reported to be comparable to that
shown by well-known lignin-degrader fungi [149]. Furthermore, the difficulties found in the
genetic modification together with the low enzymatic yields usually observed in fungi have

propelled the interest in the lignin-degrader bacteria [150]. These bacteria have been found in
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its vast majority within the digestive system of termites and other insects, though some other

important species have also been found in soil and decaying vegetation [149—151].

Despite the enzymology of bacterial lignin digestion has not been developed as deeply
as with fungi, some studies have helped to elucidate some of the enzymes which play a
significant role in the lignin degradation by bacteria. Thus, four different types of bacterial
lignin-degrader enzymes have been found up to date [150]. Multi-copper oxidase enzymes,
also known as laccases, constitute the first one, which have been found in species from the
Streptomyces, Ochrobactrum, Pseudomonas, Paenibacillus and Amycolaptosis genera.
Laccases have been found in very different living organisms, in which they play different roles.
Hence, they are related with morphogenesis, pathogen-host interaction, stress defence and
lignin degradation in fungi, whereas they play an opposite role in plants, where they are
responsible for the growth by lignin biosynthesis. Functions as morphogenesis, copper
homeostasis and pigmentation have been found in bacteria, whereas they are related to the

sclerotization of the cuticle in insects [140].

Other species from the Rhodococcus, Enterobacter, Saccharomonospora,
Pseudomonas, Amycolatopsis and Thermobifida genera have otherwise shown the production
of Dyp-type peroxidases [151,152], which form the second type of bacterial lignin-degrader
enzymes. Recently, a lignin-oxidising manganese superoxide dismutase enzyme was found in
Sphingobacterium sp. T2 [150], which establishes the third type of enzymes. The last group is
formed by the glutathione-dependent B-etherase enzymes, which are known to act through the
B-aryl ether linkage rupture [150]. The visual appearance of the active sites of the different

lignin-degrader enzymes can be seen in Figure 16.
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Figure 16. Active sites of lignin-degrading enzymes. a) DyP peroxidase, b) manganese superoxide dismutase, c) f5-
etherase LigF, d) Multi-copper oxidase [150].

The main aromatic species found through the biological pretreatment with lignin-
degrader bacteria have been summarised in Table 7, which also includes fungi-related data to

this production.

It is also worth mentioning that such products are not often directly obtained from the
lignocellulosic chain, instead, oxidised polymeric intermediates are found. Streptomyces
viridosporus, Amycolatopsis sp. 751v3 and Thermobifida fusca have shown to produce a water-
soluble intermediate described as acid-precipitable poly-phenolic polymeric lignin (APPL)
[149,150]. But the production of either the polymeric intermediates or the direct phenolic-
based molecules is based on the cleavage of the interunit linkages that join lignin. Thus, as
diverse bonds have been found to form lignin, diverse pathways for lignin breakdown have
also been reported, where the B-ketoadipate pathway has been considered the most usual one
[140,149,150]. Figures 17 and 18 show diverse enzymatic pathways regarding the main

interunits that comprise lignin.
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Table 7. Aromatic products detected from lignin breakdown [137,149,150].

Fungal lignin

Bacterial lignin

Compound degrader degrader
P. A. aneurinilyticus, A.
4-hydroxy chrysosporium sp. 75Ji/v3
4-hydroxy-3- P . A. aneurinilyticus
methoxy chrysosporium
4-hydroxy-3- P.
methoxy-6-carboxy  chrysosporium
4-hydroxy-3- P. putida, R. jostii
Benzoic acid methoxy-5-carboxy RHA1
. P.
3,4-dimethoxy .
chrysosporium
3,4-dimethoxy-2- P.
carboxy chrysosporium
2-hydroxy-3- A. aneurinilyticus, P.
methoxy putida
2,3-dihydroxy
2,3,4-trihydroxy Bacillus sp.
4-hydroxy-3- . e
Benzaldehyde methoxy 8. paucimobilis
3,4,5-trimethoxy Bacillus sp.
4-hydroxy Bacillus sp.
. . Bacillus sp., P.
Cinnamic acid 4-hydroxy-3- . S
methoxy putida, R. jostii
RHA1
MeQ = cOo;
Biphenyl-5,5’-dicarboxylic . P.
acid, 2,2’-dihydroxy, 3,3’- "o & chrysosporium
dimethoxy /@
HO,C OMe
. P.
Diphenyl ether chrysosporium

Propiophenone-3’-hydroxy

Acetophenone

Phenol

Vanillin

4-hydroxy-3-
methoxy

4-hydroxy-3-
methoxy
2-methoxy
2-methoxy-4-vinyl

S. paucimobilis. P.
putida, R. jostii
RHAI1

Soil metabolite

Soil metabolite
Soil metabolite
R. jostii RHAL, A. sp.
751v3
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As a summary for the pretreatment section, a table including the main pretreatment
methods with remarkable characteristics and a description of their advantages/disadvantages

has been included in Table 8.

Table 8. Comparison of the different pretreatment methods used for lignocellulosic degradation methods [146].

Toxic by- Applicable to a
Pretreatment Cost Y wide range of Remarks
product biomass
Acid Low High Yes Dll.ute. agld is used to limit
pretreatment inhibitors generation
Freezing Low Low No Cycles of freezing and thawing
Milling Low Low Yes Used for bloethangl and biogas
production
Liquid hot water Low Low No High water and energy inputs
Organic solvent . . Low boiling point of solvent.
(Organosolv) High High Yes Solvent recycling is required
Oxidation High No Yes High cost of ozone geperathn.
Proper ozone handling is required
Steam explosion  High High Yes High cost of steam generation
Extrusion Low Low Yes Hydrolysis efficiency is improved
Wet oxidation ~ High Low No Less water use as no solid washing
is required
CO; explosion  High Low Yes High cost for pressure maintenance
Microwave . More effective than conventional
L High Low Yes .
irradiation heating process
Ultrasound High Low Yes Low temperatur'e and less time
required
Ammonium fibre . Less effective for biomass with
. High Low Yes SR
expansion high lignin contents
Tonic liquid High Low Yes Stability and reuse. Ipsta})lllty may
cause contamination
Biological Increases delignification and able
Low Low Yes L
pretreatment to reduce polymerization
Lignocellulosic materials are
Hydrothermal . depolymerized into bio-oil, biogas,
liquefaction High Low Yes biochar and water-soluble

compounds
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2.4. Lignocellulosic materials in the production of Biomaterials,

Biochemicals and Biofuels

As previously mentioned, the great availability, wide range of biopolymers and
renewable characteristics have propelled the research of biomaterials, biochemical and biofuels

based on lignocellulosic components [153].

2.4.1. Biofuels

Compared to petroleum-based fuels, biofuels possess advantages such as renewability,
sustainability, availability, biodegradability, safety, neutral greenhouse effects, and negligible
SOy and reduced NOy gas emissions [154]. Lignocellulose represents the only sustainable, low-
cost and scalable eco-friendly option for industrial fuel production [155]. Furthermore, it also
represents a great opportunity for increasing the domestic energy production in those countries
with large biomass supplies and/or land availability to produce energy crops [156]. The main
drawback is found in lignin degradation, as it is considered the more energy-consuming step of
the production process, due to the resilience of this biopolymer. Moreover, the cellulose
efficiency, enzymatic and biomass costs and composition are other parallel parameters that
critically affect the development of suitable technologies [155-157]. Furthermore, the
obtaining of high-quality biofuels faces other problems, such as many of the most effective
solvents for biomass pretreatment are simultaneously incompatible with enzymatic
development, whereas those microbes with the highest yields in biofuels production do not
often use the sugars present in hydrolysates as substrates [156]. Therefore, as mentioned before
and widely discussed, massive attention has been paid to suitable pretreatments for advanced

purposes.

Lately, the effort has been focused on genome editing technologies as a powerful tool
for understanding and developing an integrated system to produce fuels in fast and lower
energy-consuming processes [156]. Thus, some of the inhibitory compounds usually produced
in natural plants, such as ferulic acid, can be substantially reduced by genomic editing,
nonetheless, negative effects on crop yields, costs and environmental impacts can likewise take
place [156]. Another approach that has been substantially developed is the preferential growth
of cellulose in detriment of hemicellulose and lignin, as most industrial microbes generally

take advantage of hexoses instead of pentoses for biofuel production. Lignin content reduction
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and composition homogenization have also been targeted, the latter letting less complex
product mixtures being generated, thus higher-valuable molecules being obtained. On the other
hand, other strategies have been based on the incorporation of unusual monomers, which
potentiate chain elongation or the incorporation of interchangeable linkages, resulting, once

more, in higher saccharification yields [156].

Nevertheless, the use of lignocellulosic biomass as biofuel competes with the use as
food supply. Hence, a step further can be taken when residual lignocellulosic biomass is
considered, as it can be transformed into what is called advanced biofuels, i.e., biofuels which
significantly reduce greenhouse emissions simultaneously with the preservation of the common
use of landfills, and therefore do not compete with food or feed commerce [153,158]. In this
sense, deep research and many industrial projects which include from aerospace to common
fuels, biogas, bioethanol or biodiesel have been accomplished or are being carried out
nowadays [153,155]. In order to obtain those products, three different routes have been
targeted, i.e., thermochemical, biochemical and hybrid conversion. An overview of these

alternatives is shown in Figure 19.

The thermomechanical route includes a variety of thermal treatments, from relatively
low severity to strong processes where high temperatures are applied. Hence, torrefaction,

pyrolysis, hydrothermal liquefaction and gasification are found between them.

The biochemical route relies on the enzymatic digestion of the different biopolymers
that comprise lignin, which has been deeply described in previous sections, by either fungi or
bacteria. The biomass digestion can lead to the production of small sugars, which can be
directly used as fuels. However, a suitable separation process is generally needed as a
consequence of the huge variety of products involved in lignocellulosic degradation. In
addition, by following the biological route, certain compounds that cannot be obtained by
chemical routes are produced, opening new areas of advanced biofuels [156].

Often, the products from biochemical routes are further converted by catalytic or
thermomechanical processes into higher-added valuable fuels. Thus, the hybrid route is

accomplished.

56



Chapter 2: State of the art
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Figure 19. Overview of the different process to produce advanced biofuels [153].

The main biofuels that have been studied up to date are summarized in Table 9. More

specific details about raw materials, final characteristics and conversion routes can be seen in

the indicated references.

Table 9. Main biofuels and corresponding processing routes reported in the literature.

Biofuel Reference
Biodiesel [159]
Bioethanol [159]
Biocrude [159]

Bio-oil [159,160]

Biogas [154,161,162]

Biohydrogen [154,161]

Biobutanol [163]
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2.4.2. Biochemicals

As a consequence of the great variety of monomeric units and linkages that comprise
the three biopolymers, the range of biochemicals that can be obtained from them constitutes an
even much wider range. These biochemicals critically depend on the original biopolymer, i.e.,
lignin generally provides outstanding aromatic-based compounds, whereas sugars resulting
from the hydrolysis of cellulose and hemicellulose may produce valuable six- and five-carbon

derived products [164].

In the case of cellulose and hemicellulose, many different products can be obtained
[165,166]. Werpy and Petersen [167] analysed more than 50 compounds, from which they
found glycerol, acetic acid, levulinic acid, 3-hydroxybutyrolactone, glutamic acid, malic acid,
itaconic acid, aspartic acid, oxalic acid, 3-hydroxy propionic acid, succinic acid, fumaric acid,
2,5-furan dicarboxylic acid, glucaric acid, sorbitol, and xylitol/arabinitol among the more
interesting ones. Most of them can also act as building blocks for the development of fine
chemicals and derived compounds. Table 10 depicts the main processes to obtain those

species, together with the main derived products that can be obtained from them.

Other important cellulose and hemicellulose-derived products are 5-hydroxymethyl
furfural and furfural, which have been reported to be obtained by hydrothermal carbonization
of those biopolymers, respectively. Both derived-furans can also be precursors of many other

chemicals, biofuels, pharmaceutical and agrochemical products [164,166,168].

A detailed summary including the different chemical structures of both precursors and

final products has been included in Figures 20, 21 and 22 [166].
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Table 10. Main building blocks and their derivatives obtained from cellulose and hemicellulose [167].
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Compound Production

Derived products

Succinic, fumaric and

. ) Biofermentation
malic acid

Chemical (oxidative

2,5-Furan dicarboxylic dehydration of
acid glucose) and
biological
3-Hydroxy propionic Biofermentation

acid

Chemical and

Aspartic acid biological pathways

Chemical (starch
oxidation by nitric
acid or bleach)

Glucaric acid

Glutamic acid Biofermentation

Chemical and
biofermentation

Chemical (acid
decomposition of
six-carbon sugars)
3 Chemical (oxidative

degradation of

starch)
Transesterification
(via chemical or
biological
pathways)
Chemical (glucose
hydrogenation)
Chemical
(hydrogenation of
xylose and
arabinose) and
biological

Itaconic acid

Levulinic acid

Hydroxybutyrolactone

Glycerol

Sorbitol

Xylitol/arabinitol

Tetrahydrofuran (THF), 1,4-
butanediol, 2-pyrrolidone, o-
butyrolactone, N-methyl-2-
pyrrolidone (NMP)
(2,5-Bis(aminomethyl)-
tetrahydrofuran, 2,5-
dihydroxymethyl-
tetrahydrofuran, 2,5-
dihydroxymethyl-furan
1,3-Propanediol, acrylic acid,
acrylamide
2-Amino-1,4-butanediol,
aspartic anhydride, 3-
aminotetrahydrofuran, amino-
v-butyrolactone
Glucaro-y-lactone,
polyhydroxypolyamides,
glucarodilactone, glucaro-o-
lactone
Glutaminol, glutaric acid,
norvoline, 1,5-pentandiol, 5-
amino-1-butanol
3-Methylpyrrolidine, 3- & 4-
methyl NMP, 3-methyl THF,
2-methyl-1,4-butanediol.
Diphenolic acid, 2-methyl-

THEF, b-acetylacrylic acid, 1,4-

pentanediol

3-Hydroxytetrahydrofuran, 3-

aminotetrahydrofuran,
acrylate-lactone

Glyceric acid, 1,3-propanediol,

propylene glycol

Isosorbide, propylene glycol,

ethylene glycol, 1,4-sorbitan

Xylaric acid, propylene glycol,

ethylene glycol, lactic acid
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Figure 22. Main chemicals and building blocks obtained from cellulose and hemicellulose (111) [166].

Regarding lignin, as mentioned above, a vast range of aromatic-based chemicals can
also be obtained by its decomposition and transformation. However, the success of the suitable
formation of chemicals from lignin relies on several main aspects, i.e., lignin fractionation
from raw biomass, proper degradation, depolymerisation, transformation into high-value added
compounds and further separation. Depending on depolymerisation conditions, diverse

products can be obtained, as shown in Table 11.
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Table 11. Main procedures from lignin depolymerisation along with main products obtained.

Depolymerisation Procedures Products Refs
Vanillin,
syringaldehyde,
acetosyringone,
guaiacylacetone, p-
hydroxylated phenol
Thermal, acetovanillone, syringol,
hydrothermal, guaiacol, phenol,
Non-reductive oxidative, acid  catechol, alkylcatechols,
depolymerisation and base creosol, p- [164,169]
poly P
catalysed, hydroxybenzaldehyde,
solvolytic vanillic, protocatechuic,
syringic, homovanillic
and p-hydroxybenzoic
acid, aliphatic carboxylic
acids (succinic, acetic
and formic acid)
_ Hvdroprocessin Cr_esol,xylenol,phe_nol
Reductive yl' P 9 with long alkyl chains,
depolymerisation Iquid phase -substituted [169]
poly Y
reforming

methoxyphenols,

The different processes do not only lead to the formation of different species but also

the monomer yields depend on the procedure characteristics, as Figure 23 depicts.

Similar to cellulose and hemicellulose, several of the compounds obtained can be

considered end products, while many others can likewise act as building blocks for possible

upgraded compounds. A summary is included in Figure 24 [166].
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Figure 23. Monomer yields obtained by diverse lignin depolymerisation techniques [169].
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2.4.3. Biomaterials

Due to the extensive variety of molecular species obtained from lignocellulosic
degradation, the possibilities of derived biomaterials are massive. Werpy and Petersen [167]
included in their work an exhaustive review of the biomass components, their primary
degradation products, main intermediates and a brief description of derived bioproducts and
uses, as can be seen in Figure 25. Hence, lignocellulose derivatives may play a significant role
in areas such as general industry, transportation, textiles, packaging and other food vessels,

environment, plastic replacers, stationery, house and leisure items, health and hygiene.

However, those biomaterials that make use of the interesting biopolymer network
characteristics without further fractionation into derived products are not included among those
uses, thus, they will be discussed separately. When considering lignocellulose, frequently
research has taken advantage of lignin, cellulose and hemicellulose biopolymers separately,

however, also the whole biomass has been considered.
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Figure 25. Bio-based products flowchart for biomass feedstocks [167).
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2.4.3.1. Lignocellulose-derived biomaterials

There is an immense range of biosource applications nowadays, boosted by research
possibilities, variety and exceptional properties. Some of them will be discussed further on in
this section, nonetheless, a detailed revision of many of these applications is further beyond the

scope of this work.

For wheat and barley straw, as introduced in section 2.2, advanced biomaterials for
construction materials, phycoremediation of wastewater, cement properties enhancer and fibres
in concrete were reported. Straws and stalks from other sources were also focused on board
production, being potentially suitable for beaverboard, packing materials, one-use tableware or

seeding devices [170-172].

One of the main applications that has been developed is the use of biomass as an
adsorbent. In this sense, Rocha et al. [173] studied the adsorption of metal ions such as Cu(Il),
Zn(II), Hg(IT) and Cd(II) on rice straw-derived solutions. By the formation of biochar from rice
straw, other metal ions such as Pb and Zn can also be adsorbed [174,175], as well as nitrogen
and phosphorous [176]. Abdel-Aal et al. [177] reported the ability of rice straw for the
treatment of wastewater including several commercial dyes instead. Likewise, banana peel-
and palm flower waste-based derived products were also able to remove methylene blue and
malachite green dyes from polluted solutions [178,179]. Other studies obtained proper

adsorbents from residual products such as orange peel and sugarcane bagasse [180].

On the other hand, electrocatalytic activity was also studied on biomass-derived
materials. Thus, Gao et al. [181] produced N-doped porous carbon spheres based on rice straw,
while Liu et al. [182] created soybean straw-based Fe-N co-doped porous carbons, both
exhibiting excellent properties in electrochemical applications. Ma et al. [183] demonstrated
cornstalks and pomelos skins to efficiently act as carbon sources for the construction of
cathode catalysts for microbial fuel cells. Another biosource, watermelon, was used by Wu et
al. [184] to create hydrogels and aerogels with electrochemical applications. Other biomass

sources suitable for electrochemical applications are sawdust or grasses [185].

Composites containing residual lignocellulosic biosources have also been targeted. In
those, lignocellulose acts as a reinforcing filler, and avoids problems such as lack of flexibility

or respiratory illnesses [186]. Bugatti et al. [187] shown how tomato peels could form proper
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composites with halloysite nanotubes for packaging applications. Ita-Nagy et al. [188]
demonstrated sugarcane bagasse fibres to also reinforce properly composites structure. Pinhao
and pecan nutshells were also used for reinforced composites preparation. The pinhao nutshell-
based composite exhibited lower water absorption capacity than petcan-based one, based on
the enhanced hydrophobic character of the pinhao-based composite [189]. Fibres from tropical

maize and sweet sorghum bagasse were also studied as composite additives [190].

The use of biomass as catalysts or catalyst supports has also been deeply studied, as is

the case of soybean and other biomass with high protein content [191].

In textile, bamboo fibres can provide comfortability, good dyeing and appealing
characteristics. Hemp can also be utilised for textile application, as well as for making sacks

and ropes, degumming, etc. [192].

In food, tomato peels have acted as an enhancer for colour and antioxidant properties
for yoghurts [193], whereas tomato peel fibres have demonstrated the ability to produce a

suitable network for edible gels, with enhanced stability and texture [194].

A singular case can be considered when lignocellulosic biomass acts as a hydrogel
precursor, which have found interesting applications in fields such as film formation, high

strength filaments, tissue engineering, among many others [195].

Nonetheless, the number of applications and studies are boosted when the different
lignocellulosic biopolymers are considered separately. In the following sections, cellulose-,

hemicellulose- and lignin-derived biomaterials have been examined.
2.4.3.2. Cellulose-derived biomaterials
The singular structure of cellulose, together with its possibilities of being modified by

chemical reactions or converted into alkyl-derived or nano-systems have made a great range of

biomaterials available nowadays from this biopolymer.

The high number of hydroxyl groups present in cellulose has attracted research
attention to the formation of cellulose-based hydrogels. Even though the cellulose ability to be

dissolved in water is limited, the development of many suitable solvents has made hydrogels
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with stunning properties be obtained, with applications such as food packaging, smart swelling,

controllable delivery and biomedical applications [196—198].

The well-known ability of some bacteria to produce cellulose (bacterial cellulose) has
also been leveraged for the performance of hydrogels. In general, good tensile and compressive
properties are shown, together with high water-absorption capacity, crystallinity and
biocompatibility, which have made bacterial cellulose-based hydrogels to be focused on

bioapplications such as dental and meniscus implants, or tissue engineering scaffolds [196].

Hydrogels from alkyl-cellulose-derived products have also been analysed, such as
hydroxypropyl-, hydroxypropylmethyl-, carboxymethyl- or methyl-cellulose. The alkyl-
derived chains introduce regions where physical crosslinking may be dampened, thus,
chemical crosslinking has frequently been targeted, which has provided hydrogels with new
characteristics, for instance, pH dependence in sorption capacity. These hydrogels have shown
valuable in water body elimination through the absorption of water in the stomach [199], dyes

elimination [200], food and drugs [196].

Nonetheless, the capacities of cellulose-based hydrogels can be further boosted by the
combination of other synthetic or natural polymers. Hence, heavy metal elimination, food or
tissue engineering have been targeted by the combination with chitosan, starch or alginate,

respectively [196].

On the other hand, inorganic materials have also been added to the cellulose-based
hydrogels structures, with applications in fields such as electricity, magnetics, optics and
biology. A summarised insight on the potential applications of cellulose-based hydrogels has

been depicted in Figure 26.
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Figure 26. Insight on applications for cellulose-based hydrogels [195].

However, not only hydrogels have been reported to be developed from cellulose.
Aecrogels, usually obtained by freeze-drying of hydrogels or supercritical drying with CO,,
have also been performed. In the same way as with hydrogels, cellulose, bacterial cellulose and
many derived systems (from alkyl- to nano-systems) have been reported to produce aerogels,

affecting both the synthesis process and final properties [201].

Aerogels possess characteristics like very low density (up to 0.5 mg/mL), high specific
surface area (up to 975 m*g) and highly porous structures (up to 99.9% porosity), while
keeping good mechanical characteristics, which have propelled their use in applications such
as shock absorbers, acoustic and thermal insulation, oil absorption, biomedical devices and

implants, conductivity enhancers or carrier of metal nanoparticles and oxides [201-203].

On the other hand, by the combination with oily systems, oleogels have also been
prepared. Once more prepared through the use of cellulose and cellulose-derived materials, a
vast range of products have been documented. In food industry, it is ethyl cellulose the one
which has attracted the most attention due to the appealing thickening properties, though
pristine cellulose, methylcellulose and hydroxypropyl methylcellulose have also been studied

[204]. Nonetheless, the rheology-modifier characteristics have been leveraged for its use in a
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wider range of applications such as binders, films, adhesives, lubricating greases and hot

blends [98,205].

The case of lubricating greases remains especially appealing, as regardless of the
extensive work found in literature, the industry continues to employ almost entirely petroleum-
based products, and using lithium- and other metal-based soaps as thickening agents. Hence,
studies that explore the use of cellulose pulp as thickener can be found [206-208], but also
pristine cellulose [98,209,210] and cellulose derivatives [209-211]. A wide range of these
systems has demonstrated to impart suitable rheological and excellent tribological properties,
along with appropriate mechanical stability comparable to lithium-based lubricating greases

benchmarks.

As already introduced in this section, the formation of nanostructures from cellulose is
also a very appealing approach for the development of potential systems with a broad range of
applications. By the formation of nanofibres, excellent properties of water-based hydrogels
have been shown, as only a very low concentration is needed in order to obtain good
rheological properties. Furthermore, the formation of films and nanocomposites have also been
extensively reported. Thus, applications such as reinforcing agent for paper, greaseproof paper,
thermosetting resins, strengthened composites, obesity-precautionary thickener, suspension

stabilizer, sanitary products, wound dressing, coatings, etc. can be found [212,213].

The formation of cellulose nanocrystals has also been extensively studied, with the
majority of applications based on the formation of composites. Nonetheless, the suspensions
containing these cellulose nanocrystals have shown nematic chirality, which boosts their

applications in fields such as NMR spectroscopy and optical taggants [212,214].

In addition, not only mechanical and chemical processes have been documented to
successfully produce cellulose nanostructures. Instead, some bacteria have also exhibited the
possibility of directly obtaining cellulose nanostructures with the only presence of hydroxyl
moieties as functional groups. The high yield for a biological process (up to 40%) and unique
structure have propelled its use in fields such as regenerative medicine, wound healing,

implants, membranes, films and barrier layers [212].
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2.4.3.3. Hemicellulose-derived biomaterials

Even though hemicellulose does not possess the significance and properties of
cellulose and cellulose derivatives, there are also many studies that take advantage of
hemicellulose structure to produce interesting biomaterials. Due to the fact that hemicellulose
is not formed by a single type of biopolymer, the possibilities are again raised. The main target
of hemicellulose-based biomaterials has been based on the production of antioxidant agents,
hydrogels and films for uses such as coatings, packaging or biomedicine, nonetheless, some

other less common uses have also been studied.

Hydrogels have been mainly centred in drug delivery [215-217], tissue engineering
and environmental protection, and have demonstrated pH, ioinic strength, media composition
and organic solvent dependent behaviour. Thus, the removal of heavy metals like Ni (II),
Cu(Il), Pb (II), Cd(II), Pd(Il) and Zn(II) or sulfadimidine has been successfully achieved by
these hydrogels [37,218,219]. On the contrary, good adhesion in tissues like liver has also been
documented, in which they may play a good replacement role in detriment to more expensive
and lower available tissue and organ transplants [220]. In drug delivery, xylan- and
galactomannan-based microcapsules have shown to be excellent colon-specific carriers
[216,221,222], while xyloglucan mucoadhesive and surface tailoring properties have led to the
development of many specific studies [217]. Galactomannans have also shown useful for drug

delivery by the formation of an aerogel structure [223].

Hemicellulose-based films were also produced, whose significance is based on the
outstanding properties against oxygen permeability, thus conforming a great replacement for
oxygen-sensitive ~ food  packaging.  Xylan, arabinoxylan, glucomannan  and
galactoglucomannan, alone, modified, or by combination with other biopolymers, are some of
the biopolymers from hemicellulose which have shown suitable properties for film production

[218,224,225].

The same oxygen permeability provides hemicellulose with interesting antioxidant and
antimoisture properties, which make of them good replacements as coatings for food

packaging.

Between the less common uses, there is still a vast range to be found. Peng et al. [226]

demonstrated hemicellulose to act as stabilizer for the formation of silver nanoparticles. Jiang
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et al. [35], instead, use hemicellulose for the synthesis of quantum dots to detect Ag(I) and L-
Cysteyne in aqueous solutions. Farhat et al. [227] were able to produce hemicellulose from
bleached hardwood pulp and switchgrass, which crosslinked with zirconium, exhibited
excellent adhesive properties. Xylan has been analysed by Ebringerova [228], who evaluated
other potential applications such as textile printing, antimicrobial additive, plant growth
regulator, inmunoenhancing supplement, additives and thickening agent in food. On the other
hand, xyloglucan has also been reported as texture enhancer, binder, dye absorption, emulsion
stabilizer, syneresis control and food additive [229]. Some of these applications are shared by
galactomannan-derived products, which have shown to act as binders, texture modifiers,
emulsifiers, lubricators or stabilizers, mainly in food industry [230]. Galactoglucomannan has

been also studied as food additive because of its prebiotic properties [231].

2.4.3.4.  Lignin-derived biomaterials

The unique characteristics of lignin have propelled both research and industry to focus
on this biosource acting as an additive for a wide range of polymers, such as polypropylene,
polystyrene, polyethylene, polyamide, PVC, poly(vinyl alcohol), among others bio and
synthetic polymers [232]. Thus, thermal and UV stabilizer, flame-retardant, reinforcing filler,
plasticizer, lubricant, colour-adding pigment and antioxidant are among the most significant
properties that lignin incorporation can enhance or modify [233], giving interesting
biomaterials that can be applied in fields such as thermoplastic, thermoset, bioplastic and

rubber composites, aerogels, carbon fibres and foams [232].

For instance, lignin addition in polyethylene and polystyrene matrices up to 20% has
shown not to modify processability whilst significantly improving resistance against
photodegradation [234]. In another study, Mishra et al. [235] demonstrated lignin to provide
stronger resistance to UV in PVC films acting as UV absorber. Yang et al. [236] also showed
poly(methyl methacrylate) thermal and mechanical properties to be enhanced by the lignin
addition against UV light. Therefore, applications in fields such as automotive, acrylic glasses,
vehicles and lenses have been targeted. On the other hand, different lignin fractions response to
UV light as a function of the solvent utilised has also been studied, showing UV resistance to
be dependent on the lignin extraction method [237,238]. In Pouteau et al. [238] study, lignin

origin also demonstrated varied antioxidant properties.
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Thermal resistance is frequently another weak point in conventional polymers and
composites, thus, lignin addition as enhancer of the heat resistance has been a deeply studied
topic. Canetti et al. [239] demonstrated lignin addition from 5 to 10% in polypropylene blends
to successfully improve the thermal resistance. Working on natural rubber modification,
Gregorova et al. [240] showed that the lignin addition also increased the thermo-oxidative long
term resistance. On the contrary, Tavares et al. [241] reported a simple 1% lignin addition to
reinforce the poly(butylene adipate-co-terephthalate) matrix. On the other hand, Lisperguer et
al. [242] demonstrated lignin addition to recycled polystyrene could provide similar
characteristics to the native polymer. Such is the interest in the improvement of the thermal
properties by lignin addition of blends, composites and copolymers that Sen et al. [243] wrote
an extensive review where lignin modification by different processes and the thermal response

of the products obtained were evaluated.

Flame prevention is another powerful characteristic that lignin can provide to a
biomaterial. Thus, De Chirico et al. [244] worked with lignin and various derivatives, which
were able to provide the polypropylene matrix with enhanced combustion time and char yields,
and reduced both heat liberation and mass loss rate while saving mechanical properties. The
flame retardant properties of polylactic acid-based biopolymers were likewise improved by the
use of lignin nanoparticles functionalized with diethyl (2-(triethoxysilyl)ethyl) phosphonate
[245]. Another renewable polymer, polybutylene succinate, was also successfully treated with
nitrogen-and-phosphorous doped lignin systems, improving both heat release rate and total
heat release in around 30%, properties that could lead this biopolymer to be applied in wider
fields [246]. Recently, some reviews concerning the flame retardant possibilities of lignin and

its derivatives, as well as their future prospects, have been reported [247,248].

Lignin acting as reinforcing filler has also been extensively documented. Therefore,
Ikeda et al. [249] showed that lignin potentially improves tensile stress and storage moduli of
natural rubber, while reducing the dissipative loss. The tensile and flexural modulus of
polylatic acid, poly(3-hydroxybutyrate), and thermoplastic elastomers after lignin addition
were also raised [250]. Mechanical properties were also generally improved when lignin
nanoparticles-poly (diallyldimethylammonium chloride) complexes were added to natural
rubber [251]. In a study developed by Rozman et al. [252], coconut fiber and polypropylene
were mixed using lignin as compatibilizer. The mixtures exhibited better flexural properties

when lignin was included. On the other hand, Tanjung et al. [253] demonstrated that lignin
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addition to polypropylene/chitosan composites successfully increased tensile strength,
elongation at break, Young’s modulus and impact strength. Extensive reports have been
documented regarding lignin acting as filler for bioplastics, thermoplastic and thermoset
composites [232]. Regarding bioplastics, Yang et al. [254] revised the most recent literature in
lignin-reinforced bioplastics made of cellulose, protein, starch, polylatic acid and poly-
hydroxybutyrate. Recently, an extensive review aiming to compile the latest advances on lignin

reinforcing properties in the rubber industry has also been published [255].

As mentioned above, lignin can likewise act as plasticizer, which has been achieved
frequently through structural modifications. Therefore, lignosulfonate has been used as an
usual plasticizer for concrete. Through other modifications like alkylation, a plasticizing effect
of lignin has also been achieved [243]. Working with PVC and different molecular weight
lignin fractions, those with the lowest ones were reported to act as plasticizers by Yue et al.
[256]. On the other hand, a novel process consisting of an alkali-O, oxidation technology for
lignin revalorization has recently been addressed for plasticization (LigniOx), which was
included in the annual report of the top 20 innovative bio-based products form the European
Commission [257]. Moreover, by further modifications, superplasticizers have been targeted,
which could replicate the performance of well-known commercial naphthalene plasticizers

[258].

The presence of hydroxyl groups in lignin has provided it with the possibility of
establishing H-bonds, which has been leveraged for its use as an additive for lubricants.
Hereby, lignin has been added to many different base oils, in which the H-bonds formed have
proved to generally decrease both wear and friction. Mu et al. [259] developed fully bio-based
lubricants by utilizing lignin and ionic liquids, demonstrating outstanding tribological and
anticorrosive properties on both aluminum and iron surfaces. Working with polyethylene
glycol as the base oil in a more recent study, Mu et al. [260] compared lignins as additives
from different origins and extraction processes, highlighting hydrogen bonding and molecular
weight as crucial factors on thermal and lubricating properties. Up to 93.8% wear reduction
was reported by the lignin incorporation. In another study, Hua et al. [261] created lignin-based
green lubricants with excellent properties in diamond-like carbon-steel contact compared to
commercial lubricants, showing lignin-based lubricants to be useful on surfaces with different
characteristics. In addition, not only liquid lubricants but also semi-solid ones, i.e. lubricating

greases, have been developed by using lignin [262].
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Even though lignin is almost colourless in wood, its separation from cellulose and
hemicellulose finally turns it into a dark brown colour [263]. For this reason, Balasubramanian
et al. [264] used lignin as brown pigment and tested it in leather, where apart from dyeing the
surface properly, exhibited compatibilization with common products for leather finishing.
However, the use of lignin as pigment is not a new trend, as its use to produce inks by reaction
with salts and tannin dates back to 1970 [265]. On the other hand, Araujo et al. [266] used
lignin nanoparticles to encapsulate blue-pigments, which increased both solubilization and

stabilization, making them more suitable for industrial applications.

Within lignin roles in plants resides the antioxidant capacity as a consequence of its
aromatic structure, which has likewise been used for the incorporation of antioxidant properties
in biomaterials production, with applications in cosmetics, healthcare agricultural products and
pharmaceuticals [267,268]. Once more, the lignin varied characteristics depending on both the
origin and extraction method have let adjustable antioxidant properties be obtained [267,269—
271]. For instance, Li et al. [272] used different solvents (ether, ethyl acetate, methanol,
acetone, and dioxane/water) in order to study the antioxidant properties of the different
fractions obtained. The results showed that the higher the dissolving ability of the chemicals,
the lower the antioxidant capacity of the resulting lignin fraction. Instead, Ma et al. [273]
investigated the antioxidant activity as a function of pH in the lignin extraction method. High
pHs led to low lignin content and low phenolic content, which exhibited low antioxidant
activity. On the contrary, low pHs turned into lower molecular weight lignin fractions with
high phenolic hydroxyl content, showing excellent antioxidant properties and highlighting the
crucial effect of both molecular weight and phenolic hydroxyl group content in antioxidant

properties.

Industrially, lignin has been used as dispersant, binder or chelator, as a substitute of
phenolics powder resins, in polyurethane foams and epoxy resins or as biodispersant, among
others. Thus, some North American companies have implemented lignin addition in products
such as automotive brake pads and molds and oriented strand boards. The company Bioconsult
Gesellschaft fuer Biotechnologie mbH, has developed a lignin-based system able to control the
microbial growth in industrial wastewater ambits [274]. The company Nippon Paper Group has
released diverse lignin-based biomaterials, SAN X®, VANILLEX®, PEARLLEX®, which can
act as mentioned above according to their characteristics [275]. More concretely, the company

TECNARO has been able to use lignin in thermoplastics with applications in fields such as
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jewelry, construction, musical instruments, electronics, furniture, etc. In Figure 27, some
headphones made of this lignin, ARBOFORM®, are presented. The Prisma Renewable
Composites company developed a system named evolUTIA™, able to create lignins with
similar characteristics from different plant sources, which have let them use lignin in
biomaterials such as plastics, elastomers and carbon fibres. Their first product is BioLAN™,
which has been declared as a substitute for ABS with enhanced both mechanical and UV

resistant properties.

Figure 27. Headphones made of ARBOFORM®.

3. Bio-based polyurethanes

3.1 Diisocyanates and polyurethanes

Isocyanates are known to possess extraordinary reactive capability with many
functional groups, which makes them suitable compounds to generate urethane and urea bonds.
If isocyanates with more than one NCO group (di or tri-isocyanates) are considered, extensive

polymers can be obtained [276].

The reactivity of the NCO group relies on its structure, which leads to a low electronic
density focused on the carbon atom, a high electronic density on oxygen and a medium
electronic density on nitrogen, as shown by the possible resonant structures in Figure 28. In
this situation, a nucleophilic hydrogen compound can attack the electrophilic carbon atom,

generating the new bond, as shown for the general reactions in Figure 29.
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Figure 29. Reaction mechanism of isocyanate reaction in absence of catalyst [278].

The main functional groups for which isocyanates show affinity are included in Table
12, where the relative reactivity is also included.

Table 12. Relative reactivity of isocyanates groups with active hydrogen compounds at 25°C with no catalyst

involved [279].

Active Hydrogen Compound Structure Relative Reaction Rate
Primary aliphatic amine R-NH; 100000
Secondary aliphatic amine RR’NH 20000 - 50000

Primary aromatic amine Ar-NH; 200 - 300
Primary hydroxyl RCH,-OH 100
Water HOH 100
Carboxylic acid RCOOH 40
Secondary hydroxyl RR’CH-OH 30
Ureas R-NH-CO-NH-R 15
Tertiary hydroxyl RR’R”C-OH 0.5
Urethane R-NH-CO-0O-R 0.3
Amide RCO-NH: 0.1
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This diverse reactivity of the different structures is based on both the steric hindrance
and electroaffinity. In fact, the own diisocyanate can favour or dampen the reaction according
to the same characteristics. It is because of this fact that aromatic diisocyanates show higher
reactivity than non-aromatic ones [276,279]. In the market, there is a great number of
diisocyanates available; the most significant ones, including their structure and main physical

characteristics, are presented in Table 13.

Different species are formed by the combination of diisocyanates with the diverse
reactive hydrogen compounds, thus forming characteristic linkages. The main species obtained

have been included in Figure 30.
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Table 13. Main diisocyanates present in the market.

Molecular Melting Density
Diisocyanate Formula Structure weight point  at20°C
(g/mol) °C)  (kg/m?)
Hexamethylene
diisocyanate  CgHipON» oo™ o SN0 16822 67 1047
(HDI)
CH,
Tolylene-2,4- NCO
diisocyanate CoHeO:N» 174.2 21.8 1061
(TDI)
NCO
4,4’-methylene
d.fhphenyl CisH100:N; 250.3 395 1180
11socyanate
(MDI) OCN NCO
CH,NCO
OCN
Isophorone CH
diisocyanate C12H150:N; 3 2223 -60 1061
(IDI)
Hc”  CHa
1,4-phenylene
diisocyanate
(PDI) CsHsO2N, OCNONCO 160.1 97.5 -
Poly(hexamethy-
lene (CsH1O2N) (168.2) - 1120
diisocyanate) SR . =
(PhDI) OCN/\/\/\/”“TNYNH/\/\/\/
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Figure 30. Different linkages generated through diisocyanate reaction with diverse functional groups [277].

Among all these possibilities, the most commercially available and deeply studied kind
of polymer obtained from diisocyanate reactions is polyurethane. These polyurethanes were
first discovered in 1937 by Otto Bayer and coworkers, and they have been synthesised
commercially since 1952 [276]. Since the initial works dealing with the reactions of aliphatic
diisocyanates and diamines obtaining polyureas, there has been a huge development in
polyurethanes and polyureas, as well as in available diisocyanates, improving and managing
their properties (light weight, high strength, heat stability, low cost, fine shape deformability,
shape memory, etc.) to suit the wide range of characteristics that make them useful in many
applications (see Figure 31) [277]. It is because of those facts that polyurethanes have become
one of the most important polymers worldwide, with a prediction of reaching a $56.76 billion
market in 2021, whilst top 10 plastic market is predicted to get $586.24 billion, according to
the US market research company Markets and Markets (M&M).
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Figure 31. Polyurethanes market [279].

Nonetheless, in the frame of environmental protection, the substitution of the non-
renewable chain extenders traditionally used to obtain renewable and/or bio-based competitive
polyurethanes is still not totally resolved, and stands as a mandatory issue for reaching a
sustainable future. Extensive research has been carried out according to this aim, achieving
some outstanding outcomes with a huge variety of precursors, such as castor oil [280], lignin
[40,281-283], dimethylolpropionic acid [284], ethylene diamine (EDA), adipic dihydrazide
(ADH) and water [285], coumarin [286], CO»-polyol [287], CO, [288], cotton seed plant oil
[289], etc. and have also been extensively reviewed as a function of their applications, such as
coatings [290,291], bone repair [292], removal of organic dyes from wastewater [293],
acrospace, textile industry, sensors, drug delivery systems [294], flame retardant [295],

adhesives [296], fibres, foams, elastomers [297], tissue engineering [298], etc.

In the following section, the formation of polyurethanes based on natural resources is

discussed in detail.

3.2. Production of polyurethanes from natural vegetable resources

Around 75% of the polyols utilised in the industry for the formation of polyurethanes
are obtained by the reaction between a ‘starter’ polyol and an alkylene oxide, forming what is

known as polyether polyols. The remaining percentage are polyester polyols, which instead are
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developed by following a polycondensation reaction between a polyol and a dicarboxylic acid

[299].

During the last decades, wide research has been carried out regarding the replacement
of traditional petroleum-based polyol precursors of polyurethanes by natural resources with
many different applications. In the first attempts, small molecular weight precursors of those
‘starters’ such as sorbitol or sucrose in the case of polyether or glycerol and bio-based acids for
polyesther formation were studied. More recently, the study has been deviated to the use of
higher molecular weight compounds, which could directly act as polyols without the need for
any polymeric reaction [299]. Such is the case of lignocellulose biomass, protein-based
feedstocks and vegetable oils and their derivatives [296,300]. In this present thesis, those

polyurethanes obtained from vegetable oils and lignocellulosic biomass are discussed.

3.2.1. Vegetable oil-based polyurethanes

The main differences that can be found in vegetable oil-based polyols rely on their own
nature and the synthesis protocol. In addition, the vegetable oil characteristics may be likewise
dependent on vegetable oil origin and environmental conditions. In order to use these vegetable
oils or fatty acids derived from them as polyols for polyurethane production, often chemical
modifications are necessary, as only castor and lesquerella oils possess hydroxyl groups in
their structures. Herein, the carbon double bond and the ester linkage are the usual targets for
the alteration of the structure. Different processes have been reported in the literature,
epoxidation and oxirane ring-opening, hydroformylation and hydrogenation, ozonolysis,
thiolene coupling and transesterification/amidation. Detailed information about those processes

can be found elsewhere [300-302].

Albeit, avoiding this modification step, the use of castor oil has been propelled and
extensive work has been performed. Castor oil-based polyurethanes generally possess semi-
rigid and semi-flexible properties due to the secondary hydroxyl groups, which provide low
reactivity. As a consequence, frequently transesterification/amidation or alkoxylation are
conducted to increase its reactivity. Stirna et al. [303] submitted castor oil to a
transesterification process with triethanolamine and amidation with diethanolamine, obtaining
castor oil with different hydroxyl numbers ranging from 291 to 512 mg KOH/g. Both the
physical and the mechanical properties were altered by the modification, always showing

better properties than the original. Macalino et al. [304] created castor oil-based PUs by
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combination with HDI to the formation of biofilms, which exhibited no swelling properties
owing to the presence of triglycerides within the PU structure. Both the hardness and the
elastic modulus exhibited a proportional relationship with HDI relative content. Castor oil-
based films were also performed by Panda et al. [305], this time taking advantage of water-
borne dispersions. Once more, the increase in the hard segment content led to an enhancement

of the physicochemical properties.

In this sense, many companies have also developed their own bio-based polyester
polyols, such as Oleon, Cargill, Huntsam or BASF, all of them based on vegetable oils, which
have propelled the bio-based content of polyurethanes up to 60-70 wt%.

Nonetheless, it is worth mentioning that potential conflicts of interestes may emerge
from the use of vegetable oils as building blocks since they are also widely used in food
industry. Therefore, the use of non-edible oils (such as castor oil) or waste oils (cooking oil) is

preferred [306].

3.2.2. Lignocellulose-based polyurethanes

Due to the ubiquitous production, environmentally-friendly character and the
interesting properties of either lignocellulosic sources as a whole or separated into their main
components, large research has been devoted to the formation of polyurethanes based on
lignocellulosic materials [300]. For instance, the addition of wheat straw in polyethylene
glycol-based PU foams was shown to provide both better thermal resistance and compressive
strength compared to those systems only based on polyethylene glycol. Moreover, the
biodegradability was likewise enhanced [307]. Wheat straw was once more used in
combination with castor oil to produce suitable PU coatings for controlled-release fertilizer.
Apart from the great controlled-release characteristics, the PUs exhibited good degradability
and high density [308]. On the other hand, barley straw-derived foams for insulation were also
performed, which demonstrated water intakes up to 986% after 48 h, better than those obtained
with synthetic PUs [309]. PU foams were also considered by Ertas et al. [310], but obtained
from Eucalyptus camaldulensis and Pinus sylvestris instead. Other biosources considered for
the production of rigid foams were cotton stalk, peanut shell, pine bark and apricot stone
[311-313]. Nonetheless, the range of available PUs for different applications has been

greatly expanded by the use of cellulose, hemicellulose and lignin separately.
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3.2.2.1. Cellulose-based polyurethanes

Cellulose-based polyurethanes have been performed by either taking advantage of the
biopolymer structure and hydroxyl functional groups or by the cleavage and modification of
the structure in order to get intermediate products for PU formation. The last one is the case,
for instance, of isosorbide and 2,3-butanediol. Both derived from glucose, Calvo-Correas et al.
[315] demonstrated they can act as copolymers in PU synthesis for film formulations, which
can compete with non-renewable ones. On the other hand, Wei et al. [316] elaborated a
synthetic route to produce adipic acid from cellulose, from which Nylon 66 or PUs can be
obtained. Another approach was the transformation of cellulose into what is called cellulose-
based ionic liquids. These systems were transformed into PUs from which excellent
membranes were performed, able to adequately separate CO,/CH4 from natural gas sidestreams

[317].

Cellulose has been frequently employed as Pickering emulsifying agent, from which
porous monoliths can be formed. However, poor mechanical properties have been generally
observed. Nonetheless, by the chemical interaction with diisocyanates, proper robustness can
be obtained. Moreover, the system provides suitable and fast absorption capacity and tunable
wettability from hydrophilicity/oleophilicity to hydrophobicity/oleophilicity [318]. Cellulose
has also been used as grafting copolymer, which has led to interesting shape-memory products
for smart applications [319]. Cellulose from industrial furniture waste has also been tested to
absorb dye within a PU foam matrix. For the three dyes utilised, methylene blue, Procion
yellow and Procion red, the kinetic studies suggested a pseudo-second-order absorption model.

The maximum removal values were around 70, 90 and 80 wt%, respectively [320].

Using cellulose fibres, the reinforcement of polyurethane composites has been targeted
[321,322]. Hadjad et al. [323] incorporated up to 30% of cellulose fibres and studied the
conductivity and capacitance alterations of the composites. Up to 10% concentration, the main
electrical characteristics were unaffected. But cellulose can also be used as chain extender due
to the high molecular weight usually reported, thus, Ikhwan et al. [324] developed cellulose
fibres and polyethylene glycol-based PUs, whose relative concentration demonstrated a strong
influence on thermal properties. In order to provide PU composites with even superior
performance, nanofibres have been utilised. The use of nanofibres has provided a fast response

(less than 1 minute) in shape recovery, which propels the potential use of these
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nanocomposites for biomedical applications [325]. The properties improvement by using
cellulose nanofibers was also observed for flame retardant applications. Therefore, by
assembling with anionic vermiculite, outstanding transparency, resistance to oxygen pass and
record fire resistance characteristics have been reported [326]. On the other hand, aerogels with
excellent flame retardant properties were also obtained by combination with hydroxyapatite

[327].

Polyurethanes were also prepared by using bacterial cellulose. In Urbina et al. [328]
study, biocompatible PU nanocomposites were once more reinforced by bacterial cellulose
incorporation, displaying outstanding shape memory and mechanical results. Nonetheless, they

could not be compared to the use of nanofibers, as 93% recovery took place in around 3 min.

The use of cellulose nanocrystals was also focused on the reinforcement of PU
nanocomposites. An enhancement on both Young modulus and stress at break was usually

recorded [329,330].

3.2.2.2.  Hemicellulose-based polyurethanes

In the same way as happening with its glucose-based homonym, research has been
devoted to the production of bio-PUs by following two pathways; using the complete
hemicellulose structure and derived constituents or dividing it into smaller units, which can be
further used as polyols. Hence, following the last approach, xylitol or furfural have been
obtained and applied for PU formation by liquefaction or oxypropilation [331]. Along with
xylitol, sorbitol was also produced by Robinson et al. [332]. On the other hand, Samavi and
Rakshit [333] utilised hemicellulose liquor to produce epoxidized microbial oil, which could
be further used as polyol in PU production. A summary of the main processes which can lead

to hemicellulose division into polyols has been explained elsewhere [334].

Taking advantage of the hemicellulose and derivatives structure instead, Cheng et al.
[335] reported the use of xylan to produce PUs with enhanced thermal stability. On the other
hand, arabinoxylan was used to achieve PU films with application in the packaging field [336],
or coatings by crosslinking with glutaraldehyde, which exhibited comparable properties to
polyvinyl alcohol, becoming a sustainable substitute [337]. Simultaneously, studies using
arabinogalactan have helped polyurethane scaffolds to improve cell attachment yields

[338,339]. On the contrary, another hemicellulose-constituent biopolymer, galactomannan, has
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been shown to provide PUs with excellent characteristics for drug release in specific body parts
[340]. Nonetheless, the most used hemicellulose-derived biopolymer is glucomannan.
Improving mechanical performance, the use of glucomannan in composites and
nanocomposites has been deeply studied. Its combination with waterborne PUs has also
provided excellent mechanical performance and thermal properties due to the strong H-
bonding between the PU and glucomannan [341]. A summary of glucomannan-based products

with their potential applications and techniques used for characterization is included

hereinbelow.

Table 14. Glucomannan-based materials, characterization performed and future application prospects in

various fields [341].

Components

Characterization

Potential applications

techniques
Chitosan/Konjac glucomannan (KGM) FTIR,SEM,XRD Membrane W'th SUperior
dehydration
Food industry, biomaterial
. SEM, XPS, FTIR, A .
KGMY/Chitosan DSC. WAXD matrix, blomedlcal
material
SEM, FTIR, . .
KGM/Ethyl cellulose XRD,TGA Films for food packaging
Glucomannan—Chitosan—Nisin FTIR, DSC Active packaging material
FTIR, DSC, SEM . .
KGM/Gellan gum WAXD Food packaging material
KGM/Poly(acrylic acid) FTIR, SEM Specific drug delivery
KGM/Polyacrylamide/Sodium xanthate FTIR, SEM Hydr(()j%?il\s/efr(); drug
KGM/ poly(methacrylic acid) FTIR Specific drug delivery
Pervaporation
. FTIR, SEM, XRD, .
KGM/Polyvinyl alcohol DSX, WAXD dehydratlon,. food package
film
KGM)/Xanthan gum FTIR, GPC Gels for delivery systems,
specific drug delivery
KGM/AIgmate/ FTIR, SEM Controlled release
Chitosan
KGM/Carboxymethyl cellulose SEM Emulsion stabilizer
KGM/Curdian FTIR, ér\;g SEM, Food films and coatings
KGM/Poly(aspartic acid) FTIR, SEM Carrier for drug delivery

KGM/Cellulose FTIR, SEM, XRD Separation
KGM/Whey protein Edible food films
. . FTIR, SEM, DSC, .
KGM/Sodium alginate WAXD Food films
KGM/Gelatin FTIR, XRD, SEM Specific drug delivery
KGM/Starch FTIR, SEM, XRD Edible food films &

coatings
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Table 14. Glucomannan-based materials, characterization performed and future application prospects in

various fields [341] (continuation).

KGM/Poly(diallydimethylammonium FTIR, SEM, XRD, Antibacterial in
chloride) DSC, TGA biomedicine
KGM/xanthan gum FTIR Drug delivery
KGM-graft-Polyacrylamide-co-sodium WAXD, SEM, TGA Flocculant
xanthate
FTIR, TEM, DMA, .
KGM SEM Coating

Furthermore, in a study elaborated by Shao et al. [342], no division but the whole
hemicellulose extracted from corncob was used to perform PU films. These were compared to
films originated from cellulose, lignin and diverse mixes between the three biopolymers,

obtaining the hemicellulose-based PU films the highest glass transition temperature.

3.2.2.3. Lignin-based polyurethanes

Similar to the previous biopolymers, both the lignin as a whole structure or derivatives
and small compounds obtained from it have successfully produced PUs. Thus, the production
of ferulic acid and cresol-based monomers from lignin yielded PUs with superior thermal
characteristics [343]. In the same way, vanillin-derived systems were also used as polyols for
PU formation [344].

Extensive research has been carried out regarding the use of lignin in polyurethane
formation due to the availability of hydroxyl groups, which makes of it an interesting biopolyol
replacer. Moreover, both aromatic and aliphatic hydroxyl groups have been demonstrated to
react with diisocyanates [345], however, some of these groups may be hindered due to steric
encumbrance based on the network ordering and self-association [346]. Generally, lignin has
been used alone or accompanied by other synthetic or natural polyols, while often it is first
modified to enhance overall hydroxyl groups value, aliphatic hydroxyl value or improve access
to them [346]. In this sense, demethylation stands as a very useful technique, through which
lignin get methyl groups replaced by hydrogen, finally obtaining higher hydroxyl values.
Another technigue extensively used is hydroxyalkylation, which introduces primary and
secondary alcohols to the lignin network by combination with different compounds, as shown
in Figure 32. Another significant process that intends to enhance hydroxyl value is
phenolation. Since diisocyanates also possess a great affinity to amine groups, lignin amination
and nitration have likewise been focused [346-348]. Nonetheless, the high molecular weight
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and structure stand for a too-high viscosity and difficulties with reactivity, thus,

depolymerisation is often targeted as well.
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Figure 32. Examples of hydroxyalkylation of lignin with different compounds [346].

In any case, lignin can provide exceptional fire resistance, crosslink density, ultraviolet
stability, biodegradability, insulation, compression, antioxidant, thermal and reinforcing
properties to PUs [274,343,346,349], as well as high availability and low cost, reason why
foams constitute one of the main formulations for lignin-based PUs, where it can act either as a
polyol or as a filler. The mechanical performance usually gets improved as a consequence of
the more entangled generated systems [349], however, lignin is also known to increase
stiffness, and therefore brittleness, due to the aromatic and low flexible structural
configuration, which has been usually reported for concentrations larger than 30 wt% [346]. As
a consequence, flexible chains like castor oil, butanediol and polypropylene oxide have been
proved valuable for improving this characteristic. It is also worth mentioning that different
lignin-extraction procedures, origin, biomass source, etc. can likewise lead to lignin with
different properties, with extends to derived PUs [345,350,351]. Therefore, new pathways are
always being studied, as aldehyde-assisted fractionation, which provides lignin with enhanced
solubility, functionality and purity compared to the well-extended Kraft process [352]. Despite
the mentioned disadvantages, many authors have proved lignin-based foams to act similarly or
even better than those petroleum-based ones [343,346]. But the use of lignin in PUs is not

limited to foams. Elastomers, adhesives, coatings and more special products are also frequently
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targeted [346]. Regarding coating applications, Griffini et al. [353] utilized non-modified
lignin to produce suitable films with enhanced formation ability, adhesion on diverse
substrates, tensile properties and hydrophobic behaviour. Nonetheless, other properties like
antioxidation, gas impermeability and UV resistance have also been reported for lignin-PU-
based coatings [354]. Thus, Zhang and Huang [355] developed PUs with nitrosonitric acid-
modified lignin to improve UV and water resistance. On the other hand, Fugiang and Xiangjiao
[356] developed UV-cured lignin PUs with improved hydrophibicity. Peng and Chen [357]
elaborated lignin-PU-based hydrogels, stabilized by the biopolymer, which could act as
coatings with slow-release fertilizer properties. In general, weathering performance was also

improved by the lignin inclusion into the polymeric matrix [346].

Even though to a lesser extent, lignin has also been used to produce composites that
can act as tent fabrics [358], potentiometric chemical sensors [359], chromatographic and

chemoselective membrane applications [360] and stereolithography 3D printing ink.

3.2.3. Non-isocyanate based PUs

It is also worth mentioning an alternative green option that consists of the formation of
vegetable-oil or fatty acid-based isocyanates [300,361], eliminating some of the risks of using
harmful isocyanates. However, reactivity is seriously reduced, since many diisocyanates, as
seen in previous sections, are aromatic-based, which reactivity is significantly higher. Two

synthesis routes have been reported, which are included in Figure 33.
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Figure 33. Synthetic routes for the production of vegetable-oil based isocyanates [299].
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Nonetheless, the state-of-the-art technology has recently been focused on the formation
of polyurethanes without isocyanate presence, what is known as polyhydroxyurethanes
(PHUs), performed by polyaddition of polyamines to polycyclic carbonates (see Figure 34). In
this sense, both the crosslinking agent and the polyol can be biobased materials [299,361].
With this new approach, the risk of producing and employing isocyanates is eliminated, and a
newer and greener strategy is hereby presented. Due to the enhanced water absorption,
porosity, chemical and thermal resistance compared to PUs, a wide range of applications have
been addressed. Kalinina et al. [363] performed PHUs based on N-phenylmaleimide and 3-(2-
vinyloxyethoxy)-1,2-propylene carbonate, which demonstrated outstanding properties acting as
coatings with high chemical and impact resistance, low humidity absorbance and good
adhesion to metal surfaces. On the other hand, Figovsky et al. [364] created very stable UV
coatings with excellent adhesion properties by the combination of acrylic and siloxane cyclo-
carbonates and dendro-polyfunctional siloxane primary amine oligomers. Other studies have
shown PHUs to have applications in fields like sealants, construction, composites, biochemical

and electrical equipment [299,362].

When vegetable oils are used, then PHUs can gain sustainability-related properties.
One of the most interesting vegetable oils targeted is soybean oil, which can form carbonated
soybean oil, then PHUs are obtained by the combination with several amines, giving
outstanding elastomeric properties [299,362]. Carbonated linseed oil was also studied, which
once more combined with amines generated PHUs with exceptional both stiffness and stability
[362,365]. An even greener approach was obtained when carbonated linseed oil was utilised
with a polyamine derived from nut shells [366]. Castor oil derived materials were also utilised
to produce non-isocyanate polyurethanes and polyureas by AB-type self-condensation [367].
In a study conducted by Levina et al. [368], sunflower oil was used instead. A narrower
distribution of fatty acids was obtained compared to soybean oil, whereas reactivity was
similar. Another interesting compound that has been extensively studied as carbonated bio-
based system is glycerol, from which various PHUs have been developed [299]. One of the last
recent trends has been the use of nanotechnology to enhance the mechanical properties of the
PHUs, therefore, the inclusion of SiO, nanoparticles has provided the systems with improved
transparency, stiffness and rigidity. Furthermore, the particles could act as crosslinking points

for enhanced both adhesion and reduction of water uptake [362].
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Figure 34. Aminolysis reaction of five- and six-membered cyclic carbonates [299].

In the next sections, the production of novelty bio-based adhesives, lubricants and
elastomers from the main lignocellulosic sources and vegetable oils are deeply discussed, as

they comprise the potential applications of the PU systems developed in this thesis.

A summarising table regarding the main advantages and disadvantages of the

renewable sources used for PU formation is included hereunder:

Table 15. Advantages and disadvantages of the principal renewable sources used for PU production.

Renewable Advantages Disadvantages
source
e Modification frequently needed, low
Vegetable oil Great avallgblllty, casy to reactivity, conflicts with food
manipulate industry, low oxidation stability,
Great availability, presence of Conlflicts with paper industry, difficult
Cellulose reactive groups, high molecular to isolate, high operational costs,

weight higroscopicity
Great availability, presence of
Hemicellulose reactive groups, high versatility,
low cost, easy to isolate
Great availability, residual
character, presence of reactive
groups, high molecular weight, low
cost

Low homogeneity, low thermal
resistance, hygroscopicity

Lignin Low homogeneity, bad solubilisation
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3.3. Bio-based polyurethane adhesives

Since PUs arrival, great effort has been made to the production of high-performance
PU-based adhesives. As can be observed within the landscape of adhesives established by
Burchardt [369] (see Figure 35), PUs play a very significant role throughout the whole

mechanical/adhesion response spectra.
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Figure 35. Landscape of polyurethane (PUR), epoxy and acrylic adhesives [369].

Nonetheless, recent advances in political and environmental restrictions are
endangering the use of commercial PU adhesives since they are usually formed by the
combination of non-renewable polyols and harmful diisocyanates. As already mentioned
above, it is in the polyol substitution where biomass can play a significant role, however, other

techniques aiming to reach 100% bio-based adhesives are also to be discussed in this section.

3.3.1. Vegetable oil-based polyurethane adhesives

According to the previous explanation, vegetable oils are a vast feedstock of
biomaterials, with very different characteristics depending on oil nature, growth and variety
[296]. As hydrophobic systems and due to the fatty acid chains, they can provide the adhesive
with water resistance and thermal resilience [296]. Unlike castor and lesquerella oils, which
possess hydroxyl groups in their structure, the remaining oils must undergo some processing if
polyols are to be obtained, as previously mentioned. A detailed discussion about the different

procedures is reported elsewhere [296]. For instance, palm oil has been extensively studied
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during the last two decades, thus some authors have tested wood adhesion in solventless
conditions after previous epoxidation [370], pressure-sensitive adhesives [371,372] or
adhesives for automotive applications [373]. Other vegetable oils like Jatropha oil, have been
previously modified and utilized to produce PU adhesives [374]. These adhesives were tested
in hostile environments such as hot water, alkali and acid. On the other hand, tung oil was
approached by Man et al. [375], who evaluated the adhesion of derived PUs in surfaces such as
glass, silica gel, wood and metal, onto which exhibited strong adhesion, mainly attributed to
hydrogen bonding. Another different application for soybean oil-based adhesives was
evaluated by Orgilés-Calpena et al. [376], who focused on footwear adhesion. Two different
diisocyanates were tested, MDI and HDI, demonstrating that both can fulfill the adhesives

requirements up to 22 and 7 wt% oil content, respectively.

On the contrary, castor oil has been directly used in bioadhesive formulations. Tenorio-
Alfonso et al. [377-379], Raghunanan et al. [380], Santan et al. [381], Oliveira et al. [382] or
Ferreira et al. [383] are just a few examples of the use of castor oil in PU-based bio-adhesives.
Alone or by combination with other polyols, castor oil-based adhesives were tested as pressure
sensitive adhesives (PSA), long-term adhesives for wood, metal and metal/textile surfaces, or
even surgical applications [384]. By the modification of humidity during the curing process,
Raghunanan et al. [380] were able to reach more than 5 MPa stress at break for wood-wood
surfaces, comparable to that achieved by Poh et al. [370] working with modified palm oil.
Tenorio-Alfonso et al. [377-379] also reported outstanding results of castor oil- and cellulose
acetate-based PUs with better adhesion performance than commercial adhesives except for
polyethylene surfaces, where the bioadhesives shown poorer characteristics. In order to seek
better performance, Oliveira et al. [382] introduced low-valuable fillers as cement or recycled
rubber particles. Whereas the inclusion of only 3% cement significantly enhanced mechanical
properties, it was rubber particles that raised single lap shear strength. Both mechanical and
adhesive improvements were otherwise obtained when chitosan was included in a castor oil-
based PU adhesive matrix [385]. On the other hand, Faria et al. [386] reached the conclusion
that castor oil-based PU adhesives could successfully replace non-renewable-based adhesives
in laminated veneer lumber. Deeper insight on castor oil-based adhesives was carried out by
Gama et al. [387], who focused on different castor oil/diisocyanate ratios, and evaluated their
mechanical response. The results let conclude that a 2.50 NCO/OH ratio turned out in optimum

adhesion, being faster than the commercial adhesive used as benchmark.
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Even though lesquerella oil also possesses hydroxyl groups in its structure, its use as
polyol replacer has been not considered as deeply as castor oil. The reason behind this fact
relies on the actual content of hydroxyl groups, as only around 57% of lesquerella oil is based
on actual hydroxylated fatty acids [388], thus the overall hydroxyl group content may be much
lower than castor oil, which fatty acid composition stands between 85-95 wt% ricinoleic acid
[389]. Therefore, just a few studies regarding lesquerella oil-based PU with adhesive properties
have been reported [390,391].

3.3.2. Lignocellulose-based polyurethane adhesives

Once more, the crosslinking ability of lignocellulose biopolymers, low cost and
renewable character have been leveraged in order to produce bio-based PU adhesives.
Therefore, liquefied products have demonstrated a great ability to develop a wide range of
products [392]. Thus, the liquefaction of two plant species, China fir (Cunninghamia
lanceolata) and Taiwan acacia (Acacia confusa) was carried out to subsequently produce PU
adhesives by combining up to three types of poliisocyanates, i.e., Desmodur L (based on
toluene diisocyanate and trimethylol propane), Desmodur N (based on hexamethylene
diisocyanate) and poly-4,4’-diphenylmethane diisocyanate. The study allowed to conclude that
liquefied Taiwan acacia and Desmodur L exhibit the best adhesion performance [393].
Different sources, such as the Japanese cherry blossom or Sakura (Prunus cerasus) [394],
kenaf (Hibiscus cannabinus L.) [395] or Sugi (Criptmeria Japonica) [396] were likewise
tested after liquefaction to produce polyurethane adhesives with poly-4,4'-diphenylmethane
diisocyanate. Nonetheless, the fractionation of lignocellulose into its main components is much

preferred for PU adhesive production, and is discussed in the next sections.

3.3.2.1 Cellulose-based polyurethane adhesives

Cellulose and its derivatives have also been employed to produce bioadhesives. Thus,
cellulose acetate in combination with CO was used by Tenorio-Alfonso et al. in several studies
[377-379], from which a wide range of concentrations, NCO:OH ratios and diverse
diisocyanates were tested, always exhibiting excellent properties, comparable to commercial
adhesives. Similar to lignocellulose, liquefaction was also used to formulate adhesives from
cellulose pulp, thus, sugar beet derived-pulp adhesives with up to 87% biosource exhibited
good adhesion ability, improved by increasing diisocyanate/biosource ratio. The stability of

sugar beet pulp-adhesives was better than other biomass also tested [397].
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3.3.2.2. Hemicellulose-based polyurethane adhesives

As previously mentioned, hemicellulose is formed by a combination of different
monomers, such as xylose, arabinose, etc. Balcioglu et al. [398] utilised xylose for PU-
adhesive formulations, obtaining adequate biocompatible adhesives with strength up to 415
kPa, at 15% xylose concentration. A patent has been registered where xylan inclusion in
adhesives reported strengthening of the bonding [399]. Although any hemicellulose-derived
polyol can actually be used as a precursor for PU-based adhesives, no such studies have been

performed to our knowledge.

3.3.2.3.  Lignin-based polyurethane adhesives

Lignin has also been widely studied over the last few decades for PU adhesion, as
demonstrated by the vast number of publications and patents centred on this topic
[346,347,360,400]. The use of lignin let overcome typical PU-adhesives drawbacks, as
delamination resistance, cohesive failure, and gap-filling properties. Moreover, it generally

enhances the thermal behaviour of the adhesive [346].

To mention some of the greatest advances reported, lignin in combination with
vanillin-derived diisocyanates were able to withstand more than 9 MPa break at failure onto
glass surface, while the results for other surfaces (wood, aluminium and steel) were much
lower (around 1 MPa). Moreover, the use of diverse lignin sources demonstrated adhesive
properties to be tailored [401]. Griffini et al. [353] also exhibited outstanding adhesive
properties of lignin-based PUs, however, the maximum strength was found in wood specimens
(more than 9 MPa), while in glass exhibited very good results still (7.6 MPa), as well as in
aluminum and steel showing around 1 MPa. As hydroxyl groups are the main bonding point to
form proper urethane bonds with diisocyanates, other studies have been focused on primarily
increasing the hydroxyl group index of lignin by hydroxypropylation or demethylation in order
to create a stronger adhesive network [360,402,403]. In this sense, improved tensile strength of
more than 200% reference values was obtained by hydroxypropylation [402]. On the other
hand, biological modifications with laccase were leveraged by Ibrahim et al. [404], who tested
both uninoculated and inoculated lignin with other natural sources such as chitosan and soy
protein as well as with polyethyleneimine to produce suitable adhesives. These exhibited close
values to petroleum-based ones, and withstood hard thermal treatments with no significant

performance loss. Regarding systematic studies aiming to elucidate main parameters for
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adhesion evaluation, Lima-Garcia et al. [405] tested different kinds of lignins, Kraft and
organosolv, resulting in particle size, lignin source and dispersion processing being key
parameters for lignin adequate incorporation into the adhesive, which exhibited more than 50%
better mechanical properties than non-lignin-based ones. In another study, it was demonstrated
that both isocyanate and lignin source together with solvent were critical for adhesive strength
performance [400]. Looking for synergistic effects, the combination of epoxy-modified lignin
with PU emulsion also demonstrated to significantly enhance the adhesive properties of lignin-

based adhesives [406].

3.4. Bio-based polyurethane lubricating greases

As already mentioned in previous sections, the future prospects of lubricating grease
industry rely on the finding of suitable thickening agents and base oils that can replace the
metal-based soaps and mineral oils usually utilized for those purposes, respectively (see Table

16).

Table 16. Most-used base oils and thickeners for lubricating greases.

Base oils Thickeners
Mineral oil Sodium soap
Synthetic oil Calcium soap
Diester Lithium soap
Silicone liquid Aluminium soap
Phosphate ester Lithium complex
Fluorinated silicone Calcium complex
Chlorinated silicone Aluminum complex
Polyglycol Bentonite
Castor oil Silicon oxide
Carbon/graphite
Polyurea
Polyethylene
Indanthrene dye
Phthalocyanine dye

In history, the use of natural materials as lubricating greases was widely carried out
since the first mentions of the topic, dated back to Ancient Egypt. Nonetheless, the finding of
metal-based soaps and mineral and synthetic oils crucially changed the course of the

lubricating grease production (see Table 17) [407].
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In this sense, once more, natural resources can play a decisive role, providing suitable
replacers for both main lubricating grease components, aiming to fulfill current industrial
demands and enhanced biodegradation properties of lubricants based on non-renewable
resources. Via polyurethane formation, structural networks able to withstand and thicken oils
can be obtained, making them suitable for lubricating purposes. Some of the most used natural
sources for PUs formation will be discussed in the following sections regarding their

application as lubricating greases.

Table 17. Lubricating greases evolution through history [407,408].

Date Event

The use of animal fat and limestone
for lubrication of axes of Hittite
About 1400 BC chariots was started. In the same
period, lubricants based on olive oil
and limestone were used in Ancient
Egypt

A lubricant consisting of mineral oil

1845 animal fat, and limestone was

invented in the United States
The first sodium lubricant based on

9

1853 beef fat appeared in the United
Kingdom
The production of calcium
1912 lubricants with the dispersion

medium based on mineral oil was
started in Japan
Lithium lubricants were developed.
They quickly conquered the world
1938 .
and were used as multipurpose
lubricants
Invention of complex aluminum
1954 lubricants for operation at high
temperatures
1955 Invention of urea greases in the
United States
1960-Present Resurgence.of Yegetable oil-based
lubricating greases

3.4.1. Lignocellulose-based polyurethane lubricating greases

No studies have been devoted to the use of the whole lignocellulose structure as PU
polyol source for lubricant applications, but some of the main constituents, i.e. cellulose and

lignin, have been reported to be used as polyurethane-type thickening agents.
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34.1.1 Cellulose-based polyurethane lubricating greases

Several studies have taken advantage of the polyol structure of cellulose and its
derivatives for the production of lubricating greases. Thus, PU formulations proposed as bio-
based lubricating greases were obtained by functionalization of methylcellulose with HDI and
further mixing with castor oil. The different concentrations and methylcellulose/HDI ratios led
to tunable characteristics, covering a wide range of lubricating grease consistencies [95,97].
Other studies have tested a-cellulose, 2-hydroxyethyl cellulose, methyl 2-hydroxyethyl
cellulose and cellulose acetate propionate as precursors for PU-based lubricating grease
formulations. The results let conclude that the balance and size of the polar and non-polar
groups turned out crucial in order to predict the rheological behaviour of the bio-based PUs
[98]. Nonetheless, less purified cellulose-based systems as industrial cellulose pulps were also
evaluated as oil thickening agent, providing a more economical and industrial approach.
Therefore, both Eucalyptus globulus and Pinus radiata cellulose pulps were assessed, the first
one with two different purity grades, obtained by semi-mechanical cooking and commercial
Kraft process. All of them exhibited gel-like rheological characteristics with well-developed
plateau regions within the frequency range studied, and microstructures very similar to that
found in commercial lithium lubricating greases [96]. On the other hand, tribological properties
of many of these systems were also evaluated, as well as mechanical stability, showing most of
them suitable values for being considered potential replacers of traditional petroleum-based

lubricating greases [96,409].

3.4.1.2.  Lignin-based polyurethane lubricating greases

Lignin, as shown in previous sections, can easily act as lubricant additive in
composites and other materials, in both liquid and solid lubricants. Nonetheless, in this section,
those few studies related to the production of lignin-based PUs with lubricating properties are
overviewed. Thus, Ma et al. [410] developed lignin-based PUs, with lignin acting as an
emulsifier for [BMIm]PF6 ionic liquid lubricant. The tribological results demonstrated very
low friction coefficient and wear scars, as well as excellent thermal stability. Lignin-based
lubricating greases formed with a polyurea-polyurethane thickener were patented lately [411].
Moreover, other patented lubricants also include lignin and polyurethane resins as components

in their formulations [412].
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3.5. Bio-based polyurethane elastomers

The substitution or at least minimization of the use of petroleum-based sources by the
inclusion of biobased plant-derived components in PU elastomers is considered in this section.

Different types of natural vegetable sources have been reviewed and discussed hereunder.

3.5.1. Vegetable oil-based polyurethane elastomers

Most common vegetable oils, as mentioned in previous sections, need previous
modifications if polyurethane elastomers want to be obtained, due to the inherent lack of
hydroxyl or other reactive functional groups within their structure. Thus, elastomers with
epoxidized soybean oil have been recently studied [413,414]. The influence of molecular
weight of soybean oil-derived polyols in related elastomers has also been studied, showing the
best thermal and mechanical properties those performed with the lowest molecular mass [415].
Zheng et al. [416] also studied soy oil-based PU elastomers which, depending on
concentration, showed from 7.5 to 31 MPa tensile strength, while at the same time the
elongation was reduced from 228 to 20%. Not only concentration but isocyanate type allowed
to modulate the rubbery properties of soy oil-based PUs. Therefore, aromatic triisocyanates
provided the stiffest properties, while aliphatic triisocyanates and diisocyanates imparted the
highest elongations. Aromatic and cycloaliphatic diisocyanates instead, exhibited intermediate
properties [417]. On the other hand, palm oil was also used for PU elastomer formation. By
modification through metathesis, and depending on the hydroxyl index obtained, elastomers
behaved as soft or hard materials (tensile strength from 4.2 to 18 MPa) [418)]. Esterification of
the palm oil triglycerides was also performed to elaborate soft polyurethane elastomers, with
pressure-sensitive adhesion characteristics [372]. In another study, Somarathna et al. [419]
developed palm oil monoester polyols which, in combination with PEG and MDI, produced
PU elastomers with very different mechanical properties, depending on PEG concentration.
Other less common oils that have also been tested for developing elastomeric formulations but
still worth to be mentioned are rapeseed [420—422], oleic [423], tall [424,425], linseed, tung
and corn [426] oils.

On the other hand, as previously mentioned, certain oils do not need modification, as
their own structure includes hydroxyl groups, such as lesquerella and castor oil. The last one

has been much more targeted in research, as castor oil-based PU elastomer first studies on the
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topic date from more than 50 years ago, where diverse diisocyanates were tested as crosslinker
for castor oil [427]. Nonetheless, the dangling fatty acid chains do not generally provide
high strains. For instance, Zhang et al. [428], by combining castor oil with IPDI,
developed eclastomers able to reach 120% strain tensile deformation at break. Also,
Abdolhosseini and Givi [429], using IPDI as crosslinker, reported up to 430% elongation at
break and tensile strength of 32 MPa. However, by using HDI instead, less than 32% was
generally reported [430—432]. Nonetheless, even though the mechanical properties were not
ideal, the bio-based character of the castor oil has propelled related elastomers to their use in
medical applications such as cardiac, wound healing, bone tissue engineering and
bioadhesive, where extensive work has been done [433]. Formulations of castor oil-based

elastomers have in fact been patented for around 16 years [413].

The mechanical properties of castor oil-based elastomers are usually improved by the
addition of alternative polyols; such is the case, for instance, of Oprea [434], who prepared
elastomers by mixing castor oil with poly (1,4-butanediol). Thus, thermal and mechanical
properties were tuned, and elongations at break of more than 600% were achieved. On the
other hand, An et al. [435] incorporated isosorbide into the castor oil-PU matrix, which
likewise improved mechanical properties. The modification of the isosorbide/castor oil ratio
allowed to change from brittle samples with high Young modulus and relatively low
elongations at break to high elongations but lower stiffness. The mixture of castor oil with
polyethylene glycol also led to improved properties in the derived elastomers, as observed by
Gao et al. [436], who reported elongations at break superior to 300%, and tensile strengths at
break of 5-12MPa. Nonetheless, polyethylene glycol was also used by other authors, from
which elastomers with up to 1180% strain at break and tensile strengths up to 27.5 MPa were

obtained [437,438]. In other studies, polycaprolactone has also been used as copolyol [439].

3.5.2. Lignocellulose-based polyurethane elastomers

Lignocellulose-based PU elastomers have been widely studied due to the low cost,
high availability, biodegradability and excellent performance. Once more, the properties of the
related elastomers have shown great dependency on origin, composition, growth conditions,
etc. Nonetheless, the lack of industrial advance on the topic relies on incompatibilities related

to differences in hydrophilicity, compromising suitable dispersion [426].
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Several are the lignocellulosic sources that have been analysed in literature for this
purpose. For instance, sawdust has been tested for PU elastomeric formulations. Thus, acoustic
panels with soundproof properties have been obtained from the combination of some
multicomponents, being sawdust and PU elastomer binder two of them [440]. A close material,
wood flour, was also used for composite formation with elastomeric properties, which were
prepared in filaments by 3D-printing technology. The tensile strength exhibited a minimum
when wood flour concentration varied between 0-40%, while elongation at break was seriously
compromised by increasing concentration [441]. In another study, Mengeloglu et Cavus [442]
tested different lignocellulose sources as fillers, such as teak wood flour and rice husk, which
were previously milled and screened before used. The results showed that a 15% filler
concentration potentially increased mechanical properties, while a 30% concentration caused a
dramatic drop in the already mentioned properties. In general terms, the performance of teak
based-systems was slightly better than that of rice husk. By using rice straw, the liquefied
products from it have also led to the formation of polyurethane elastomers [443]. Following
this tendency, straw liquefied products were also used by Zhao et al. [444] to perform PU
elastomers where special attention in the obtaining procedure and its relation to mechanical
performance was paid. In the following sections, the use of cellulose, hemicellulose and lignin

in PU elastomeric formulations is discussed in more detail.

3.5.2.1 Cellulose-based polyurethane elastomers

Cellulose and cellulose-derived materials have been known to act as proper fillers and
endow materials with though properties, due to the fibrous structure and hydrogen bonding
possibilities. Regarding PU elastomers, the same can be applied, nonetheless, the use of micro
and nanocellulose has been more lately targeted. For instance, microfibrillated cellulose has
been leveraged as casting material for PU formation, then acting as tough elastomers for
composite reinforcing [445]. The addition of up to 5% of microcrystalline cellulose to a PU
based on MDI, butanediol and polytetramethylene glycol turned out in a better performance of
more than 650% tensile strength compared to the reference system [446]. Pei et al. [447]
demonstrated that incorporating cellulose nanocrystals to a MDI-poly(tetramethylene glycol)-
based PU only at 1% weight concentration, stress at break could be 8-fold increased. In another
work, the use of cellulose nanowhiskers prepared from microcrystalline cellulose allowed the
formulation of shape-memory PU elastomers, triggered by water [448]. The addition of

cellulose nanocrystals also demonstrated to improve the rheological properties of PU
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elastomers, with an increase of several orders of magnitude of the still unreacted suspensions,
due to strong interactions between the nanocrystals and the polyol [449]. In another study,
Saralegi et al. [450] developed from elastomeric to rigid bio-based PUs by increasing cellulose
nanocrystal concentration. Interestingly, Lee et al. [451] incorporated cellulose nanofibres to a
PU-urea matrix, and reported a decrease in the elastic modulus by increasing cellulose
concentration up to 1% and a further increase at 2%. Nonetheless, the mechanical properties
were anyway enhanced. In castor 0il/PEG-based PUs, the inclusion of cellulose nanocrystals
obtained from Fucalyptus globulus was likewise positive for mechanical properties
enhancement, reporting shifts from 5 to 12 MPa and from 1 to 5 MPa of tensile strength and

Young modulus respectively, in comparison with the cellulose-free system [436].

3.5.2.2.  Hemicellulose-based polyurethane elastomers

Only a few studies proposed either hemicellulose derivatives or the monomers that
comprise its structure as suitable polyols for the preparation of PU elastomers. Glucommanan
was used in different concentrations to tune castor oil-based PUs properties from elastomeric
to very rigid systems within the range of 5-90 wt% concentration [452,453]. In a related work,
films with elastomeric properties by modifying glucommanan molecular weight were
elaborated [454]. It is also well known that very interesting furan derivatives can be obtained
from hemicellulose, like furfural. Such compounds have also been used as sources for

polyurethane formation, some of them serving as elastomers [166].

3.5.2.3.  Lignin-based polyurethane elastomers

Lignin and lignin derivatives have also been occasionally used as polyols and fillers
for elastomers production [455]. One of the most important derived-chemical that can be
obtained from lignin is vanillin. Apart from the already mentioned uses in previous sections,
PU elastomers have likewise been generated. Vanillin inclusion propelled mechanical
properties, making Young modulus and strain at break to increase up to around 130 and 150%
respectively [456]. Another lignin derivative that has been used as copolymer in PU elastomers
is lignin-derived polycarboxylic acid. With a content of only 2.5%, the Young modulus and
tensile stress at different strains (100 and 300%) were augmented 384, 135 and 90%

respectively [457].

103



Chapter 2: State of the art

In the development of lignin-based PU elastomers, frequently lignin acted as polyol,
becoming a structural part of the formulation, while sometimes it is only cast or mixed acting
as filler. As examples of the first case, improved thermal and mechanical properties were
reported by the use of unmodified lignin as polyol along with poly (propylene glycol) and TDI
as crosslinker, yielding PUs with outstanding tensile performance (176 MPa, 33 MPa and
1394% of Young modulus, tensile strength and elongation at break respectively) by the
addition of up to 40% lignin. In addition, the better performance of low-molecular-weight
lignin fractions was reported [458]. The use of acetylated lignin and polyethylene glycol (PEG)
as copolymers let elongations at break higher than 2000% be obtained [67]. Likewise, PEG
with oxidised lignin was used by Zhang et al. [459], resulting once more in great tensile
performance. On the other hand, Liu et al. [460] took advantage of enzymatic procedures to
alter lignin structure, which decreased molecular weight, thus imparting stronger mechanical
properties to the network, i.e. up to 60 MPa tensile strength. Using lignin as filler, Ciobanu et
al. [461] performed PU elastomers based on poly(ethyleneadipate), ethylene glycol, and MDI
where lignin was cast using DMF as solvent at concentrations from 4 to 23%. The results
indicated, once more, improved performance on mechanical properties with only a 10% lignin
concentration, where the tensile strength and elongation at break were augmented up to 370
and 160% respectively. Acting as filler, lignin is usually responsible for enhancing mechanical
properties, such as Young modulus or compressive performance [247,346,462]. In general, the
higher the lignin concentration, the higher both the storage and Young moduli up to a certain
concentration depending on the formulation, since lignin acts as a rigid component [346]. In
this sense, storage modulus has been raised 6-fold by the addition of up to 60% lignin to
polypropylene glycol-based PUs [39]. In another study, Ortiz-Serna et al. [351] evaluated both
the thermal and mechanical properties of Kraft and organosolv lignin also acting as fillers for
PU elastomers based on castor oil and butanediol, exhibiting great differences between these
products. Culebras et al. [463] tested Alcell organosolv and hydroxypropyl-modified Kraft
hardwood lignin for the same purpose, being the first one able to achieve excellent mechanical
properties, with Young modulus of 80 GPa, comparable to commercial elastomers. Other
authors tested other different lignins, such as wheat straw soda-derived, Indulin AT softwood
kraft, Protobind 1000 soda, corn stover or sulfite hardwood lignins [346,464]. Frigerio et al.
[465] found particle size, polar surface and agglomeration tendency to be key points in lignin
performance as fillers. Non-modified lignin was demonstrated to carry out the functions of

both crosslinker and reinforcing agent in silicone-based PUs, matching some of the properties

104



Chapter 2: State of the art

of commercially-available silicone PUs [466]. Some of these elastomers can act as sealants,

materials in surfboards, car interiors, household items and sportive indoor courts [467].
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1. Materials

1.1. Non-fractionated lignocellulose sources

Two lignocellulose sources were used as polyols and/or thickeners for the
production of oleogels with lubricating properties, wheat (Triticum aestivum var. maestro)
and barley (Hordeum vulgare) straw. Both wheat and barley straws were treated with
Streptomyces MDG301 through a solid-state fermentation process. These biosources were
acquired, treated and kindly supplied to our Research Centre by the Department of
Biomedicine and Biotechnology of the University of Alcala de Henares, in the framework
of a collaborative project (CTQ2014-56038-C3-1R and CTQ2014-56038-C3-2R).
Uninoculated and fermented systems were milled by employing a MF 10 basic microfine

grinder drive (IKA, Germany) equipped with 0.25 pore size sieve prior to functionalization.

Both straws composition ranged from 30-35 wt% of lignin and 58-62 wt% of

holocellulose content.

1.2. Fractionated lignocellulose sources

1.2.1. Cellulose pulp

Cellulose pulp obtained from the fractionation through solid-state fermentation
(with and without inoculation with a Streptomyces strain) and further soda pulping process
of both wheat and barley straws were likewise used as thickening or gelling agents for
lubricating grease formulations. In this case, two different Streptomyces strains, MDG147
and MDG301 were employed. MDG301, being a thermophilic strain with an optimum
temperature at 45°C, was tested at 28 and 45°C to evaluate the differences obtained by
applying the two conditions. These fractions were likewise treated and donated by the
University of Alcala de Henares and the INIA-CIFOR Research Centre. Similar milling as

mentioned in the previous section was carried out.

Cellulose pulp comprises a mix of the three main lignocellulosic components, with
cellulose as the main constituent, but also including a relatively high percentage of
hemicellulose and some lignin content. In general terms, concentrations were around, 63, 32

and 5 wt% of cellulose, hemicellulose and lignin, respectively.
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1.2.2. Lignin

Being the most used lignocellulosic source in the present study, lignin has been
employed to develop thickening or gelling agents, binders and/or fillers in the formulation
of lubricating greases, adhesives and elastomers, respectively.

Alkali lignin obtained through a Kraft process, purchased from Merck (Germany),
was used to test the performance of several diisocyanates as potential crosslinkers. It was

also used for the optimization of the one-step processing protocol.

On the other hand, lignin obtained from the Kraft process of Eucalyptus globulus
was tested at different lignin/HDI w/w ratio and gelling agent concentration, to optimize

their values for lubricant application. This lignin was kindly supplied by the INIA-CIFOR.

Furthermore, the use of diverse residual lignin-containing fractions generated as
side-streams in different conversion processes of eucalypt and pine woods as thickening
agents in bio-lubricant formulations was also addressed. Thus, lignins from Eucalyptus
globulus obtained from three different extraction processes, i.e., Kraft pulping, fermentable
sugars extraction by autohydrolysis and steam explosion, and Kraft lignin from Pinus
radiata were provided by the INIA-CIFOR. Another study was performed to study the
influence of the fermentation process with Streptomyces MDG301 in wheat straw-derived
lignin fractions for lubricating applications. The influence of the fermentation process with
Streptomyces MDG301 and MDG147 was also evaluated for adhesive formulations. These
lignins were likewise produced, treated and characterized in the framework of the

collaborative project above mentioned.

Finally, Indulin AT, a Kraft lignin obtained from pine and purchased from
MeadWestvaco (USA), was used as the precursor of bioelastomers with potential

applications. A detailed description of this product has been reported elsewhere [1].
1.3. Castor oil
Castor oil is obtained from the seeds of Ricinus communis, mainly cultivated in the

tropical areas of India, Africa and South America. The main characteristic which

differentiates this oil from the others is that it comprises the only commercially available oil
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that contains ricinoleic fatty acid, with a hydroxyl group in its hydrocarbon chain [2], in its
fatty acid profile. Because of that, the worldwide supply has increased by more than 50%
during the last three decades. Composition and main physical properties are depicted in

Table 1 and Table 2, respectively.

Table 1. Composition of castor oil [3].

Acid name  Average percentage range (%)

Ricinoleic acid 80-94.9
Oleic acid 0-9
Linoleic acid 1.4-7
Stearic acid 0.6-2.4

Linolenic acid <1

Table 2. Main physical properties of castor oil [2].

Physical properties Values
Viscosity 5.5x10-1 Pa-s (25°C)
Density 960 kg/m?
Thermal conductivity 4.727 WI/(m-°C)
Melting point -2 10 -5°C
Boiling point 313°C

As established in Table 1, ricinoleic acid is the main fatty acid present in castor oil.

The corresponding triglyceride, the ricinolein, is shown in Figure 1.

CHg

OH

OH

Figure 1. Ricinolein chemical structure.
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Castor oil from two different sources has been targeted in this study. For the
production of lubricating grease and adhesive formulations, castor oil purchased from
Guinama (Spain) has been used, where has acted as both base oil and copolyol. Instead, for
the production of elastomeric formulations, castor oil was purchased from Merck (Finland).
The fatty acid composition of both oils has been included in Table 3.

Table 3. Fatty acid composition of both castor oils from Guinama [4] and Merck.

Fatty acid Guinama (wt%) Merck (wt%)
Palmitic C16:0 1.70 0.90
Stearic C18:0 1.96 1.10
Oleic C18:1 5.34 3.00
Ricinoleic C18:1:0H 82.48 89.7
Linoleic C18:2 7.01 3.9
Linolenic C18:3 1.51 0.4
Eicosenoic acid - 0.3
Saturated 3.66 -
Monounsaturated 87.82 -
Polyunsaturated 8.52 -

1.4. Diisocyanates

Several diisocyanates have been evaluated as crosslinkers in this work, from linear
aliphatic to aromatic ones, which are included in Table 4. These diisocyanates were acquired
from Merck (Germany), with a purity >98%.
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1.5. Other chemicals

Chemicals and solvents needed to perform synthesis reactions, processing of
formulations and characterization of raw, intermediate and final products were purchased
from Merck (Germany). Toluene (>99.7%) and triethylamine (analytical grade) were used
as solvent and catalyst, respectively, when applying the two-step protocol in the processing
of oleogels. Pyridine and acetic anhydride were used for acetylation of residual lignins.
Tetrahydrofuran (THF) and 0.05 M NaOH solution were employed as eluents in GPC
determinations. Intrinsic viscosity was evaluated with cupriethylendiamine solutions.
Deuterated both chloroform and dimethylsulfoxide were also used in nuclear magnetic

resonance characterization.

Synthesis protocols

2.1.  Two-step protocol

The two-step protocol of polyurethane oleogel formation comprises first a
functionalization of the biosource, followed by an efficient mixing with the castor oil to

achieve the formation of the oleogel itself.

2.1.1. Functionalization process

The functionalization process of the biosource (lignin from different sources, wheat
or barley straw) consists of the reaction between the biosource and a diisocyanate in a toluene
medium using triethylamine as a catalyst. Step-by-step, a three-neck round-bottom flask was
firstly filled with toluene (100 mL), which was demoisturized by sparking argon within the
solvent for 30 min. Afterwards, biosource, diisocyanate and trimethylamine were added.
Biosource quantity was generally 5-10 g, and the diisocyanate content was dependent on the
biosource/HDI ratio, which varied from 1/1 to 1/4 w/w. Triethylamine content added was
similar to that of the diisocyanate. Once all the components were included, the mixture was
kept at room temperature for 24 h under vigorous agitation. After that, a rotary evaporator
equipped with a water bath at 80°C was used to separate toluene and triethylamine from the

functionalized biosource. A step-by-step scheme has been included in Figure 2.
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Triethylamine
Toluene \ Biosource \L Diisocyanate ,:' Functionalized

o biosource

24h, room T
strong agitation Toluene,

triethylamine

Figure 2. Schematic representation of the functionalization process.

2.1.2. Oleogel formation

Immediately after the functionalized biosource collection, this was mixed with
castor oil. Straws were mixed in 15% functionalized biosource content while residual lignins
varied between 20-30%. The mixture was stirred at low speed (70 rpm) in a stainless-steel
open vessel for another 24 h-period by using a controlled-rotational speed mixing apparatus
RW 20 (IKA, Germany), equipped with an anchor impeller. After the stirring period,
samples were poured into vessels or moulds, where they were kept for curing or conditioned
for testing, respectively. Both oleogels and elastomers were obtained by this procedure. A

schematic illustration is included hereunder.

Functionalized biosource

l ’ ' | ——— > Oleogel

70 rpm
roomT
Castor oil 24 h

-

Figure 3. Oleogel formation step diagram.
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2.2. One-step protocol

The one-step protocol involves the use of only castor oil, the biosource and the
diisocyanate for the formation of the oleogel, with neither solvent nor catalyst taking part in
the process.

Following this protocol, a stainless-steel open vessel was filled with castor oil,
biosource and diisocyanate, with varying biosource/diisocyanate w/w ratio and castor oil
concentrations depending on the proposed formulation. Thus, oleogels from cellulose pulp
were produced using castor oil concentrations up to 90 wt%, while lignin-based systems
ranged between 70-75 wt%. Instead, the formulation of lignin-based adhesives required the
use of 50% castor oil. The biosource/diisocyanate ratios selected were 1/2 for cellulose pulp,
1/0.5 for lignin-based lubricating grease products and 1/4 for lignin-based adhesive
formulations. More specific details of the composition can be found in the respective
experimental sections of the corresponding articles, included in chapter 4. The mixture was
stirred at low rates (70 rpm) by using the same mechanical stirrer mentioned in section 2.1.2,
at room temperature and for 24 h in the case of lubricating grease or 48 h for adhesive

formation. Illustrative information about the process has been included in Figure 4.

TeiaEkulssi |
Toluene
Biosource 48 h 4
— Adhesive
I
_70rpm |
| roomT
Diisocyanate —— Oleogel

24 h
Castor 01I

Figure 4. One-step procedure illustrative diagram.

Later, systems were stored or put into moulds for curing and testing conditioning.
Eventually, the modification of several processing parameters (temperature and agitation
speed) and the effect of using different diisocyanates in the oleogel characteristics obtained

through this one-step protocol was studied. For that, the viscosity during the processing was
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monitored for 6 h by using an ARES controlled-strain rheometer from Rheometric Scientific
(UK), equipped with an anchor impeller and using a stainless-steel cylinder as mixing
geometry. The dimensions and appearance of these systems have been included in Figure 5.

40.00
0

e=0.82 l

47.35

Figure 5. Dimensions of the rheo-reactor and anchor impeller used to process the bio-based polyurethanes in the
rheometer. All dimensions are included in mm.

3. Characterization techniques

3.1.  Thermogravimetric analysis (TGA)

The TGA was used to evaluate the thermal stability of the different biosources,
intermediates and final products. In a typical experiment, 5-10 mg of the sample were placed
on a platinum pan and conducted to a temperature ramp within 25-600°C at 10°C/min. The
experiments were carried out under nitrogen atmosphere. Both Q-50 and Q500 thermal
analysers (TA instruments, USA) and SIl TG/DTA 6200 apparatus (Seiko, Japan) were used.

3.2. Differential scanning calorimetry (DSC)

The DSC spectra were obtained by placing from 5 to 10 mg sample in a hermetically-
sealed aluminium pan, and then three temperature ramps were generally conducted. The first
one, from -80 to ~200°C, was conducted to remove the thermal history of the sample.
Eventually, this ramp was also used to monitor the curing process of selected samples by

evaluating the fusion enthalpy of unreacted isocyanate reactions. A second ramp was
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performed from ~200 to -80°C, after which a final step once more from -80 to ~200°C
allowed to evaluate the different thermal events (glass transition, melting temperature, etc.).
Both Q100 and DSC250 apparatus (TA Instruments, USA) were the equipment used for the

purpose.

3.3. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra were recorded in different ways depending on the nature of the
sample. Thus, powder-like systems like lignin, cellulose pulp or straws were milled with
KBr, and then moulded under compression to produce rounded pill-like pellets. For liquid-
and gel-like systems, the sample was placed between two KBr discs (32 mm diameter, 3 mm
thick). Both systems were later placed into a sample holder, after which the measurement
was conducted between 400-500 and 4000 cm™* wavenumbers, with a resolution of 4 cm.,
Two different apparatus were employed, a JASCO FT/IR 4200 (Jasco Inc., Japan) and a
Nicolet 380 FT-IR (Thermo Scientific, USA).

3.4. Nuclear magnetic resonance (NMR)

Four different types of NMR spectra were obtained, **C, H, 3P and 2D HSQC (two-
dimensional heteronuclear single quantum coherence) NMR, whose spectra were recorded
using a Bruker Avance 111 500 MHz (**C, *H and 2D HSQC) and a Bruker NMR Avance 111
400 MHz (*H NMR and 3P NMR) (Bruker, USA) spectrometers at room temperature. The
spectrometer 111 500 MHz was equipped with a 5 nm BBFO plus with a z-gradient double-

resonance probe.
The operational conditions of the NMR assays are included hereunder:

e H NMR: pulse 45°, 4.9 ps; recycle delay, 10 s; spectral width, 10330.5 Hz;
acquisition time, 3.17 s; scans number, 32.

e 13C NMR: pulse 30°, 3.21 ps; recycle delay, 1 s; spectral width, 30.03 Hz;
acquisition time, 1.09 s; scans number, 12500.

¢ 3P NMR: acquisition time, 1 s; recycle delay, 5 s; scans number, 128.

e 2D HSQC: spectral widths, 4700-6200 Hz for the *H dimensions, and 20.84-
22.52 Hz for *C dimensions; number of collected complex points, 1024 for *H-dimension

with a recycle delay of 1 s; scans number, 32; time increments (**C) 256; 1 JC-H 145 Hz; J-
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coupling evolution delay set to 3.45 ms; squared cosine-bell apodization function applied in

both dimensions.

3.5. Gel permeation chromatography (GPC)

The GPC measurements of acetylated lignins were performed at 35°C and a flow
rate of 1 mL/min using THF as eluent in a Waters (USA) equipment, coupled to an HPLC
pump (1515 model) and a Styragel column (7.8 x 300 mm). A 2414 model refractive index
apparatus was used for detection. The direct GPC measurements of lignin fractions were
accomplished by using 0.05 M NaOH as mobile phase at a similar flow rate and 25°C. The
equipment used was a 1260 HPLC (Agilent, Germany) coupled with a G1315D diode array
detector set at 254 nm, two columns (Phenomenex, USA) arranged in series (GPC P4000
and P5000, both 300 x 7.8 mm) and a safeguard column (35 x 7.8 mm)). The molecular
weight of lignin and acetylated lignin fractions was calculated according to previous

calibration with polystyrene standards.

3.6. Rheological characterization

Rheological characterization was performed by using an ARES-G2, and two other
ARES controlled-strain rheometer (TA Instruments, USA), several controlled-stress
rheometers such as a Physica MCR 301 and a Physica MCR302 (Anton Paar, Austria) and
a MARS and a Rheoscope (Thermo Scientific, Germany). Different geometries were used
depending on the consistency of the sample. Thus, for low viscous samples, 50 mm diameter
serrated plate-plate geometries were used. For samples with higher consistency, 25 or 20
mm rough plates were selected. Generally, the plate-plate gap was set at 1 mm. For adhesive
and elastomeric formulations, torsion geometries were used. At least two replicates of each

test were always carried out.

3.6.1. Viscous flow measurements

The viscous flow measurements were generally obtained at room temperature by
applying a stepped shear rate ramp from 0.01 to 100 s, getting from 3 to 5 points per decade,

evenly distributed following a logarithmic scale.
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3.6.2. Strain and stress sweeps

Both strain and stress sweeps were performed from 0.01 to 100% or from 0.01 up to
1000 Pa, respectively, depending on the rheometer used, to establish the extent of the linear

viscoelastic regime of each sample.

3.6.3. Small amplitude oscillatory shear and torsion tests (SAOS & SAQOT)

Small amplitude oscillatory shear and torsion tests were obtained within the range
of 100-0.03 rad/s, with 3-5 points per decade evenly distributed. Generally, these
measurements were performed at room temperature, but occasionally, some results were
obtained up to 200°C. All measurements were performed within the linear viscoelastic

regime by selecting an appropriate strain or stress value inside the mentioned range.

3.6.4. Temperature sweeps

Temperature sweeps were also performed in SAOS and SAOT modes, in which the
linear viscoelastic behaviour of the sample was measured by increasing and decreasing

temperature rates of 1°C/min, usually from room temperature up to 200°C.

3.7. Penetration tests

Both unworked and worked penetration tests of selected oleogel samples for
lubricating application were performed by following ASTM D1403 standard and using a
17000-2 Seta Universal penetrometer (Stanhope-Seta, UK) equipped with one-quarter cone
geometry. The values obtained from those measurements and its conversion to standard
penetration values were performed according to ASTM D127 standard, which also allows
to obtain NLGI grade of the corresponding oleogels tested. From three to six replicates for
each sample were obtained. The working of the samples was also performed following a
standard (ASTM D1831), by means of a 19400-3 Roll Stability tester (Stanhope-Seta, UK).

3.8. Tribological measurements

The friction coefficient of oleogels with lubricating grease purposes was measured
in a tribological cell coupled with a Physica MCR501 (Anton Paar, Austria) rheometer by
applying a constant normal force of 20 N at 10 rpm for 10 minutes, in order to achieve

stationary values. The tribological cell consists of three 45°-inclined steel plates (1.4301
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steel) onto which surface a 1/2” diameter steel ball (1.4301 grade 100 steel) rotates. A
schematic representation of the tribological cell is included in Figure 6.

SIDE VIEW TOPVIEW

Self-positioning
Shaft 3 plates fixture Plate

load

Applied
normal
Ball fixture

Ball

Shafl

Ball

N normal
Plate load

Figure 6. Schematic representation of the tribological cell used in this study [5].

3.9. Wear evaluation

The wear generated on the three surfaces of the inclined plates was evaluated by
means of both the parallel-to-rotation diameter and the elliptical area of the wear mark. The
measurements were obtained through optical microscopy, by using a BX51 model

(Olympus, Japan) coupled to a digital camera (DP70 model, also from Olympus).

3.10. Microstructure

3.10.1. Atomic Force Microscopy (AFM)

The morphology of selected lignin-based oleogel samples was assessed by AFM,
using a multimode AFM connected to a Nanoscope 1V scanning probe microscope controller
(Digital Instruments, Veeco Metrology Group Inc., USA). TM PPP-NCH AFM Silicon
Nanosensor probes for tapping mode, applying a constant 42 N/m force and a resonance
frequency of 330 kHz were employed. The typical oscillation amplitude varied between 20-

100 nm. Windows and scan speed were set at 6 and 1 um, and 1 Hz, respectively.
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3.10.2. Scanning Electron Microscopy (SEM)

The surface topography of the elastomers developed in this work was observed via
SEM imaging. Previously, the samples were conditioned by sputter-coating with 6 nm-thick
gold layers to prevent the charging of the samples. After that, the images were acquired by
using a Zeiss Sigma VP microscope (Carl Zeiss Microscopy Ltd., UK).

3.11. Water contact angle (WCA)

The WCA of the developed elastomers was measured by placing 6 L water droplets
onto the sample surface by a force tensiometer (Sigma 70, UK), equipped with a COHU
solid-state CCD monochrome camera, and using OneAttension software for the appropriate

calculation of the angles related to the water-sample contact.

3.12. Mechanical tests
3.12.1. Adhesion tests

The adhesion tests were performed by using an AG-IS Universal Testing Machine
(Shimadzu, Japan), equipped with either a 1 or a 10 kN load cell depending on adhesion test,
i.e., peeling or shear strength evaluation, respectively. All adhesion tests were carried out
according to ASTM standards, i.e., D903 for metal-textile stripping, D906 for wood-wood
specimens shear and D1002 for stainless-steel (SS) metal-metal shear. Usually, up to 10
specimens were measured, due to the scattered results obtained, which were treated with an

analysis of variance method (ANOVA) to get centralized values and discard outliers.

3.12.2. Tensile tests

Tensile characterization of the produced elastomers was performed in both an AG-
IS Universal Testing Machine (Shimadzu, Japan) and a 4204 Universal Tester (Instron,

USA). Rates of 10 mm/min were applied, and a load cell of 1 kN was used.

3.12.3. Compression tests

Compressive tests of the mentioned elastomers were performed in the same
equipment used for tensile characterization. Nonetheless, the load cell was switched from 1
to 10 kN depending on the sample tested. In this case, compressive rates of 5 mm/min were

used.
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3.12.4. Dynamic compression tests

The dynamic compression tests of the elastomers were performed in a TA.XT Plus
Texture Analyser (Stable Micro Systems, UK). The given loads were calculated to achieve
equivalent stresses of either 0.35 MPa or 0.70 MPa. Different testing times were also applied;
from short-time tests with a duration of around 70 s to long-time ones up to 24 h. A constant
compressive rate of 0.5 cycles/s was implemented.
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Algunos de los trabajos cientificos que forman parte del capitulo IV, debido a restricciones relativas a
derechos de autor, han sido retirado de la tesis. En sustitucién de los articulos ofrecemos la siguiente
informacidn: referencia bibliografica, enlace a la revista y resumen.

- Borrero-Lépez, A. M., Blanquez, A., Valencia, C., Hernandez, M., Arias, M. E., Eugenio, M. E., Fillat, U.,
& Franco, J. M. (2018). Valorization of Soda Lignin from Wheat Straw Solid-State Fermentation:
Production of Oleogels. In ACS Sustainable Chemistry &amp; Engineering (Vol. 6, Issue 4, pp. 5198—
5205). American Chemical Society (ACS). https://doi.org/10.1021/acssuschemeng.7b04846

Enlace al texto completo: https://doi.org/10.1021/acssuschemeng.7b04846

RESUMEN:

This work describes the solid-state fermentation (SSF) of wheat straw with Streptomyces sp. MDG147
and further soda-pulping process to obtain wheat straw soda lignins (WSLs). Subsequently, these WSLs
were NCO-functionalized with 1,6-hexamethylene diisocyanate and then dispersed in castor oil to
achieve stable oleogels. The WSLs were characterized using standard analytical methods, gel
permeation chromatography, Fourier transform infrared spectroscopy, differential scanning
calorimetry, and thermogravimetric analysis. Rheological properties of oleogels were determined by
means of small-amplitude oscillatory shear and viscous flow measurements. The enzymatic profile and
production of lignin—carbohydrate complexes were recorded along the growth time of Streptomyces,
whose life cycle was achieved after 7 days. NCO-functionalized WSL was able to chemically interact
with castor oil via urethane bonding, providing oleogels with suitable rheological characteristics. Linear
viscoelastic functions and viscosity values of oleogels were higher when wheat straw was submitted
to SSF using Streptomyces, turning out in stronger oleogels.

- Borrero-Lépez, A. M., Valencia, C., Dominguez, G., Eugenio, M. E., & Franco, J. M. (2021). Rheology
and adhesion performance of adhesives formulated with lignins from agricultural waste straws
subjected to solid-state fermentation. In Industrial Crops and Products (Vol. 171, p. 113876). Elsevier
BV. https://doi.org/10.1016/j.indcrop.2021.113876

Enlace al texto completo: https://doi.org/10.1016/j.indcrop.2021.113876

RESUMEN:

In this study, modified residual lignins from barley and wheat straws submitted to solid-state
fermentation with diverse Streptomyces strains were targeted as binders in eco-friendly castor oil-
based polyurethane adhesive formulations. The thermo-rheological and adhesion properties of these
adhesives were examined and related to the solid-state fermentation yields. Viscoelastic properties
were enhanced by lignin addition, and the Streptomyces action generally increased the values of the
linear viscoelastic functions. Adhesion performance was dominated by lignin source and
further Streptomyces activity and can be correlated with the resulting lignocellulosic composition.
Wheat straw lignin-based polyurethane adhesives showed the best performance in metal-textile
peeling tests, whereas barley straw lignin provided the best achievements in terms of shear strength


https://doi.org/10.1021/acssuschemeng.7b04846
https://doi.org/10.1021/acssuschemeng.7b04846
https://doi.org/10.1016/j.indcrop.2021.113876
https://doi.org/10.1016/j.indcrop.2021.113876

in metal-metal and wood-wood joints. Overall, solid-state fermentation
with Streptomyces demonstrated to be a suitable pretreatment to conveniently modify and improve
residual lignin fractions for application as binders in environmental-friendly polyurethane adhesive

formulations.
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ARTICLE INFO ABSTRACT

Keywords: In this work, alkali lignin together with different diisocyanates (hexamethylene diisocyanate
Castor oil (HDI), isophorone diisocyanate (IDI), toluene diisocyanate (TDI) and 4,4’-methylenebis (phenyl
Diisocyanates isocyanate) (MDI)) have been tested as gelling agents in a castor oil medium. A two-step process
Lignin comprising first lignin functionalization with a diisocyanate and then the formation of a bio-
g}i‘:}glz;y based polyurethane with gel-like characteristics by combining the functionalized lignin with
Urethanes castor was followed. FTIR and thermogravimetry analysis were carried out on both the gelling

agents and resulting oleogels. Moreover, oleogel rheological properties were evaluated by means
of small-amplitude oscillatory shear (SAOS) tests and viscous flow measurements. The influences
of time-temperature processing conditions during oleogel formation, lignin/diisocyanate ratio
and functionalized lignin concentration on the rheological properties of oleogels were analyzed
using HDI as crosslinker. 30% (w/w) thickener concentration and room temperature processing
were selected to prepare oleogels with the rest of diisocyanates considered. Under the same
conditions, HDI-functionalized lignin-based oleogels showed the strongest gel-like behavior
whereas TDI-, IDI- and especially MDI-functionalized lignin-based oleogels displayed weak gel-
like, or even a liquid-like, behaviors as a consequence of the respective chemical structures,
which guide to higher steric hindrance, diminishing the formation of urethane linkages and/or
Van der Waals forces. In general, oleogels exhibited an internal curing process due to the
progressive formation of urethane linkages, which is closely related to the evolving rheological
properties. The kinetics of this curing process was studied and an empirical model has been
proposed to predict the evolution of the rheological properties with time.

1. Introduction

In the last decades, the climate change and resources depletion have been increasing and changing the focus of research to more
friendly environmental approaches. In that way, lignocellulosic materials are gaining more and more importance since they are
renewable and ecological sources widespread around the world. Lignocellulosic materials include lignin, the second most abundant
biopolymer after cellulose [1], which forms a random, amorphous three-dimensional network [2] and does not possess a well-defined
structure but a complex combination among three main monomers (monolignols), i.e., p-hydroxyphenyl, guaiacyl and syringyl, and

* Corresponding author at: Departamento de Ingenieria Quimica, Campus de “El Carmen”, Universidad de Huelva, 21071 Huelva, Spain.
E-mail address: franco@uhu.es (J.M. Franco).
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some others, as aliphatic hydroxyl groups, condensed phenol units, and carboxylic acid protons [3]. Paper industry is the main
producer of lignin-rich residues, where around 98% are directly burned to recover energy. For these reasons, lignin is being focused
as a promising material to obtain high-value added and environmental-friendly products.

In the same direction, several industries such as those involved in the production of lubricants [4-6] and adhesives [7] also face
serious environmental problems [8] and are demanding eco-friendly oleogel-like systems with suitable functional properties, which
can overcome these problems. Recently, some formulations which replace mineral or synthetic oils, in the case of lubricants [9-11],
or volatile organic solvents, in the case of adhesives [12,13], by vegetable oils have been reported.

On the other hand, diisocyanates (HDI, IDI, TDI, MDI...) are capable of reacting with —OH groups of many polymers, e.g.
butanediol polyester [14], hydroxyl-terminated polybutadiene and butacene [15], 4,4’-{oxy-1,4-diphenyl bis(nitromethyl-idine)}
diphenol [16], glycidyl azide polymer [17], as well as graphene oxide [18] and mineral [19] and castor oils [20,21], to form urethane
linkages (—NH—C(0)—0—) owing to protons be transferred from —OH to the N in —NCO groups. These compounds are known to
form materials with a wide variety of outstanding properties, depending on the application. In particular, some lignin-based
polyurethanes have been already synthetized [1,22,23], even using castor oil as chain extender [24,25], thus adding the renewability
and biodegradability characteristics sometimes desired for this type of materials. Similarly, HDI [11], TDI [13] and MDI [26,27] have
demonstrated to be effective and efficient crosslinkers in oleogel formation and they can be used to chemically connect a vegetable oil
and a suitable thickener agent. Among the different gelling agents in oil media, several isocyanate-functionalized cellulose and chitin
derivatives have been previously proposed to form chemical gels in castor oil [28-30]. Considering the foregoing, this study is
focused on combining lignin, as a well entangled, renewable, biodegradable and abundant material [31], with different diisocyanates
as HDI, IDI, TDI and MDI as crosslinkers, to achieve a functionalized biopolymer which can be able to act as gelling agent in a castor
oil (CO) medium. Following the methodology previously described for cellulose derivatives [32], in the present work a two-step
oleogel formation which comprises firstly the lignin functionalization and secondly the formation of a chemical oleogel is proposed.
This second step also involves chemical reactions, since free end-chain isocyanates, bonded to lignin or not, which had not already
reacted can now react with the hydroxyl groups of the ricinoleic fatty acid chain. The main objective of this study was to investigate
the influence of the type of diisocyanate crosslinker, the lignin/diisocyanate ratio, the NCO-functionalized lignin (FL) concentration
and processing temperature on the rheological response of these chemical oleogels. Moreover, the kinetics of the chemical interaction
between FL and CO, i.e., the curing process, was monitored by means of rheological measurements.

2. Experimental
2.1. Materials

Alkali lignin (L) obtained through a kraft process with up to 5% moisture and the different diisocyanates evaluated as crosslinkers,
i.e. HDI, IDI, TDI and MDI, were purchased from Sigma-Aldrich. Purity of diisocyanate compounds was 98%, excepting for TDI
(80%). Castor oil was purchased from Guinama (Spain). Fatty acid composition and main physical properties can be found elsewhere
[33]. Other common reagents like toluene and triethylamine were analytical grade and also supplied by Sigma-Aldrich.

2.2. Functionalization reaction of lignin with diisocyanates

Lignin functionalization reaction was performed according to the methodology previously reported [32]. Briefly described,
toluene (100 ml) was added to a round-bottom flask and maintained under argon inert atmosphere for 30 min. After that, a
determined amount of lignin, followed by diisocyanate (in 1:1 and 1:2 lignin/diisocyanate weight ratios) and finally triethylamine
(twice diisocyanate amount) were added and maintained for 24 h under vigorous stirring at room temperature. The functionalized
lignin (FL), purified under vacuum using a rotary evaporator, was prepared immediately before being used.

FLs were intended to be always prepared maintaining the same —OH/—NCO molar ratio for a given lignin/diisocyanate ratio. In
this sense, a determined amount of lignin was mixed with the same amount of HDI for 1:1 ratio or double for 1:2 ratio. To maintain
the same —OH/—NCO molar ratio for the rest of diisocyanates, the amount added for IDI-, TDI- and MDI-based FLs was calculated
according to the different molecular weights:

Mwipy, o1 or MpI
Mwyp; m

where HDI is the quantity of HDI that would be needed to add according to the above-mentioned lignin/diisocyanate ratio and Mys
are the molecular weights of the different diisocyanates. In the forthcoming text, for the sake of simplicity, the 1:1 and 1:2 lignin/
diisocyanate ratio nomenclature will be maintained in all cases, assuming the correction of weights given by Eq. (1) for each
diisocyanate. The different FLs were named with the codes included in Table 1 containing information of the lignin/diisocyanate
ratio and type of crosslinker.

IDI, TDI or MDI = HDI-

2.3. Preparation of oleogels
FL was mixed with castor oil in a stainless-steel reactor (100 mL) and generally maintained 24 h under stirring at 70 rpm, using a
controlled-rotational speed mixing device RW 20 (Ika), equipped with an anchor impeller. Processing of oleogels was generally

carried out at room temperature, although the reaction was also accomplished at 70 °C in order to study processing conditions. FL
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Table 1
TGA characteristic parameters of raw materials and functionalized lignin samples.

Sample Code Tonset (‘C) Tmax (°C) Tfinal (°C) AW (%) Residue (%)
Alkali lignin L 27/129/249 61/164/373 92/183/407 3/4/49 44
HDI HDI 137 172 178 99 1
TDI TDI 116/172 155/181 159/188 84/14 2
IDI IDI 124 177 184 100 0
MDI MDI 174 221 227 97 3
L+HDI (1:1 ratio) FLH 96/185/291/409 119/221/320/437 136/247/344/471.5 15/8/35/20 22
L+TDI (1:1 ratio) FLT 102/171/275 126/195/300 143/216/322 11/17/37 35
L+IDI (1:1 ratio) FLI 114/308 123/346 155/391 12/62 24
L+MDI (1:1 ratio) FLM 121/303 179/333 205/361 14/46 40
L+HDI (1:2 ratio) FLH2 98/298/429 118/344/454 134/375/475 11/41/24 24
L+TDI (1:2 ratio) FLT2 144/266/371 160/331/391 178/341/443 16/19/25 40
L+1IDI (1:2 ratio) FLI2 100/245/318 153/261/355 174/286/393 33/8/40 19
L+MDI (1:2 ratio) FLM2 162/321 192/345 233/363 18/47 35

concentration was modified in the range of 20-30% (w/w) in the case of HDI-based FL. For the comparison of using different
diisocyanates, a 30% (w/w) concentration was selected. Oleogels obtained were stored at room temperature and they will be referred
using the codes included in Table 2.

2.4. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were obtained using a JASCO FT/IR 4200 (Jasco inc. Japon). The gels, some FLs and all diisocyanates were
characterized using KBr disks (32 X 3 mm), where the sample was placed between both disks. For lignin and solid FLs, KBr pellets
containing 10 parts of KBr and 1 part of sample were prepared by applying pressure for several minutes. In both cases, disks and
pellets were placed in an adequate sample holder and FTIR were obtained between 400 and 4000 cm ~ !, at 4 cm ™! resolution, in the
transmission mode.

2.5. Thermogravimetric analysis (TGA)

Measurements of mass loss with temperature was evaluated in the range from room temperature to 600 °C, following a constant
rise of 10 °C/min, using a Q-50 model (TA Instrument Waters, USA) under N2 purge. 5-10 mg of each sample were placed in a
platinum pan previously tared and put onto the sample holder. After that, the measurement was automatically performed.

2.6. Rheological characterization

Linear viscoelasticity characterization of oleogels was carried out by means of SAOS tests in both the ARES (Rheometric Scientific)
and the Rheoscope (Thermo Haake) rheometers, using roughened plate-plate geometries (25 and 20 mm, respectively, depending on
the consistency of the sample, and 1 mm gap). Frequency sweep tests were performed inside the linear viscoelastic regime, in a
frequency range of 0.03-100 rad/s. Strain or stress sweep tests were previously carried out to determine the linear viscoelastic range.
Flow measurements were carried out in the ARES rheometer by applying an increasing stepped shear rate ramp from 0.01 to 100 s™*,
taking 3-5 points each decade and maintaining the shear rate for three minutes in each step. Each rheological test was performed on

Table 2
TGA characteristic parameters of oleogel samples.

Sample Code Tonset (°C) Tmax (°C) Teinar (°C) AW (%) Residue (%)
Oleogel 30%FLH H-T O30H H-T 335/427 378/439 427/459 82/10 8
Oleogel 20%FLH 020H 337/422 382/431 297/457 80/16 4
Oleogel 25%FLH O25H 334/420 381/442 398/463 84/11 5
Oleogel 30%FLH O30H 324/425 379/439 397/458 83/11 6
Oleogel 30%FLT 030T 275/355/423 311/380.5/446 334/397/454.5 16/64/15 5
Oleogel 30%FLI 0301 290/360/427 327/382/450 332.5/398/459 22/59/17 2
Oleogel 30%FLM 0O30M 286/358/437 320/378/441 330/398/463 16/69/11 4
Oleogel 20%FLH2 020H2 304/366/423.5 334/382/451 339.5/398/456 23/60/17 0
Oleogel 25%FLH2 025H2 306/362/432 333/384.5/447 350/403/465 24/59/13 4
Oleogel 30%FLH2 O30H2 301/358/431 343/381/445 358/408/466 28/53/12 7
Oleogel 30%FLT2 030T2 282/355/425 311/380.5/439 320/396.5/463 21/61/11 7
Oleogel 30%FLI2 03012 296/357/417 327/379/424 329/395/446 29/46/17 8
Oleogel 30%FLM2 030M2 285/361/433 320/386/454 328/404/473 19/67/13 1
313
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Fig. 1. Lignin and functionalized lignin FTIR spectra.

fresh samples one week after oleogel formation and replicated at least twice. Moreover, in the case of oleogels prepared with HDI, a
kinetic study was programmed, for which rheological measurements were performed from just 1 h after oleogel preparation up to one
week.

3. Results and discussion
3.1. Characterization of lignin and functionalized lignin samples

Lignin and functionalized lignin samples (FLs) were characterized using FTIR spectroscopy, as shown in Fig. 1. Taking into
account that spectra for all FLs are very similar, only results for the 1:1 lignin/HDI weight ratio functionalization is displayed. FTIR
results confirm that new bonds were created in the functionalization process, yielding new and modified peaks in the spectra. Thus, a
new peak appears at around 3330 cm ™ ?, related to the N—H stretching vibration of new urethane bonds formed between —OH groups
from lignin and —NCO from diisocyanates [32], and therefore the intensity of —OH stretching vibration band, centered at around
3430 cm ™, is significantly diminished, so that a sharper peak was found for FL in comparison with that obtained with non-
functionalized lignin in the range of 3300-3600 cm~'. The two absorption bands around 2934 and 2855 cm™?, corresponding to
asymmetric and symmetric C—H stretching vibration of aliphatic methylene groups are widely increased in FLs as a consequence of
the new six-methylene chains in HDI moieties. Also, as intended, FLs exhibit a new intense peak centered at 2270 cm™?,
corresponding to the stretching vibration of free isocyanate moieties. This peak is consequence of both, the free-one-side isocyanate
bonded to lignin and possible non-reacted diisocyanates remained. Besides this, C=0 bonds may generate two observable peaks in
FTIR measurements, one related to C=0 unconjugated bonds at around 1710 cm ™! and the second related to C=0 conjugated
bonds, centered at around 1620 cm ™! [34]. FLs spectra do not exhibit any clear signal corresponding to C=0O unconjugated bonds
but do show for C=0 conjugated groups. Centered at around 1570 cm ™", another peak related to the urethane N—H bending
vibration was observed only in FL IR spectrum, demonstrating once again the formation of urethane linkages.

Thermogravimetric analyses were also used to characterize lignin and FL samples (Fig. 2). Characteristic parameters considered
for each thermal event were the onset temperature (Tonser), temperature for the maximum weight loss rate (Tpayx), final degradation
temperature (Tgnqa) and weight loss (AW), whose values together with the final residue obtained at 600 °C are shown in Table 1.

As can be seen, apart from the loss of moisture contained in the sample up to 100 °C (=3%) and the dehydration process of
hydroxyl groups at around 165 °C, lignin show one main weight loss peak at high temperatures with an associated Ty at 373 °C (see
Table 1), which according to the literature [35] may be attributed to the 3-O-4 linkage breakdown, starting at around 250-300 °C, the
aliphatic side chains cleavage, starting at around 300 °C, and disruption of C—C bonds among monolignols at around 400 °C.
Moreover, the mass loss rate is very slow, yielding derivative weight loss not higher than 0.3%/°C, which is in concordance with
previous results [36].

Apart from the above mentioned mass loss events, properly related to the lignin-like structure, FLs thermograms also show
another main degradation peak corresponding to the disruption of free —NCO segments, starting at around 100-140 °C [28]. This
thermal event depends, however, on the type of diisocyanate compound employed to functionalize the lignin. For instance, attending
to the results obtained for the 1:1 lignin/diisocyanate ratio, the temperature for the maximum degradation rate of —NCO segments is
119 °C for HDI, whereas it is around 123-126 °C for TDI and IDI, and 179 °C for MDI. Similar tendency was observed for the 1:2
lignin/diisocyanate ratio. These degradation temperatures of —NCO segments in FL samples are roughly in agreement with those
found in pure diisocyanates (Table 1).

Regarding the main mass loss detected in the non-functionalized lignin sample, the inclusion of diisocyanate compounds shifts the
temperature for the maximum degradation rate to lower values. For instance, the lowest T,,,x value was observed for TDI-based FL
sample obtained with 1:1 lignin/TDI ratio, followed by HDI-, MDI- and IDI-based FLs. Nevertheless, this difference is almost
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Fig. 2. TGA curves for lignin and functionalized lignin samples.

negligible for FL samples prepared with 1:2 lignin/diisocyanate ratio. Moreover, HDI-based FLs exhibit another peak at 437-454 °C
which was not detected in the raw lignin, which may be attributed to a high degree of crosslinking, as previously reported for other
HDI-functionalized biopolymers [28]. On the other hand, FLs generate lower residue values in comparison with the non-
functionalized lignin. HDI- and IDI-based FLs show lower residue values (around 19-24%) than TDI- and MDI-based FLs (35-40%).

3.2. Characterization of oleogels

3.2.1. Influence of processing conditions

In order to optimize and gain a deeper knowledge on how processing conditions affect urethane bonds generation and therefore
resulting oleogel rheological properties, the time and temperature, as two of the most important parameters during processing, are
considered and modified. Two time-temperature conditions such as room temperature-24 h (RT-24) and 70 °C-3 h (HT-3) were
chosen as processing conditions, whereas the HDI-based FL with 1:1 lignin/HDI ratio, at 30% w/w concentration, was selected as
chemical gelling agent to compare the different processes. FTIR spectra determinations were sequentially carried out after oleogel
formation. As expected, a high processing temperature increases the reaction rate between free —NCO groups in FL and available
—OH groups mainly located in the CO ricinoleic fatty acid chains, as can be seen in FTIR results in Fig. 3a, where the spectra of just-
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Fig. 3. (a) FTIR spectra and (b) evolution of isocyanate content with curing time for oleogels obtained applying different T-t processing conditions.
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obtained oleogels are shown. As can be seen, the NCO absorption band, at 2270 cm ™!, almost disappear after 3 h at 70 °C, whereas is
clearly detectable after 24 h at room temperature. As well known, this residual amount of free —NCO groups still react after
processing, which is called the curing process. However, despite the different kinetics during processing, as shown in Fig. 3b, the
curing time is extended up to 5-6 days, independently on the processing conditions, once free —NCO groups are not detected
anymore. Nevertheless, processing conditions, i.e., time-T combination, dramatically influence oleogel rheological behavior after
curing. As can be seen in Fig. 4, a weak gel after curing was obtained by applying the HT-3 process, in contrast to that found when
applying the RT-24 process conditions, which yields a strong gel response. This result may be explained taking into account that free
isocyanates may react more randomly with different species, including themselves, at high temperatures [37], becoming other kind of
linkages and limiting the chemical interaction between CO and FL, thus finally resulting much lower values of the storage (G’) and
loss (G”) moduli (Fig. 4a) and significantly higher values of the loss tangent (tan 8§ = G”/G’) (Fig. 4b).

Regarding the viscous flow response, a shear thinning behavior was always observed in the shear rate range studied, which may
be fairly well described by the power-law model:

n= K @

where K and n are the consistency and flow indexes, respectively. After applying the HT-3 process conditions, lower viscosity values
and higher flow index than those found in the oleogel processed with RT-24 conditions were obtained (see Fig. 5 and power-law
fitting parameters inset). Interestingly, in spite of all these differences found in the rheological behavior, TGA profiles (curves not
shown) are almost identical for both types of oleogels (see relevant degradation temperatures in Table 2) and very similar to those
reported for castor oil- and lignin-based flexible polyurethane foams [24], indicating that thermal degradation is mainly governed by
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Fig. 5. Viscous flow curves of oleogels obtained applying different T-t processing conditions. (Inside: power-law fitting parameters).
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FL and castor oil rather than the density and type of urethane linkages.

3.2.2. Influence of functionalized lignin concentration and lignin/diisocyanate ratio

Oleogels containing different concentrations (20-30% w/w) of HDI-based FL as gelling agent were prepared and the rheological
response was analyzed. Figs. 6 and 7 show the mechanical spectra obtained in the linear viscoelasticity regime and viscous flow
curves, respectively, for oleogels containing 20, 25 and 30% w/w FL, and both 1:1 and 1:2 lignin/diisocyanate ratios. In general, both
the SAOS functions and viscosity values increase, around one order of magnitude, when using FL with 1:2 lignin/diisocyanate ratio in
relation to the 1:1 ratio. This fact is simply explained attending the higher availability of free isocyanate moieties which guides to a
higher degree of crosslinking between FL and CO. However, the SAOS functions frequency dependence is not qualitatively influenced
by the lignin/diisocyanate ratio. On the other hand, as expected, for both 1:1 and 1:2 lignin/diisocyanate ratios, the higher the FL
concentration, the higher the G’, G” and viscosity values are. Moreover, 20% w/w oleogels show a crossover point between G’ and G”
at relatively high frequencies, as well as higher frequency dependence of SAOS functions (see Fig. 6). This means a not well developed
plateau region in the mechanical spectrum, which results in a shift of the transition region to lower frequencies, according to the
typical behavior of not highly entangled gel networks [38]. A more extended plateau region with a crossover point shifted to higher
frequencies was observed by increasing FL concentration. This effect was dampened by modifying the lignin/diisocyanate ratio from
1:1 to 1:2, since the degree of crosslinking is higher, as above mentioned.

Viscosity values depend on FL concentration in the same way as G’ and G” do. Nevertheless, similar viscosity values, especially at
high shear rates, were obtained for oleogels containing 25 and 30% w/w FL using the 1:2 lignin/HDI ratio. Table 3 collects the values
of the power-law fitting parameters. As can be observed, K values increase with FL concentration and decrease with lignin/HDI ratio,
whereas extremely low values of the flow index were generally observed, which is the consequence of the typical yielding behavior
found in gel-like dispersions [39-41]. Only the oleogel prepared with 20% w/w FL and 1:1 lignin/HDI weight ratio shows a different
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Fig. 7. Viscous flow curves for HDI-FL-based oleogels as a function of FL concentration and lignin/HDI ratio.
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Table 3
K and n values for HDI, IDI, TDI and MDI-FL-based oleogels.

Samples K (Pa's™ n

O30H 1170 0.08
025H 522 0.04
O20H 141 0.26
O30H2 6343 0.01
025H2 4120 0.01
020H2 70 0.01
030T 126 0.60
0301 89 0.94
O30M 14 0.91
03012 48,375 0.86
0O30M2 52 0.93

flow behavior with an exceptionally high value of the flow index, as a result of a not so extensively crosslinked-network achieved at
this concentration (see also Fig. 6).

Despite the large influence on the rheological response, FL concentration and lignin/diisocyanate ratio do not significantly affect
FTIR and TGA profiles of oleogels. Since the rheological characterization was carried out just after curing (one week after processing),
it is logical that FTIR spectra of all oleogels were very similar, since chemical composition is essentially the same in that moment.
Regarding TGA profiles, most remarkable effect is the disappearance of the first degradation peak, corresponding to free isocyanate
groups, found in FL samples (see Fig. 2), corroborating the almost complete reaction of these groups after one week of curing.
Moreover, all the oleogels show a main degradation stage with Tpay at around 379-384 °C, although the temperature range is
broadened in those prepared with FLs having 1:2 lignin/diisocyanate ratio (see Tonser and Tgipq) values in Table 2), as previously found
in NCO-functionalized methylcellulose-based oleogels [28].

3.2.3. Influence of the type of diisocyanate used as crosslinker

The comparison of the rheological response of oleogels prepared with different types of diisocyanates was carried out for 30% w/
w FL concentration and both 1:1 and 1:2 lignin/diisocyanate ratios. Chemical structure of different diisocyanates, i.e., conformational
shape, bonds and molecular size, is one of the main factors determining the rheological behavior of resulting oleogels. Briefly
described, HDI contains a small linear chain between both isocyanate groups, while the other three compounds are cyclic. TDI is an
aromatic ring with isocyanates in positions 2 and 4, IDI is a cyclic hexane with three methylene groups joined and free isocyanates
disposed in positions 1 and 3 and, finally, MDI is composed of two-phenyl rings joined by a methylene group and diisocyanates
symmetrically disposed in para position respect to the methylene group. However, despite the different chemical structures, urethane
bonds generated are similar and therefore oleogel FTIR spectra are analogous, although the evolution of isocyanate content with
curing time is different, as will be discussed more in deep in next section.

On the other hand, regarding TGA results, for completely cured oleogels, again the first peak observed in FLs was not detected.
Only one main peak centered on CO decomposition, at around 379-386 °C, with small shoulders at both sides, is evidenced in all gels
(see characteristic temperatures in Table 2). Temperature ranges for these overlapped degradation peaks are similar for all oleogels
and comprise thermal degradation of both CO and FL, also considering the chemical interaction between both of them. IDI-FL-based
oleogels show the highest loss in both shoulders, increasing as the lignin/diisocyanate ratio increases, and the smallest peak in
maximum weight loss, decreasing from 1:1 to 1:2 ratio (see Table 2).

More dramatical differences were found in the rheological responses. The evolutions of SAOS functions with frequency are
compared in Fig. 8, as a function of the type of diisocyanate employed. Oleogel containing FL with 1:2 lignin/TDI ratio was not
included since a rather heterogeneous sample was obtained, probably due to an excessive crosslinking degree achieved during lignin
functionalization. However, as can be observed, TDI-FL-based oleogel, for 1:1 lignin/TDI ratio, shows a weak gel-like behavior,
response quite close to a critical gel [42], with similar values of G’ and G”. This weak gel-like behavior may be explained attending
the size, rigidity and, therefore steric hindrance of TDI molecule, much higher than HDI, which favors lower crosslinking density. This
effect is even emphasized when using IDI and MDI as crosslinkers, resulting not really gels but liquid-like viscoelastic dispersions. In
the case of the systems containing 1:2 lignin/IDI ratio, however, a tendency to reach a crossover point between G’ and G” was
observed at high frequencies. This rheological response is probably related with a higher difficulty when bonding and also with lower
Van der Waals forces because of IDI chemical structure [14]. Supporting this, MDI, with the greater stearic hindrance, yields the
lower values of G’ and G”, being G” > G’ in the whole frequency range studied, even for the 1:2 lignin/MDI ratio.

Viscous flow measurements shown in Fig. 9 also reflect huge differences among the oleogels prepared with different
diisocyanates. In general, much lower viscosity values, several orders of magnitude, and smoother shear-thinning behavior were
found when using TDI, IDI and especially MDI as crosslinkers, in comparison to HDI-FL-based oleogels (see power-law parameters in
Table 3). For IDI and MDI, again similar responses were displayed, both oleogels exhibiting an almost completely Newtonian
behavior. Following the same tendency than that previously discussed for SAOS results, IDI-FL-based oleogel viscosity is higher than
those obtained for MDI-FL-based ones, around one order of magnitude higher for the 1:1 lignin/diisocyanate ratio. Interestingly, FL
containing 1:2 lignin/IDI ratio, provides an oleogel with exceptionally high and almost constant viscosity values, even higher than
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Fig. 8. Frequency dependence of SAOS functions for oleogels prepared with different types of diisocyanates (a) 1:1 lignin/diisocyanate ratio, (b) 1:2 lignin/
diisocyanate ratio).

those obtained for HDI-FL-based oleogels. This extremely high viscosity values are in agreement with the high G” values obtained at
high frequencies in SAOS tests. Finally, an intermediate response was obtained with TDI-FL-based oleogel, exhibiting generally higher
viscosity values, but also a lower flow index, than oleogels prepared with MDI- and IDI-based FL.

3.2.4. Curing kinetics

As explained above, FL-based oleogels undergo an internal process of curing. However, this curing process does not follow the
same kinetics for the different diisocyanates considered. As can be observed in Fig. 10, the progressive disappearance of free —-NCO
during curing, monitored through the evolution of the —NCO intensity band in FTIR spectra, is totally different for each of the
diisocyanates employed as crosslinkers. Since areas of the different bands are correlated with the concentration of functional groups
in a given sample, the decrease in intensity of the isocyanate peak with curing time is a real representation of isocyanate loss by
chemical reactions in the sample. As peak intensity and area depend on the quantity of sample added to the KBr plate or pellet, as well
as surface exposed, changes in peak values may be due not only to isocyanate reaction inside the sample. To remove that negative
effect, the area of the characteristic isocyanate band at 2270 cm ™! was considered relative to the areas of CH, groups at 2934 and
2855 cm ™', which are constant for an oleogel along the whole curing process, being the evolution of isocyanate content with time
considered proportional to Ayco/Acu, [22]. HDI-FL-based oleogels show an exponential decay of free —NCO content with curing time,
till 6-12 days after preparation when the residual free —NCO content is negligible. Similar trend was observed in IDI-FL-based
oleogels, although the initial isocyanate content is higher and the kinetics much slower, achieving the total loss of —NCO groups
during the second week or even longer in the case of the 1:2 lignin/IDI ratio. On the contrary, TDI-FL-based oleogels exhibited a quick
decay of free —NCO content, no longer than 3-4 days, which unexpectedly does not completely disappear but remain constant at a
significant level. More surprising is the behavior found in MDI-FL-based oleogels, where no decay was observed at all, being the free
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Fig. 9. Viscous flow curves of oleogels prepared with different types of diisocyanates.
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Fig. 10. Evolution of free isocyanate content with curing time for oleogels prepared with different types of diisocyanates.

—NCO content equal, or even slightly higher, to that obtained just after oleogel preparation. This means that the curing process does
not occur in fact, which explains the liquid-like rheological response obtained.

Therefore, the relationship between the loss of free —NCO groups during curing and the final oleogel rheological properties seems
to be closely related. Moreover, the evolution of isocyanate content also modifies the rheological properties along the curing process.
Since HDI-FL-based oleogels achieved stronger gel-like characteristics, these systems have been selected at a 25% w/w FL
concentration and both 1:1 and 1:2 lignin/HDI weight ratios to study more in deep the kinetics of the curing process from a
rheological point of view. Fig. 11 displays a detailed evolution of Ayco/Acy, with time for the two HDI-FL-based oleogels selected,
showing the expected initial higher values for the oleogel prepared with FL containing 1:2 lignin/HDI ratio respect to the 1:1 ratio, as
well as the exponential decay of values with curing. At the same time, SAOS measurements were performed equitably separated three
times the same day of oleogel preparation, twice the following day and once per day until 1 week. Fig. 12 displays the evolution of
SAOS functions with frequency for the oleogel prepared with the 1:2 lignin/HDI weight ratio FL sample and selected curing times,
from 2 h to one week after preparation. As can be observed, the values of the storage and loss moduli increase with curing time
predominantly during the first 24 h (Fig. 12a), which is in agreement with the evolution of free —NCO groups shown in Fig. 11.
Moreover, the loss tangent (Fig. 12b) significantly decreases during these first stages of the curing process, especially at high
frequencies, and remains almost constant after 24 h, also exhibiting a minimum which is shifted to higher frequencies with the
progress of curing, as a consequence of the achievement of a more expanded plateau region. Measurements after one and two months
were also performed to gain further insight at much longer times after completion of the curing process, roughly providing the same
results than those reported for one week (data not shown).

As the plateau region of the mechanical spectrum, more or less extended, was always detected for HDI-based oleogels, the plateau
modulus, GY, the characteristic parameter of this region in the mechanical spectrum, which can be straightforwardly estimated as
[43]:
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Fig. 11. Evolution of free isocyanate content with curing time for 25% HDI-FL-based oleogels (a) 1:1 lignin/diisocyanate ratio, (b) 1:2 lignin/diisocyanate ratio).
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Fig. 12. Evolution of SAOS functions with curing time for O25H2 sample.

Gy = [G'Lan 5 minimum 3)
has been selected to analyze and model the curing kinetics. Moreover, since the loss tangent is not substantially affected by the curing
process after 24 h, the whole SAOS mechanical spectrum may be determined from G°y values. Fig. 13 shows the evolution of the
normalized plateau modulus, being G0 and G%... the values of the plateau modulus at time zero after oleogel preparation, and for
the totally cured oleogel, respectively. For the HDI-FL-based oleogel containing 1:1 lignin/HDI ratio, a rather fast increase in the
values of SAOS functions was obtained during the first day after processing, achieving a maximum value at around 20-30 h of ageing,
still remaining approximately 25-30% of the initial free isocyanate content. However, unexpectedly, once this maximum value was
reached, G’ and G” values decreased for the following two days and finally a slight increase was observed after one week, remaining
constant further on, as illustrated in Fig. 13. This evolution may be explained considering two contrary effects, on one hand the
strengthening of the oleogel sample as the crosslinking degree increases through the formation of new urethane bonds chemically
bonding FL and CO, and on the other hand, the relaxation of the gel network as a consequence of the non-physical equilibrium during
the progress of the chemical reaction [44]. During the first hours, chemical reaction kinetics has much more importance on the
rheology than any relaxation process, as free —NCO groups concentration is still high (see Fig. 11). However, after one day, available
free —=NCO groups have significantly diminished its concentration, and relaxation of the oleogel network gains more importance in
detriment of the effect of crosslinking formation. Finally, the equilibrium is achieved once isocyanate content was negligible. On the
other hand, the oleogel containing a 1:2 lignin/HDI ratio exhibits a different behavior. Even when both mentioned processes come
about at the same time, isocyanate concentration is much higher than for the 1:1 lignin/HDI ratio, resulting a more extensively
crosslinked network which dampens structural relaxation. Thus, the values of the SAOS moduli progressively increase after oleogel
preparation, achieving the maximum value at longer times, approximately coinciding with the equilibrium, as a consequence of the
higher amount of residual free —NCO groups, which obviously need more time to react completely (see Fig. 11).

The evolution of the plateau modulus with the curing time has been modeled for oleogels containing 25% w/w FLH and FLH2,
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Fig. 13. Evolution of the normalized plateau modulus with curing time and fitting to Eq. (4).
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Table 4
Eq. (4) fitting parameters for oleogels containing 25% w/w FLH and FLH2.

Sample GReo (Pa) GR.. (Pa) B(h™H A ky (h™1) ko (™1 R?
1:1 21 4015 8.0 E-4 250 0.0805 0.0813 0.83
1:2 65 80,379 7.4 E-4 3 0.0953 0.0946 0.92

i.e., 1:1 and 1:2 FL/HDI ratios, using a modified consecutive-reaction kinetic equation:

GI‘\;_G;\;—() =B kl
GY G0 . K ok
— o0 'N-0 27K

l)-(A-e’k'"—(A—l)-e’kl") +1

[C)]
which takes into account both internal processes during curing, i.e., the strengthening according to isocyanate loss through the
kinetic constant k; and structural relaxation through constant k,, where A and B are fitting parameters considering the relative
weight of both exponential terms and the absolute values of the normalized plateau modulus, respectively. As shown in Fig. 13,
reasonable good fittings were obtained in both cases (see fitting parameters in Table 4).

4. Conclusions

Lignin, a promising renewable and residual polymeric material in the paper industry, has been successfully tested, along with
diisocyanate crosslinkers, as gelling agent in a castor oil medium by applying a two-step oleogel preparation protocol which
comprises firstly the lignin functionalization and secondly the formation of bio-based polyurethanes with gel-like characteristics by
combining the functionalized lignin with castor oil. Time-temperature processing conditions influence oleogel formation and related
rheological properties. A high processing temperature (70 °C) shortens oleogel preparation by accelerating the formation of new
urethane linkages between the functionalized lignin and castor oil, but however yields a weak gel-like response. Oleogel rheological
properties can be modulated by modifying the functionalized lignin concentration or the lignin/diisocyanate ratio in the
functionalization reaction, thus varying the crosslinking density afterwards.

The chemical structure of the diisocyanate compound used as crosslinker dramatically influences oleogel rheological properties.
Thus, IDI and especially MDI produce liquid-like viscoelastic dispersions, in contrast to the strong gel-like characteristics found in
HDI-based oleogels, whereas an intermediate response was observed for TDI-based oleogels.

The evolution of free isocyanate content during curing, i.e., after oleogel preparation, is also influenced by the type of
diisocyanate, showing an exponential decay for HDI and IDI, and small variation for TDI and MDI. The kinetics of this curing process
has been analyzed from a rheological point of view and explained as two different processes occurring simultaneously, the
strengthening of the samples by the formation of new urethane linkages and the gel network structural relaxation. A modified
consecutive-reaction kinetic model has been proposed to describe the evolution of the plateau modulus with curing time.
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This work presents a comprehensive study on the influence of processing variables (temperature,
agitation speed) and type of diisocyanate crosslinker on the rheological properties of liquid and gel-like
polyurethane formulations based on lignin and castor oil. With this aim, a green and facile one-step
preparation protocol which avoids the use of any harmful catalyst or solvent was proposed. Different
processing temperatures (25, 45, 70 °C), stirring speeds (23, 70, 140 rpm) and kinds of diisocyanates
(hexamethylene diisocyanate, and toluene diisocyanate) were selected to process the different bio-
sourced polyurethane samples. These processing variables have proven to be crucial to modulate and
control the rheological (viscous and viscoelastic) properties, and curing kinetics after processing, due to
the different chemical structures achieved that were elucidated by means of Fourier-transform infrared
spectroscopy and differential scanning calorimetry. In general, a low processing temperature and low
stirring speed favour the achievement of gel-like characteristics and/or the formation of highly viscous
polyurethanes, as a consequence of a higher number of total hydrogen-bonded carbonyl groups, ure-
thane/urea ratio and ratio of hydrogen-bonded/non-bonded urethane and urea linkages. Besides, the
selected one-step process, in comparison with the reported two-step process, provides polyurethanes
with similar rheological characteristics by significantly reducing the isocyanate content. Finally, lignin

Solvent-free synthesis

was demonstrated to act as an effective filler agent increasing the values of the viscoelastic moduli.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The increasing interest in the development of harmless and
renewable materials has driven research into bio-based poly-
urethanes over the last few decades. As well-known, the most
widely synthetic approach to industrially produce polyurethanes
(PUs) is the polycondensation reaction between polyols and poly-
functional isocyanates. This classical method allows to obtain PUs
with a wide range of properties which match an extensive variety
of applications such as adhesive (Diez-Garcia et al., 2020; Tenorio-
Alfonso et al., 2019), coating (Lei et al., 2020; Liang et al., 2019),
construction (Zhou et al.,, 2016), energy storage (Lu et al., 2020) or
sound absorption (Caniato et al., 2020) materials. In particular, bio-

* Corresponding author. Departamento de Ingenieria Quimica, ETSI. Campus de
“El Carmen”, Universidad de Huelva, 21071, Huelva, Spain.
E-mail address: franco@uhu.es (J.M. Franco).

https://doi.org/10.1016/j.jclepro.2020.123367
0959-6526/© 2020 Elsevier Ltd. All rights reserved.

based liquid-like and gel-like PUs have been proposed as efficient
alternatives for replacing traditional lubricating oils and greases.
Thus, in previous studies, lignin (Borrero-Lopez et al, 2018),
lignocellulose (Gallego et al., 2015a) and cellulose derivatives
(Gallego et al., 2015b) were tested as thickening agents in oily
media. Some chemical components employed in the manufacture
of PUs, i.e. raw materials, catalysts and solvents, may cause envi-
ronmental problems as they are mainly derived from non-
renewable petroleum resources (Visanko et al., 2017). Diverse
strategies for the substitution of non-renewable raw materials by
renewable resources have been explored to minimize the effect
that these products and associated process technologies, affecting a
variety of industrial sectors, could provoke in the environment. For
instance, Calvo-Correas et al. (2015) developed thermally respon-
sive and shape-memory polymers using only biomaterials such as
castor oil, corn sugar and lysine. Castor oil and lignin without using
solvent or catalyst involved were applied by Cassales et al. (2020)
for film formation. Macocinschi et al. (2009) exploited cellulose
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possibilities to enhance biocompatibility and adhesive properties in
biomedical applications of PUs. Santan et al. (2018) also utilized
castor oil as the main component for the performance of solvent-
and catalyst-free adhesives at room temperature. On the other
hand, a completely different approach was targeted by Strachota
et al. (2008), which tested environmentally friendly catalysts for
polyurethane formation. Among the different renewable resources,
lignin is a highly-branched aromatic biopolymer, in most cases
considered as a residue and frequently used as a low-valuable fuel
in co-generation processes (Lettner et al., 2020), which is able to
form networks where other compounds can physically or chemi-
cally interact or be confined due to several functional groups
available in its chemical structure. On the other hand, castor oil is
considered as an important renewable material, with huge possi-
bilities in different industrial sectors and chemical applications
(Mutlu and Meier, 2010), mainly as a consequence of its very
interesting and particular properties such as high viscosity, good
performance at low temperature and availability of free hydroxyl
groups which may represent reactive sites and let hydrogen bonds
be formed (Tran et al., 1997).

Attending the crosslinking properties of diisocyanates, an easy
and straightforward chemical reaction between them and the hy-
droxyl groups available in both lignin and castor oil is expected,
resulting in extensive and entangled networks (Tran et al., 1997). As
well known, the chemical structure of diisocyanates influences the
—NCO group reactivity (Sonnenschein, 2015). Thus, for instance,
hexamethylene diisocyanate (HDI) shows the same reactivity for
both isocyanate groups, while in tolylene diisocyanate (TDI), reac-
tivity is highly influenced by the position of the —NCO group, being
much more reactive the 2,4 diisocyanate than the 2,6 diisocyanate
(Randall and Lee, 2003), where some isocyanate groups could be
hindered (Borrero-Lopez et al., 2017). Nevertheless, TDI, due to its
aromatic character, possesses a higher reactivity compared to
aliphatic diisocyanates like HDI (Hablot et al., 2008). Moreover, as a
result of the chemical and morphological versatility, processing
variables and conditions are crucial on polyurethanes developing,
especially considering the different possible competitive and/or
concurrent chemical reactions (formation of urethanes, ureas, car-
bodiimides, allophanates, biurets, etc.) and network arrangements
that can be deeply influenced by temperature, agitation or shear
and moisture conditions, among other factors. In this way,
Raghunanan et al. (2018) demonstrated rheological properties to be
highly dependent on humidity conditions. Furthermore, Zimmer
et al. (2017), supported these results by studying dry-curing con-
ditions in long-term analyses. The reactivity of isocyanate groups
also depends on the electronegativity and steric hindrance of the
other reactive group, being always higher for amines and equal for
water and primary alcohols, as examples (lonescu, 2005). Besides,
not only chemical but physical interactions need to be carefully
considered in elucidating PU structure, as hydrogen-bonding has
demonstrated to possess a substantial effect on the macroscopic
properties of polyurethanes (Yang et al., 2006). For all these rea-
sons, PUs can lead to unexpected properties regarding different
manufacturing processes and/or processing conditions, even when
the same reagents and proportions are used. There are plenty of
works reporting different processing conditions in the PUs syn-
thesis, such as different solvents (toluene (Borrero-Lopez et al.,
2017), THF (Nacas et al.,, 2017), DMF (Suhas et al., 2014), pyridine
(Cheradame et al., 1989)), catalysts (triethylamine (Gallego et al.,
2015a) and DBTDL (Hablot et al., 2008)) or steps (one (Lu et al.,
2002) or two (Jeong et al.,, 2013)). Furthermore, structural, ther-
mal and mechanical properties of PUs have been suggested to
depend on them (Hablot et al., 2008), however, no in-depth sys-
tematic studies have been performed until now.

Some previous works have been carried out on the NCO-

functionalization of lignocellulosic materials and further disper-
sion in castor oil to achieve oleogels, foams and solid-like systems,
thus involving a two-step protocol. Gallego et al. (2015a) studied
different lignocellulosic fractions obtained either from different
treatments or from different origins, whereas in Borrero-Lopez
et al. (2017) kraft lignin was used as polyol, in both cases for
lubricant applications. On the contrary, Zhang et al. (2015) were
able to produce solid PU composites through the combination of
lignin modified with octadecyl isocyanate and a soybean-and-
castor oil vegetable oil mix with enhanced dielectric and me-
chanical properties. Gomez-Fernandez et al. (2017) instead per-
formed flexible polyurethane foam formulations by NCO-
functionalizing lignin and mixing with a castor oil derived polyol.
Despite the two-step protocol prevents randomness in the chemi-
cal reaction of the different polyols, some drawbacks such as the
use of solvents in the first functionalization step cannot be avoided.
The target of the present work was to study the influence of pro-
cessing variables such as temperature and agitation speed on the
thermo-rheological properties of liquid and gel-like polyurethane
formulations based on renewable materials like castor oil and
lignin as a source of polyols. With this aim, following the principles
of process intensification, a simple one-step process, free of any
harmful catalyst or solvent, was selected. Moreover, aliphatic (HDI)
and aromatic (TDI) diisocyanates were employed to assess the role
of the crosslinker molecular structure and reactivity on the pro-
cessing conditions, further curing of these bio-based PUs and their
influence on the rheological properties.

2. Materials and methods

In this section, the materials employed to prepare the bio-
sourced polyurethanes are described thoroughly as well as the
processing methods and conditions and the characterization
techniques.

2.1. Materials

The alkali lignin and the diisocyanates used in this work (HDI,
98% purity, and TDI, 80% isomer 2,4-TDI, 99% purity) were pur-
chased from Sigma-Aldrich. Castor oil was supplied by Guinama
(Spain). Fatty acid composition and main physical properties can be
found elsewhere (Quinchia et al., 2010).

2.2. Processing of castor oil/lignin-based polyurethanes

Processing of castor oil/lignin-based polyurethanes was carried
out in situ in an ARES controlled-strain rheometer (Rheometric
Scientific, UK) equipped with a forced convection oven as tem-
perature controller and a mixing geometry comprising a rotational
anchor impeller and a 60 mL cylindrical vessel (schematic picture
and dimensions included in Fig. S1 of supporting information).
Different processing temperatures (25, 45 and 70 °C) and agitation
speeds (23, 70, 140 rpm) were applied whereas 24 h was fixed as
processing time. All components were added simultaneously in
batches of 30 g, selecting 70 and 75 wt% castor oil concentration for
HDI- and TDI-based PUs, respectively. The remaining percentage
corresponded to the other two components which were generally
added in lignin/diisocyanate weight ratios of 1/0.5 and 1/0.76, for
HDI- and TDI-based PUs, respectively. In this way, the amount of
TDI was recalculated taking into account its molecular weight, as
explained elsewhere (Borrero-Lopez et al., 2017), to maintain the
same free —NCO molar content in the whole sample. For the sake of
comparison, other PUs were also prepared using other lignin/dii-
socyanate ratios or without lignin, just replacing this with the
corresponding amount of castor oil. Table 1 collects the different PU
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Table 1

Nomenclature, components, concentrations and processing conditions for the PU samples studied.

Sample code Diisocyanate Qil concentration (%) Lignin/diisocyanate ratio (w/w) Stirring (rpm) Temperature (°C)
H25 HDI 70 1/0.5 70 25
H45 HDI 70 1/0.5 70 45
H70 HDI 70 1/0.5 70 70
H25-140 HDI 70 1/0.5 140 25
H45-23 HDI 70 1/0.5 23 45
T25 TDI 75 1/0.76 70 25
T45 TDI 75 1/0.76 70 45
T70 TDI 75 1/0.76 70 70
H25 (1/1) HDI 70 171 70 25
H25 (1/0.75) HDI 70 1/0.75 70 25
H25-lignin free HDI 90 - 70 25
H25 (1/1)-lignin free HDI 85 - 70 25
T25-lignin free TDI 89.21 - 70 25
H25TS(1/1)* HDI 70 11 70 25
H25TS(1/2)* HDI 70 12 70 25
T25TS(1/1)* TDI 70 11 70 25

2 Samples prepared using a two-step protocol (from Borrero-Lopez et al., 2017).

samples prepared using the different processing conditions, types
of diisocyanate and lignin/diisocyante weight ratios. After pro-
cessing, samples were maintained under environmental conditions
to study the curing process.

2.3. Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra were obtained using a JASCO FT/IR 4200 (Jasco inc.
Japan) apparatus in a 400 to 4000 cm~' wavenumber range, at a
resolution of 4 cm ™, in the transmission mode. A small drop of the
different PU samples was placed between two KBr disks (32 x 3
mm?) to acquire the FTIR spectra.

2.4. Differential scanning calorimetry (DSC)

DSC measurements were carried out using a Q-100 calorimeter
(TA Instrument Waters, USA). Curing evolution was assessed by
applying temperature ramps from —80 °C to 200 °C at 10 °C/min
under inert nitrogen atmosphere. Both glass transition tempera-
tures of hard and soft segments were obtained, once the systems
were fully cured (no free isocyanate available), in the second
heating ramp from —80 to 200 °C in order to eliminate the thermal
history of the sample (Sanchez et al., 2014).

2.5. Rheological characterization

Rheological characterization was performed in an ARES
controlled-strain rheometer (Rheometric Scientific, UK). The vis-
cosity evolution with reaction time was followed up for 24 h during
the processing of castor oil/lignin-based PUs, using the previously
described mixing geometry and applying the principles of the
mixing rheometry technique (Ait-kadi et al., 2002; Franco et al.,
2005). After processing, several different tests were performed
using serrated plate-plate geometries (25 and 50 mm diameters
and 1 mm gap). Small-amplitude oscillatory shear (SAOS) tests,
inside the linear viscoelastic regime, were carried out from 100 to
0.03 rad/s at different temperatures (from 25 to 100 °C) several
days during curing and once the sample was fully cured. Oscillatory
strain sweep tests, at a frequency of 1 rad/s, were previously per-
formed to determine the linear viscoelastic range. On the other
hand, viscous flow measurements of the final products, i.e. once the
curing process was totally accomplished, were carried out by
applying an increasing stepped shear rate ramp from 0.01 to 100
s~1, at 25 °C. All rheological tests were replicated at least twice.

3. Results and discussion

This section includes detailed description of the results obtained
with regard to monitoring of the one-step processing protocol,
analysis and understanding of the curing process, rheological
response of the bio-based polyurethanes, FTIR structural analysis
and the comparison with formulations obtained by applying a two-
step processing protocol and lignin-free systems.

3.1. In situ viscosity monitoring during processing

Fig. 1a and b shows the in situ follow up of viscosity evolution for
the incipient castor oil/lignin-based PUs, using HDI and TDI as
crosslinkers, respectively, during their processing in the rheo-
reactor, as a function of temperature and agitation speed. As can
be noticed, the modification of processing conditions, i.e. process-
ing temperature and agitation speed, allows to obtain different
control of the viscosity. Generally, the viscosity increases during
processing as a consequence of the occurrence of the different re-
actions (Arnold et al., 1957), however, PU samples studied exhibited
diverse trends in the evolution of viscosity above 300—400 min,
depending on the processing conditions. With respect to HDI-
containing samples, the viscosity values of incipient PUs pro-
cessed at 70 rpm and 45 °C and, especially, 70 °C exceeded those
found for sample H25, manufactured at 25 °C, during a significant
part of the processing, despite the reciprocal influence of temper-
ature on viscosity. Moreover, only the H70 sample achieved a
constant viscosity value within the 24 h-process (Fig. 1a). The
higher viscosity values observed when increasing processing
temperature are due to the more pronounced initial increase, as a
consequence of the boosted reactivity of the diisocyanates with
temperature. This trend was observed by Abushammala (2019)
when treating cellulose nanocrystals with TDI, whereas Ando
(1993) observed similar tendencies when working with 4,4’-dii-
socyanatodiphenylmethane (MDI). Hablot et al. (2008) also ob-
tained similar results working with castor oil and TDI, HDI and
isophorone diisocyanates. In fact, the constant values finally ach-
ieved for H70 suggest no longer free isocyanate available due to the
fast kinetics. On the other hand, significantly lower and higher
viscosity values were obtained by increasing and decreasing the
stirring speed, respectively, which is also a consequence of the
shear thinning character of these samples, as discussed below.
Apart from the effect of shear intensity on the viscosity of a non-
Newtonian reacting mixture, the increasing agitation speed fa-
vours the contact between the three components facilitating both
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Fig. 1. Viscosity evolution during processing at different temperatures and agitation speeds for a) HDI- and b) TDI-based PUs.

urethane and urea formation (Navarchian et al., 2005), the last one
promoted by the incorporation of a certain amount of air and
moisture. Nonetheless, a higher agitation can also produce different
rearrangements which may affect hydrogen-bonding and final
structuration of the urethane and urea chains, which had already
shown to be affected by temperature (Teo et al., 1997). Regarding
the type of diisocyanate crosslinker, as a consequence of the much
higher reactivity of TDI, higher initial slopes of the viscosity vs. time
plots, i.e. higher viscosity increments at short reaction times, were
found for TDI-based systems at all temperatures compared to their
counterparts containing HDI (Fig. 1b). Furthermore, for the same
reason, both samples processed at 45 and 70 °C tended towards a
plateau in viscosity values relatively soon in this case.

3.2. Study of the curing process

Several samples studied, as inferred from the evolution of the
viscosity values during processing, did not achieve the final struc-
ture just after completion of the processing treatment and, on the
contrary, they require from several days to around one week, i.e. a
subsequent curing process, to obtain the ultimate rheological
properties. This fact is predominantly a consequence of the free-
isocyanate groups still present in the matrix, which are able to
react further at room temperature until their complete disappear-
ance. Fig. 2, which shows the FTIR spectra of both HDI- and TDI-
based formulations (H25 and T25, respectively) taken one day
and seven days after processing, illustrates this evolution. As can be
observed, there is still a significant amount of free —NCO groups
one day after processing, which is easily detected by the absorption
band centred at around 2270 cm™ . This band is much more intense
in H25, as expected. However, after one week of curing, no free
isocyanate was detected in both systems. Furthermore, as can be
seen, at around 3330 cm ™, a narrow band overlapped to the wide
absorption band centred at 3400 cm ™, corresponding to hydroxyl
groups, appears with the progress of curing. This band, attributed to
N—H stretching vibration, confirms the urethane and urea forma-
tion (Borrero-Lopez et al., 2017). Another band which also supports
the occurrence of these reactions is that found in the range of 1745
to 1600 cm ™!, corresponding to the stretching vibration of carbonyl
groups in different chemical environments and/or components, i.e.,

free (non-hydrogen-bonded) carbonyl groups in castor oil tri-
glycerides and those free or hydrogen-bonded carbonyl groups in
urethane and urea segments (Tenorio-Alfonso et al., 2019).

On the other hand, the curing process can also be quantitatively
monitored taking into account the intensity of the free isocyanate
absorption peak normalized with the methylene absorption bands
at both 2934 and 2855 cm™!, which must remain unaltered during
the whole curing process (Cateto et al., 2008). For the sake of
comparison and deeper insight, DSC tests have also been used for
this purpose. In the samples studied, as can be illustrated for a
selected formulation (H25-140) 24 h after processing (see Fig. S2 in
the supporting information), an exothermic peak at around 130 °C
and 140 °C for TDI- and HDI-based samples respectively, is
observed. This thermal event has been associated with the
temperature-promoted curing reactions of still-available —NCO
groups (Bina et al., 2004) and therefore becomes less significant
with the progress of curing, totally disappearing after completion of
the process. The enthalpy of this thermal event has been tradi-
tionally considered a measurement of the amount of the remaining
free isocyanates in the matrix. Both sets of data have been collected
and displayed in Fig. 3 as a function of the curing time. As can be
observed, both DSC and FTIR results evidenced a very similar trend,
demonstrating their robustness and usefulness. Dashed lines in
Fig. 3 are plotted to indicate the end of the processing in the rheo-
reactor. As can be seen, the available —NCO content decreased with
time, with different kinetics depending on the processing variables.
For instance, it can be shown that the induced agitation during
processing favours the reaction of —NCO groups, whereas once the
mixing process was finished, the evolution of free —NCO groups
changed to a less pronounced trend. This fact can be clearly noticed
in H25 and H25-140 samples, where much slower kinetics is
observed once the processing conditions have been withdrawn.
Moreover, analysing different stirring speeds, it is apparent how an
increase in this processing variable led to lower values of free —NCO
content because of the occurrence of faster reactions, as shown for
the H25-140 sample as compared with H25. However, no signifi-
cant differences were found in H45—23 and H45 samples, probably
because of the influence of the higher processing temperature. On
the other hand, as expected, higher processing temperatures pro-
mote a sharper decay of free —NCO content. Finally, faster curing
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Fig. 3. Evolution of free isocyanate during curing monitored using FTIR and DSC. Vertical dashed lines are included to separate processing (left) to the curing process (right).

kinetics of TDI-based samples compared to HDI-based samples is

again evidenced.

3.3. Thermo-rheological behaviour

During the curing process, it is also noticeable the change
observed in the rheological response of the PU samples. Fig. 4

shows the evolution of SAOS functions (the storage, G’ and the
loss, G”, moduli, respectively) of two selected HDI- and TDI-based
samples, at several temperatures and different curing stages (1
and 7 days after processing). On the one hand, a dramatic increase
of almost two decades in the values of both SAOS functions can be
observed for H25 sample at 25 °C as a consequence of curing,
whereas this increase is almost negligible for T25 sample, since
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respectively. (M 25 °C, @ 50 °C, A 75°Cand ¥ 100 °C).

curing is almost completed one day after processing. On the other
hand, a reduction in both G’ and G” should be observed for these
isocyanate-based gel-like dispersions when increasing tempera-
ture (Gallego et al., 2015a). However, this fact only happens for
totally cured samples (Fig. 4c and d) whereas for shorter curing
times (Fig. 4a and b), an increase in SAOS functions with temper-
ature is evidenced as a consequence of the free —NCO still available,
being this effect much more noticeable for the HDI-based sample,
which exhibited values at 100 °C up to one decade higher than
those observed at 25 °C. On the contrary, as TDI-based samples
have much less free —NCO content available after one day of curing,
the temperature-induced changes of SAOS functions are not so
relevant. Moreover, this temperature-promoted effect on the SAOS
functions found on the first day of curing does not only affect the
values of these functions but also the frequency dependence,
indicating the achievement of different internal structures. For H25,
the crossover between G’ and G” found at intermediate frequencies
at 25 °C, was not detected at higher temperatures, during the first
day of curing (Fig. 4a). However, this crossover is apparent at 50 and
75 °C in the naturally cured sample (Fig. 4c), which reflects the
different gel strength achieved depending on the curing conditions.
A higher curing temperature may favour secondary reactions,
leading to a higher proportion of urea bonds (Han et al., 2008), thus
resulting in a more developed plateau region, as it was also
demonstrated when modifying humidity conditions during curing
(Raghunanan et al., 2018).

Concerning the thermo-rheological behaviour of the completely
cured formulations, it is apparent for H25 how SAOS functions
decrease by increasing temperature, but the overall microstructural
pattern remains the same, as deduced from the same frequency
dependence of the viscoelastic functions (Fig. 4c). However, T25
sample does not undergo the same thermo-rheological response. A

shift in the plateau region to higher frequencies was detected by
increasing temperature together with a decrease in the values of
viscoelastic moduli (Fig. 4d), yielding a softening of the structure,
thus suggesting a thermo-rheological simplicity.

The application of the time-temperature (t-T) superposition
principle is illustrated in Fig. 5 for all completely cured samples
studied in order to obtain a generalized rheological response.
Excepting H25, as a consequence of the already mentioned thermo-
rheological response, all the PU samples can be considered thermo-
rheologically simple materials, similarly to that found in other
isocyanate-based materials (Tenorio-Alfonso et al, 2019). The
selected reference temperature in all these master curves was
25 °C. Several important remarks on the effect of processing vari-
ables on the PU rheological response can be deduced from these
plots. The stronger gel-like responses were found at low processing
temperature (25 °C), for both HDI- and TDI-based PUs, probably
due to longer PU chains formed (Ando, 1993). However, H25 does
not follow the t-T superposition principle, especially at tempera-
tures lower than 75 °C, which have already been reported for large
block polyurethanes due to microphase separation at those tem-
peratures (Velankar and Cooper, 1998). In addition, a higher degree
of microphase separation at relatively low NCO:OH ratios in bio-
based PU adhesives has been directly related with the non-
application of the t-T superposition principle as a consequence of
the lower thermodynamic compatibility (Tenorio-Alfonso et al.,
2019). As well-known, the degree of phase separation in PUs is
strongly related to the glass transition temperatures of the soft
(Tg,ss) and hard (Tgns) segments, resulting in higher values of Tg Hs
for higher compatibility between both microphases (Tenorio-
Alfonso et al.,, 2019). In this respect, DSC tests performed on the
PUs studied allow to conclude that H25 is the one with the lowest
Tgus (around 56 °C, see Table 2). On the contrary, HDI-based PUs
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Fig. 5. Time-temperature superposition master curves of PU samples studied. (M 25 °C, ® 50 °C, A 75 °Cand ¥ 100 °C).

Table 2
Pre-exponential factors and activation energies for the superposition shift factors
(eq. (1)) and glass transition temperatures of soft (SS) and hard (HS) segments.

Sample Ar Ea (kj/mol) Tgss (°C) Teus (°C)
H25 - - -52 56
H25-140 1.41E-11 61.46 -53 82
H45 8.94E-08 39.70 -50 82
H45-23 3.54E-09 47.66 —49 89
H70 5.72E-12 62.87 =51 87
T25 4.05E-18 99.39 —45 74
T45 2.94E-12 65.57 —43 80
T70 1.15E-15 84.46 —45 72

processed at higher temperatures showed liquid-like responses.
For instance, increasing the processing temperature to 45 °C fav-
oured liquid-like properties, although some soft gel-like charac-
teristics are again evidenced by further increasing processing
temperature to 70 °C. Moreover, a high processing stirring speed
(i.e. 140 rpm) also leads to liquid-like behaviour, resulting in values
of the linear viscoelastic moduli slightly higher than those found
when applying 70 rpm at 45 °C, demonstrating that the application
of different temperatures and stirring speeds actually leads to
diverse structural orders. Finally, softer gels were obtained when
processing TDI-based systems at 45 and 70 °C compared to the
relatively strong gel obtained at 25 °C. In fact, very similar almost
critical gel behaviours were obtained at these two processing
temperatures, being the T70 sample slightly stronger (i.e. closer

values of G’ and G”), similarly to what happened with HDI systems.
The evolution of the shift factors (ar) applied to obtain the

master curves with temperature is shown in Fig. 6. In all cases, an

Arrhenius-type equation describes fairly well this evolution:

ar=Ar-e (1)

where R is the ideal gas constant (8.314 ) mol ' K 1), T the absolute
temperature (K), Ty is the reference temperature (K), A is the pre-
exponential factor and E, is the activation energy (J-mol~!). The
values of the pre-exponential factor and the activation energies
resulting from the fittings to eq. (1) are collected in Table 2. The
lowest values of E, correspond to the samples processed at 45 °C,
i.e., the most liquid-like ones, which highlights the lower temper-
ature dependence of non-highly structured materials (Velankar
and Cooper, 1998). Besides, TDI-based samples generally show
higher thermal susceptibility, i.e. higher E, values, than HDI-based
samples. On the other hand, slightly higher values of E; were ob-
tained by decreasing stirring speed.

Most of the bio-based polyurethanes processed can be catego-
rized as liquid-like or weak gel-like systems. A modification of the
power-law equation (Gabriele et al., 2001) widely used for weak
gels, as for instance in fields such as lubrication (Cortés-Trivino
et al, 2017) or tissue regeneration (Munarin et al, 2014), can be
applied to describe the evolution of the complex modulus with
frequency for the PU systems studied:
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04 Fig. 7 shows the evolution of G* with frequency and fittings to
eq. (2) for all the systems studied, considering the time-
-1+ temperature superposition. As can be seen, G* for those disper-
sions exhibiting weak gel-like characteristics, i.e. almost critical
21 gels, or liquid-like responses, follows a linear evolution in log-log
.34 plots, which can be well fitted to eq. (2) being b = 0. However,
Py those samples with stronger gel-like properties depict a non-linear
o 4 trend in the wide frequency range studied, which can be fitted to
= ® H25-140 eq. (2) for b = 1. For the sake of comparison, the fitting for H25 was
= 5 A H45 also shown, not including G* values at 25 °C. Table 3 collects the
64 : :‘7‘2'23 values of eq. (2) fitting parameters for all the PU samples studied. As
<« T25 can be seen, an increase in processing temperature, from 45 to
-74 > T45 70 °C, results in slightly higher values of both A and n parameters
e T70 for both HDI- and TDI-based samples, as a consequence of the
68'0026 0.0|028 0_0630 0.0|032 0.0'034 aforementioned structural change favoured at 70 C Ar} irtncrease in
both parameters was also observed when processing stirring speed
1/Temperature (1/K) was reduced. When comparing both types of diisocyanates for 45

Fig. 6. Values of the superposition parameter (ar) for PUs obtained by applying
different processing conditions.

G =A- (b + lul/'n>

where G* is the complex modulus,  is the angular frequency (rad/
s), A gives an idea of the gel strength or sample consistency, n is a
power-law exponent, and b takes the values of 0 and 1, for liquid-
like and gel-like systems, respectively.

(2)

and 70 °C processing temperatures, TDI-based samples yielded
higher values of both parameters because of its inherent structure,
which has already shown to provide more rigid networks (Hablot
et al, 2008). Pandya et al. (1986) associated this effect to the
direct bonding of the —NCO group to the aromatic ring.

In an attempt to quantify the effect of processing parameters on
the rheological properties of the PUs studied, parameters A and n
obtained from the fitting to eq. (2) were intended to be correlated
with processing temperature and stirring speed. As both temper-
ature and stirring speed have been modified in the processing of
PUs, simultaneously affecting the rheological response, both
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Fig. 7. Evolution of the complex modulus (G*) with frequency resulting from the time-temperature superposition for PU samples.
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Table 3
Values of A, n and b parameters resulting from the fitting to eq. (2).

Samples A (Pa-rad-s'/™) b n R?

H25 793 1 177 0.959
H45 179 0 0.98 0.994
H70 227 0 1.16 0.960
H25-140 427 0 1.13 0.999
H45-23 320 0 1.05 0.998
T25 1182 1 147 0.995
T45 229 0 1.10 0.947
T70 325 0 138 0.995

variables have been combined in one single parameter which
considers the severity of processing conditions:

(1-100)
S=N-e v 3)
This equation is a modified version of the severity concept used in
the pulping treatment of lignocellulosic materials which takes into
account the effect of time and temperature together (Overend and
Chornet, 1987). In eq. (3) S is the severity of processing conditions,
N is the stirring speed, in rpm, included instead of the processing
time, T is the processing temperature, in Celsius degrees, and ¢ is a
constant established for the treatment of lignocellulosic materials
(value 14.75).

Fig. 8 shows how A and n parameters evolve with the severity
parameter for both HDI- and TDI-based PUs. From this plot, it is
clearly deduced that increasing processing severity values up to
around 2 reduced the values of both A and n parameters while
higher values produce again an increase in both of them, basically
as a consequence of the above-mentioned effect of processing at
70 °C.

3.4. Viscous flow behaviour

Fig. 9 shows the viscous flow response of the different PU sys-
tems, which was likewise affected by processing conditions. Thus,

an increase in processing temperature from 25 to 45 °C or in the
stirring speed led to a reduction in both the viscosity values, in
most of the shear rate range studied, and the shear-thinning
character, an effect which was reverted when processing at 70 °C.
Thus, as a consequence of the more pronounced shear-thinning
character, the viscosity of the H25 sample, at high shear rates
(above 10 s71), was lower than those observed for H25—140 or H45.
A similar trend was observed for TDI-based samples. When
comparing both diisocyanates, viscosity values were generally
higher and the shear-thinning character more pronounced for TDI-
based PU systems. These results highlight again the influence of the
diisocyanate on the PU rheological properties. Thus HDI, being a
linear diisocyanate, is known to generate more ordered structures
under the same conditions than TDI, as Suhas et al. (2014)
demonstrated by means of X-ray diffraction, while hardness and
opacity tests allowed Pandya et al. (1986) to reach similar conclu-
sions. Therefore, the structuration can lead to the viscoelastic
properties already mentioned, however, once the system starts to
flow, the rigidity of the TDI molecule may play a more significant
role, raising viscosity values instead (Hablot et al., 2008). The
viscous flow responses obtained were found to fit fairly well the
power-law model described hereafter:
n=K-4""! )
where K and m are the consistency and flow indices, respectively.
Both parameters for all the systems studied have been included in
Table 4, which support the statements previously discussed.

3.5. FTIR-based structural analysis

Processing variables have demonstrated to play a crucial role in
the properties of liquid and gel-like PUs studied, which is logically
the consequence of different chemical structures achieved during
the reaction. As well-known (Chattopadhyay and Raju, 2007;
Raghunanan et al.,, 2018), at low temperatures urethane and urea
are the two main linkages than can be formed in the isocyanate
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Fig. 8. Influence of processing conditions quantified in the severity parameter (eq. (3)) on A & n for HDI- (M) and TDI-samples (@®).
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Fig. 9. Viscous flow measurements, at 25 °C, for PUs obtained by applying different processing conditions.

Table 4

K and m values resulting from the fitting to eq. (4).
Sample K (Pa-s™) m
H25 1614 033
H45 387 0.96
H70 641 0.73
H25-140 261 0.96
H45-23 522 0.91
T25 3806 0.01
T45 699 0.69
T70 1313 0.34

nucleophilic attack by the hydroxyl groups in a castor oil medium,
which can be promoted and arranged in several ways depending on
processing and reaction conditions, resulting in different hydrogen
bonding. FTIR spectra have been obtained and used to elucidate the
diverse bonds of the carbonyl groups present in these urethane and
urea linkages (Yang et al.,, 2006). With this aim, the spectra were
then submitted to a mathematical self-deconvolution procedure
which enables the determination of intrinsically overlapped ab-
sorption bands. The wavenumbers of the different bands apparent
after deconvolution for the PU samples studied are displayed in
Table 5. The second-derivative signal of FTIR spectra provides up to
14 different signals within the main absorption band associated to
the stretching vibration of the carbonyl group, which can be related
to several linkages, H-bonding and/or chemical environment, as
can be seen in Fig. 10 and Table 5. Bands of the carbonyl group
associated with free urethanes can be found in the range
1740—1724 cm!, whereas the same groups interlinked via
hydrogen bonding appear at lower wavenumbers (Rath et al.,
2008). On the other hand, those bands associated with free urea
groups appear at around 1685 cm I In general, lower wave-
numbers indicate higher structuration degree (Shi et al., 2008), i.e.
H-bonding, being disordered ureas centred at around 1666 cm™!
(Ning et al., 1997) and ordered ureas at around 1638 cm ™' (Mishra
et al,, 2012).

Table 5
Signals resulting from the deconvolution study applied to the carbonyl stretching
band.

Carbonyl Unit Peak (cm ')
Castor oil free carbony! groups 1748

Free urethane 1739;1732; 1724
Disordered urethane 1716

Ordered urethane 1705

Urethane with urea 1697

Free urea 1690; 1684
Disordered urea 1670; 1662
Ordered urea 1635

Methylene residual signals 1654; 1645

Table 6 includes the proportion of the carbonyl groups present
in the different types of bonds estimated from the relative areas of
the main absorption bands obtained by applying the deconvolution
procedure. As expected, the first peak at around 1748 cm ™!, related
to free C=0 moieties from castor oil triglycerides, generally cor-
responds to the highest peak of the deconvolution, being usually
more intense for those samples exhibiting liquid-like or weak gel-
like rheological properties. This fact suggests a reduction of the H-
bonded carbonyl groups of castor oil (Chattopadhyay and Raju,
2007), which may cause the decrease observed in the values of
the viscoelastic moduli.

In agreement with previous work (Seymour et al., 1970), a
prevalence of hydrogen-bonded urethane linkages to non-bonded
linkages is achieved. As expected, TDI-based samples present
higher density of urethane linkages compared to HDI-based PUs, as
suggested before, due to the higher reactivity of the aromatic dii-
socyanate, since the lower reactivity of HDI makes urea bonds be
triggered by the longer contact with moisture.

Generally, the increase in the total number of hydrogen-bonded
carbonyl groups, the urethane/urea ratio and the ratio of H-bonded/
non-bonded carbonyl groups of both kinds of linkages, and for
urethane and urea independently, results in higher gel strength or
more viscous PU systems. Thus, for instance, the higher values of
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Fig. 10. FTIR spectra in the range of 1600—1800 cm " and deconvolution signals regarding carbonyl groups of castor oil and the diverse urethane and urea linkages.

Table 6

Deconvolution results for PUs obtained by applying different processing conditions expressed as proportions of the carbonyl groups present in the different types of bonds,

estimated from the relative areas of the absorption bands.

H25 H45 H70 H25-140 H45-23 T25 T45 T70
Non-H-bonded triglycerides carbonyl groups 0.31 033 0.24 0.32 0.23 0.29 0.27 035
Total urethanes 0.39 037 041 038 0.43 0.60 0.58 0.46
Total ureas 0.16 0.24 0.24 0.17 0.12 0.09 0.09 0.13
Total H-bonded 0.42 032 042 0.36 0.42 034 032 040
Urethanes/Ureas 237 1.57 1.72 2.26 3.53 6.84 6.37 3.62
Bonded/non-bonded urethanes 3.70 2.02 1.56 2.16 1.78 1.06 0.97 231
bonded/no bonded ureas 0.32 0.28 1.19 0.24 0.21 0.49 0.18 0.67
Bonded/non-bonded linkages 1.85 1.01 142 125 1.30 0.96 0.82 1.76

viscoelastic moduli observed at room temperature were consistent
with the higher percentage of bonded/non-bonded ratio of ure-
thanes and urea linkages for both HDI and TDI, and the total
number of hydrogen-bonded carbonyl groups, highlighting the
extreme importance of H-bonding on polyurethane formation.
Finally, the slightly higher total content of urea bonds when
increasing processing temperature may be explained attending the
improved contact with moisture by convection and the already
suggested stronger influence of temperature in urea formation
compared to urethanes (Han et al., 2008).

3.6. One-step versus two-step processing protocol

As mentioned in the introduction section, a two-step process
consisting in the functionalization of the biopolymer first and then
the subsequent efficient dispersion of this in the vegetable oil has
been traditionally applied to produce similar PU systems (Gallego
et al., 2015a), which in principle results in a more controlled reac-
tion between the castor oil triglycerides and the biopolymer. Here,
following the process intensification principles, this two-step pro-
cess has been compared with the more direct and simpler one-step
process previously described, which is also more environmentally
friendly, since it halves the reaction time and avoids the use of risky
chemicals, like solvents (i.e. toluene) or catalysts (i.e.

triethylamine). Fig. 11 shows the comparison of the rheological
response of PU systems prepared using the one-step approach
followed in this study with that previously reported (Borrero-Lopez
et al., 2017) for PUs prepared using a two-step processing protocol.
For better understanding, two-step samples were named similarly
to the one-step samples by adding TS and, in brackets, the lignin/
diisocyanate ratio (see Table 1 and Fig. 11).

First, it is worth mentioning that comparable rheological
response was obtained using different lignin/diisocyanate ratio and
both processing protocols. In general, higher diisocyanate content
was required in the two-step processing method to obtain similar
gel-like characteristics. With respect to the HDI-based systems,
lignin/diisocyanate ratios of 1/1 and 1/0.5, for two-step and one-
step process, respectively, i.e. 15 % and 10% diisocyanate contents,
yield similar gel-like behaviours when using both processing pro-
tocols (Fig. 11a). However, although G’ and G” values are quite
similar, a crossover between both viscoelastic functions was found
at intermediate frequencies in the one-step protocol (H25),
whereas G’ was always higher than G” over the entire frequency
range studied when applying the two-step protocol. This effect was
not observed for lower lignin/diisocyanate ratios, i.e. higher diiso-
cyanate content (20% for two-step and around 13% for one-step
samples). Thus, once again, it is evinced that very similar visco-
elastic response and values of the SAOS functions were obtained in
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introduced within the network and further react and interact
through secondary-bonds may be obtained, finally favouring the
gel strength.

3.7. Lignin-based versus lignin-free gel-like polyurethanes

In the one-step process protocol, lignin and castor oil are
blended together with the diisocyanate, the hydroxyl groups of
both molecules being in competition for free isocyanate groups. In
order to assess the role of lignin in the PU structure, some systems
were prepared, at 25 °C, by replacing lignin by the same amount of
castor oil, using both HDI and TDI. In such a way, H25 (1/1), H25 and
T25 PU samples were compared with the corresponding systems
without lignin. Exceptionally, H25 (1/1) was characterized after two
days of curing, since after that it becomes too stiff to perform the
rheological tests. As Fig. 12 illustrates, the addition of lignin always
increases the values of the SAOS functions, demonstrating a crucial
filler effect that reinforces the gel strength, apart from providing a
higher number of hydroxyl groups than the castor oil, able to
produce urethane and urea linkages. Moreover, in HDI-based gels,
lignin addition yields higher differences between the storage and
loss moduli, i.e. lower values of the loss tangent, and shifts the
crossover point to higher frequencies. The same filler effect pro-
duced by the lignin was observed in TDI-based PU, although in this
case the crossover between G’ and G” was slightly shifted to lower
frequencies when lignin was added.

4. Conclusions
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Fig. 11. Comparison of the mechanical spectra shown by PUs prepared using two-step
and one-step processing protocols for a) HDI- and b) TDI-based systems.

samples prepared with the same lignin + diisocyanate content
using both preparation methods, but much lower HDI content is
required following the one-step process. Fig. 11b shows the same
comparison for TDI-based PUs. As can be observed, in this case,
different responses were obtained depending on the processing
protocol and the lignin/diisocyanate weight ratio. Thus, as already
mentioned, a relatively strong gel-like response, with a crossover
between both SAOS functions, can be clearly noticed in the me-
chanical spectra of T25. This crossover point was shifted to lower
frequencies when applying the two-step process, also exhibiting a
rheological behaviour close to the critical gel and values of the SAOS
functions several orders of magnitude lower than those obtained
with the one-step process, despite the higher TDI content.

The different behaviour found with both types of diisocyanates
can be explained attending the higher reactivity of TDI, which in
the two-step process is able to produce a higher degree of lignin
functionalization, resulting in a more crosslinked biopolymer
structure, and consequently leaving lower free diisocyanate con-
tent and more difficult to be accessed by the hydroxyl groups of
castor oil in the second step. On the contrary, non-aromatic diiso-
cyanates are not able to achieve the same degree of lignin func-
tionalization and, therefore, free diisocyanates are to a larger extent
available for chemical interaction with castor oil. Consequently, a
less cross-linked lignin structure which can let castor oil be

A green and simple one-step procedure for the preparation of
bio-based liquid and gel-like polyurethanes (PUs) containing lignin
and castor oil as a source of polyols was successfully followed. This
study allows to conclude that processing conditions play a crucial
role in the chemical structure of these PUs, significantly affecting
their rheological properties. Both low processing temperature and
low stirring speed favour the achievement of gel-like characteris-
tics and/or the formation of highly viscous polyurethanes, whereas
increasing either temperature or agitation fosters the development
of liquid-like systems. Nonetheless, when processing temperature
was raised to 70 °C, PUs were more viscous than those prepared at
45 °C. During processing, the formation of urethane and urea
linkages were accelerated by increasing temperature and agitation
speed and by using an aromatic diisocyanate, like TDI, with higher
reactivity than an aliphatic one, like HDI, favouring the consump-
tion of free isocyanates and minimizing the subsequent curing
process. Once the curing process was accomplished, the time-
temperature superposition can be satisfactorily applied in most of
the polyurethanes, confirming a thermo-rheological simplicity. The
processing dependent rheological properties were in concordance
with the FTIR-spectra deconvolution study. Thus, those PU systems
with enhanced gel-like characteristics exhibited lower content of
free (non-hydrogen-bonded) carbonyl groups from castor oil tri-
glycerides and higher ratios of urethane/urea linkages and H-
bonded/non-bonded carbonyl groups of both kinds of linkages, and
for urethane and urea independently, highlighting the extreme
importance of H-bonding in polyurethane formation. In general,
TDI-based PUs present higher density of urethane linkages
compared to HDI-based PUs, whereas higher processing tempera-
tures and higher agitation speeds result in higher contents of total
urea linkages and/or lower urethane/urea ratios. In addition to this,
the selected one-step process, in comparison with the traditional
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two-step process, turns out to be more environmentally-friendly,
less time consuming and capable of providing oleogels with
similar rheological characteristics significantly reducing the isocy-
anate content. Likewise, lignin was demonstrated to act as an
effective filler agent increasing the values of the viscoelastic
moduli.
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ABSTRACT:

It is known that large amounts of residual lignin are generated in the pulp and paper industry. A new

alternative for Kraft lignin valorization, which consists of first a chemical modification using a diisocyanate
and then the efficient dispersion in castor oil to achieve stable gel-like systems, is proposed in this work.
Rheological properties and microstructure of these materials were determined by means of small amplitude
oscillatory shear tests and viscous flow measurements and atomic force microscopy observations, respectively.
Moreover, both standardized penetration tests and tribological assays, usually performed in the lubricant
industry, were carried out to evaluate the performance characteristics as lubricating greases. Linear
viscoelasticity functions are affected by the lignin/diisocyanate ratio and thickener concentration. The thermo-
rheological response evidenced a softening temperature of around 105 °C. The microstructure of these gel-like
dispersions is composed of interconnected thin fibers, homogeneously distributed in castor oil. Moreover,

the NCO-functionalized lignin gel-like dispersions studied show lower friction coefficients than traditional

lubricating greases.

KEYWORDS: Kraft lignin, diisocyanate, gel-like dispersion, rheology, thermal properties

1 INTRODUCTION

Lignin is nowadays considered the main aromatic
renewable resource and an excellent alternative feed-
stock for the synthesis of value-added chemicals and
polymers. Lignin extraction from lignocellulosic bio-
mass (wood, annual plant, etc.) represents the key
point to its large use for industrial applications [1].
It is the second most abundant renewable resource
after cellulose [2] and mainly results from the polym-
erization of three monomers: p-coumaryl alcohol,
coniferyl alcohol and synapyl alcohol. Each of these
monolignols leads to different types of lignin units
called p-hydroxyphenyl (H), guaiacyl (G) and syrin-
gyl (S), respectively. Although these monomers are the
main precursors of lignin, it is well known that others
can also participate in its formation, such as conif-
eraldehyde, acylated monolignols, etc. The resulting
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polymeric structure is a complex macromolecule,
which contains a wide variety of functional groups
and different types of bonds depending on biomass
source [3]. Thus, hardwood lignin consists principally
of G and S units and traces of H units, whereas soft-
wood lignin mostly consists of G units, with low lev-
els of H units [1]. Furthermore, not only the original
source but also the method used to isolate the different
lignins has an influence on their structural character-
istics and, therefore, on their industrial applicability.
It is known that large amounts of residual lignin are
generated in the pulp and paper industry. In the pulp-
ing manufacturing process, the lignin contained in the
wood is dissolved in the process liquor, obtaining the
so-called black liquor. In the case of the predominant
Kraft pulping process, the black liquor is typically
burned in order to obtain energy. Although previ-
ous structural modification processes are needed to
increase lignin’s initial poor properties, residual Kraft
lignin may be otherwise used to obtain value-added
products [4]. The abundance of the chemical sites in
lignin structure offers different possibilities for chemi-
cal modifications. For instance, lignin has phenolic
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hydroxyl groups and aliphatic hydroxyl groups at C-o.
and C-y positions on the side chain. Phenolic hydroxyl
groups are the most reactive functional groups and can
significantly influence the chemical reactivity of the
material. Among several polymerization methods with
lignin macromonomers, lignin-based urethane polym-
erization has been investigated using different diisocy-
anates, reaction conditions and ratios of functionalities
[5-7]. Moreover, lignin macromonomers have been
incorporated into polycaprolactone, polyester [8],
polyurethanes [6, 8-10], phenolics and urea matrices
[11], or have been used to prepare and reinforce veg-
etable oil-based polyurethane composites [12-15].

On the other hand, there is a general tendency
based on the use of natural components in a wide vari-
ety of products to promote both the replacement of
non-renewable raw materials by renewable resources
and the minimization of the environmental impact
caused by industrial wastes [16-18]. Over the past
two decades, a renewed interest in different vegetable
oil-based lubricants has occurred as a result of envi-
ronmental concerns. Vegetable oils with high viscosity
indices, low volatility and high flash points have been
employed in a series of applications over lubricants
and additives in polymers, coatings and resins [19].
Moreover, a great number of research works dealing
with the lubrication properties of different vegetable
oils and some chemical derivatives have been reported
in the past few years. Among them, castor oil is con-
sidered one of the most interesting alternative base
oils, especially due to its high viscosity and good per-
formance characteristics at low temperatures [20, 21].
Some adverse properties can be overcome by using
some additives as previously reported [21, 22]. On the
other hand, the replacement of traditional thickening
agents in lubricating greases, such as lithium, calcium
or aluminum soaps, by others derived from renewable
resources, like some biopolymers, is a complicated
task due to the technical efficiency of metallic soaps to
impart the desired rheological, thermal and tribologi-
cal properties to the bulk system. Previous research
focused on the proper dispersion of different types of
gelifiers, including some cellulose derivatives, in veg-
etable oils in order to achieve suitable gel-like char-
acteristics and suitable lubricant performance have
been reported [23-26]. In general, similar rheological
and thermal characteristics to those displayed by tra-
ditional metallic soap-based greases were found but
there are still some limitations regarding physical and
mechanical stabilities. A significant improvement was
achieved by performing the functionalization of cel-
lulosic derivatives with isocyanate groups, which are
also able to chemically interact with hydroxyl groups
of castor oil, thus resulting in promising formulations
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[27, 28]. Following this approach, the main objective
of this work was to develop and characterize new gel-
like formulations, potentially applicable as biodegrad-
able lubricating greases, based on residual Kraft lignin
once chemically modified with 1,6-hexamethylene
diisocyanate and properly dispersed in castor oil.

2 MATERIALS AND METHODS

2.1 Materials

Eucalyptus globulus chips were supplied by a Spanish
pulp mill (Factoria La Montafianesa, Torraspapel-Lecta
Group). The 1,6-Hexamethylene diisocyanate (HMDI),
purum grade (> 98.0%), was obtained from Sigma-
Aldrich. Castor oil (Guinama, Spain) was selected as
lubricant base oil to prepare gel-like dispersions. All
other common reagents and solvents employed were
purchased from Sigma-Aldrich.

A commercial model lithium lubricating grease
(Castrol Optipit, Germany) and a semi-biodegradable
one based on vegetable oil and a calcium thickener
(kindly supplied by Verkol, Spain) were used as
benchmarks.

2.2 Kraft Pulping

Kraft cooking of Eucalyptus globulus chips was per-
formed in a 26 L batch reactor furnished with a sys-
tem for recirculation and heating of the cooking liquor.
Prior to cooking, the chips were steamed for 5 min to
facilitate impregnation of chemicals. The cooking tem-
perature was controlled by a computer run specially
developed software. Applied cooking conditions
were: 16% active alkali, 20% sulphidity, 4 L kg™ liquor/
wood ratio, 170 °C cooking temperature, 60 min to
reach cooking temperature and 30 min at cooking tem-
perature. These conditions correspond to an H-factor
of 460. The H-factor is a well-known control parameter
in the pulping process that includes time and tempera-
ture as a single variable, which is calculated according
to the following equation:
¢ [432-26012
H= J e[ T ) dt
0

where T is the temperature (K) and t the cooking time
(hours).

2.3 Lignin Precipitation

After Kraft pulping, lignin was precipitated from the
black liquor by acidification adding sulphuric acid
until pH 2.5 (initial pH was 13.2). Then, precipitated
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lignin was air dried and milled for 20 min using a
Retsch agate mortar grinder (model RMO).

2.4 Kraft Lignin Functionalization

All functionalization reactions were performed in
round-bottom flasks where reactants were mixed.
Toluene, employed as solvent in the reaction between
the lignin powder and the diisocyanate, was puri-
fied according to standard literature techniques. The
1,6-hexamethylene diisocyanate (HMDI) was stored
at4°C.

Functionalization of Kraft lignin (KL) was carried
out according to methodologies previously reported
[27] and by modifying the lignin/ HMDI weight ratio.
The KL was added to a round-bottom flask with tolu-
ene while stirring at room temperature, becoming a
suspension. Then, triethylamine (Et,N) and HMDI
were also added to the system, the last one drop-
wisely. The solution was vigorously stirred at room
temperature for 24 h. The synthesis was carried out
under inert atmosphere of argon. Afterwards, the
mixture was concentrated in a rotary evaporator,
resulting in a black compound. The product was pre-
pared immediately before being used. The different
proportions of KL, HMDI, Et,N and toluene used
in the reaction as well as the yield are collected in
Table 1.

2.5 Preparation of Gel-Like Dispersions

Gel-like dispersion samples were prepared in an
open vessel, using a controlled rotational speed mix-
ing device RW 20 (IKA), equipped with an anchor
impeller to disperse the different functionalized
lignin samples in the oil. NCO-functionalized lignin
was slowly added to the castor oil at concentrations
of 20% and 30% (w/w) under agitation (70 rpm).
The mixing process was maintained for 24 h at
room temperature. Finally, the resulting dispersion
was homogenized with an Ultra-Turrax T50 basic
(IKA) rotor-stator turbine at 4000 rpm for 1 min.
Batches of 50 g were prepared for each formulation
investigated.

2.6 Characterizations

2.6.1 Precipitated Lignin Composition

The composition of the precipitated lignin was deter-
mined by standard analytical methods (National
Renewable Energy Laboratory NREL/TP-510-42618).
The sample was subjected to quantitative acid
hydrolysis in two steps to determine the carbohy-
drate composition. The hydrolyzed liquid obtained
was then analyzed for sugar content using an Agilent
Technologies 1260 HPLC fitted with a refractive index
detector and an Agilent Hi-Plex Pb column operated
at 70 °C with Milli-Q water as mobile phase pumped
at a rate of 0.6 mL. The solid residue remaining after
the acid hydrolysis is considered acid-insoluble lignin
(Klason lignin). Moreover, ash was also determined
following the standard UNE 57050:2003.

2.6.2 Thermogravimetric Analysis (TGA)

Measurements of mass losses versus temperature were
carried out by using a thermogravimetric analyzer,
model Q-50 (TA Instrument Waters, USA) under
N, purge. Typically, 5-10 mg of sample were placed
on a platinum pan and heated from 30 to 600 °C at
10 °C/min.

2.6.3 Fourier Transform Infrared (FTIR)
Spectroscopy

Fourier transform infrared spectroscopy spectra
were obtained with a JASCO FT/IR-4200 (Jasco Inc.,
Japan) apparatus. A small drop of functionalized lig-
nin or gel-like dispersion samples was placed between
two KBr disks (32 x 3 mm). Then, the set was placed
into an appropriate sample holder. The spectra were
obtained in a wavenumber range of 400-4000 cm, at
4 cm™ resolution, in the transmission mode.

2.6.4 Rheological Characterization of
Gel-Like Dispersions

Gel-like NCO-functionalized lignin-based disper-
sions were rtheologically characterized in both

Table 1 Proportions of Kraft lignin (KL), hexamethylene diisocyanate (HMDI), triethylamine (Et,N) and toluene used in the

functionalization reaction and yield obtained.

Thickener code Lignin (g) HMDI (g) Et,N (g) Toluene (ml) Yield (%)
KL1 10 10 20 100 85
KL2 10 20 20 100 91
KL4 10 40 20 150 92

J. Renew. Mater., Vol. 6, No. 4, June 2018
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controlled-stress (HAAKE RheoScope, Thermo Fisher
Scientific, Germany) and controlled-strain (ARES,
Rheometric Scientific, UK) rheometers, using ser-
rated plate-plate (20 and 25 mm diameter respectively,
1 mm gap) geometries. Small amplitude oscillatory
shear (SAOS) tests were carried out inside the linear
viscoelastic region in a frequency range of 0.03-100
rad/s at 25 °C. Stress sweep tests were previously
performed to determine the linear viscoelastic regime.
Measurements were done one day, one week, one
month and four months after gel-like dispersion prep-
aration. The SAQOS tests were obtained at different tem-
peratures carried out between 30 and 155 °C. Apparent
viscosity was determined by applying a stepped shear
rate ramp in a shear rate range of 102-10? s™, using
plate-plate geometry (25 mm) with grooved surfaces to
overcome the wall slip phenomena usually observed
in lubricating greases [29]. At least two replicates of
each test were carried out on fresh samples.

2.6.5 Penetration and Tribological Tests

Unworked penetration indexes were determined
according to the ASTM D1403 standard, by using
a Seta Universal penetrometer model 17000-2 with
one-quarter cone geometry (Stanhope-Seta, UK). The
one-quarter scale penetration values were converted
into the equivalent full-scale cone penetration values,
following the ASTM D217 standard. Classical consist-
ency NLGI grade was established according to these
penetration values [30]. At least three replicates of
penetration measurements were done.

Tribological tests were performed in a tribology
measuring cell coupled with a Physica MCR-501 rhe-
ometer. The tribological cell deals with a 1/2” diam-
eter steel ball (1.4301 grade 100) rotating on three 45°
inclined steel plates (1.4301). The stationary friction
coefficient was obtained by applying a normal force of
20 N, resulting in a maximum contact Hertzian pres-
sure of ~1.72 GPa and setting a constant rotational
speed of 10 rpm for 10 min. At least five replicates of
each test were done on fresh samples at room tem-
perature. For the sake of comparison, tribological tests
were also carried out under the same conditions on
two commercial lubricating greases, typical lithium
grease (Castrol Optipit, Germany) and one based on
vegetable oil and calcium thickener (Verkol, Spain).

2.6.6 Atomic Force Microscopy (AFM)
Observations

Morphological observation of a selected gel-like dis-

persion sample was investigated with a multimode

AFM connected to a Nanoscope IV scanning probe

microscope controller (Digital Instruments, Veeco

350 J. Renew. Mater., Vol. 6, No. 4, June 2018

Metrology Group Inc., Santa Barbara, CA) using the
tapping mode with phase detection imaging at room
temperature. The amplitude of oscillation typically
ranges from 20 nm to 100 nm. The tip lightly interacts
with the sample surface during scanning, providing
high-resolution images with minimum sample dam-
age. Silicon Nanosensors TM PPP-NCH AFM probes
for tapping mode with a force constant of 42 N m
and resonance frequency of 330 kHz were used. Scan
speed and windows were set at 1 Hz and 6 and 1 um,
respectively.

3 RESULTS AND DISCUSSION

3.1 Composition of Kraft Lignin

The Kraft lignin (KL) contains 4.98% carbohydrates
(0.49% glucose, 4.29% xylose and 0.20% arabinose),
which can probably be attributed to both LCCs (lignin
carbohydrates bound) and non-bounded sugars. As
can be observed, the predominant elemental sugar
was xylose. These results are in concordance with
those found by Dos Santos et al. [31] and Alekhina et al.
[32]. The latter authors explained that this fact could
be due to a combination of two factors, i.e., the low
solubility in acid media of the hemicellulose (xylose)
and the fast degradation of the cellulose into its mono-
mers during the cooking process and then its further
decomposition into degradation products.

The acid-insoluble lignin (Klason lignin) and the
acid-soluble lignin (ASL) found in the precipitated
lignin were 35.96% and 8.85%, respectively (44.81%
total lignin). These results are also in concordance
with those found by Alekhina et al. [32] when they
precipitated the lignin at pH 2.5 (46.90% and 10.78%
of Klason lignin and ASL, respectively). However,
Dos Santos ef al. [31] found a lower amount of ASL
(1.60%) with a similar value of Klason lignin (40.93%).
Yasuda et al. [33] studied the structure and formation
mechanism of ASL and concluded that it is composed
of low-molecular-weight degradation products and
hydrophilic derivatives of lignin. The precipitation of
lignin at low pH, as in our case (pH 2.5), favors the
increase of both products. Moreover, the severity of
the cooking treatment conditions can also contribute
to increase the ASL content in the recovery fraction
due to the progressive depolymerization of the lignin
with increased cooking time.

Finally, the ash content found in the precipitated
lignin was 35.66% at 900 °C. This high amount can
be attributed to the high content of salts presented in
the sample. Similar and even higher ash contents were
found by Dos Santos et al. [31] when they precipitated
lignin at different pHs (55.8-71.6%).
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3.2 Fourier Transform Infrared
Spectroscopy Analysis

Figure 1a shows the FTIR spectrum of KL sample. As
reported by Boeriu ef al. [34], lignin presents a broad
band at 3424 cm™, attributed to the hydroxyl groups
in phenolic and aliphatic structures, and two bands
centered around 2918 and 2849 cm™, predominantly
arising from CH stretching in aromatic methoxyl
groups and in methyl and methylene groups of side
chains. These bands are less intense for KL than those
of original lignin in wood (data not shown), suggest-
ing a decrease in the number of aliphatic methylene
and methyl groups during Kraft pulping. In addition,
a peak corresponding to the C=O in the unconju-
gated ketones, carbonyl, and ester groups stretching
was observed at 1720 cm™ [32]. Moreover, the spec-
trum shows the typical lignin triplet at 1610, 1516
and 1425 cm ' band due to aromatic ring vibration.
The FTIR spectrum also shows a higher intensity of
the band assigned to aromatic ring breathing in S unit
(1330 cm™) than in G units (1260 cm™), typically found
in hardwood, and a high intensity band at 1115 cm™'
related to the asymmetric stretching of SO, groups due
to the formation of salts during lignin precipitation
[35, 31], in agreement with the ash content in lignin
composition previously discussed.

The KL functionalization with HMDI produces
a compound whose FTIR spectrum is shown in
Figure 1b. The broad band of hydroxyl groups found
at 3424 cm™ in the unmodified Kraft lignin FTIR dis-
appears almost completely. This is evidence of the
reaction between isocyanate and OH groups of lignin.

60

Secondly, the urethane bands were apparent at 3324
(N-H), 1739 (C=0), and 1574 cm™ (N-H). Moreover,
the intense peak at 2270 cm™ confirms the presence of
free isocyanate groups. Finally, as can be observed in
Figure 1c, the reaction between free NCO in the thick-
ener with the OH groups in the fatty acid of the castor
oil is also corroborated in the spectrum of the gel-like
dispersion, in which the emergence of one band at
around 3336 cm!, assigned to -NH groups, and the
disappearance of the free isocyanate peak at 2270 cm™
can be noticed. Moreover, the inclusion of castor oil is
noticed in two characteristic peaks. The first of them
at 3007 cm™ attributed to C=C and the second one at
1746 cm™ for C=0.

Figure 2 shows the FTIR spectra for a selected gel-
like dispersion (GKL2-30), as a function of ageing time
(one day, one week and one month). As has been pre-
viously discussed, the intensity of the band assigned
to free isocyanates (2270 cm™) is progressively
reduced until being almost negligible after one month.
On the contrary, a significant amount of free -NCO
groups is detectable one day after preparation. This
means that the reaction between free isocyanates and
hydroxyl groups in such viscous medium is extremely
slow, as previously reported for similar biopolyure-
thanes [36]. Then, there are some peaks that are well
defined one month after preparation (3007, 2918, 2849
and 1746 cm™). The shape of the band at 3336 cm™ is
modified as a consequence of the progressive reaction
between the hydroxyl groups in the fatty acid chain
of castor oil and free NCO inserted in the modified
lignin, which promotes the appearance of new NH
groups in the urethane linkages.
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Figure 1 FTIR spectra for (a) Kraft lignin, (b) KL2 and (c) gel-like dispersion GKL2-30.
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Figure 3 Thermal degradation curves, under inert atmosphere, for Kraft lignin and NCO-functionalized lignins studied.

3.3 Thermogravimetric Analysis

Thermal degradation of KL-and NCO-functionalized
lignin compounds was investigated by means of
thermogravimetric analysis (TGA). Figure 3 shows
TGA curves in the form of weight loss versus tem-
perature and its derivative function for KL and
chemically modified lignins as a function of the func-
tionalization degree. The temperature for the onset
of thermal decomposition (T ), the temperature at
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which decomposition rate is maximum (T ), final
temperature (T, ), loss weight at the end of each
decomposition step and the percentage of nonde-
graded residue have been determined from the ther-
mograms of the different samples and collected in
Table 3.

As can be observed in Figure 3 and Table 3, thermal
degradation of KL, ignoring the weight loss of around
2% due to water evaporation, starts at relatively low
temperature (T =138 °C and T, = 150 °C) as a

onset max
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Table 2 Composition of gel-like dispersion formulations studied.

Thickener agent Concentration (%, w/w) Vegetable oil (up to 100 %, w/w) | Gel-like dispersion code
KL1 20 Castor GKL1-20
KL2 20 Castor GKL2-20
KL2 30 Castor GKL2-30
KL4 20 Castor GKL4-20

Table 3 TGA characteristic parameters for Kraft lignin, NCO-functionalized lignin samples and gel-like dispersions studied.

Sample T, o (O T, CO T (O Residue (%) AW (%)
Kraft Lignin 68/138/248/416 58/150/288/348 91/195/325/443 57 2/2/24/15
HDMI 137 172 178 1 99
KL1 94/262/411 117/316/453 134/361/502 23 17/43/17
KL2 119/293/478 135/322/449 172/371/500 21 32/32/15
KL4 140/339/463 179/371/448 211/396/474 7 65/11/17
GKL1-20 344 378/437 473 4 80/16
GKL2-20 340 374/435 475 2 84/14
GKL2-30 324 367/430 476 1 80/19
GKL4-20 327 371/444 472 0.5 85/14.5

consequence of hydroxyl groups dehydration from
benzyl groups [1]. The cleavage of o- and P-aryl-
alkyl-ether linkages takes place between 150 and
300 °C. At around 288 °C, aliphatic side chains start
splitting off from the aromatic ring while carbon-car-
bon cleavage between lignin structural units occurs
at around 350-443 °C. NCO-functionalized lignin
thermal decomposition occurs in several stages, gen-
erally three. First, the degradation of HMDI moieties
appears in the range of 118-180 °C, which is account-
able for the reduction in thermal stability of this type
of functionalized thickener [27]. The T . for this
degradation stage takes place at around 94-140 °C,
with temperatures for the maximum decomposition
rate at around 117-179 °C, depending on the degree
of functionalization. The second main thermal event,
with temperatures for the maximum decomposition
rate at 316-371 °C, is attributed to the degradation
of aliphatic side chains and aromatic rings of lignin.
Finally, the last stage at 411463 °C can be associated
with carbon-carbon cleavage between lignin struc-
tural units and degradation of more rigid polyure-
thanes due to excessive crosslinking [37]. As shown
in Table 3, when the HMDI content in the modified
lignin increases, the valuesof T, T, ~and T also
increase in each stage. Obviously, the modified lig-
nin sample with higher -NCO content (KL4) shows

J. Renew. Mater., Vol. 6, No. 4, June 2018

higher weight loss in the first stage (65%) and lower
weight loss value (11%) in the second thermal deg-
radation process. Furthermore, the lower amount of
residue (7%) was obtained for KL4, whereas it was
57% for KL sample.

Figure 4 shows the thermal decomposition of lignin
derivative-based gel-like dispersions. This decompo-
sition takes place in one main single stage with T
of around 367-378 °C, comprising several overlapped
degradation events which appear as shoulders of the
main peak in the derivative function. Thus, for GKL2-
30 and GKL4-20, shoulders at both sides are clearly dis-
tinguished, whereas the first shoulder, located at the
lower temperatures, is not apparent in GKL1-20 and
GKL2-20. These overlapped thermal events comprise
the thermal degradation of both NCO-functionalized
lignin previously discussed and castor oil, the main
component in gel-like dispersions [25]. However, the
first degradation stage found in functionalized lig-
nin was not observed in gel-like dispersions, which is
indicative of the almost total completion of the reac-
tion between free isocyanates and castor oil. Table 3
shows all TGA characteristic parameters obtained
from the thermograms of gel-like dispersions, which
generally evidence a higher thermal resistance than
that generally exhibited by mineral oil-based lubricat-
ing greases [38].
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Figure 5 Frequency dependence of (a) the storage, G’, and loss, G”, moduli and (b) the loss tangent for NCO-functionalized
lignin gel-like dispersions in castor oil, as a function of functionalization degree, 1 day after their preparation.

3.4 Rheological Characterization of
NCO-Functionalized Lignin Gel-Like
Dispersions

Figure 5 shows the SAOS response of NCO-
functionalized lignin gel-like dispersions in castor
oil, at a concentration of 20% w/w, one day after their
preparation, as a function of the HMDI content in the
modified lignin. The storage modulus, G”, generally
shows higher values than the loss modulus, G”, in the
whole frequency range studied, for the gel-like disper-
sions prepared with lower NCO contents (GKL1-20
and GKL2-20), associated with the plateau region of
the mechanical spectrum, followed by the beginning
of the transition region. According to Lu et al. [39],
the gel strength of biopolymer dispersed systems is
mainly dependent on the crosslinking density, which

354 J. Renew. Mater., Vol. 6, No. 4, June 2018

can be analyzed from SAOS measurements attending
the G’ and G” frequency dependence, i.e., the slopes
of G" and G” versus frequency plots, and the relative
elasticity, expressed in terms of the loss tangent (tan &
= G"/G’). Thus, GKL1-20 and GKL2-20 exhibit a gel-
like rheological behavior with relatively low slopes of
SAOS functions versus frequency plots (Figure 5a).
On the contrary, the gel-like dispersion prepared with
the highly functionalized lignin (GKL4-20) essen-
tially exhibits a viscous response, with values of G”
higher than G’ in the whole frequency range studied.
Moreover, the values of the loss tangent for GKL4-20
are more than one order of magnitude higher than
those found for GKL1-20 and GKL2-20 (Figure 5b), thus
showing a lower relative elasticity. This result obtained
with sample GKL4-20 is in principle unexpected since
the higher HMDI excess in lignin functionalization
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should extend the plateau region of the mechanical
spectrum and reduce the slope of SAOS functions, as
a result of the higher degree of crosslinking. However,
the slopes of both SAOS functions vs. frequency plots
suggest a certain degree of crosslinking among low-
molecular-weight compounds, resulting in the typical
transition region of the mechanical spectrum [40]. On
the other hand, the kinetics of the reaction between
free -NCO groups and castor oil triglycerides is rela-
tively slow in such viscous medium, as confirmed in
FTIR analysis (see Figure 2), and is highly dependent
on the functionalization degree. This fact extremely
influences the rheology of these gel-like dispersions,
which can dramatically evolve with ageing time. This
effect is clearly illustrated in Figure 6, where samples
GKL2-20 and GKL4-20 are compared not just after
preparation but one month later. As can be observed,
whereas the values of SAOS functions slightly increase
with time for sample GKL2-20, a dramatic increment
was found for GKL4-20, also changing the frequency
dependence displayed in Figure 5 to reach the typical
gel-like response. This fact corroborates that the chem-
ical interaction between the functionalized lignin and
castor oil is mainly responsible for the gel-like behav-
ior. Therefore, considering the comparison included in
Figures 5 and 6 for the same concentration by weight
(20%), the rheological behavior of these dispersions
can be explained as a balance between a quick struc-
turing effect caused by the polymer, favored by higher
lignin/HMDI ratios, which yields higher values of
the SAOS functions and lower frequency dependence

from the beginning, and the excess of free HMDI,
which delays the chemical interaction between the
modified lignin and castor oil, probably involving
competitive reactions which can produce crosslinking
among polymeric chains or among triglycerides.
Regarding thickener concentration, Figure 6 also
includes the mechanical spectra of the gel-like disper-
sion prepared with 30% w/w of NCO-functionalized
lignin containing a lignin/HMDI weight ratio of 1:2
(sample GKL2-30). As can be seen, almost two orders
of magnitude of both viscoelastic functions can be
covered by modifying the thickener concentration
between 20% and 30% (w/w). In addition to this, the
evolution of viscoelastic functions with frequency
slightly depends on lignin concentration. Thus, the
lower NCO-functionalized lignin concentration (20%)
yields a crossover of both SAOS functions at high fre-
quencies, i.e., the beginning of the transition region
(Figure 6a). On the contrary, a well-extended plateau
region in the whole frequency range was obtained by
increasing thickener concentration up to 30% (w/w),
where G’ slightly increases with frequency and G” dis-
plays a clear minimum at low frequencies. This evolu-
tion was typically found in other gel-like dispersions
of different biopolymers in vegetable oil previously
studied [24, 26] and standard lubricating greases [38].
As extensively studied, typical G’ values in lubricating
greases of NLGI grade 1-2 range from 10* to 10° Pa,
around one order of magnitude higher than G” val-
ues, depending on processing conditions and compo-
sitions [38, 41], as, for instance, achieved with samples
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Figure 6 Frequency dependence of (a) the storage, G', and loss moduli, G”, and (b) the loss tangent for NCO-functionalized
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GKL2-30 and GKL4-20. Nonetheless, sample GKL4-
20 becomes almost a rubber after approximately one
month as a consequence of the excessive chemical
crosslinking.

In relation to long-term stability, Figure 7 illustrates
the influence of ageing time on the storage modulus,
at 1 rad/s, for three selected NCO-functionalized lig-
nin gel-like dispersions in castor oil (GKL2-20, GKL2-
30 and GKL4-20). As can be seen, the values of G’
significantly increase during the first seven days of
ageing, slightly increase until one month and then
remain almost constant for a long period of time. As

previously discussed, these results can be explained
on the basis of the slow reactivity of residual -NCO
functional groups in a highly viscous medium [36].
The influence of the temperature on the SAOS func-
tions was also studied for a selected sample prepared
using a lignin/HMDI weight ratio of 1:2 and a con-
centration of 30% w/w (GKL2-30). This sample was
selected considering its mechanical spectrum at 25 °C,
which is more similar to those found in conventional
lithium lubricating greases. As can be observed in
Figure 8, the linear viscoelastic functions, G’ and G”,
generally decrease with temperature in the whole
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Figure 7 Evolution of the storage modulus, G, at 1 rad/s, with the ageing time for selected NCO-functionalized lignin gel-like
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frequency range studied, much more sharply above
105 °C. G’ frequency dependence is not significantly
affected by temperature and G” is influenced mainly at
high frequencies. At temperatures higher than 155 °C,
a significant “o0il bleeding” is generally observed,
which limits the thermo-rheological characterization.
The plateau modulus, G/, can be used to quantify the
SAOS function-temperature dependence (Figure 9).
As mentioned above, a sudden change in the slope of
GN0 versus 1/T plot at around 105 °C was clearly seen,
thus indicating a much higher thermal susceptibility
of sample studied at temperatures above this critical
temperature. This critical temperature matches fairly
well with that referred for the softening point of tra-
ditional lithium lubricating greases, which is around
110 °C. Two different Arrhenius-type relationships are
proposed to describe the evolution of G° with tem-
perature in both temperature ranges, as previously
reported [28, 42]:

Gy =A- E(En/R)'(l/T) 1)

where E_ is a fitting parameter that gives informa-
tion about the gel-like dispersion thermal depend-
ence, with a physical meaning similar to an activa-
tion energy (J mol™), R is the gas constant (8.314 ]
mol™ K), T is the absolute temperature (K), and A
is the pre-exponential factor (Pa). Equation 1 fits the
experimental plateau modulus values for the selected
sample, in the whole temperature range studied,
fairly well (R* > 0.90, see Figure 9). The activation
energy values resulting from this fitting were 1.3 kJ
mol™ in the low temperature range and 50 k] mol™
in the high temperature range. These values are simi-
lar to those obtained for standard lithium greases in

the low temperature range (1-2 k] mol™) and higher
than those reported in the high-temperature range
(18-20 k] mol™) [42]. However, this thermal depend-
ence is lower than that shown by other biodegradable
lubricating greases based on castor oil and lignocel-
lulose pulps from different origins and /or submitted
to different crosslinking treatments with hexamethyl-
ene diisocyanate [28].

From a rheological point of view, the formulation
of new lubricating greases needs the characterization
of both linear viscoelastic and viscous flow behaviors.
The viscous flow behavior of NCO-functionalized lig-
nin gel-like dispersions seems to be not so significantly
affected by the amount of HMDI used to modify the
lignin. However, the concentration of thickener used
in the formulation affects the viscosity, as can be seen
in Figure 10, where viscous flow curves of gel-like dis-
persions containing a lignin/HMDI weight ratio of 1:1
and 1:2 and concentrations of 20% and 30% w/w have
been compared. The power-law model fits the viscous
flow behavior of these gel-like dispersions fairly well
(R* > 0.99) in the experimental range of shear rates
studied,

7=k @

where “k” and “n” are the consistency and flow
indexes respectively. The values of these fitting param-
eters are shown in Figure 10. As can be observed, the
values of the consistency and flow indexes slightly
decrease with the lignin/HMDI weight ratio, the lat-
ter one being extremely low, especially for GKL1-20,
as typically found in lubricating greases, which have
been traditionally considered classical yielding mate-
rials. GKL2-30 displays the higher consistency index,
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Figure 9 Evolution of the plateau modulus with temperature and Arrhenius’ fitting (solid line) for a selected NCO-functionalized

lignin gel-like dispersion (GKL2-30).
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Figure 10 Viscous flow curves for NCO-functionalized lignin gel-like dispersions studied, at 25 °C, as a function of HMDI/

lignin weight ratio and concentration.

which may be attributed to the higher thickener
concentration.

3.5 AFM Analysis of NCO-Functionalized
Lignin Gel-Like Dispersions

Figure 11 shows the microstructure of a selected NCO-
functionalized lignin gel-like dispersion (GKL2-20),
evaluated by using the AFM technique. The advan-
tage of this technique in contrast to classical electron
microscopy observations is that the sample does not
need to be modified since the experiments can be
carried out under atmospheric pressure. Thus, both
scanning (SEM) and transmission (TEM) electron
microscopy techniques are vacuum based and the
sample must be submitted to either a freezing treat-
ment or oil removal. Appropriate microstructural
characterization of conventional lubricating greases
and lignocellulose pulp gel-like dispersions were
previously reported just by simply heating the sam-
ple at a temperature below the dropping point and
then cooling down to room temperature in order to
obtain a very smooth surface [43]. In this work, the
sample was prepared following the same protocol.
As can be noticed, the microstructure of this sample
is composed of interconnected thin fibers, forming a
three-dimensional network, which are distributed in
a continuous oil medium. Average fiber thickness and
length are around 24-30 nm and 178-230 nm, respec-
tively. These chemically modified lignin dispersions
show more densely grouped, thinner and shorter
fibers than those found for conventional lubricating
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Figure 11 AFM micrographs for selected NCO-
functionalized lignin gel-like dispersion (GKL2-20): (a)
window size 6 pm; (b) window size 1 pm.
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greases and HMDI-crosslinked lignocellulose pulp
gel-like dispersions, previously described [28, 43].

3.6 Lubrication Performance Properties of
NCO-Functionalized Lignin Gel-Like
Dispersions

The lubrication properties of NCO-functionalized
lignin gel-like dispersions studied were evaluated by
means of penetration tests and tribological experi-
ments, and the results have been compared with those
shown by commercial lithium and calcium lubricat-
ing greases. Penetration of standard cone geometries
inside a given lubricating grease sample is a common
practice in the lubricant industry to determine grease
consistency, which is obviously related to the rheologi-
cal properties. The NLGI grade is a commonly accepted
parameter to classify lubricating greases as a function
of their consistency obtained as penetration index [30].
Table 4 shows unworked penetration values of gel-
like dispersions studied, along with the correspond-
ing NLGI grade, and friction coefficients obtained in
the tribological cell. The gel-like dispersion with the
higher thickener concentration and lignin/HMDI
weight ratio of 1:2 is more viscous (see Figure 10) and
therefore shows lower unworked penetration value
and higher NLGI grade. Beside this, a decrease of
lignin/HMDI weight ratio in the thickener results in
a decrease of unworked penetration and higher NLGI
grade. On the other hand, all samples studied provide
similar friction coefficient values which are lower than
those obtained for the commercial lubricating greases
under the same tribological conditions. Although fric-
tion coefficient depends on operating conditions and
wear mechanisms, this is a relevant result since the
main purpose of using lubricants in a tribological con-
tact is the reduction of friction as much as possible.
In this sense, the model gel-like dispersions studied in
this work show a reduction of 16-22% in the friction
coefficient with respect to the two standard commer-
cial greases used as references.

4 CONCLUSIONS

This work describes a potential form of industrial val-
orization of residual Kraft lignin via modification with
HMDI and subsequent dispersion in castor oil to obtain
gel-like dispersions with suitable and promising prop-
erties to be used as biodegradable lubricating greases.
Rheological functions of these gel-like dispersions are
qualitatively and quantitatively affected by the lignin/
HMDI weight ratio and modified lignin concentration.
In most cases, the values of the storage modulus are
always higher than those found for the loss modulus in
a wide frequency range, displaying the plateau region
of the mechanical spectrum which is characteristic of
particle gels and lubricating greases among them. The
rheological functions evolve with ageing time, up to
around one month after preparation, as a consequence
of an internal curing process where free isocyanates
react with castor oil triglycerides. The effect of the
curing process is especially dramatic for the sample
containing a lignin/HMDI weight ratio of 1:4, which
exhibits a predominant viscous response immediately
after preparation and becomes almost a rubber after
one month. In particular, the frequency dependence of
SAOS functions of 30% modified lignin gel-like disper-
sion with 1:2 lignin/HMDI weight ratio is very similar
to that found for traditional NLGI 2 lithium lubricat-
ing greases. In relation to long-term rheological stabil-
ity, the values of SAOS functions significantly increase
during the first seven days of ageing, slightly increase
up to one month and then remain almost constant
for a long period. The thermo-rheological response
evidences a softening temperature of around 105 °C.
The unworked penetration values and related NLGI
grade is essentially viscosity dependent. An increase
in lignin functionalization degree results in a decrease
of the unworked penetration for the same concen-
tration. All samples studied provide similar friction
coefficient values in a tribological contact, lower than
those obtained with standard commercial lubricating
greases.

Table 4 Penetration, NLGI and friction coefficient for samples studied.

Sample Unworked penetration (dmm) NLGI Friction coefficient
GKL1-20 330 1 0.086
GKL2-20 287 2 0.083
GKL2-30 198 4 0.089
Lithium-based grease 260 2-3 0.108
Calcium-based grease 279 2 0.107
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Keywords:
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Oleogel carbohydrates, especially glucose (46.0-48.5%), xylose (4.3-15.6%) and lignin (32.5-39.9%) with a well-
Rheology maintained structure, displaying the main inter-unit linkages and low phenolic content. By contrast, kraft lignin

fractions presented a lower carbohydrate content, mainly xylose (3.4-4.3%), and higher content (44.9-67%) of
severely degraded lignin, showing a dramatic reduction of inter-unit linkages, and thereby high phenolic content.
The rheological response of NCO-functionalized lignin fractions-based oleogels is highly influenced by the com-
position and chemical structure of residual lignin fractions. Moreover, these oleogels presented suitable tribolog-
ical properties with values of the friction coefficient lower than those typically exhibited by standard lubricating

greases.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The improvement of energy security, renewability of end-use prod-
ucts and goods, and the reduction of greenhouse emissions should be
favoured through the transformation of lignocellulosic biomass into
chemicals and fuels. This scheme, nowadays known as biorefinery, in-
volves the selective fractionation of the main constituents of lignocellu-
lose (cellulose, hemicellulose and lignin), and their conversion into
materials, chemicals, and fuels. Thus, polysaccharides can be used for
the production of materials such as cellulosic pulp, and more recently,
nanofibrillated cellulose [1]; or can also be transformed into ferment-
able monomeric sugars from which alcohols, organic acids, alkanes,
lipids, etc., can be obtained [2,3]. However, the exploitation of the
other main components of lignocellulose, i.e., lignin, is much less
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Carmen”, Universidad de Huelva, 21071 Huelva, Spain.
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(M.E. Eugenio), franco@uhu.es (J.M. Franco).

https://doi.org/10.1016/j.ijbiomac.2020.07.292
0141-8130/© 2020 Elsevier B.V. All rights reserved.

studied. Lignin is usually present in the residual fractions generated as
side-streams in the carbohydrates-based conversion processes, such as
paper pulp and bioethanol industries [4-6], being generally burned to
obtain energy. Instead, lignin could be used for the manufacture of
new high added-value products [7], improving the sustainability and
competitiveness of these lignocellulosic transformation processes.
Conventional lubricating greases can be considered colloidal suspen-
sions, including a solid thickening agent, typically a metallic soap, dis-
persed in a liquid matrix, traditionally a mineral oil, forming a three-
dimensional gel-like network [8]. As a result of the increased environ-
mental awareness, different studies have proposed alternative green
formulations obtained from renewable resources, like those containing
vegetable-derived oils or glycerol esters instead of the traditional min-
eral oils [9,10], or biopolymers-derived thickeners as a replacement
for the classical metallic soaps. Among these biopolymers, the use of
some cellulosic materials such as paper pulps and different cellulose de-
rivatives has been reported [11-13]. In these studies, comparable rheo-
logical and thermal properties to those shown by traditional lubricating
greases were obtained, however, the physical and mechanical stabilities
turned out to be seriously compromised. Further studies have shown
substantial improvements in the development of these cellulose-based
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bio-thickeners by functionalizing the cellulose derivatives with isocya-
nate groups [14,15]. Recently, this approach has been also applied to
modify different lignins in order to be subsequently dispersed in castor
oil to produce bio-lubricating greases with promising properties
[16,17].

A thorough understanding of the composition and structure of resid-
ual lignins is imperative to develop new and efficient valorization path-
ways, including bio-lubricants production. In contrast to cellulose and
hemicelluloses, the chemical structure and other related features of lig-
nin have not been as accurately determined, due to the difficulties
arisen in its extraction and composition and structural characterization.
The problem of a detailed structural description of lignin is mainly re-
lated to the different nature of the numerous units that make it up,
which are not usually repeated on a regular basis, and the variability
of its composition and structure depending on its source. In general, lig-
nin derives from three basic phenylpropanoid units (p-hydroxyphenyl
(H), guayacil (G), and syringyl (S) units) and their acetylated forms,
which react in the cell wall, through peroxidase catalyzed oxidation re-
actions (via radical intermediates) to eventually form lignin polymers
with a large number of functional groups and bonds [18]. The H/G/S
units amount and ratio differ depending on the biomass type. Thus,
for instance, softwood lignin is enriched in G units also containing a
small quantity of H units, whereas hardwood lignin mainly comprises
G and S units. Lignins from non-woody plants also contain H units to-
gether with G and S units [18]. Moreover, not only the original source
but also the technology for lignin extraction has an impact on the purity,
molecular weight and chemical functionalities of the isolated lignins
and, consequently on their potential valorization [19].

This study explores the valorization of different residual lignin-
enriched fractions as thickening agents, via isocyanate
functionalization, in the production of bio-lubricating greases. The lig-
nin fractions were generated in different conversion processes of euca-
lypt and pine woods of interest, including fermentable sugars extraction
(using autohydrolysis or steam explosion followed by enzymatic hydro-
lysis), and cellulosic pulp production (using a classical kraft pulping ap-
proach). The main advantage of producing the different residual lignins
in the laboratory under controlled conditions is to cover a relatively
wide range of compositions and physico-chemical characteristics, in
order to evaluate the influence of these in the ultimate properties of
the potential end-use lubricants. Apart from the chemical composition
determined by standardized analytical methods, lignin chemical struc-
ture was comprehensively evaluated by means of Fourier transform in-
frared spectroscopy (FTIR), 'H and '*C nuclear magnetic resonance (*H
and '*CNMR), two dimensional NMR (2D NMRY), size exclusion chroma-
tography (SEC), and thermogravimetric analysis (TGA). The NCO-
functionalized lignin fractions structure was likewise assessed by FTIR,
NMR and TGA techniques. Then, a relationship between the chemical
composition and structure of the lignin fractions and their suitability
as thickeners in bio-lubricant formulations was established. With this
purpose, the rheological, tribological and microstructural properties of
the resulting residual lignin fractions-based oleogels obtained were
also studied.

2. Materials and methods
2.1. Raw materials and reagents

Eucalyptus globulus wood was kindly supplied by La Montafianesa
pulp mill (Torraspapel-Lecta Group, Zaragoza, Spain). Pinus radiata
wood was obtained from the material available at INIA-CIFOR
(Madrid, Spain). The materials were air-dried and then homogenized
and stored in polyethylene bags, in a single stock to avoid differences
in composition and water content. The woods were ground and sieved
to select chips with a size of 0.5-1.5 cm length and 1-2 mm width,
and then stored at 25 °C. Chemicals and solvents were acquired from
Merck (Barcelona, Spain), Panreac (Barcelona, Spain) or Sigma-Aldrich

(Madrid, Spain). Hydrolytic enzymes were donated by Novozymes
(Bagsvaerd, Denmark). Castor oil from Guinama (Valencia, Spain) was
used as base oil to prepare the oleogels.

2.2. Procedures for obtaining residual lignin-containing fractions

2.2.1. Autohydrolysis and steam explosion followed by enzymatic
hydrolysis

Autohydrolysis of eucalypt samples (pieces between 0.25 and 0.20
mm from chips grounded and sieved) was performed in an autoclave
(Trade Raypa S.L.) at the following conditions: 135 °C, 30 min, and liquid
to solid ratio of 6/1 (water/wood). Steam explosion of eucalypt chips
(pre-moistened at 25 °C for 16 h) was carried out in a 26 L stainless
steel digester at 195 °C for 20 min.

The samples resulting from autohydrolysis and steam explosion pre-
treatments were vacuum-filtered and thoroughly washed. Then, the in-
soluble solid fractions were subjected to enzymatic hydrolysis at 5% w/
w solid concentration in 50 mM sodium citrate buffer (pH 4.8), 50 °C,
120 rpm, and 72 h. For that, a cellulolytic complex (Celluclast 1.5 L, 5 fil-
ter paper units (FPU)/g of dry sample), supplemented with 3-
glucosidase (Novozym 188, 5 [U/g of dry sample) was used.

After enzymatic hydrolysis, the resulting hydrolysates were filtered
and the insoluble solids fractions, i.e. the residual lignin-containing frac-
tions referenced as AHL and SEL from autohydrolysis and steam explo-
sion pretreatments respectively, were collected, dried at 60 °C
overnight, and homogenized using a Retsch mill [20].

2.2.2. Kraft pulping

Kraft pulping of eucalypt and pine chips was carried out in a 26 L
batch reactor furnished with a system for recirculation and heating of
the pulping liquor, at the following conditions: 16% active alkali, 20%
sulfidity, 4 L kg~ liquor/wood ratio, 170 °C cooking temperature, 60
min to reach pulping temperature and 30 min at pulping temperature
(H-factor of 460). Chips were steamed for 5 min to facilitate the impreg-
nation of chemicals before starting the pulping. Afterwards, the
resulting kraft pulps (insoluble solids fractions) were filtered and the
black liquors were recovered. Then, residual lignin-containing fractions
(referenced as EKL and PKL from eucalypt and pine kraft pulping, re-
spectively) were recovered from black liquors by acid precipitation
(pH lowered to 2.5 with concentrated sulfuric acid). EKL and PKL lignin
fractions were filtered, dried at 60 °C overnight and finally homogenized
using a Retsch mill [21].

2.3. Analytical methods

The composition of the residual lignin-containing fractions (AHL,
SEL, EKL, and PKL) was determined by standard analytical methods
[22]. Thus, the samples were subjected to quantitative acid hydrolysis
in two steps to determine the carbohydrate composition, being the hy-
drolysed liquids analysed by high-performance liquid chromatography
(1260 HPLC, Agilent, Waldbronn, Germany; fitted with a G1362A refrac-
tive index detector; and equipped with an Agilent Hi-PlexPb column op-
erated at 70 °C with Milli-Q water as mobile phase pumped at a rate of
0.6 mL min~"). The solid residues remaining after the acid hydrolysis
were considered acid-insoluble lignin (Klason lignin). Moreover, ash
content was determined following the standard UNE 57050:2003.

24. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were performed using a JASCO FT/IR-4200 (Jasco Inc.,
Japan) apparatus. Lignin fractions were dispersed in KBr to obtain
disks. Then, the disk was put in a sample holder. NCO-functionalized lig-
nins were directly measured instead. The spectra were collected in a
wavenumber range of 400-4000 cm ™', in the transmission mode, at 4
cm ' resolution.
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2.5. Nuclear magnetic resonance (NMR)

Prior to 'H and '>C nuclear magnetic resonance ('H and '>C NMR)
experiments, lignin fractions were acetylated by mixing samples (1 g)
with anhydride acetic (30 mL) and pyridine (30 mL) for 48 h at room
temperature. Then, the reaction mixture was transferred into cold
water (300 mL) to obtain a solid that was filtered and washed with
water.

"H and 3C NMR experiments of acetylated lignin fractions were car-
ried out at 25 °Cin a Bruker AVANCE 500 MHz (Bruker, USA) spectrom-
eter equipped with a 5 mm BBFO plus with a z-gradient double-
resonance probe. Chemical shifts were referred to tetramethylsilane.
CDCl; was used as solvent, except for PKL which was dissolved in
DMSO-dg. 'H NMR experiments were carried out under the following
operation conditions: pulse 45° (us) 4.9 (AHL, pulse 30° (us) 2.875); re-
cycle delay (s) 10 (AHL, 10); spectral width (Hz) 10,330.5 (AHL,
6172.84); acquisition time (s) 3.17 (AHL, 5.3); scans number 32 (AHL,
64). 1>C NMR experiments were carried out under the following opera-
tion conditions: pulse 30° (us) 3.21 (AHL, 4); recycle delay (s) 1 (AHL,
10); spectral width (Hz) 30,030 (AHL, 29,761); acquisition time
(s) 1.09 (AHL, 5.3); scans number 12,500 (AHL, 13,360).

13C-"H two-dimensional nuclear magnetic resonance (2D NMR)
analysis of lignin fractions and NCO-functionalized lignins (dissolved
in 0.75 mL of deuterated dimethylsulfoxide, DMSO-dg) was recorded
at 25 °Cin the same spectrometer. HSQC (heteronuclear single quantum
correlation) experiment was recorded under the following operation
conditions: spectral widths, 5000 (EKL), 5252 (PKL), 6172 (AHL), and
4771 (SEL) Hz for the 'H dimensions, and 22,522 Hz for '>C dimensions
(AHL, 20,843); number of collected complex points, 1024 for "H-
dimension with a recycle delay of 1 s (AHL, 1676); scans number 32;
time increments (13C) 256; 1 JC-H (Hz): 145; J-coupling evolution
delay set to 3.45 ms; squared cosine-bell apodization function applied
in both dimensions. Residual DMSO (from DMSO-dg) was used as inter-
nal reference (6¢/6y 39.6/2.5 ppm).

2.6. Size exclusion chromatography (SEC)

SEC analysis (weight-average (M,,), number-average (M) molecu-
lar weights, and polydispersity (M,,/M,)) of lignin fractions was per-
formed by HPLC (1260 HPLC, Agilent, Waldbronn, Germany; fitted
with a G1315D diode array detector; and equipped with two columns
(Phenomenex) coupled in series (GPC P4000 and P5000, both 300 x
7.8 mm) and a safeguard column (35 x 7.8 mm)). The samples were
analysed at 254 nm using NaOH (0.05 M) as a mobile phase pumped
at arate of 1 mL min~" at 25 °C for 30 min. Prior to SEC analysis, lignin
fractions were dissolved at a final concentration of 0.5 g L~ in NaOH
(0.05 M). Polystyrene sulfonated standards (peak average molecular
weights of 4210, 9740, 65,400, 470,000, PSS-Polymer Standards Service)
were used for calibration purposes.

2.7. Thermogravimetric analysis (TGA)

Mass loss versus temperature curves were determined under N,
purge in a thermogravimetric analyser Q-50 (TA Instruments, New Cas-
tle, USA). Lignin fractions and NCO-functionalized lignins (5-10 mg)
were placed on platinum pans and heated from 30 °C to 600 °C, at 10
°Cmin~ .

2.8. Functionalization of residual lignin fractions and oleogel preparation

NCO-functionalization was performed by using hexamethylene
diisocyanate (HDI) and selecting a 1/2 w/w residual lignin fraction/
HDI ratio according to the methodology previously reported [16,17].
NCO-functionalized lignin samples have been named as FAHL, FSEL,
FEKL and FPKL.

The preparation of chemical oleogels was carried out following the
procedure detailed by Borrero-Lépez et al. [16], wherein the NCO-
functionalized lignin samples, at 20% w/w concentration, were dis-
persed in castor oil at room temperature for 24 h, using a RW 20 IKA
stirrer outfitted with an anchor impeller. Subsequently, the oleogels
were stored at room temperature and characterized after one month,
to ensure the complete curing of the samples [23]. Oleogel samples
have been named as GAHL, GSEL, GEKL and GPKL for those prepared
with lignins obtained from the autohydrolysis, steam explosion and eu-
calypt and pine kraft pulping treatments, respectively.

2.9. Rheological characterization of residual lignin fractions-based oleogels

Rheological measurements were conducted using controlled-stress
(Rheoscope, Haake, Germany) and controlled-strain (ARES, Rheometric
Scientific, UK) rheometers. Small-amplitude oscillatory shear (SAOS)
tests were carried out using a serrated plate-and-plate geometry (20
mm diameter and 1 mm gap), in the linear viscoelastic regime and fre-
quency range of 0.03-100 rad s !, at 25 °C. Viscous flow tests were per-
formed in a shear rate range of 1072-10% s~ ', using a serrated plate-
plate geometry (25 diameter and 1 mm gap). At least two replicates of
each test on fresh samples were made.

2.10. Microstructural characterization of residual lignin fractions-based
oleogels

Morphological observations of oleogels samples were made using a
multimode AFM connected to a Nanoscope IV scanning probe micro-
scope controller (Digital Instruments, Veeco Metrology Group Inc.,
Santa Barbara, CA) in the tapping mode with phase detection imaging.
Silicon Nanosensors TM PPP-NCH AFM probes with a constant force of
42 N m~! and resonance frequency of 330 kHz were utilized. Scan
speed and window size were fixed to 1 Hz and 6 pm, respectively.

2.11. Mechanical stability and tribological characterization of residual lig-
nin fractions-based oleogels

Unworked penetration indexes were determined using a Seta Uni-
versal penetrometer model 17000-2 with one-quarter cone geometry
(Stanhope-Seta, UK), following the ASTM D1403 standard. One-
quarter scale penetration values were transformed into the equivalent
full-scale cone penetration values, following the ASTM D217 standard.
The classical NLGI consistency grade was determined according to
these penetration values [8]. Five replicates of penetration measure-
ments were done.

A tribology measuring cell connected to a Physica MCR-501 rheom-
eter was used to carry out the tribological tests. The tribological cell is
composed of a 1/2” diameter steel ball (1.4301 grade 100) that rotates
on three steel plates (1.4301) inclined 45°. The stationary friction coef-
ficient was measured at room temperature by applying a normal force
of 20 N, resulting in a maximum contact Hertzian pressure of ~1.72
GPa, and setting a constant rotational speed of 10 rpm for 10 min. At
least five replicates of each test were done using fresh oleogel samples
as lubricants. For the sake of comparison, the same tribological test
was also performed under the same conditions using a commercial lith-
ium lubricating grease [24].

3. Results and discussion
3.1. Chemical analysis of residual lignin-containing fractions

In the context of biorefineries, lignocellulose conversion processes
typically involve access to carbohydrates contained in the plant wall
that will be later transformed into materials, chemicals, and fuels. For
that, biomass must first be subjected to a pretreatment stage in order
to produce an extensive modification of lignocellulose, mainly through
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lignin degradation, solubilization of hemicellulose and breaking the
crystalline structure of cellulose [2]. Among the pretreatment technolo-
gies that act on lignin, kraft pulping using NaOH and Na,S is the most
extensively used in the pulp and paper industry [25], whereas hydro-
thermal processes such as autohydrolysis and steam explosion are spe-
cially designed for hemicellulose hydrolysis and solubilization, being
more employed for fermentable sugars production [2].

Table 1 displays the chemical composition of the different residual
lignin-containing fractions recovered after enzymatic hydrolysis of
autohydrolysed eucalypt (AHL) and steam-exploded eucalypt (SEL), as
well as those precipitated from eucalypt (EKL) and pine (PKL) kraft
black liquors. In general, the total lignin content detected in kraft lignin
fractions (44.8% and 67.0% for EKL and PKL, respectively) was higher
than those found in the hydrolysis-derived lignin fractions (40.0% and
32.5% for SEL and AHL, respectively). The latter instead showed a
much higher carbohydrates content, around 52.7-61.9%, compared to
EKL and PKL samples (5.0-4.5%). This higher carbohydrate content ob-
served in lignin fractions obtained from the hydrolysis treatments
could be explained by the hydrolytic enzymes doses used herein.
Whereas the majority of studies for sugars and bioethanol production
uses 15 FPU and 15 1U/g of dry sample of cellulase and {3-glucosidase en-
zymes [26,27], respectively, or even higher [5], the enzyme doses ap-
plied in this study were considerably lower (5 FPU and 5 IU/g of dry
sample of cellulase and [>-glucosidase enzymes, respectively). Then,
lower enzyme doses reduce saccharification yields and, consequently
a higher sugar content remains in hydrolysis lignin fractions [28].
Among the carbohydrates, glucose was the major sugar in both hydro-
lysis lignin fractions (46.0-48.5%), whereas xylose was predominant
in the AHL sample (15.6%) compared to SEL sample (4.3%). During hy-
drothermal pretreatments, lignocellulosic biomass is exposed to water
at high temperature and pressure for a short time, where acetyl groups
are solubilized, promoting the hydrolysis and solubilization of hemicel-
luloses by cleavage of glycosidic bonds in hemicelluloses and lignin-
hemicelluloses linkages [29,30]. Nevertheless, the hemicelluloses re-
moval level varies in function of the pretreatment conditions and sever-
ity [29-31]. Then, AHL lignin fraction showed a higher xylose content,
according to the lower severity of the autohydrolysis pretreatment (S,
= 2.5), while SEL lignin fraction exhibited a lower xylose amount in
agreement to the higher severity of the steam-explosion pretreatment
(So = 4.09).

Regarding kraft lignin fractions, both samples also showed slight
amounts of xylose (Table 1), in agreement with other studies on euca-
lypt and pine kraft lignins [21,32]. Carbohydrates are solubilized from
biomass during kraft pulping. This effect, known as peeling reaction, in-
cludes a sequential depolymerization of the carbohydrates, especially
affecting hemicellulosic hexoses like glucomannan and to a lesser ex-
tent pentoses as xylan [25]. Afterwards, co-precipitation of hemicellu-
loses together with lignins is due to acidification of black pulping
liquors, which is described by the lower solubility of hemicelluloses in
acidic media [32]. Nonetheless, the pH value of pulping black liquors
for lignin extraction defines the amount of carbohydrates co-
precipitated, leading to a higher sugars content as pH decreases [32].
In addition, it is also known that hemicelluloses can also be linked to
these isolated lignins in the form of lignin-carbohydrates complexes
[21,33]. On the other hand, a great content of ashes was observed for

Table 1
Chemical composition (%) of residual lignin-containing fractions obtained from eucalypt
and pine wood conversion processes.

Klason Soluble Total Glucose ~ Xylose  Arabinose  Ash®
lignin lignin lignin
AHL 2752 4.92 3244  46.04 15.63 0.25 <05
SEL 38.82 1.12 39.94 4840 430 0.00 <05
EKL 35.95 8.85 44.81 0.49 4.29 0.20 33.66
PKL 60.50 6.50 67.00 0.45 3.36 0.72 16.00

¢ Ash content determined at 900 °C.

both kraft lignin fractions, being especially higher for the EKL sample.
Ashes are related to the inorganic matter existing in the sample, and
in this case, probably to the high amount in Na,;SO4 salts produced dur-
ing the acid precipitation step to obtain lignin fractions from pulping
black liquor [34]. Moreover, it is known that hardwood normally con-
sumes lower amount of chemical reagents during pulping process
(due to the higher amount of S units, easier to remove during pulping)
[35] compared to softwood and, consequently, higher amount of NaOH
remains in the black liquor favouring Na,SO, formation when H,SOy is
added [36], which could explain the higher amount of ashes observed
in EKL sample.

The impurities detected in lignin fractions, mainly sugars, may have
significant effects on their applicability, and based on requirements of
the target application some lignin purification procedures may be
needed [37]. Nevertheless, in the case of bio-lubricants production, the
presence of carbohydrates may have a positive effect in the
functionalization reaction with diisocyanates as an additional source
of polyols, as discussed below. In this sense, previous studies have re-
ported that the reaction between the hydroxyl groups from cellulose,
e.g., cellulosic pulps, cellulose derivatives, etc., and -NCO groups of
diisocyanates generates a suitable biopolymer to be mixed with castor
oil giving rise to oleogels with lubricating properties [15,38].

3.2. FTIR and NMR spectroscopic analysis of residual lignin-containing
fractions

FTIR spectra of lignin fractions are displayed in Fig. 1, being the cor-
responding bands assigned by comparison with other lignin spectra
previously reported [4-6,35,39]. According to the chemical composition
described above, the FTIR spectra show the typical lignin bands, includ-
ing those at 1615, 1517, and 1423 cm ™' associated to the aromatic skel-
eton vibrations; at 2930 and 2850 c¢m ' corresponding to the
asymmetrical and symmetrical stretching vibrations of methylene
groups, respectively; and that appearing at 1457 cm ™' due to asymmet-
ric vibrations and deformation. Moreover, a predominance of bands
assigned to S units was observed for eucalypt AHL, SEL and EKL lignins
(Fig. 1a, b, and c), similarly to other lignins derived from hardwoods
[5,6,35,40,41], with bands at 1327-1324 cm™' (ring breathing) and
831-829 cm™ ' (out of plane C-H bending vibration). On the contrary,
pine kraft lignin (PKL) spectrum (Fig. 1d) shows prevalence bands cor-
responding to G units at 1262 cm ' (ring breathing) and 853 cm ' (out
of plane C-H bending vibration) [39].

The band at 1732 cm ™' (unconjugated C=O stretching) attributed
to lignin oxidation was clearly visible in AHL and PKL samples (Fig. 1a
and d). Nevertheless, the carbonyl groups of hemicelluloses could also
contribute to this band [32], particularly in the case of AHL lignin frac-
tion according to its higher xylose content. On the other hand, conju-
gated C=0 groups at 1645 cm ' can also be observed in all spectra,
contributing to the widening of the 1615 cm™ ! band. This band could
also be associated with lignin oxidation as well as to amide bonds
from enzymes used during enzymatic hydrolysis, mainly in the case of
AHL and SEL samples (Fig. 1a and b).

Regarding the presence of carbohydrates, different bands attributed
to cellulose and hemicelluloses were observed in all spectra, being espe-
cially pronounced in hydrolysis lignin fractions (AHL and SEL, Fig. 1a
and b, respectively) according to their higher carbohydrates content.
Thus, a carbohydrate region with characteristic cellulose and hemicellu-
loses bands at 1156 (C-O asymmetric vibration), 1114 (C-OH skeletal
vibration), and 1030 cm~"' (C-O stretching vibration) are apparent, in
the same way that FTIR spectra of lignin-containing side streams re-
cently described for bioethanol production of different agriculture resi-
dues and energy dedicated crops [4-6]. By contrast, according to the
great ash content found for both kraft lignin fractions (EKL and PKL,
Fig. 1c and d, respectively), the carbohydrate region of their FTIR spectra
is overlapped by a broad band at 1114 cm ™! related to the asymmetric
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Fig. 1. FTIR spectra of AHL (a), SEL (b), EKL (c), and PKL (d) lignin-containing fractions.

stretching of SO~ groups [34], resulting from the salts generated during
the acid precipitation for lignin recovery from kraft black liquors.

Fig. 2 shows 2D NMR HSQC spectra of hydrolysis lignin fractions (AHL
and SEL), while Fig. 3 displays 2D NMR HSQC spectra of kraft lignin frac-
tions (EKL and PKL). Fig. 4 illustrates the corresponding >C NMR spectra
of acetylated lignin fractions, whereas Fig. 5 the corresponding 'H NMR
spectra. Finally, Fig. 6 displays the lignin substructures identified in
these residual lignin fractions by the different NMR analysis. The main
2D NMR signals are listed in Table S1 (in the Supporting information),
whereas Table S2 (in the Supporting information) displays '"H NMR and
13C NMR signals. All signals were assigned according to those previously
described in the literature [4-6,21,40-47].

Around 6¢/6y 0-50/0-4.5 ppm of 2D NMR HSQC spectra, ascribed to
the non-oxygenated aliphatic region, a great diversity of saturated ali-
phatic moieties were detected in all lignin fractions (Figs. 2 and 3),
showing higher intensities in EKL and PKL spectra (Fig. 3). Some signals

around 6y 0.8-1.6 ppm are attributed to extractives, whereas others
about 6y 1.6-2.6 ppm could correspond to different groups resulting
from lignin degradation [44,48].

Around 6¢/6y 50-95/2.6-5.6 ppm, assigned to the oxygenated ali-
phatic region, the cross-signals of methoxyl groups and the different
inter-unit linkages of lignins can be detected (Table S1 in the Supporting
information). Then, AHL and SEL fractions spectra presented lignin signals
attributed to [3-0-4’ substructures (A) (Fig. 2), including those assigned to
Co~Hy, correlations for 3-0-4’ substructures of G and S units, Cs-Hy; corre-
lations of 3-0-4' S units, and C,~H, correlations partly overlapped with
other signals. AHL and SEL fractions spectra also displayed pronounced
lignin signals for resinol (3-3’) substructures (B) (Fig. 2), showing C,~
He, C3-Hp, and the double C,~H,, correlations. Signals of phenylcoumaran
(B-5') substructures (C) were also slightly observable (signal correspond-
ing to C,~H,, correlation) in SEL lignin spectrum (Fig. 2b). By contrast, this
signal was absent in the AHL lignin spectrum (Fig. 2a).
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Fig. 2. HSQC 2D-NMR spectra, 6¢/6y 0-150/0-90 ppm region, of AHL (a) and SEL (b) lignin-containing fractions. The aliphatic, oxygenated aliphatic, and aromatic regions are observed.

Cross-signals of the residual DMSO is indicated.

Compared to AHL and SEL lignin fractions (Fig. 2a and b, respec-
tively) from saccharification processes, the oxygenated aliphatic region
of EKL and PKL fractions spectra from kraft pulping showed rather low

intensity of lignin signals assigned to (3-O-4’ substructures (A) (Fig. 3),
together with a new signal identified in eucalypt kraft lignin as Cs-Hp
correlation for 3-0-4’ substructures with a conjugated carbonyl or

Fig. 3. HSQC 2D-NMR spectra, 6¢/6y 0-150/0-90 ppm region, of EKL (a) and PKL (b) lignin-containing fractions. The aliphatic, oxygenated aliphatic, and aromatic regions are observed.

Cross-signals of the residual DMSO is indicated.
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Fig. 4. '>C NMR spectra of AHL (a), SEL (b), EKL (c), and PKL (d) acetylated lignin-
containing fractions (PKL dissolved in DMSO-dg instead of CDCl5).

carboxyl group (Fig. 3a). All these effects are indicative of a higher 3-O-
4’ linkage degradation during kraft pulping of eucalypt and pine
[21,32,35,46,49], and consequently, a higher lignin content with
available phenolic hydroxyl groups, as also confirmed by 'H NMR and
13C NMR experiments. Moreover, signals corresponding to
phenylcoumaran substructures (C) were also absent. Only correlations
assigned to resinol substructures (B) were observable, together with a
new C,—H, signal recognized as lignin terminal structure with a
carboxyl in Cy; (F). This terminal structure has been already reported
as intermediate in side-chains cleavage of eucalypt and pine kraft
lignins [44,46], which possibly reveals a greater shortening of aliphatic
chains during pulping processes. Lastly, other signals found in the

oxygenated region of the spectra of both kraft lignin fractions corre-
spond to the C,-H, correlations of cinnamyl alcohol end-groups (I).

The oxygenated aliphatic region of all spectra also shows a set of sig-
nals around 6¢/6y 68-78/2.8-3.6 ppm attributed to carbohydrates, both
hexose and pentose units (Figs. 2 and 3). According to the higher glu-
cose content determined for AHL and SEL lignin fractions, their spectra
presented mostly signals from hexose units together with the reducing
ends of (1 — 4) a-p-xylopyranosyl units (a-D-X®) and (1 — 4) p-p-
xylopyranosyl units (3-D-X®) (Fig. 2). This fact was also observed in
2D NMR spectra of lignin-containing side streams generated during
bioethanol production from steam-exploded materials of wheat straw,
forage sorghum, poplar wood, and olive tree pruning, being glucose
the main carbohydrate existent [4-6]. In contrast, EKL and PKL lignins
spectra from kraft pulping mainly show correlation in xylan chains
(Cy-Hy, C3-Hs, C4-Hy, and Cs-Hs) and the C;-H, cross-signal of (1 —
4) B-p-Xylopyranosyl units (3-D-X“'"H1) (Fig. 3), which is consistent
with the xylose content determined for these kraft lignin fractions,
and other studies on eucalypt and pine kraft lignins [21,32].

Finally, around 6¢/6y 95-150/5.6-9.0 ppm, corresponding to the ar-
omatic region, residual lignin fractions spectra show correlations associ-
ated with the aromatic rings of the different S and G lignin units
depending on lignocellulose source. Then, a pronounced signal assigned
to the C; 6-H, g correlation in S lignin units was observed for residual
fractions AHL, SEL and EKL from eucalypt (Figs. 2a and b, and 3a), in
agreement with other studies [21,31,46,49]. In addition, signals de-
scribed for C6-Ha,6 correlation in S units with a C, bearing a carbonyl
(S’) or carboxyl (S”) group [46] are also present in all eucalypt spectra.
Regarding signals associated with G lignin units, C;-H,, Cs-Hs, and
Cs—Hg cross-signals were also visible in AHL, SEL, and EKL lignin frac-
tions spectra. By contrast, the PKL spectrum from pine residual fraction
only showed signals related to G units (Fig. 3b), which is typical of soft-
wood materials [21,44,45]. Besides, signals attributed to C,-H, and Cs-
Hg correlation in G units with oxidized C, (G’) were also present in PKL
spectrum [50], together with a signal corresponding to C, g-Ha g correla-
tions in H lignin units. In support of 2D NMR experiments, '>C NMR
spectra of acetylated residual lignins also confirmed the predominance
of S units in eucalypt lignins (Fig. 4a, b, and c), and the prevalence of
G units in pine lignin (Fig. 4d).

Moreover, the abundance of lignin inter-unit linkages, S/G ratio, and
aromatic OH/aliphatic OH ratio of the different residual lignins were
also determined from the integration of '*C-"H correlation peaks in
the HSQC and 'H NMR spectra (Table 2). It is well well-known that 3-
0-4’ substructures depolymerization is the principal reaction during hy-
drothermal pretreatments [29-31,51,52]. This phenomenon is due to
the acid-promoted cleavage of alkyl-aryl ether 3-0-4’ linkages by the
action of acetic and uronic acids produced during the pretreatment
from the acetylated lignocellulose components [51]. Acidolysis of glyco-
sidic bonds in hemicelluloses is also produced, together with the degra-
dation of B-f' resinols, and (-5’ phenylcoumarans [29,30,52].
Nevertheless, the lignin depolymerization level varies with the hydro-
thermal pretreatment conditions and severity [29-31]. Accordingly,
AHL and SEL lignins studied herein still showed different inter-unit link-
ages, with higher contents for AHL lignin (3-0-4’ alkyl-aryl ether, 49.6
linkages per 100 aromatic units; and (3-f3’ resinols, 17.25 linkages per
100 aromatic units), according to the lower severity of the
autohydrolysis pretreatment (S, = 2.5). By contrast, SEL lignin showed
lower amounts of inter-unit linkages (/3-0-4' alkyl-aryl ether, 24 link-
ages per 100 aromatic units; and 3-3' resinols, 8.5 linkages per 100
aromatic units), according to the higher severity of steam-explosion
pretreatment (So = 4.09). Similar lignin depolymerization was
described by Araya et al. [31] when eucalypt biomass was submitted
to different autohydrolysis pretreatment conditions, observing higher
lignin degradation as severity conditions increased. On the other hand,
kraft pulping has also been widely employed for lignin removal in the
pulp and paper industry [25]. In this case, the alkaline conditions used
in this process lead to the hydrolysis of [3-0-4" alkyl-aryl ether bonds
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and glycosidic linkages in hemicelluloses [21,32,46,49]. Nevertheless, as
already mentioned for hydrothermal pretreatments, the lignin depoly-
merization level also varies depending on the alkaline pulping condi-
tions and severity [32,49]. The quantification of EKL and PKL lignin
fractions indicated a wide breakdown of 3-0-4" substructures (4.82
and 7.13 linkages per 100 aromatics for eucalypt and pine kraft lignins,
respectively), and some of them oxidized, as previously observed for
EKL sample (Fig. 3a). 3-' resinols partially resist the kraft pulping
[21,32,46,49], as the quantities indicate (4.9 and 5.7 for EKL and PKL, re-
spectively). In comparison to AHL and SEL lignins, the extensive lignin
depolymerization observed for EKL and PKL lignins led to lignin-
containing residual fractions with a higher hydroxyl group content.
These hydroxyl groups were mostly phenolic hydroxyl groups, as
could be inferred from the '*C NMR and 'H NMR spectra of acetylated
lignins (Figs. 4 and 5, respectively).

The integration of aromatic and aliphatic acetyl groups (2.5-2.2 and
2.2-1.9 ppm, respectively) in 'H NMR spectra (Fig. 5) allowed to estab-
lish the ratio between phenolic and aliphatic hydroxyl groups, which
shows higher values for kraft lignins, especially EKL sample (Table 2).
In the same way, '>C NMR spectra of EKL and PKL samples (Fig. 4c and
d) also displayed higher intensities of the phenolic hydroxyl bands
than those of the aliphatic hydroxyl bands (including primary and sec-
ondary aliphatic hydroxyls). By contrast, this effect was not observed in
13C NMR spectra of AHL and SEL (Fig. 4a and b).

Finally, S units are predominant in all lignins from eucalypt (AHL,
SEL, and EKL), exhibiting much higher S/G ratios compared to pine
kraft lignin (PKL) (Table 2). Among eucalypt lignins, AHL lignin showed
a slightly higher ratio (1.90) than SEL sample (1.65). Generally, hydro-
thermal pretreatments produce a substantial decrease of S/G ratios, as

reported by Samuel et al. [29,30] for the steam pretreatment of poplar
and switchgrass, and Araya et al. [31] in the course of an autohydrolysis
pretreatment of eucalypt. On the contrary, EKL lignin displayed a higher
S/G ratio since an increase of S units is generally produced as a result of
their preferential removal from biomass during the kraft pulping
[46,49].

3.3. SEC analysis of residual lignin-containing fractions

Table 3 displays the weight-average (M,,) and number (M) molec-
ular weights, and polydispersity (M,,/M,,) values for the residual lignin-
containing fractions studied. In line with the fact that lignins obtained
from hydrolysis treatments (AHL and SEL) were less degraded than
kraft lignins (EKL and PKL), as can be deduced from NMR analysis (see
Section 3.2), their Mw values were slightly higher (Mw = 4275 and
4380 g mol ! for AHL and SEL, respectively) than those shown by
kraft lignins (Mw = 3040 and 3690 g mol ' for EKL and PKL, respec-
tively). As commented above, the acidic conditions created during
autohydrolysis and steam explosion pre-treatments can lead to a cleav-
age of [3-0-4’ linkages and, consequently, to a reduction of the molecular
weight of lignin [51,53]. Nevertheless, possible condensation reactions
can take place under acid-catalyzed conditions of hydrothermal pre-
treatments, which can affect the molecular weight of lignin [51,53].
This fact is especially relevant among lignin molecules present in solid
residues during hydrothermal processes, as the AHL and SEL lignin frac-
tions studied herein. Contrary, the main reaction produced in the lignin
solubilized during kraft pulping is the alkaline hydrolysis of 3-0-4
alkyl-aryl ether bonds, yielding a more important reduction in molecu-
lar weight [32,41].
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Finally, it must be noticed that hydrolysis lignins were not
completely soluble in the alkali solution used as eluent, the high-
molecular-weight fraction, probably containing LCCs complexes, being
presumably the one that was not completely solubilized [54]. Therefore,
the molecular weight of these hydrolysis lignins is possibly slightly
underestimated. On the contrary, kraft lignins were completely dis-
solved in alkali eluent, showing low molecular weight values according
to its high degradation inferred from NMR analysis.

Table 2

Abundance of lignin inter-unit linkages expressed as linkage per 100 aromatic units (and
as relative percentage of the total linkages considered in brackets) and S/G ratio from in-
tegration of "*C-"H correlation peaks in the HSQC spectra of residual lignin-containing
fractions from eucalypt and pine. OHy,e/OH,;; from "H NMR spectra is also showed.

AHL SEL EKL PKL
[-0-4" (A) 4957 (742) 2398 (69.8) 4.82(49.6) 7.13 (556)
Resinols (B) 17.25(258) 8.49(247)  489(504) 569 (44.4)
Phenylcoumarans (C) 0 1.88 (5.5) 0 0
S/G ratio 1.90 1.65 271 0.10
OHppe/OHa 0.26 0.46 0.73 0.54

Abundances of 3-0-4', resinols, and phenylcoumarans, were estimated from Co~H,, corre-
lations. C;,6-H, 6 correlations from S units and C,-H correlations from G units were used
to estimate the S/G lignin ratios.

3.4. Thermogravimetric analysis (TGA) of residual lignin-containing
fractions

The thermal degradation processes of the residual lignin fractions
were conducted under nitrogen atmosphere (Fig. 7). The residual
lignin-containing fractions collected after saccharification of
autohydrolysed and steam-exploded eucalypt chips (AHL and SEL)
were compared with the lignin fractions recovered from eucalypt and
pine kraft black liquors (EKL and PKL). Without taking into account
the small mass loss found at around 70-80 °C, which is about 3%, mainly
corresponding to the removal of residual water, the thermal degrada-
tion of lignin fractions takes place in two main steps (see Fig. 7), with

Table 3
Weight average (M,,) and number-average (M,) and polidispersity (M,,/M,) of residual
lignin-containing fractions from eucalypt and pine.

Residual lignin fractions

AHL SEL EKL PKL
M, indicate (g/moL) 4275 4380 3040 3690
M, indicate (g/moL) 2270 2275 2210 2125
M,,/M, 1.88 192 1.37 173
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Fig. 7. Thermogravimetric curves under nitrogen purge for AHL, SEL, EKL and PKL lignin-
containing fractions.

those detected in the AHL, EKL and SEL samples being overlapped be-
tween them. The main characteristic parameters of these thermal
events and final residue values can be seen in Table 4. The thermal sta-
bility of lignin-containing fractions is significantly favoured by applying
the autohydrolysis and steam explosion treatments, which may notice-
ably expand the temperature of processability and the range of applica-
tions of potential materials prepared from these residual fractions.

It is well-known that hemicellulose volatilizes between 200 and 350
°C and cellulose at around 350 °C, while lignin volatilization happens
over an extended temperature range of 200-700 °C [55]. According to
this, residual lignin fractions obtained from hydrolysis treatments,
with higher carbohydrate content and less chemically degraded,

Table 4
TGA characteristics parameters for residual lignin-containing fractions and resulting NCO-
functionalized samples.

Sample  Tonser (°C) Tmax (°C) Residue (%) AW (%)
AHL 236 292/338 22 78

SEL 212 285/351 24 76

EKL 138 348 57 43

PKL 199/325 240/373 48 16/26

FAHL 124/208/320/453  156/270/345/475 21 17/18/26/18
FSEL 133/210/309/447  162/261/354/477 11 42/13/25/10
FEKL 119/293/426 135/322/451 24 32/32/15
FPKL 99/245/428 128/335/448 11 39/35/7

showed higher thermal degradation temperatures as well as much
lower amount of final residue (20-25 wt% at 600 °C). However, kraft lig-
nin fractions, more chemically degraded and having lower carbohydrate
content as well as higher quantity of C-C thermostable linkages (3-3')
[56], displayed a much wider range of thermal degradation tempera-
tures, together with a higher quantity of residue (52-57 wt% at 600
°C) due to the higher content of ashes, principally for EKL sample.

3.5. NCO-functionalized lignins characterization

Lignin functionalization with HDI was verified by using some of the
techniques previously described i.e., FTIR, NMR and TGA. Some relevant
differences in the FTIR spectra were observed after NCO-
functionalization of lignin fractions. As shown in Fig. 8, new stretching
bands may be clearly detected as a consequence of free isocyanate pres-
ence and urethane formation. Thus, the wide presence of free NCO reac-
tive groups generates an intense peak in the spectra, centred at around
2270 cm ™!, due to the NCO stretching vibration [57]. Moreover, the suc-
cessful formation of urethane bonds is confirmed by the N—H bending
vibration band which appears at 1570 cm ™. Unfortunately, no differ-
ences between the diverse NCO-functionalized lignins could be
prompted by using this technique due to the intense NCO-peak, which
masked the possible differences that could be observed regarding the
other bands. The formation of these urethane bonds is also associated
with a reduction in the number of hydroxyl groups. Thereby, the wide
peak related to the stretching of hydroxyl groups was partially replaced
by a narrower peak at around 3330 cm ™, related to the stretching vi-
bration of the N—H bond formed in urethane linkages [23]. Finally,
the intensity of both aliphatic methylene bands was significantly in-
creased as a consequence of the HDI 6-carbon chain incorporation to
the functionalized lignin structure and free HDI.

H and 2D NMR tests were also performed in an attempt to establish
the differences between lignin and its functionalized counterpart. De-
spite the complexity of the functionalized system, i.e. non-reacted
both lignin and HDI, lignin units reacted with one terminal NCO
group, thus forming a urethane bond, with the other NCO group avail-
able for subsequent reaction with CO and even lignin units reacted
with both terminal NCO groups of HDI, some remarkable facts can be
highlighted. As may be observed in Fig. S1 (in the Supporting informa-
tion) for a selected sample (FPKL), significant differences respecting
the non-modified lignin spectra were found within the aromatic band.
Although very small, some new peaks at around 8.76 and 8.26 ppm
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Fig. 8. FTIR spectra for FAHL (a), FSEL (b), FEKL (c), and FPKL (d) NCO-functionalized
lignin-containing fractions.
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were found after functionalization, which are attributable to the hydro-
gen atoms of the urethane group [58,59]. On the other hand, while the
results of non-functionalized residual lignin fractions show a wide
band of aromatic units, the spectra of NCO-functionalized lignin exhib-
ited only two narrow peaks centred at 7.25 and 7.18 ppm, which can be
assigned to aromatic protons of lignin units bearing a urethane group.
As discussed below regarding the 2D NMR spectrum, it is hypothesized
that the formation of urethane groups adjacent to aromatic lignin units
would intensify these signals in this region of the '"H NMR. Within the
range from 3 to 3.90 ppm, apart from the methoxy groups in lignin
(3.55 ppm), signals of methylene adjacent to NCO and urethane groups
of HDI can also be identified (at around 3.09 ppm) [58-61]. The pres-
ence of urea linkages formed by isocyanate groups in the presence of
humidity, presumably occurring during sample storage, was confirmed
by the appearance of peaks at around 4.02,4.25,4.98, 5.18 and 5.80 ppm
[62]. At lower chemical shifts (1.33, 1.24 ppm), more aliphatic units
joined to urethane and NCO groups can be likewise reported [58,60].
Regarding the 2D NMR spectrum (see Fig. S2 in the Supporting infor-
mation), significant differences respecting the non-functionalized lignin
sample were once again observed. In the non-oxygenated aliphatic re-
gion (6¢/6y 0-50/0-4.5 ppm), the presence of the six-methylene carbon
chain of HD], increased the density of the signals in this region, as ex-
pected. In the oxygenated aliphatic region (6¢/6y 50-95/2.6-5.6 ppm),
the areas previously attributed to 3-O-4 linkages and methoxy groups
were significantly reduced. On the other hand, in the aromatic region,
the intensity associated with G lignin units, C,-Hs,, Cs-Hs, and Cg-Hg
cross-signals, decreased and new signals with strong intensities ap-
peared at 125.5/7.1 ppm and 128.6/7.2 ppm, which were tentatively
assigned to aromatic C—H correlations of lignin units bearing a ure-
thane group. The finding of these new signals supports IR results thus
confirming the functionalization of lignin units by formation of ure-
thane bonds. Nevertheless, this fact should be more rigorously con-
firmed by HMBC (heteronuclear multiple bond correlation)
experiments in further studies. Furthermore, the foreseen presence of
urethane bonds at high chemical shifts (around 153.0/8.2 ppm) could
not be observed by HSQC experiments, being again necessary HMBC ex-
periments for its identification (through correlations of aromatic pro-
tons of lignin with the carbonyl carbon of the urethane group) [63].
On the other hand, thermogravimetric curves are depicted in Fig. S3
(in the Supporting information) and main characteristic thermal degra-
dation parameters are collected in Table 4. As previously discussed, lig-
nin fractions only showed one or two degradation events. On the
contrary, the functionalized lignins exhibited up to four main degrada-
tion steps. The first one (Tpax of 128-162 °C) was related to the cleavage
of free -NCO segments and the evaporation of some remaining free HDI
molecules [23,61], while the second and third ones were in correspon-
dence with the lignin structure. Another new fourth degradation
event was found at Ty, of around 448-477 °C, which can be related
to more complex structures generated by the crosslinking [15]. Both
the first and the last degradation events are strongly interrelated as a
decrease in the mass loss in the first one has a direct relationship with
an increase in the last one. In any case, these new degradation events
detected in the TGA curves of the modified lignin samples corroborate
the functionalization intended. As seen in Table 4, the FAHL sample ex-
hibited the lowest and the highest mass loss in the first and fourth ther-
mal degradation steps respectively, indicating that extensively
crosslinking was achieved prior to the proper oleogel formation. On
the other hand, even though cellulose content in SEL was very similar
to AHL, the lower hemicellulose and higher lignin content led to
minor crosslinking. This fact occurs as a consequence of the higher hy-
droxyl content of both cellulose and hemicellulose [64] and the notice-
able steric impedance provided by lignin structure, which reduce
isocyanate reactivity to the biopolymer [15,23]. In general, the higher
the lignin content, the greater hindrance to promote crosslinking. Fi-
nally, FEKL shows a slightly higher amount of mass loss than FPKL in
the fourth thermal degradation stage, suggesting a higher degree of

crosslinking, probably due to its higher proportion of phenolic hydroxyl
groups, more reactive to -NCO.

3.6. Functional properties of NCO-functionalized residual lignin-containing
fractions-based oleogels

The rheological response of the residual lignin-containing fractions-
based oleogels studied is significantly affected by the conversion pro-
cess of eucalypt and pine woods from which the residual lignin fractions
were obtained. Fig. 9a depicts the evolution of SAOS functions with fre-
quency, inside the linear viscoelastic range, for oleogels manufactured
with castor oil and NCO-functionalized lignin fractions recovered after
saccharification of autohydrolysed (AHL) or steam-exploded (SEL) eu-
calypt wood compared to those prepared with NCO-functionalized lig-
nin fractions recovered from eucalypt (EKL) and pine (PKL) kraft black
liquors. As reported elsewhere [14], the presence of free -NCO groups
in the functionalized lignin structure, verified and discussed in the pre-
vious section, allows the formation and stabilization of chemical
oleogels as a result of the interaction between these -NCO groups and
castor oil -OH groups.

In all cases, the mechanical spectra exhibit the typical gel-like behav-
iour, with a “plateau” region in the low-frequency range considered and
a tendency to reach the glass transition region at high frequencies.
Therefore, the values of the storage modulus (G’) are roughly one-
decade higher than those found for the loss modulus (G”) at low fre-
quencies, whereas both viscoelastic functions tend to reach a crossover
at high frequencies. Both the frequency dependence and the values of
the SAOS functions obtained for the oleogel prepared with AHL sample
(GAHL) are very similar to those exhibited by the most commonly
employed lubricating greases, i.e. NLGI grade 2 lithium or calcium
greases, which typically show G’ values around 10 Pa, one order of
magnitude higher than G”, in a wide frequency range [65]. Nonetheless,
a more extended plateau region, i.e. lower frequency dependence, was
generally displayed by commercial lubricating greases for similar thick-
ener concentrations. On the other hand, the highest values of SAOS
functions were achieved for GAHL, followed by GSEL, GEKL, and GPKL.
That is, softer gels were obtained when using kraft lignins as thickeners.
In addition, the values of the loss tangent (tan 6 = G” / G’) are plotted
versus frequency (Fig. 9b), indicating slightly higher relative elasticity
for oleogels prepared with lignins derived from hydrolysis treatments
(AHL and SEL). According to the detailed chemical characterization pre-
sented above, this may be a consequence of the higher amount of carbo-
hydrates that hydrolysis lignin fractions contain, together with the not
so degraded chemical structure, displaying a higher number of inter-
unit linkages, such as alkyl-aryl ether and resinol, and slightly higher
average molecular weight. Moreover, attending to the TGA results, the
presence of carbohydrates favours the formation of a more crosslinked
structure after functionalization, which must enhance the rheological
properties, especially in the case of AHL. On the contrary, GEKL and
GPKL oleogels showed lower values of G’ and G” moduli and relative
elasticity due to a dramatic decrease of lignin inter-unit linkages and,
therefore, a rather pronounced depolymerization degree during kraft
pulping, as commented above. The presence of certain amounts of car-
bohydrates in the hydrolysis residual fractions is also beneficial since
they provide an additional source of polyols which are able to react
with HDI in the functionalization reaction, as previously discussed. Fur-
thermore, as described for oleogels physically stabilized with cellulose
pulp [11], a decrease in the lignin/cellulose ratio increased the values
of the SAOS functions. On the other hand, despite lignins were derived
from the same process, GEKL sample displayed values of the viscoelastic
functions higher than those found for GPKL, which may be explained at-
tending to the higher content of available phenolic hydroxyl groups in
EKL as compared to PKL. As well known [66], phenolic hydroxyl groups
in lignin are highly reactive groups, thus favouring isocyanate
functionalization as previously described [17] and fostering a relatively
more crosslinked structure as TGA results suggest. In support of the
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Fig. 9. Frequency dependence of the storage, G, and loss, G”, moduli (a), the loss tangent
(b), and the viscous flow curves (c) for residual lignin-containing fractions-based oleogels.

Table 5
Power-law model fitting parameters of the viscous flow curves, penetration, NLGI grade
and friction coefficient for residual lignin-containing fractions-based oleogels studied.

Oleogels K n R? Unworked NLGI Friction
(Pa-s") penetration (dmm)  grade  coefficient
GAHL 2088 0.06 0997 221 3 0.074
GSEL 1324 0.08 0998 227 3 0.082
GEKL 596 010 0995 287 2 0.083
GPKL 595 012 0998 243 3 0.076

aforementioned arguments, compared to other polyurethane oleogels
based on lignocellulose or cellulose derivatives, these lignin-enriched
fractions generally requires a higher amount of crosslinker for achieving
similar viscoelastic response [14,38].

Regarding viscous flow measurements, a highly pronounced shear-
thinning behaviour was found for all the samples studied (Fig. 9c).
These flow curves can be fitted fairly well by the power-law model:

KA

where K and n are the consistency and flow indexes, respectively.
Table 5 lists the values of these fitting parameters for the samples stud-
ied. As can be seen, the consistency index follows the same tendency
previously discussed for the SAOS functions. Thus, oleogels prepared
with hydrolysis lignin fractions are more viscous, in the whole shear
rate range studied, than lignins derived from the kraft pulping process.
However, in this latter case, almost identical viscous flow curves were
obtained (GEKL and GPKL gels). Overall, the rheological behaviour of
these oleogels can be modulated attending to the chemical composition
and structure of the lignin-containing residual fractions in order to
achieve the appropriate consistency and viscoelasticity for lubricant
applications.

Moreover, oleogels exhibit different structural morphologies de-
pending on the conversion process as demonstrated by AFM observa-
tions for eucalypt woods (Fig. 10). Thus, more densely clustered and
thicker fibers and a generally more interconnected three-dimensional
network were observed for GAHL oleogel, which very much resemble
the microstructure of traditional lithium greases [67]. Instead, GEKL dis-
plays a less compact structure with shorter and thinner fibers and more
separation among them.

Finally, the lubrication performance of these oleogels was studied by
means of penetration and friction tests and the results were compared
with those obtained by a typical lithium lubricating grease. The penetra-
tion of a standard cone geometry was used to establish grease consis-
tency. The NLGI grade is a common parameter to classify lubricating
greases as a function of their consistency. Table 5 displays the unworked
penetration values of oleogels studied, together with the corresponding
NLGI grade, and the values of the friction coefficient obtained in a tribo-
logical cell. Most of the samples studied showed lower unworked pen-
etration values than commercial NLGI 2-3 lubricating greases [65] and
can be classified as NLGI 3 greases, excepting GEKL which is slightly
softer. This means that NCO-functionalized lignin fractions provide
higher, or similar in the worse cases, consistency to the oil phase than
the traditional metallic soaps and therefore may be considered effective
thickening agents. On the other hand, all residual lignin-containing
fractions-based oleogels provided satisfactory values of the friction co-
efficient, significantly lower than those found for commercial lithium
and calcium lubricating greases [65] and cellulose pulp-based polyure-
thane oleogels [38].

4. Conclusions

Residual lignin-containing fractions recovered after saccharification
of autohydrolysed eucalypt (AHL) and steam-exploded eucalypt (SEL)
had clearly different features compared to lignin fractions recovered
from eucalypt (EKL) and pine (PKL) kraft black liquors; a higher amount
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Fig. 10. AFM micrographs for selected residual lignin-containing fractions-based oleogels
samples: a) GAHL and b) GEKL.

of inter-unit linkages (mainly alkyl-aryl ether and resinol), translating
into slightly higher molar mass, together with lower content of phenolic
hydroxyl groups. AHL and SEL lignin fractions also contained a signifi-
cant amount of carbohydrates, mainly glucose. Contrary, kraft lignin
fractions revealed a certain amount of xylose together with a dramatical
reduction in inter-units linkages (despite resinol linkages partially
resisted) and therefore lower molar mass and higher phenolic content,
indicating rather harsh lignin depolymerization degree and chemical
degradation during kraft pulping, which also contributed to an ex-
panded range of thermal degradation temperatures. All eucalypt lignins
exhibited a majority of syringyl (S) units, especially EKL sample, because
of a major S lignin solubilization during kraft pulping. By contrast, PKL
sample was clearly composed by guayacil (G) units, typical from
softwood materials. Lignin-enriched fractions were successfully

functionalized with HDI, resulting a more extensively crosslinked struc-
ture in the case of AHL sample.

Oleogels were subsequently obtained by dispersing the NCO-
functionalized lignin fractions in castor oil. The rheological response
and microstructure of NCO-functionalized residual lignin-containing
fractions-based chemical oleogels studied were significantly affected
by the conversion process of eucalypt and pine woods. Linear viscoelas-
ticity functions and viscosity values of resulting oleogels obtained were
higher when hydrolysis lignin fractions were used as thickeners, which
is mainly found to be a consequence of both the higher carbohydrates
content and molecular weight. This fact was especially relevant for the
oleogel generated from AHL, which exhibited the least degraded chem-
ical structure. As a result, the use of NCO-functionalized hydrolysis lig-
nin fractions as thickening agents provides oleogels with very similar
rheological characteristics to those found in commercial lubricating
greases. On the other hand, all the lignin fractions-based oleogels used
as lubricants in a tribological contact provided very satisfactory values
of the friction coefficient, lower than that provided by a typical lithium
lubricating grease. Overall, residual lignin-containing fractions resulting
from hydrolysis and kraft pulping biomass conversion processes can be
used as suitable thickening agents, once conveniently functionalized, to
produce bio-based oleogels with appropriate lubricating properties,
whereas their composition and chemical structure serve to modulate
the functional properties of these.
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ARTICLE INFO ABSTRACT

Keywords: This work reports the influence of solid-state fermentation (SSF) of two agricultural residues, wheat and barley
Straw lignocellulosic residues straws, by using Streptomyces MDG301 strain, on their capacity to thicken and structure castor oil via cross-
Streptomyces linking with hexamethylene diisocyanate in order to obtain gel-like systems. The analytical composition of the
::,ﬁzlg . lignocellulosic residues and the enzymatic profile of the strain on both substrates were screened in order to

establish the best conditions to achieve optimal oleogel properties. A different rheological response was found
for oleogels obtained from each residue. This result could be explained in terms of the different enzymatic profile
observed when the microorganism grow on these substrates. Thus, a notable difference in the production levels
of CMCase and xylanase activities were detected. The assessment of the resulting oleogels as potential lu-
bricating grease formulations was carried out by means of rheological characterization at different temperatures
and tribological and mechanical stability tests. Overall, these oleogels demonstrate to possess similar rheological

Lubricating grease
Solid-state fermentation

and tribological characteristics compared to other commercial lubricating greases.

1. Introduction

Lignocellulosic biomass is emerging as a promising renewable re-
source that can be converted to both biochemicals and biofuels, which
represent realistic alternatives to fossil fuels and petrochemicals
(Aramrueang et al., 2017; Himmel et al., 2007; Mupondwa et al., 2018).
A substantial part of lignocellulosic biomass comes from wheat and
barley straws, with great potential owing to their widespread produc-
tion and low cost (Kim and Dale, 2004; Malhi et al., 2006; Sarkar et al.,
2012). These residues also offer promising expectations to be converted
into high added-value products (Chen et al., 2007; Duque et al., 2014;
Huang et al., 2019; Nabarlatz et al., 2007; Robinson et al., 2002).
Containing cellulose, hemicellulose and lignin as main components, the
combination of the three of them generates an entangled structure
which linkages are principally glycosidic (Van Dyk and Pletschke,
2012).

Nevertheless, not always green procedures and harmless reagents
are used when processing straws, thereby generating hazardous wastes
(Chen et al., 2007; Robinson et al., 2002). Therefore, green and eco-
friendly methodologies are necessary to harness lignocellulosic bio-
mass. This green chemistry is easily reachable by using microorganisms

Corresponding author.
E-mail address: barragan@uhu.es (C. Valencia).

https://doi.org/10.1016/j.indcrop.2019.111625

able to modify the structure of lignocellulose through enzymatic me-
chanisms. Some of these microorganisms such as Streptomyces can so-
lubilize lignin from lignocellulosic residues through the production of
hemicellulolytic (xylanases, mannanases) and oxidative (laccases, per-
oxidases) enzymes obtaining lignin-carbohydrate complexes (Acid-
Precipitable Polymeric Lignin, APPL) (Antonopoulos et al., 2001; Moya
et al., 2010). These actinobacteria are able to break those glycosidic
linkages which join the different lignocellulosic units, transforming the
material under less severe conditions than in other chemical treatments
(Nabarlatz et al., 2007). However, some pretreatments in order to aid
enzymatic activity are frequently carried out (Garcia-Aparicio et al.,
2006; Rosgaard et al., 2007; Van Dyk and Pletschke, 2012).

On the other hand, through the growing interest in eco-friendly
bioproducts and thanks to the entangled structure and available func-
tional groups in the components of wheat and barley straws, they are
potentially suitable for thickening and structure oil media and subse-
quently for oleogel formation, via chemical gelation. Previous studies
demonstrated that, using hexamethylene diisocyanate (HDI) as cross-
linker, cellulose (Gallego et al., 2013a), cellulose pulp (Gallego et al.,
2015) or lignin (Borrero-Lopez et al., 2018a, b; Borrero-Lopez et al.,
2017), can effectively act as thickening agents in vegetable oil media,
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resulting oleogels based on renewable resources with applications in
the lubricant industry (Gonzalez et al., 2016), among others. In this
work, a further attempt to achieve bio-based thickening agents from
raw, miscellaneous and waste materials such as wheat and barley
straws was explored. HDI is able to act as crosslinker due to its affinity
for hydroxyl groups, forming urethane bonds, either between the dif-
ferent hydroxyl groups of the straw components or between the lig-
nocellulosic material and the castor oil, which has previously been
pointed out as the determining factor in oleogel stabilization (Gallego
et al., 2013a).

According to what exposed above, the main focus of the present
work is to study the relevance of Streptomyces MDG301 strain action
through SSF in two different substrates, barley and wheat straws, to
obtain suitable thickeners by further inducing crosslinking with HDI in
castor oil. These oleogels have been tested rheologically, tribologically
and through penetration and mechanical stability tests in order to
evaluate the performance as lubricating greases.

2. Experimental Methods
2.1. Raw materials, chemicals and microorganism strain

The lignocellulosic residues used as fermentation substrates, i.e.,
wheat straw (Triticum aestivum var. maestro) and barley straw (Hordeum
vulgare), were both kindly furnished by local farmers from the province
of Guadalajara (Spain). HDI, along with all other common reagents
(culture media components, enzyme substrates and buffers) and sol-
vents (extraction procedures), were purchased from Sigma-Aldrich.
Castor oil was obtained from Guinama (Spain).

The microorganism used for this study was isolated from volcanic
soils in Nicaragua. The strain was classified as Streptomyces sp. based on
morphology and subsequently cell wall chemotype (Anderson and
Wellington, 2001). The strain is deposited into MICRODEG Collection
of the Biomedicine and Biotechnology Department of the University of
Alcala as Streptomyces sp. MDG 301.

2.2. Solid-state fermentation of both barley and wheat straws

Previous to SSF process, both wheat and barley straws were ground
in a 40-mesh screen-coupled Janke and Kunkel A-10 equipment and air-
dried for 24 h at 50 °C. To facilitate the colonization of the substrate
unplugged 2 L flasks containing 10 g wheat straw were steamed for 1 h.
The flasks were plugged with cotton stoppers and autoclaved for 20 min
at 121 °C (Blanquez et al., 2017). On the other hand, the preinoculum
was simultaneously prepared by growing standardized spore suspen-
sions of the strain (107 colony forming units per mL; cfumL 1 in
250 mL Erlenmeyer flasks containing saline basal medium (MBM) [per
liter: 0.5g of K;HPO,, 0.5g of MgSO4 7H,0, 0.01 g of FeSO,, 0.05
CaCl, and 0.01 g of NaCl] (Crawford, 1978) supplemented with 0.6%
(w/v) yeast extract. The cultures were incubated by shaking at 45 °C
overnight until the beginning of exponential phase of growth was
achieved.

The SSF was performed by adding 56 mL of the preinoculum to
250 mL flasks containing 10g of each residue and maintaining the
cultures at 45 °C for 2, 4 and 7 days. In all samples, enzymatic activities
and APPL and alkali lignin yields were determined. In order to get
enough quantity of fermented biomass for oleogel production, the SSF
was scale up in two five-tray bioreactors containing a total of 1kg of
each residue to which 5.6 L of preinoculum was added. Substrates were
aseptically distributed into the trays (200 g per tray) and incubated at
45 °C and keeping 90-95% relative humidity by blowing humidified
sterile air filtered through a 0.22 pym nominal cut-off membrane every
12 h. Uninoculated controls were incubated under the same conditions
(Borrero-Lopez et al., 2018a).
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2.3. APPL and alkali-lignin extraction and enzymatic analysis

APPL and alkali-lignin extraction along with enzymatic content
analyses were performed following the protocol previously described
(Borrero-Lopez et al., 2018a).

For enzyme assays, 10 g of transformed substrates were extracted
with 40 mL distilled water after 2, 4 and 7 days growth. The mixtures
were sonicated for 15min and then filtered through Whatman no. 1
filter paper to obtain the crude enzyme extract (Berrocal et al., 1997) in
which the following enzymes were measured:

- Peroxidase activity (EC 1.11.1.7) was assayed using 2,6-dimethox-
yphenol (2,6-DMP) as substrate. One unit of peroxidase activity is
defined as the amount of enzyme required to oxidize one pmol of
2,6-DMP per minute (¢ = 27,500 M~ ' em ™) (Hernndez et al.,
2001).

- Laccase activity (EC 1.10.3.2) was determined by the oxidation of
2,2-azino-bis-(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS). One
unit of laccase activity is defined as the amount of enzyme required
to oxidize one pmol of ABTS per minute (¢ = 29,300 M~ 'cm™1)
(Moya et al., 2010).

- Xylanase (EC 3.2.1.8), mannanase (EC 3.2.1.78) and carbox-
ymethylcellulase (EC 3.2.1.4) activities were determined by the re-
lease of reducing sugars using Somogyi-Nelson reactive (Somogyi,
1945). For the reaction, 25 L enzyme extract was mixed with 75 uL
phosphate buffer 50 mM pH 7.0 and with the specific substrate for
each enzyme; xylan, mannan and carboxymethyl-cellulose (CMC),
respectively. The absorbance was determined at 540 nm and one
unit of xylanase, mannanase or CMCase activity is defined as the
amount of enzyme required to release 1 pmol of xylose, mannose or
glucose per minute, respectively.

2.4. Functionalization of lignocellulosic residues

Fermented wheat and barley straws were washed several times with
distilled water and vacuum filtered in order to remove salts and other
water-soluble components included in the preinocula and not con-
sumed by the Streptomyces MDG301 (S. MDG301). Further, drying at
60 °C was performed until no water was released, checked by per-
forming thermogravimetric analyses. Final milling to a 0.25 mm max-
imum size employing a rotatory miller IKA MF 10 basic WERKE was
performed for both uninoculated and fermented samples.

Functionalization reaction was accomplished by selecting 1:2 w/w
straw/HDI ratio by following a protocol described elsewhere (Borrero-
Lépez et al., 2017). Summarising, straws were introduced in a two-neck
round-bottom vessel where 100 mL toluene were softly stirred under
inert atmosphere for 30 min. Subsequently, both reagents, straw and
HDI, were added together with triethylamine, which acts as a catalyst.
Functionalization reaction was held under stirring at room temperature
for 24 h. After that, residual toluene and triethylamine were eliminated
by using a rotary evaporator.

2.5. Preparation of oleogels

The functionalized straws (NCO-Barley, NCO-Wheat, NCO-
Fermented Barley, NCO-Fermented Wheat) were mixed with castor oil,
at 15% w/w concentration and room temperature, for 24 h, using a RW
20 IKA stirrer outfitted with an anchor-shape agitator. Finally, oleogels
were stored at room temperature for further characterization. Oleogel
samples have been named as OBarley, OWheat, OFermented Barley and
OFermented Wheat respectively depending on the type of straw used to
prepare them.

2.6. Characterization methods

The analysis of main components of control and fermented
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lignocellulosic residues was carried out once residues were dried
overnight at 60 °C. Extractives were removed with ether-petroleum
(10mlg ™" straw) in a soxhlet for 1h, and water-soluble components
also were obtained by refluxing the samples in a soxhlet for 6 h. The
Klason lignin content of the extracted substrate was estimated after
hydrolysis of polysaccharides with 72% v/v H,SO, for 1 h at 30 °C, then
with 4% v/v H,SO,4 at 120 °C for 1 h and finally maintained at 4 °C for
48 h. Precipitated Klason lignin was obtained by filtration through a
Whatman no. 1 filter paper and its dry weight was estimated. Acid-
soluble lignin was determined after removing the Klason lignin in the
acidified supernatants by measuring the absorbance at 205 nm. Ash
content was determined gravimetrically after leaving the residues at
575 *+ 25°C for 5h (Berrocal et al., 2000).

Fourier Transform Infrared (FTIR) spectra were performed using a
JASCO FT/IR 4200 (Jasco Inc. Japan), from 400 to 4000 em ™! wave-
number, at a 4cm™! resolution. Thermogravimetric analysis (TGA)
measurements were carried out from room temperature to 600 °C,
working with a Q50 analyser (TA Instrument Waters, USA).

Rheological characterization of the oleogels was performed with an
ARES (Rheometric Scientific, UK), equipped with 25 and 50 mm ser-
rated plate-plate geometries. Small amplitude oscillatory shear (SAOS)
tests within the linear viscoelastic regime were carried out in a fre-
quency range of 0.03-100 rad/s from 25 to 150 °C. Viscous flow mea-
surements were performed at room temperature between 0.03 and
1005~ 1. At least two replicates of each measurement were carried out.

The friction coefficient was obtained in a tribological measuring
cell, coupled to a Physica MCR-501 rheometer (Anton Paar, Austria),
which uses a 6.35 mm steel ball rotating on three 45° positioned steel
rectangular-shape plates where the lubricant is placed (Gallego et al.,
2016), by applying a constant normal load of 20N and at a constant
rotational speed of 10 min ~'. These conditions were held for 10 min in
order to achieve stationary values of the friction coefficient. At least
five replicates were carried out.

Penetration of both unworked and worked oleogels were obtained
by following ASTM D1403 standard, employing a 17000-2 Seta
Universal penetrometer coupled with one-quarter cone geometry and
then re-scaled using ASTM D217 standard to provide standard pene-
tration values. ASTM D217 was also applied to get the NLGI grade of
the oleogels. The samples were worked by following ASTM D1831
standard using a 19400-3 Roll Stability tester (Stanhope-Seta, UK). At
least five replicates of penetration measurements were carried out.

2.7. Statistics

The enzymatic production and lignin-based fractions solubilisation
(i.e. APPL and alkali-lignin) were analysed by using factorial ANOVA
implemented in Statistica v8.0 software. Time was considered as a fixed
factor. The differences among groups were analysed using Kruskal-
Wallis test.

3. Results
3.1. APPL and alkali-lignin yields from fermented substrates

From both wheat and barley straws submitted to SSF with S.
MDG301 strain, solubilised lignin estimated as APPL and alkali-lignin
extracted with NaOH were quantified (Fig. 1A and B). The differences
found in the amount of APPL solubilised by the strain along the time
course of growth on both substrates were not significant regardless of
the substrate (Kruskal-Wallis test: H(2,N = 9) = 5,6 p = 00,608). When
comparing the results obtained on both substrates, it could be observed
that the quantity of APPL obtained from wheat straw was significantly
higher than that obtained from barley straw (Kruskal-Wallis test: H
(1,N = 6) = 385 p = 00,495). The maximum solubilisation of APPL
was reached the seventh day of incubation with both substrates.

When an alkaline extraction with 0.1 M NaOH was applied to the

Chapter 4: Results & Discussion

Industrial Crops & Products 140 (2019) 111625

fermented substrates, the yield of lignin obtained was much higher than
that obtained with water (APPL). The amount of alkali-lignin obtained
from fermented barley straw along the time of incubation demonstrated
small differences. However, and in contrast to that occurred with APPL,
the differences in the amount of the alkali-lignin obtained from fer-
mented wheat straw along the time course of growth were much more
significant (Kruskal-Wallis test: H(2, N = 9) = 7,2 p = 00,273) and
much higher than those obtained with other strains (Borrero-Lépez
et al., 2018a). In every day of sampling (2, 4 and 7 days), wheat straw
was again the substrate from which a greater amount of alkali-lignin
was extracted after its fermentation with the Streptomyces strain
showing significant differences with that obtained from barley straw
(Kruskal-Wallis test: H(1,N = 6) = 385 p = 00,495). As occurred with
APPL, the highest amount of alkali-lignin was obtained the seventh day
of incubation, regardless the substrate.

Taking into account these results, it could be concluded that the
optimal conditions to achieve the highest solubilisation of lignin (APPL)
and the greater extraction of alkali-lignin from fermented substrates
corresponded to wheat straw fermented with S. MDG301 strain for 7
days.

3.2. Enzyme activities determination in aqueous extracts from fermented
substrates

Along the time of incubation of the two inoculated substrates with S.
MDG301 strain under SSF conditions, three hydrolytic enzyme activ-
ities (xylanase EC 3.2.1.8, mannanase EC 3.2.1.78 and carboxymethyl
cellulase (CMCase) EC 3.2.1.203) and two oxidative enzyme activities
(laccase EC 1.10.3.2 and peroxidase EC 1.11.1.7) involved in lig-
nocellulose degradation were screened. In the extracts obtained from
both fermented substrates, neither laccase nor peroxidase activities
were detected, probably due to the adsorption of these enzymes to the
substrates, which makes difficult their recovery (Kiiskinen et al., 2004;
Saarinen et al., 2009). However, the hydrolytic enzyme activities could
be detected in these extracts. The production level of xylanase activity
by the strain during the time of incubation showed significant differ-
ences between both substrates. Thus, the maximum xylanase activity on
wheat straw was 45.12 Ug’l (Fig. 2A) and on barley straw was
32.45U g~ (Fig. 2B), both after 7 days of incubation.

Regarding CMCase activity, the results showed again a significantly
higher production rate of the enzyme activity on wheat straw (max-
imum activity: 11.85Ug™") than on barley straw (1.80Ug™ ")
(Kruskal-Wallis test: H(1,N = 6) = 385 p = 00,495). On barley straw,
differences found in CMCase activity along the time of incubation were
not significant and the production levels of this enzyme were around six
times lower than those obtained from wheat straw. In contrast with the
production pattern of xylanase activity, for which an increase along the
time course of growth was observed on both substrates, the maximum
production of CMCase activity was reached at the second day of in-
cubation, maintaining this value along the time (Fig. 2A).

Although wheat straw resulted to be more efficient for the pro-
duction of the two above described enzymes, in the case of mannanase,
barley straw was the only substrate on which this enzyme activity was
detected. However, there were no significant differences in the man-
nanase activity detected along the time course of growth (Kruskal-
Wallis test: H2,N = 9) = 595 p = 00,509). As occurred with CMCase,
the maximum of mannanase activity was detected after two days of
fermentation (1.58 U gq) (Fig. 2B).

In a previous work, it was demonstrated that the Streptomyces
MDG147 strain grown under SSF conditions on wheat straw at 28 °C
produced the highest xylanase and mannanase activities after 4 days of
incubation, along with a simultaneous noticeable lignin solubilisation
estimated as APPL. In the same work and taking into account that the
ratio arabinoxylan/glucomannane in non-woody angiosperms is 20:1.3,
the main role for lignin solubilisation from the lignocellulosic residue
was attributed just to the production of xylanase activity (Borrero-
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Fig. 1. Quantity of Alkali-lignin (grey) and APPL (striped) per gram obtained from wheat (A) and barley (B) straws fermented with Streptomyces sp. MDG301 along

the time course of growth. All values are the mean of three determinations + SD.

Lépez et al., 2018a).

In the present study, the comparison of the results obtained on both
wheat straw and barley straw lignocellulosic substrates allow to con-
clude that the highest levels of xylanase and CMCase activities were
achieved when the strain S. MDG301 was grown at 45 °C on wheat
straw for 7 and 2 days, respectively. In parallel, the highest lignin so-
lubilisation rate from the residue (estimated as APPL) was detected
after 7 days of growth. From these results, an involvement of xylanase
and CMCase activities in lignin solubilisation from wheat straw by the
S. MDG301 strain could be inferred. It is noticeable the important role
of xylanase activity in the solubilisation of the residue by Streptomyces
and the possible contribution in some strains of this genus of other
hydrolytic enzymes such as CMCase in this process.

Nevertheless, it is important to remark the important role generally
attributed to oxidative enzymes such as laccases and peroxidases in
lignin solubilisation and/or degradation from lignocellulosic substrates
by streptomycetes (Berrocal et al., 1997; Bldnquez et al., 2017), in spite
of the difficulties to detect them in SSF fermentation conditions.

3.3. Characterization of uninoculated, fermented and NCO-functionalized
straws

To assess the effects of growth of the S. MDG301 strain under SSF
conditions on the composition of wheat and barley straw samples, both
control (uninoculated) and fermented (after 7 days submitted to SSF)
straws were analysed (Table 1).

The Klason lignin content was reduced in both barley and wheat
straws after 7 days of fermentation (Zeng et al., 2013), reaching 26.4%
and 17.9% loss, respectively. This decrease could be attributed to the
presence of oxidative enzymes above mentioned although they could
not be detected in the assayed conditions. On the other hand, an en-
richment in holocellulose content by 5.2% was detected in barley straw.

Table 1
Composition of barley and wheat straws studied.

Fermented
‘Wheat (%)

Fermented
Barley (%)

Wheat Straw
(%) (control)

Barley Straw
(%) (control)

Extractives 4.61 = 0.56 4.56 + 0.12 4.85 = 0.12 4.22 = 0.12

Water- 8.16 + 0.55 7.96 + 1.75 11.43 + 2,50 13.45 + 1.31
soluble

Acid-soluble 2.54 * 0.16 219 = 0.13 2.43 * 0.40 2.07 = 0.29
lignin

Klason lignin  25.15 = 1.51 24.53 + 255 185 = 3.81 20.14 = 2.6

Holocellulose 5894 + 0.94 59.63 + 4.15 6198 + 2.01 58.84 + 2.38

Ash 0.60 = 0.06 1.13 = 0.04 0.82 + 0.16 1.27 = 0.06

However, in fermented wheat straw, the percentage of hollocellulose
remains similar to the control. It is important to notice that the water-
soluble fraction, containing short oligosaccharides, increased up to 40%
and 70% for barley straw and wheat straw initial values, respectively.
These trends found in the analytical results are similar to those already
obtained for wheat straw treatment with another Streptomyces strain
(Zeng et al., 2013).

The differences found in the composition of both fermented sub-
strates could be attributed to the different hydrolytic enzymes pro-
duction pattern. Thus, the high production of xylanase activity together
with the low level of CMCase activity detected in barley straw could
explain the enrichment of hollocellulose in this substrate mainly due to
the inability to degrade cellulose, and therefore the stronger influence
of oxidative enzymes produced. Furthermore, it also explains the lower
concentration of water-soluble fraction obtained. However, for wheat
straw, the stronger combined action of xylanase and CMCase activity
could produce a simultaneous degradation of both xylan and cellulose
and as a consequence, the water-soluble fraction became much higher

25 4 r 50 25 - - 40 Fig. 2. Production of extracellular Xylanase
A B (0), mannanase (¢) and CMCase (A) activities
; 20 | L 40 ; 2 and estimfation of APPL yield (bars) dl{ring 1t‘l::le
] 3 g F30 3 growth of Streptomyces sp. MDG301 in solid-
s E u>:' g state fermentation on wheat straw (A) and
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Fig. 3. FTIR spectra of uninoculated (A & B), fermented (C & D) and further NCO-functionalized (E & F) barley and wheat straws.

in this substrate. Nevertheless, this was not translated into a lower
holocellulose content due to the combined activity of the oxidative
enzymes, which finally makes even the holocellulose concentration for
both uninoculated and fermented wheat straws.

FTIR spectroscopy was also used to study the different modifications
in the chemical structure of the different lignocellulosic raw materials
carried out by S. MDG301 action and after functionalization with HDI
(see Fig. 3). All the samples present the typical spectrum of lig-
nocellulosic materials corresponding to cellulose, hemicellulose and
lignin as main constituents. One of the most prominent bands found in
the spectra is centred around 3430cm~!, associated to the O—H
stretching vibrations in their main components. When comparing un-
treated and fermented straws, an increase in the intensity of these peaks
can be observed prompted by Streptomyces action, demonstrating the
creation of new hydroxyl groups by cleavage of the different linkages
through enzymatic action (Borrero-Lépez et al., 2018a). Approximately
around 1733-1737 cm ', an incipient peak was shown for both straws
which can be assigned to two possible structures. The first one is related
to ester bonds of hemicelluloses, both acetyl and uronic, whilst the
second one is given by COOH groups of both p-coumaric and coniferic
acids included in lignin-type structures (Alemdar and Sain, 2008a,
2008b). This band appears narrower and shifted to lower wavenumbers
in fermented samples, which confirms the partial elimination of these
structures by Streptomyces action (Zeng et al., 2013).

Wheat straw lignocellulosic material exhibits a wide peak centred at
1633cm ™, due to the contribution of absorbed water (Johar et al.,
2012). Nonetheless, for barley straw samples, this contribution is
clearly split into two different peaks, being the first one (1633 cm ')
due to the adsorbed water, and the second one, focused at 1601 cm ™~ *,
of much higher intensity for the fermented sample, attributed to C=C
stretching of aromatic units of lignin. Even though for barley straw the
whole lignin concentration was reduced, this increment may be con-
sequence of the structure alteration which let previously not so-acces-
sible bonds to be observed better now. This increment is not as clear for
wheat straw due to the much higher concentration of absorbed water.
In addition to this, the peak at around 1513 cm ™! together with the
peak at around 1420 cm ~! are both also characteristic of the aromatic
skeleton vibration of lignin, present in both cases, weaker for both

untreated straws (Meng et al., 2014), supporting what established
above.

Besides, a wide peak corresponding to the overlapping stretching
vibrations of C-O from aryl ethers (1274 e¢m™ ') and C-0 and O—H from
phenoxy structures (1222 em™ (Meng et al., 2014) can be detected.
This wide peak, attributed by Zeng et al. (2013) to guaiacyl and syr-
ingyl units, should be reduced in intensity after SSF with Streptomyces.
Nonetheless, in our case an increase in intensity was observed, again
probably as a consequence of lignin improved accessibility.

Another important peak is observed around 896 cm ~ !, attributed to
B-glycosidic linkages of the cellulose structure (Sun et al., 2005), which
is decreased by means of the SSF treatment with Streptomyces for wheat
straw, similarly to what was previously observed for lignin f—O—4
bonds (Borrero-Lopez et al., 2018a). Nonetheless, this reduction is not
so clearly exhibited for barley straw, probably due to the low level of
CMCase activity previously discussed.

Finally, once NCO-functionalization was performed, not significant
differences in the FTIR spectra can be observed, which are eventually
masked by the high intensity absorption peak attributed to the
stretching of free NCO groups, located at around 2270cm™! (see
Fig. 3E & F).

Thermogravimetric analysis may also provide useful information
about the different thermal degradation pattern of wheat and barley
straws caused by the effect of SSF and further modification with HDIL.
Fig. 4 depicts TGA curves for both non-functionalized and functiona-
lized straws, showing the weight loss percentage and the derivative
curve versus temperature. As can be seen, a similar trend for all non-
functionalized samples was followed. Initially, a weight loss close to 5%
regarding humidity content is observed, followed by the main event at
around 322-359 °C due to the degradation of the main components of
the different straws. Characteristic thermal parameters determined
from the thermogram (onset temperature (Topse), temperature for the
maximum decomposition rate (Tna) and final temperature in each
decomposition step (Tgna), along with the weight-loss percentage cor-
responding to each step and the percentage of non-degraded residue at
the end of the process) are collected in Table 2. As can be seen in
Fig. 4B, Tpmax is higher for the original barley straw than for wheat
straw. On the contrary, Fermented Barley possess the lowest Ty, While
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Fig. 4. Thermogravimetric curves of both non-functionalized (A & B) and functionalized straws (C & D).

Fermented Wheat the highest. Final residue amounts obtained are
around 22-24%, except for Fermented Barley, which is slightly higher.
Probably, Fermented Wheat does not increase its residue due to the
CMCase action, which also eliminates cellulose-based complexes.

Regarding NCO-functionalized straws, apart from the first solvent
loss, three main degradation stages can be appreciated. The first one at
around T, of 124-155 °C corresponds to the evaporation of remaining
free HDI molecules (Gallego et al., 2013b; Raghunanan et al., 2018) still
available for subsequent reaction with straw components and/or castor
oil during the subsequent oleogel forming process. A higher content of
free HDI implies a lower degree of crosslinking, which is clearly ob-
served for NCO-Fermented Wheat, whilst for the other samples this
content remained quite close. This fact may be consequence of the
higher enzymatic activity focused on easily accessible structures, thus
leaving less-accessible hydroxyl groups for crosslinking with HDI. The
second event at around 314-342 °C, as for non-functionalized straws, is
due to the degradation of the main components of the lignocellulosic
materials. For NCO-Fermented Wheat sample, this event depicts even a
visible split of the peaks in the derivative curve (Fig. 4D), suggesting a
more resistant structure to appear consequence of the enzymatic action.
This difference could not be observed for NCO-Fermented Barley, due
to the lower degree of enzymatic production and subsequent lower
degree of structural modification. Finally, the third thermal event, at
around T,y of 480-494 °C, is characteristic of highly entangled struc-
turation promoted by NCO-crosslinking (Gallego et al., 2013b). These
structures are favoured by SSF treatment only for barley straw, whereas
non-treated wheat straw shows the highest weight loss (see Table 2),
consequence of the statements above commented.

Table 2

3.4. Rheological and tribological characterization of oleogels

Typical viscoelastic behaviour of commercial lithium lubricating
greases implies values of the storage modulus (G’) close to 10* Pa and
values of the loss modulus (G”) around one order of magnitude lower,
along with a well-developed plateau region within a wide frequency
range, characteristic of gel-like colloidal systems. Moreover, a highly
pronounced shear thinning behaviour is typically found in the viscous
flow response of greases (Martin-Alfonso et al., 2011). As displayed in
Fig. 5A, where the SAOS functions are plotted versus the frequency
within the linear viscoelastic range at 25 °C, the above-mentioned be-
haviour is reproduced by all the oleogels studied, showing the OWheat
sample the higher values of the viscoelastic functions, followed by
OFermented Barley, OBarley and finally OFermented Wheat oleogel.
This behaviour should be in part related with holocellulose and lignin
contents of the straw samples studied (see Table 1). In principle, as
previously reported (Niifez et al., 2011), a reduction in lignin content
as a result of the enzymatic activity should increase the values of the
viscoelastic moduli in both fermented straw-based oleogels, result
which was only found in barley straw-based oleogel. In addition, this
barley straw sample submitted to SSF, showed an increased hollo-
cellulose content, favouring higher values of viscoelastic moduli in the
oleogel than the control (uninoculated) straw. The main reason would
be the higher content of high molecular weight (non-degraded) cellu-
lose as well as the favourable reactivity of free NCO groups with linear
polymers rather than branched polymers. Therefore, the contradictory
influence of SSF on the linear viscoelastic response of barley and wheat
straw-based oleogels can be explained by focusing on different enzyme
production pattern. As wheat straw produced CMCase in a much higher

Thermal characteristic parameters of non-functionalized and functionalized barley and wheat straws.

Tonser (°C) Tiax (°C) Tinar (°C) Weight loss (%) Residue (%)

Barley 254 339 364 72 23
Wheat 273 328 352 70 24
Fermented Barley 277 322 341 62 34
Fermented Wheat 267 359 375 73 22
NCO-Barley 104/248/445 134/321/463 145/340/480 39/37/6 12
NCO-Wheat 118/249/437 155/329/458 171/350/482 41/34/9 5

NCO-Fermented Barley 100/238/421 129/314/451 141/329/482 41/33/7 18
NCO-Fermented Wheat 87/244/332/444 124/312/342/456 136/317/365/494 48/24/14/5 5
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Fig. 5. Linear viscoelastic functions (A) and viscous flow curves (B) for the oleogels performed with NCO-functionalized fermented and uninoculated straws.

Standard deviation has been included in the form of error bars.

level than barley straw, it was expected to see a decrease in the SAOS
functions of Fermented Wheat-based oleogel as a consequence of a
more extensive degradation of cellulose. On the contrary, a positive
influence of the predominant xylanase action is expected since this
enzyme eminently affects branched biopolymers. However, the influ-
ence of both enzymes should not be of the same grade, otherwise Fer-
mented Wheat-based oleogel would not show such dramatic drop of
both viscoelastic moduli. Considering both xylanase and CMCase
maximum activities, a simple mathematical model can be drawn to
evaluate the relative influence of the actions of both enzymes. Thus, the
plateau modulus, G\°, a characteristic parameter of the plateau region
of the mechanical spectrum, defined as the extrapolation of the con-
tribution of entanglements to G’ at high frequencies (Baumgaertel et al.,
1992), was estimated for all samples as shown elsewhere (Borrero-
Lopez et al., 2017; Sanchez et al., 2014), and then the ratio of the
plateau moduli for the control and fermented straw-based oleogels was
evaluated as a function of the xylanase and CMCase relative maximum
activity percentage respecting the total enzymatic activity determined
in each fermented straw, as follows:

[Xylanase (%))

0 — 0
Gn.@.rw) = G.sw) [CMCase (%))° (6]

The results demonstrated a positive influence of xylanase activity
whereas a negative and twofold stronger influence was shown by
CMCase, being a and b parameters 1.82 and 0.97 values, respectively,
which supports the previous discussion. In addition, as previously dis-
cussed, the lower crosslinking degree achieved in HDI-modified
Fermented Wheat sample, as a result of the higher enzymatic activity,
favours the decrease in the linear viscoelastic functions found in the
corresponding oleogel.

Regarding the viscous flow measurements, Fig. 5B shows the ap-
parent viscosity versus shear rate plots for the different oleogels stu-
died. As can be seen, very similar viscosity values and a markedly shear-
thinning behaviour were observed in all cases. Viscous flow curves were
fitted by using the power-law model (Eq. 2):

n=Kj! 2

where K and n are the consistency and flow indexes, respectively.
Table 3 shows the values of K and n for all the oleogels studied. Only
slight differences in viscosity are found at low and/or high shear rates,
resulting very similar values of K (the viscosity at 1 s~'). The same

tendency found for the SAOS functions can be appreciated at low shear
rates, i.e. contrary effect of SSF in barley and wheat straw-based oleo-
gels, respectively, whereas Fermented Wheat-based oleogel tends to
have high viscosity at high shear rates. Flow indexes were quite close to
0, varying from 0.02 for OWheat to 0.15 for OFermented Wheat, which
are characteristic of yielding materials such as lubricating greases
(Delgado et al., 2019; Sanchez et al., 2014).

In addition, the evaluation of the thermo-rheological behaviour is
important to predict the lubrication performance in grease lubricated
contacts, which under working conditions may be significantly heated
due to friction. Accordingly, the straw-based oleogels developed were
also tested up to 150 °C (see evolution of SAOS functions with frequency
from 25 to 150 °C in the supporting information, Fig. S1). As can be
observed, the linear viscoelastic functions decrease with temperature in
a similar way for all the oleogels studied. Fig. 6 shows Gy’ vs. the re-
ciprocal temperature plots for the four oleogels studied. In all cases, two
different trends were observed, the first one, from 25 to 75 °C, where a
moderate decrease of Gy° with temperature is noticed, and above 75 °C,
where a more important decrease in this parameter was experienced.
Two Arrhenius-type equations were applied to describe the evolution of
Gn° with temperature for each oleogel (see Eq. (3)), in both tempera-
ture ranges:

GY = A-eElRUIT) 3)

where A is the pre-exponential factor (Pa), E, is a parameter which
determines the thermal dependence, similar to the activation energy (J/
mol), R is the gas constant (8.314 J/mol K) and T is the absolute tem-
perature (K). A and E, values resulting from the fitting to Eq. (3) are
shown in Table 4. In general, compared to the results obtained for other
lignocellulosic-based oleogels and traditional metallic soap-based lu-
bricating greases, the activation energy values obtained in both the low
(5.8-13.4kJ/mol) and the high (33.8-51.2 kJ/mol) temperature ranges
are slightly higher to those obtained for commercial lithium greases,
but similar to those found for calcium greases (Sanchez et al., 2014), or
much lower than those reported for other biodegradable lubricating
greases based on castor oil and lignocellulose in the high temperature
range (Borrero-Lopez et al., 2018b; Gallego et al., 2015). It is worth
mentioning that the more important xylan degradation in fermented
wheat straw because of enzymatic activity softens the change of ten-
dency at 75 °C, being less pronounced (see Fig. 6).

Tribological tests were also carried out to assess the lubrication
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Table 3
Friction coefficient values measured in a tribological contact, penetration measurements and power-law model indexes for the oleogels studied.
Samples Friction Coefficient Unworked penetration (mm/ Worked penetration (mm/ Penetration variation (mm/10) NLGI grade K (Pas™) n
10) 10)
OBarley 0.091 = 0.007 235 £ 21 368 + 11 133 3 1031 0.10
OWheat 0.095 = 0.002 209 £ 9 247 £ 4 38 3-4 1319 0.02
OFermented Barley 0.092 = 0.003 234 £ 8 300 + 4 66 3 1141 0.03
OFermented Wheat 0.095 = 0.002 281 = 15 392 + 1 111 2 1098 0.15
Table 5
10 @ Recovery of the plateau modulus for the oleogels studied.
Samples Recovery (Percentage of initial value) (%)
94 After Rolling Day 7 Day 40
P~ OBarley 2.6 9 22
S 8 OWheat 1.6 8 17
~ T OFermented Barley 3.5 13 23
OLDZ OFermented Wheat 0.7 10 15
=
£ 4]
recommended to be lower as possible, the mechanical stability of these
samples is rather poor, only being acceptable that exhibited by the
6 OFermented Barley OWheat sample
4 OFermented Wheat The severe drop in consistency values experienced by the four
0.0022 0.02)24 00'026 0,0628 OAOE)BO 0_0632 00634 oleogels after application of the shear rolling test was extrapolated to
the linear viscoelastic functions, which suffered a reduction of around
1/Temperature (1/K) o S o . .
96-99% of the initial Gy~ values, being the largest softening observed

Fig. 6. Evolution of the plateau modulus with the reciprocal temperature and
corresponding Arrhenius fitting for the oleogels studied. Standard deviation has
been included in the form of error bars.

Table 4
Eq. (3) fitting parameters for the oleogels studied.
Samples 25-75°C 75-150°C
OBarley A (Pa) 208.5 9.2E-3
Ea (kJ/mol) 9.1 38.1
OWheat A (Pa) 146.9 2.2E-4
Ea (kJ/mol) 124 51.2
OFermented Barley A (Pa) 1184.4 9.7E-3
Ea (kJ/mol) 58 39.8
OFermented Wheat A (Pa) 25.5 2.4E-2
Ea (kJ/mol) 13.4 33.8

performance of these oleogels. The friction coefficient values obtained
for the four oleogels were displayed in Table 3. In all cases, very similar
values were obtained, always below 0.10, which imply outstanding
values, lower than those obtained for commercial lithium and calcium-
based lubricating greases under the same conditions (Borrero-Lopez
et al., 2018b; Gallego et al., 2016) and close to those obtained from
waste lignin-based oleogels (Borrero-Lopez et al., 2018b).

Besides, oleogels were also characterized by means of penetration
tests, which allow to classify greases in terms of NLGI grades, attending
to their consistency, as determines the mechanical stability after
working. Table 3 shows both unworked and worked penetration values,
including penetration variation, as well as the associated NLGI grade.
As expected, unworked penetration values of the samples studied in-
creased inversely to the viscosity and values of linear viscoelastic
functions, providing lower NLGI grade for Fermented Wheat-based
oleogels (NLGI 2), and higher grade for OWheat (NLGI 3—-4). Typically,
NLGI grade ranges from NLGI 000, for liquid-like greases, to NLGI 6 for
hard greases. Most common greases suitable for a wider range of ap-
plications are those with NLGI grades 1-3, and more specifically NLGI
2. The penetration variation, calculated after application of the shear
rolling test is also shown in Table 3. Since penetration variation is

for fermented samples (see Table 5). Nevertheless, a partial recovery of
the structure was observed when SAOS functions were monitored along
a determined period of time after the application of the rolling test,
reaching stationary values at around 40 days. For the sake of compar-
ison, the G\° values at different recovery times, obtained from fre-
quency sweeps (raw SAOS curves shown in Fig. S2 of SI) were used to
estimate the recovery percentage (see Table 5). As can be seen, after 1
week, around 10-13% of recovery has been achieved for fermented
straws-based oleogels, while uninoculated-based ones only reached
8-9%. After forty days, no recovery is any longer observed, at which
plateau modulus was able to raise up to 23% of that found in the initial
(non-sheared) barley-based oleogels while only around 15-17% was
finally recovered for wheat straw-based oleogels, independently of the
SSF, demonstrating a higher capacity of structural recovery for barley-
based systems and again the importance of the original structure of the
straw.

4. Conclusions

Wheat and barley straws were successfully modified by Streptomyces
MDG301 action through a SSF process. The differences found in the
enzymatic pattern of xylanase, CMCase and mannanase detected on
both substrates as well as their different level of activity, could explain
the different yield of APPL and alkali-lignin obtained. As long-chain
cellulose is a key component on strengthening oleogels, elevated
CMCase activity found on wheat straw generated oleogels with lower
values of the linear viscoelastic functions, contrary to that observed on
fermented barley straw-based oleogels, where the activity of CMCase
was much lower and xylan elimination led to a stronger network which
increased the values of SAOS functions. Straw-based oleogels were as-
sessed for potential lubrication applications, as bio-sourced lubricating
greases, demonstrating typical and suitable rheological behaviour from
room temperature to 150°C. Tribological tests demonstrated out-
standing frictional behaviour, with values of the frictional coefficient
below those obtained for commercial lubricating greases. On the other
hand, consistency values ranged these samples in NLGI grades between
2 to 4. Nonetheless, straw-based oleogels presented relatively poor
mechanical stability, thus penetration variation was far from ideal, but
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comparable or even better than some calcium greases and other lig-
nocellulosic-based gel-like dispersions. After working tests, barley
straw-based oleogels demonstrated better structural recovery.
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Abstract: The replacement of mineral oils and non-renewable gelling agents is an imperative
requirement for the lubricant industry in the near future. In this framework, cellulose pulp and
castor oil are proposed as sustainable substitutes for these components. Biological treatment has
been explored and evaluated to enhance the dispersing and thickening properties of cellulose
pulp in oil media. Streptomyces sp. MDG147 and MDG301 strains were employed to modify
agricultural wheat and barley straw residues from which cellulose pulp was obtained afterwards.
In addition, an environmentally friendly process for the production of cellulose-pulp-/castor-oil-based
polyurethanes was applied, in which neither catalysts nor harmful solvents were used, resulting in
chemical oleogels. These oleogels were rheologically and tribologically characterized to evaluate their
performance as lubricating greases. The enzymatic activity pattern developed was dependent on
the raw material, the strain type, and the temperature, influencing the cellulose pulp’s composition,
polymerization degree, and crystallinity. These modified characteristics tuned the rheological behavior
of the different oleogels, providing a beneficial range of viscoelastic responses and viscosity values
that were generally favored by the Streptomyces action. Furthermore, the friction coefficient and
dimensions of wear scars measured in a tribological contact were comparable to, or even lower
than, those found with commercial and other bio-based lubricating greases that have previously
been studied.

Keywords: cellulose pulp; lubricating grease; oleogel; polyurethane; rheology; solid-state
fermentation; Streptomyces; tribology

1. Introduction

Current research is being driven by the mandatory necessity of finding new materials and
proceedings that will enable harmful industrial processes, end-use products, and non-renewable energy
sources to be replaced by greener alternatives, such as natural, renewable, or bio-based products and
non-hazardous techniques that meet the trends of Green Chemistry [1].

Among the most studied bioresources, cellulose is undoubtedly the principal one. As a consequence
of being the most abundant biopolymer on Earth, research has focused on many alternative fields,
such as composites [2], tissue regeneration [3], chemical products [4,5], biosensors [6], energy storage [7],

Polymers 2020, 12, 2822; doi:10.3390/polym12122822 www.mdpi.com/journal/polymers
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etc. Such diverse applications are possible because of cellulose’s main chemical and physical properties,
which make of it an outstanding biopolymer. The linear chemical structure—based on glucose and
linked by ((1-4) glycosidic bonds—and the numerous hydroxyl groups that allow the formation
of a crystalline structure through hydrogen bonding [8] are some of its most interesting features.
The fibrous structure and ability to form macromolecular networks have prompted the possibility
of using cellulose to produce different gel-like structures, such as aerogels [9,10], hydrogels [11,12],
or oleogels [13-15], for a wide variety of applications.

The development of bio-based oleogels may represent a new market niche in the lubricant industry
with interesting perspectives for the future, since metallic soap-based thickening agents and mineral
oils, the main components in lubricating grease formulations, may have to be replaced soon as a
consequence of more restrictive politics [16,17]. At the Chemical Process and Product Technology
Research Center (Pro2TecS, Universidad de Huelva), we have dedicated our efforts over the last two
decades to the development of eco-friendly oleogels, attempting to provide them with outstanding
functional properties so they can be proposed as efficient alternatives to traditional lubricating greases,
as well as to the comprehensive characterization of the rheological and tribological behaviors of both
commercial and bio-based lubricating greases [18,19]. More specifically, this research has been focused
on the finding of suitable and sustainable gelling or thickening agents in oily media by following
diverse approaches. Among the different raw materials, biopolymers such as chitosan and chitin [20],
lignin [16,21-23], cellulose derivatives [14], and more complex lignocellulosic materials [17,24,25]
have been used to thicken or gelify vegetable oils. Furthermore, chemical modifications, such as
epoxidation [24], methylation [26,27], ethylation [28], acylation [20], or polyurethane formation [29],
were applied to either decrease the polarity of these biopolymers—thus increasing the affinity by the
oil medium—or promote the formation of chemical gels and more stable networks by generating
covalent bonds between the biopolymer and the vegetable oil. Nonetheless, despite the fact that
these final formulations can be considered bio-based, inert, and non-toxic materials, some of these
procedures involve the use of hazardous chemicals and solvents; therefore, alternative processes and
methodologies must be further explored. This is the case, for instance, of polyurethane-based materials,
which are usually synthesized using toluene or other harmful solvents [30], as well as triethylamine or
dibutyltindilaurate as catalysts [31]. Thus, procedures free of both catalysts and solvents have lately
been focused upon [29].

On the other hand, bio-source modification has also widely been targeted in order to provide
systems with better properties for certain applications, rather than the consequent use of harmful
chemicals [32]. To overcome the challenge, biological treatments have been acutely pointed out as
a greener alternative to chemical modifications. Fungi [33,34] and bacteria [16,35-37] are among
the most used precursors, and are capable of altering the biomass through a degradation process.
Some actinobacteria, like the genus Streptomyces, produce cellulolytic, hemicellulolytic, and ligninolytic
enzymes, which break the main linkages that join cellulose, hemicellulose, and lignin, respectively [38].
The resulting bioproducts may achieve better characteristics than the non-modified ones, since this
linkage breakdown is known to increase the content of functional groups, thus facilitating further
reactions and altering the original structural features, which may favor the formation of more
appropriate oleogels, as demonstrated in previous work on lignin-enriched streams [16]. Following this
research line, the preparation of polyurethane oleogels with lubricating grease properties based on
cellulose pulp and castor oil was targeted in this work. Several cellulose pulp samples were obtained
from barley and wheat straws after being subjected to biological modification (solid-state fermentation)
through the action of the Streptomyces sp. MDG147 and MDG301 strains. Afterwards, chemical oleogels
were prepared by directly mixing the castor oil, cellulose pulp, and the diisocyanate crosslinker at
room temperature, avoiding the use of harmful catalysts, solvents, and energy-consuming processes.
Finally, the effect of the biological treatment on the rheological and some performance properties
was evaluated.
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2. Materials and Methods

2.1. Materials

Wheat (Triticum aestivum var. maestro) and barley (Hordeum vulgare) straws were kindly provided
by farmers from Guadalajara (Spain). Hexamethylene diisocyanate (HDI) (>98% purity) was purchased
from Merck (Darmstadt, Germany). Castor oil, with fatty acid contents of 5.3%, 7.0%, and 82.5% of
oleic, linoleic, and ricinoleic acids, respectively, was supplied by Guinama (Valencia, Spain). All other
common solvents and reagents used to perform the solid-state fermentation and soda pulping were
acquired from Merck.

2.2. Solid-State Fermentation

Wheat and barley straws were submitted to solid-state fermentation (SSF) treatments by selecting
two different types of Streptomyces sp. MDG147 and MDG301 strains. The first one finds its optimum
working temperature at 28 °C, while the latter is considered a thermophilic strain, reaching an
optimum activity at 45 °C. MDG301 activity was tested at 45 °C on both wheat and barley straws
(samples CPW301.45 and CPB301.45) and 28 °C on wheat straw (sample CPW301), whereas MDG147
activity was evaluated only on barley straw (CPB147). More detailed information about preinoculum
acquisition, SSF process, and enzymatic activity monitoring system can be found elsewhere [39].
Uninoculated samples followed a similar treatment for further comparison.

2.3. Soda Pulping

Once SSF was accomplished, a soda pulping process was carried out to separate both holocellulosic
and lignin-enriched phases. This process has been thoroughly described in previous work [16].
Uninoculated wheat and barley straws were also submitted to soda pulping and were taken as
references. Finally, large cellulosic pulp clusters obtained after soda pulping were milled by using a
rotary miller MF 10 basic WERKE (IKA, Staufen, Germany) equipped with a 0.25 mm mesh.

2.4. Oleogel Processing

A green and straightforward procedure to prepare gel-like polyurethanes, which avoids the use
of solvents and catalysts, was followed [29]. In brief, cellulose pulps were directly blended with
HDI (1/2 cellulose pulp/HDI weight ratio) and castor oil (85% or 90% w/w) under stirring at room
temperature (~20 °C) for 24 h using an RW20 (IKA, Staufen, Germany) equipped with an anchor
impeller at 70 rpm.

2.5. Characterization Technigues

Cellulose pulp composition was determined by following the National Renewable Energy
Laboratory’s standard analytical methods (NREL/TP-510-42618). Samples were subjected to acid
hydrolysis to determine the carbohydrate composition. The liquids resulting from the hydrolysis
were then analyzed to determine the sugar contents using high-performance liquid chromatography
(1260 HPLC, Agilent, Waldbronn, Germany) fitted with a G1362A refractive index detector (Agilent,
Waldbronn, Germany) and equipped with an Hi-PlexPb column (Agilent, Waldbronn, Germany)
operated at 70 °C. Ultrapure water (A10 Milli-Q, Millipore, Burlington, MA, USA) was used as a
mobile phase, and was pumped at a rate of 0.6 mL min~!. UV -Visible spectrophotometry (Jasco V-500,
Jasco, Japan) at 205 nm was used to quantify acid-soluble lignin. The solid residue obtained after the
acid hydrolysis was considered acid-insoluble lignin (called Klason lignin). Extractives and ashes
of the samples were analyzed according to the NREL/TP-510-42619 and UNE 57050:2003 standards,
respectively. Intrinsic viscosity [1] was calculated by following the ISO/FDIS 5351:2010 standard,
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from which the polymerization degree (DP) was obtained by applying the following equations indicated
in the SCAN-CM 15:88 standard:

DP = % for DP < 950

9]
DPO76 = L for DP > 950

Thermogravimetric analysis (TGA) was performed by applying a ramp increasing at 10 °C/min
from room temperature up to 600 °C in a Q-50 apparatus (TA Instrument Waters, New Castle, DE, USA),
while Fourier transform infrared (FTIR) spectra were collected in a JASCO FTIR 4200 spectrometer
(Jasco Inc., Tokyo, Japan) with wavenumbers from 400 to 4000 cm™! and with a 4 cm™! resolution.

Both linear viscoelasticity and viscous flow tests were performed in a controlled stress rheometer,
MARS (Thermo Scientific, Darmstadt Germany), using a serrated plate-plate geometry (20 mm diameter
and 1 mm gap). Frequency sweeps were carried out from 100 to 0.03 rad/s within the linear viscoelastic
range, which was previously estimated by performing stress sweeps at 1 Hz, whereas viscous flow
curves were obtained by applying an increasing stepped shear rate ramp within the 0.01-100 s~! range.

Friction coefficient values were obtained in a Physica MCR-501 rheometer (Anton Paar, Graz,
Austria) equipped with a tribological cell, consisting of a 6.35 mm diameter steel ball spinning on
three 45°-inclined rectangular-shaped steel plates, on which the oleogel specimens acting as lubricants
were spread. A constant normal load and a rotational speed of 20 N and 10 min~!, respectively,
were applied for 10 min. This time was long enough to achieve stationary values of the friction
coefficient. Five replicates were performed for each oleogel sample. The wear scars thereby produced in
the steel plates were analyzed through optical microscopy using an Olympus microscope, BX51 model
(Tokyo, Japan), from which both the parallel-to-the-rotation diameter and the typically elliptical wear
area were determined. The data supplied here represent the mean of the three plates.

3. Results

3.1. Cellulose Pulp Composition

The composition of the different cellulose pulps obtained from barley and wheat straws, whether or
not submitted to bacterial action in solid-state fermentation, is included in Table 1. In general,
these results are supported by the enzymatic activity pattern of the diverse Streptomyces strains
shown in Figure 1. This figure only displays the enzymatic activity of CMCase and hemicellulases,
as laccases and peroxidases are known to remain attached to the substrate, which does not allow their
separation for quantification [40,41]. These enzymatic profiles accurately reflect hemicellulose’s typical
structure [42], as hemicellulase activities suggest a higher concentration of xylan units compared
to mannans.

Table 1. Composition of the cellulose pulp samples.

Sample Klason Soluble Glucose Xylose Arabinose  Extracts Ashes
Lignin (%) Lignin (%) (%) (%) (%) (%) (%)

CPB 22+02 03+0.1 622 +0.5 303+ 0.5 32+0.2 0.66 1.2+0.2
CPB147 21+03 0.3+0.0 65.3 +0.8 28.1+2.1 3.0+0.2 0.44 1.3+0.2
CPB301.45 35+03 04+0.0 642+13 27.6+07 3.1+0.0 0.41 1.2+0.0
CPW 63+0.3 1.1+0.1 555+26 216+18 1.1+03 5.08 1.2+0.2
CPW301 6.3+0.6 03+02 62.0+22 29.7 £0.7 25+0.0 1.14 0.6+0.4
CPW301.45 4.0+14 04+00 612 +£3.5 31.1+£37 43+25 0.27 1.3+0.3
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Figure 1. Enzymatic profiles for both wheat and barley straws treated under different conditions in the

solid-state fermentation.

In barley-straw-derived cellulose pulps, it can be seen how the xylose concentration in systems
previously fermented with MDG301 (CPB301.45) and MDG147 (CPB147) is slightly lower in comparison
to the uninoculated one (CPB), which reveals the xylanase activity of these strains (see Figure 1).
However, although the final xylanase concentration was more than 10 times higher for MDG301
compared to MDG147, xylose concentrations in the corresponding cellulose pulps did not differ
significantly. This fact can be explained by also taking into account the higher activity of CMCase,
which balances both hemicellulose and cellulose losses. As a consequence, the glucose concentration in
cellulose pulps was generally increased by enzymatic action, and this increment was higher in the case
of the MDG147 strain due to the lower CMCase production during SSE. Regarding the lignin content,
similar concentrations for CPB (uninoculated) and CPB147 were observed. However, this content
increased due to the MDG301 action, which may have been a consequence of a lower laccase production
compared to the other enzymes.

In the case of wheat straw, only MDG301 was considered; nonetheless, this strain was tested at
optimum (45 °C, cellulose pulp sample CPW301.45) and non-optimum conditions (28 °C, cellulose
pulp sample CPW301). The enzymatic profile shown in Figure 1 allows the confirmation of these

non-optimum conditions, as xylanase only achieved less than 10% activity on the fourth day and
around 2% on the seventh day compared to the optimum conditions. Moreover, slightly lower glucose
content and higher xylose content were respectively obtained in sample CPW301.45 in comparison
with CPW301 as a consequence of the higher CMCase/xylanase enzymatic ratio. In any case, both the
glucose and xylose concentrations in the cellulose pulps obtained from wheat straw submitted to
SSF significantly differ from those obtained from the uninoculated wheat straw (CPW). Moreover,
these results were not similar to those observed for barley straw, highlighting the importance of
the bioresource. For instance, acting on wheat straw, at optimum conditions, MDG301 was able to
deeply degrade lignin’s structure, reaching around 60% concentration with respect to the reference
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content, i.e., the uninoculated system, while the application of non-optimum temperature only exerted
a slight influence on the soluble lignin content. On the other hand, CMCase and xylanase activities
obtained at optimum temperature were much higher than those observed for barley straw. Nonetheless,
despite these remarkable activities, the overall concentrations of glucose and xylose increased with
respect to the reference system due to a more important loss of alternative extractives and both Klason
and soluble lignin occurring simultaneously. The different responses of diverse enzymatic strains in
similar bio-sources have already been reported for endoglucanases [43].

3.2. TGA and FTIR Spectroscopy of Cellulose Pulps

The main characteristic parameters of cellulose pulps’ thermal degradation patterns—obtained
from the TGA curves depicted in Figure 2—are presented in Table 2, i.e., the temperatures at which
degradation steps begin (Tonset) and end (T'gina1), the temperature for the maximum degradation rate
(Tmax), the weight losses (AW), and the final residue values.
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Figure 2. TGA curves, expressed as both the weight loss percentage and the associated derivative
function, of (top) barley- and (bottom) wheat-straw-derived cellulose pulps.

Table 2. Characteristic thermogravimetric analysis (TGA) parameters of the cellulose pulps studied.

Sample Tonset (°C) Tmax (°C) Tfina1 (°C) AW (%) Residue (%)
CPB 290 355 368 75 19
CPB147 288 354 368 78 20
CPB301.45 288/473 355/515 368/553 72/13 10
CPW 293 364 380 71 24
CPW301 291 358 373 82 11
CPW301.45 286 354 370 82 11

Unlike the differences reported for straws submitted to SSF treatments with Streptomyces and the
corresponding lignin fractions obtained [16,33], the TGA profiles of cellulose pulps were very similar
and not very influenced by the SSF treatments. Thus, all of them exhibited an initial water loss of around
5-7% and a similar prominent main degradation event centered at around 354-364 °C as a consequence
of the cellulose chain breakage [44]; however, some remarks may be pointed out. Both CPB and CPB147
cellulose pulps demonstrated similar final residue values of around 19-20%. Nonetheless, a deeper
modification was again noticed due to MDG301 action, since an additional weight-loss stage can be
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detected at around 515 °C, finally reaching only 10% residue. This means that MDG301 action favors
the degradation of initially stronger chemical structures, as the higher enzymatic activity can lead to the
breakage of more hydrogen bonds, finally making it easier to thermally degrade cellulose [43]. On the
other hand, for cellulose pulps obtained from wheat straw, very similar TGA profiles were found once
submitted to SSF treatments with MDG301, regardless of the application of optimum or non-optimum
temperatures, with residues of around 11% despite the already-discussed differences observed in the
enzymatic patterns. On the contrary, cellulose pulp obtained from uninoculated wheat straw (CPW)
exhibited higher T,y and residue values. These results allow us to conclude that, even though the
enzymatic activity at non-optimum temperature was much smaller, it enables the removal of more
easily thermally degradable products, as mentioned above, suggesting similar preferential targets
regardless of the temperature.

The FTIR spectra of all the cellulose pulps studied were also very similar (see Figure 3), as the
compositions were not excessively different. However, as mentioned in the introduction section,
cellulose pulps may show a certain degree of crystallinity, a consequence of hydrogen bonding,
which can be addressed by evaluating the peaks centered around 1430 and 893 cm™! [45]. These two
peaks are due to symmetric CH, bending vibration and C-O-C units of glucose, respectively, which are
considered markers of crystallinity and amorphous behavior, respectively. Hence, the absorbance ratio
between both peaks (A1430/Agg3) is considered an index to evaluate the relative crystallinity of different
samples (Table 3). Therefore, higher relative crystallinity indices were obtained for cellulose pulp
samples obtained from fermented barley straw in comparison to that obtained from the uninoculated
one. This fact may be a consequence of the higher cellulose content and more hydroxyl groups
available, which may induce hydrogen bonding. Nonetheless, the opposite behavior was, once again,
observed for cellulose pulps obtained from wheat straw, where fermented samples exhibited a clear
reduction in the relative crystallinity index, which is probably due to the extreme levels of the MDG301
enzymatic activity compared to those measured in barley straw (see Figure 1), then leading to very
degraded systems that were not able to generate crystalline structures to such a degree, i.e., breaking
of hydrogen bonding [43].

——CPB
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— CPB301.45
S P T 1
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Figure 3. Fourier transform infrared (FTIR) spectra of (top) barley- and (bottom) wheat-straw-based pulps.
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Table 3. Relative crystallinity index, energy related to hydrogen bonds (Ep), and polymerization degree
of the cellulose pulps studied.

Relative Crystallinity Ext (k) Intrinsic Viscosity Polymerization
Index H (cm®/g) Degree

CPB 1.24 11.31 494 1185
CPB147 1.29 11.18 492 1178
CPB301.45 1.51 11.31 700 1875
CPW 2.03 11.24 397 944
CPW301 145 11.31 544 1344
CPW301.45 1.10 10.78 608 1556

Itis also well known that FTIR bands are shifted to lower wavenumbers when stronger interactions
are formed; thereby, the strength of hydrogen bonding within the cellulose structure can also be
evaluated using FTIR spectra. Thus, the higher the shifting, the higher the energy of the linkage,
as expressed in Equation (2) [46]:

_ 1 (w-v)
=%

where vy and v are the initial wavenumber corresponding to the stretching absorption of -OH groups

Epy 2

(3600 cm™!) and the wavenumber for -OH groups once SSF-induced structural changes have occurred,
respectively, whereas K is a constant whose value is 4.02 x 1073 kJ. In this case, the Epy values are quite
similar for most of the samples (see Table 3). Nonetheless, once again, the lowest energy was evinced
by the CPW301-45 sample, supporting the higher degree of biological modification deduced from
other techniques and analyses.

3.3. Polymerization Degree of Cellulose Pulps

The polymerization degrees of cellulose pulp samples estimated from Equation (1) have also been
included in Table 3. In general, the MDG301 strain was able to produce cellulose pulps with a higher
polymerization degree, especially when the strain worked at its optimum temperature. In principle,
these results may be unexpected, but can be explained considering the degradation and possibly further
elimination during pulping of numerous easily accessible structures and/or low-molecular-weight
segments. This increment in DP has already been observed in other cellulose pulps where preferential
removal of xylan was accomplished [47]. Actually, this fact results in higher proportions of stronger
networks and longer cellulose chains, leading to an increase in intrinsic viscosity. Nonetheless,
the MDG147 strain did not exert any influence on this parameter.

3.4. Rheology of Cellulose-Pulp-Based Oleogels

Polyurethane oleogels were obtained by simply mixing the different cellulose pulps obtained
from barley and wheat straws and HDI in the castor oil medium, as detailed for lignin-based
polyurethanes [29]. Using 10-15% wj/w of thickener agent (cellulose pulp and HDI at 1/2 weight
ratio), the typical gel-like response of lubricating greases was achieved, covering a relatively wide
range of values for the linear viscoelastic functions [19,48], as can be seen in Figure 4. Although the
frequency dependence of the small-amplitude oscillatory shear (SAOS) functions was similar in all cases,
in general, higher values of both the storage, G’, and the loss, G”, moduli were found when the cellulose
pulps from fermented straws were used. For cellulose pulps derived from barley straw (Figure 4a),
higher increments of the SAOS functions were observed when the straw was modified with the strain
MDG147 (sample CPB147-15) in comparison with that modified with MDG301 (sample CPB301.45-15).
This result is a consequence of the synergetic effect of both the higher cellulose content caused by
the lower CMCase production and the lower lignin content, which may be due to a higher laccase
production. These two opposite effects caused by cellulose and lignin concentrations have already
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been reported to modulate the viscoelastic response of non-modified cellulose pulp dispersions in
vegetable oils [25].
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Figure 4. Evolution of the storage and loss moduli with frequency for oleogels containing (a) 15%
barley-straw-derived cellulose-pulp-based thickener, (b) 10% wheat-straw-derived cellulose-pulp-based
thickener, and (c) 15% wheat-straw-derived cellulose-pulp-based thickener.

Regarding the cellulose pulps derived from wheat straw, the slight rheological modification
achieved in the polyurethane oleogels by the action of MDG301 at non-optimum temperature can be
clearly observed for both thickener percentages (Figure 4b,c), as the viscoelastic response is almost
identical to that obtained with the uninoculated wheat-straw-derived cellulose pulp. On the contrary,
the action of the MDG301 strain at its optimum temperature (sample CPW301.45) was able to produce
a noticeable increment in the SAOS functions, especially when using a 10% thickener concentration.
Nonetheless, this difference is dampened to some extent at higher concentration, viz. 15%, due to the
higher diisocyanate content, which can mask the biopolymer influence, as already found in previous
work with lignin-based polyurethanes [22]. Again, the highest viscoelastic moduli were concomitant
with the wheat-straw-derived cellulose pulps’ composition, as the highest glucose/lignin ratio was
shown by the sample CPW301.45 compared to the other cellulose pulps obtained from wheat straw.
Furthermore, as already demonstrated in a previous work regarding lignin-based oleogels [16], a higher
enzymatic activity may somehow modify the lignocellulosic structure, making it more feasible for
reaction with HDI by increasing the number of available hydroxyl groups, and thus yielding stronger
crosslinked networks. In addition, along with the composition, a higher polymerization degree was
also pointed out to significantly increase the viscoelastic functions of physically stabilized cellulose
pulp dispersions [25]. The linear viscoelastic behavior of these bio-based oleogels is similar to that
shown by commercial lithium lubricating greases, which traditionally exhibit G’ values of around
10* Pa and G” values around one order of magnitude lower, although a more extended plateau region
within the frequency range studied is generally found [19].

Regarding the viscous flow behavior of these polyurethane oleogels, a markedly shear-thinning
response was obtained in all cases, as shown in Figure 5, with a viscosity decay of several decades with
the increasing shear rate, which is also a distinctive characteristic of traditional lubricating greases [49].
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This power-law evolution, generally associated with very low values of the flow index, is, however,
part of a more general and complex viscous flow behavior of this type of material (see, for instance, [18]).
In fact, at very low shear rates, a tendency to achieve constant high viscosity values should be
observed, although the controversy about the existence of an apparent yield stress value is still open,
whereas at very high shear rates, again, constant values of limiting viscosity must be reached. However,
reliable viscosity data above 100 s™! are not easy to obtain in rotational rheometers as a consequence of
different flow problems, like the fracture of the sample.
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Figure 5. Viscous flow curves of polyurethane oleogels prepared with (a) barley- and
(b) wheat-straw-derived cellulose pulps. Values of the consistency and flow indexes are also included

as an inset.

Similarly to what was discussed for the viscoelastic response, generally, the highest viscosity
values were obtained for the oleogels prepared with cellulose pulps containing higher glucose/lignin
ratios. Nonetheless, at high shear rates, this tendency may be dampened, or even reversed, since more
structured oleogels tend to exhibit a stronger shear-thinning character, as observed for the CPB147-15
oleogel (Figure 5a). Finally, almost identical viscosity curves were obtained for all the polyurethane
oleogels prepared with wheat-straw-derived cellulose-pulp-based thickeners at 15 wt.%, revealing once
again that, at this concentration, the rheological response is mainly governed by the crosslinker.

In all cases, the power-law model fits the viscous flow behavior fairly well within the shear rate
range studied:

n=ky"" 3)

where k and 7 are the consistency and flow indexes, respectively. The values of these fitting parameters
are listed in the insets of Figure 5. As can be seen, extremely low values of the flow index, 1, were always
obtained, especially for the most structured systems, as discussed above, which is representative of
the yielding behavior typically exhibited by lubricating greases [18]. Moreover, the k values of these
oleogels are also close to those shown by commercial calcium and lithium lubricating greases and model
polyolefin-thickened lithium greases, which exhibited values in the range of 600-1500 Pa-s" [19,49],
again highlighting the rheological similarity between the traditional products and the obtained ones.
Finally, it is worth mentioning that the samples showing higher values of the viscoelastic functions
also exhibit higher k values.



Chapter 4: Results & Discussion

Polymers 2020, 12, 2822 11 of 15

3.5. Tribological Performance

In order to test the lubrication performance of these cellulose-pulp-based polyurethane oleogels,
friction and wear were assessed in a ball-on-three inclined plate steel-steel tribological contact [50] at
both constant rotating speed and normal load. In all cases, highly satisfactory values of the friction
coefficient were obtained, lower than those obtained when conventional greases [19] or previously
functionalized cellulose-based oleogels [17] were used as lubricants. In general, the values of the
friction coefficient tend to increase with the viscosity of the oleogel sample used as lubricant at high
shear rates. Thus, for instance, very similar values of the friction coefficient were found for all the
oleogels prepared with barley-straw-derived cellulose pulps, which presented almost identical viscosity
values at high shear rates (see Figure 5a). On the contrary, cellulose pulp obtained from wheat straw
submitted to SSF treatment with the MDG301 strain at its optimum temperature provided oleogels that
produced slightly higher values of the friction coefficient in the tribological contact. As the oil medium
was the same in all oleogel samples, these differences must be attributed to the thickener. Either the
cellulose pulps containing higher cellulose pulp/lignin ratios—presumably yielding more crosslinked
networks and also generally having higher DP values—favor oil entrapment, thus preventing its
release, or simply the whole oleogel sample, including the thickener, can penetrate in the lubricating
contact, and the highest friction is just a consequence of the higher viscosity [18]. Since the wear
scars associated with the friction experiments were generally reduced when fermented-straw-derived
cellulose pulps were used as a thickener agent, the second assumption seems to be more feasible.
The observation of the wear scars generated during the friction tests (see some examples in Figure 6)
allows us to conclude that the main wear mechanism was abrasion, supporting the idea that thickener
particles penetrate into the mating surface, thus contributing to increased friction, especially at higher
concentrations. These marks were evaluated in terms of both parallel-to-spin diameter and scar area
(data shown in Table 4). As mentioned above, lower scar sizes were measured when cellulose pulps
obtained from straw submitted to SSF treatments were employed, especially those resulting from
the MDG301 action at its optimum temperature. Overall, outstanding wear values were obtained,
lower than those found with commercial and other bio-based lubricating greases [51,52].

Figure 6. Selected pictures of wear marks produced during the tribological tests when using
polyurethane oleogels prepared with barley- (CPB147-15) (left) or wheat- (CPW301.45-10) (right)
straw-derived cellulose pulps as lubricants.
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Table 4. Values of the friction coefficient and sizes of wear scars.

Oleogels Friction Coefficient Wear Scar Surface (um?) ~ Wear Scar Diameter (um)
CPB-15 0.081 + 0.003 55,640 + 2803 315+32
CPB147-15 0.082 + 0.003 41,024 + 14,467 263 + 69
CPB301.45-15 0.089 + 0.006 28,551 + 5918 190 + 28
CPW-10 0.077 + 0.003 35,669 + 5704 217 £ 24
CPW301-10 0.077 + 0.006 105,796 + 7362 366 + 2
CPW301.45-10 0.085 + 0.006 63,314 + 13,295 286 +23
CPW-15 0.099 + 0.010 35,148 + 504 215 +23
CPW301-15 0.088 + 0.010 22,306 + 11,749 161 £ 23
CPW301.45-15 0.108 + 0.013 25,205 + 3769 193 + 30

4. Conclusions

The modification of the lignocellulosic structures of both wheat and barley straw was
accomplished through the action of the Streptomyces sp. MDG147 and MDG301 strains, also leading
to alteration of the derived cellulosic pulps, which were further used to prepare polyurethane
oleogels. This modification, as demonstrated by the lignocellulosic composition, is a reflection of
the enzymatic activity pattern developed, which was also demonstrated to significantly affect the
crystalline structure and polymerization degree of cellulose. The MDG301 strain caused more important
modifications of the cellulose pulps, especially on those derived from wheat straw, when working
at its optimum temperature, generally yielding a higher cellulose/lignin ratio and polymerization
degree. These modifications had direct and significant impacts on the rheological and tribological
behaviors of the polyurethane oleogels prepared with these cellulose pulps. SSF treatments to which
the wheat and barley straws were previously subjected proved to be effective in enhancing the
strength of the resulting oleogels, thereby increasing the values of both linear viscoelastic functions
and viscosity. In addition, these oleogels showed outstanding frictional and wear behaviors when
used as lubricants in a tribological contact, with similar or even lower values of both the friction
coefficient and the size of resulting wear marks than those found in commercial lubricating greases.
Overall, fermented-straw-derived cellulose pulps can be conclusively proposed as effective thickeners
for preparing polyurethane oleogels with tunable properties depending on the biological modifications,
as well as a potential substitute for non-renewable gelling agents in lubricating grease formulations.
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Lignin is demonstrated as an unprecedented reinforcing material that tailors the rheological and cushioning
properties of castor oil-based polyurethane elastomers, expanding their viscoelastic moduli by four orders of
magnitude. The tensile strain at break was triplicated in the presence of lignin while the Young modulus and the
stress at break were enhanced 17- and 7-fold, respectively. Remarkably, in compression tests, lignin addition
increased the stresses at break by more than 88-fold, whereas the strain at failure shifted from 50 to 93%. Dy-

namic mechanical compression tests indicated outstanding cushioning and resistance performance. Overall, the
results demonstrate a performance not reached before for biosourced elastomeric materials, fitting the demands

of a wide range of applications.

1. Introduction

Owing to factors such as resource sufficiency and the need for
greener materials, there is a high demand for biobased materials that are
able to substitute or enhance those based on non-renewable sources [1].
According to the biorefinery concept, chemical intermediates and
end-use materials can be produced in an integrated industrial process
under the principles of green chemistry and engineering [2]. As a
by-product of cellulosic pulp production, lignin may play a fundamental
role since it is otherwise combusted for energy and chemical recovery
[3]. Its production, amounting >50 million tons annually, makes lignin
a widely available and low-cost bioresource suitable to substitute or
partially replace non-renewables in given applications [4]. For instance,
lignin possesses abundant functional groups, such as phenolic and
aliphatic hydroxyl, carbonyl, carboxyl and methoxyl groups, which are
available throughout a complex aromatic macromolecular structure [5],
combining main phenylpropane units, namely, syringyl, guaiacyl and
p-hydroxyphenyl. Technical lignin has been proposed as a key compo-
nent or intermediate for end-use products, such as lubricating greases
[6,7], foams [3], adhesives, coatings, or fine chemicals, among others
[81.

* Corresponding author.
E-mail address: am.borrero@diq.uhu.es (A.M. Borrero-Lépez).
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Lignin has been used as a component in polyurethanes based on non-
renewable polyols but full replacement of the latter, i.e., as the main
component, has been challenging [3]. Moreover, environmentally
friendly, fully biosourced and biodegradable or partially biodegradable
bioproducts have considered composites of lignin with castor oil [6,7,9],
poly (e-caprolactone) [10] or polylactic acid [11], all of which replace
petroleum-based counterparts while maintaining the expected perfor-
mance. Specially, compared to other vegetable oils, castor oil displays a
high viscosity and thermal stability. Its low cost, availability and purity
make castor oil a significant alternative precursor for bioproducts and
biochemicals [12]. Combined with lignin, the hydroxyl groups present
in castor oil’s fatty acid chains make them attractive as polyol source in
polyurethanes (PU). Depending on diisocyanate type, processing, and
composition, lignin- and castor oil-based PUs allow a great range of
possible materials and applications, including oleogels, thermoplastics,
elastomers, films, foams or composites [6,7,13-16]. In particular, owing
to their cushioning and resilience properties, related elastomers have
been applied for flooring (sport indoor courts), footwear, surfboards, car
interiors and household products [17]. Nonetheless, castor oil-based PU
elastomers generally exhibit poor mechanical performance due to the
dangling fatty acid chains of triglycerides [18]. The mechanical
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properties, however, can be adjusted considering the soft segments (SS)
(basically castor oil domains) and hard segments (HS) (urea/urethane
bonds) in PUs, with a superior strength observed at lower thermody-
namic compatibility [18]. Upgrading the HS content may be possible by
increasing diisocyanate concentration; unfortunately, this comes at the
cost of reduced ductility [18,19]. As a consequence, nanoparticles,
natural compounds, ceramic platelets and biopolymers have been used
as fillers to adjust the crosslinking density needed and to increase both
strength and resistance [19-21]. It is in this domain where lignin can
play a determining role, e.g., acting as reinforcement in the PU structure
and improving the mechanical properties [3,17]. Jeong et al. [16]
developed polyethylene glycol (PEG) and acetylated lignin-based PUs
with outstanding elastomeric properties, whose elongations at break
were >2000%. Likewise, Zhang et al. [22] proposed PEG-based PU
elastomers with excellent tensile properties using oxidized lignin as
copolymer. By using polypropylene glycol as copolymer, Lang et al. [23]
demonstrated lignin addition of up to 60% to increase the elastomeric
viscoelastic functions, by up to six-fold, compared to the lignin-free
system. In the search for fully-renewable copolymers, castor oil alone
led to PUs with relatively poor elastomeric properties, with elongations
<130% [12-15]. However, improved tensile properties were found by
combining castor oil with polycaprolactone [24] or PEG [25,26].
Moreover, castor oil- and lignin-based elastomers crosslinked with
diphenylmethane-4,4'-diisocyanate (MDI) showed good tensile results,
but mainly when castor oil was chemically modified to increase the
hydroxyl index [13]. Despite these advances, no reports exist on the
mechanical evaluation of related elastomers considering the response to
static and dynamic compression, relevant to cushioning applications.
Indeed, energy loss, compressibility and elongation, recoverability after
strain and fatigue endurance are some of the main properties needed in
suitable cushioning elastomers.

In this study, castor oil, lignin and hexamethylene diisocyanate
(HDI) were used as oleo-based, eco-friendly and efficient PU elastomer.
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The rheological and cushioning properties were investigated, in light of
the role of lignin compared to other well-known fillers (such as cellulose
and silica nanoparticles).

2. Materials & methods
2.1. Materials

Castor oil, hexamethylene diisocyanate (HDI), silica nanoparticles
(40-63 pm), toluene and triethylamine were purchased from Merck
(Finland) and used as received. Indulin AT, a purified form of kraft pine
lignin, in the following referred only as lignin, was obtained from
MeadWestvaco (USA). Detailed information about it can be found
elsewhere [27]. Cellulose was directly obtained by milling paper pro-
duced from softwood (pine) fibers.

2.2. Lignin functionalization and preparation of the oleo-PU

The oleo-PUs were produced by following a two-step process [7],
with lignin first functionalized with HDI, and subsequently dispersed in
castor oil (see Fig. 1). In brief, in the first step, 100 mL toluene and a
certain amount of lignin were introduced and sealed in a three-neck
round bottom flask. Following, a 30-min conditioning that removed
residual moisture was carried out by sparging nitrogen into the
lignin-toluene system. HDI and triethylamine catalyst were then added.
The concentrations of the HDI (8.33-25 wt%) and the catalyst (1/1
HDI/catalyst w/w ratio) were varied in order to investigate their effect
on the mechanical properties of the ensuing PUs. The mixture was
maintained for 24 h at room temperature under vigorous agitation,
followed by rotary evaporation to recover toluene and the catalyst
(80 °Q), resulting in the functionalized lignin. In a second step, the
functionalized lignin was immediately introduced in a 100 mL
stainless-steel reactor together with castor oil, and the mixture was
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Fig. 1. Reaction scheme for lignin functionalization and oleo-PU formation through crosslinking with castor oil. The urethane links formed in each step are marked
in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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gently stirred at 70 rpm by using a magnetic stirrer (RW 20 model, IKA,
Germany) for another 24 h at room temperature. Once the process was
completed, the mixture was poured into molds for curing (one month)
and to completely purge any remaining isocyanates in the mixture. The
respective oleo-polyurethane sample (“oleo-PU” or, for simplicity, “PU™)
was then subjected to mechanical and rheological characterization. The
preparation of the reference sample (lignin-free polyurethane), termed
herein as “PUQ", was carried following the same procedure described
above, except for replacing lignin in this first step with an equivalent
amount of castor oil (1/2 castor oil/HDI w/w ratio in this case).
Lignin loading (4.16-16.67 wt%) was adjusted with respect to castor
oil, to evaluate its role and to compare the obtained PUs with the
reference as well as those obtained by using other fillers, namely, silica
nanoparticles and cellulose (8.33 wt%, 1/2 filler/HDI ratio). The sam-
ples studied are listed in Table 1, and referred to as “PUX(Y)” where “X”
represents the lignin concentration and “Y” the lignin/HDI w/w ratio.

2.3. Characterization

The thermal stability of the different samples was assessed by ther-
mogravimetry (Q500 thermal analyser, TA Instruments, USA). The
testing protocol used heating to 600 °C (10 °C-min™!), with a condi-
tioning step at 30 °C. The experiments were performed under nitrogen
atmosphere.

Fourier transform infrared spectroscopy (FTIR) measurements were
collected by using a Nicolet 380 FT-IR (Thermo Scientific, USA) spec-
trometer. Measurements were performed from 500 to 4000 cm™!
wavenumbers with a resolution of 4 cm !

Differential scanning calorimetry (DSC) spectra were obtained by
using a Q100 equipment (TA Instruments, USA). In order to eliminate
the thermal history, a cycle was first applied by heating the sample from
—80to 250 °C (10 ‘C-min’l) followed by cooling to —80 °C at the same
rate. Immediately thereafter, a new heating cycle was performed.

The surface topography of the PU samples was analyzed by means of
field emission scanning electron microscopy (SEM) using a Zeiss Sigma
VP microscope (Carl Zeiss Microscopy Ltd, UK). Prior to imaging, the
samples were sputter-coated with 6 nm-thick gold layer.

The water contact angle (WCA) of the PUs was measured with a force
tensiometer (Sigma 70, UK) equipped with a COHU solid-state CCD
monochrome camera. A 6 pL water droplet was placed on the surface of
the PUs, and the angle was carefully calculated by using the OneAt-
tension software.

Strain sweeps, small-amplitude oscillatory shear and torsional (SAOS
and SAOT) tests at different temperatures, and temperature sweeps were
performed by using an Ares-G2 (TA Instruments, USA) equipped with
either a rough plate-plate or a torsional geometry, depending on the
consistency of the sample. The temperature was controlled by using a
convection oven coupled to the rheometer. Generally, SAOS & SAOT
tests were carried out between 0.03 and 100 rad s~', at 25 °C, and
eventually at higher constant temperatures, in the range of 40-200 °C.

Table 1
Composition of the oleo-PUs.
Sample Castor oil (Wt%) Lignin (wt%) HDI (wt%)
PUO 83.33 0 16.67
PU8(1/2) 75.00 8.33 16.67
PU4(1/4) 79.16 4.16 16.67
PU17(1/1) 66.66 16.67 16.67
PUS(1/1) 83.34 8.33 8.33
PUS(1/3) 66.66 8.33 25.00
Cellulose (wt%)
CEL-PU 75.00 8.33 16.67
Silica nanoparticles (wt%)
SIL-PU 75.00 8.33 16.67
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For the temperature sweeps (1 rad s1), a constant heating ramp
(1 °C-min"1) was applied from 30 °C to 200 °C, followed by a cooling
step at the same decreasing rate, down to 30 °C. The rheological tests
were carried out within the linear viscoelastic range, previously iden-
tified by performing strain sweeps at the lowest and the highest
temperatures.

Static tensile and compression tests were performed indistinctly in an
AG-IS Universal Testing Machine (Shimadzu, Japan) and a 4204 Uni-
versal Tester (Instron, USA). Rates of 10 and 5 mm min ™! were applied
for the tensile and compression tests, respectively. Different load cells,
from 1 kN to 10 kN, were used depending on the toughness of the
sample. The compression results were well fitted to the model of Bian
et al. (2018) [28]:

Ge=A(P% — 1) &)

where A and B are fitting parameters and y. represents the compressive
strain of the sample.

Dynamic mechanical compression analyses were carried out using a
TAXT Plus Texture Analyser (Stable Micro Systems, UK). Given loads
(equivalent to 0.35-0.70 MPa) and test lengths (70 s-24 h) were applied
at a constant compressive rate of 0.5 cycles-s~!. The cushioning per-
formance, determined as the energy the system is able to dissipate per
unit area, was evaluated by the cushioning factor (CF) [1]:

T-L
CF=— )
where T is the initial thickness of the test specimen, L the load at the
maximum strain applied and E the required energy to produce the
deformation (area under the curve of the load applied vs. the strain
achieved), respectively.

3. Results and discussion
3.1. Thermogravimetric and FTIR analysis

The thermal decomposition profiles and FTIR spectra of castor oil
and lignin, the functionalized castor oil and lignin, both at 1/2 bio-
source/HDI weight ratio, and the PUO and PU8(1/2) systems are
described in detail in the Supporting Information document. Compared
to the functionalized castor oil, and due to the higher -OH group con-
tent, a lower free HDI content (and consequently a higher crosslinked
structure) was observed in the thermograms of the functionalized lignin
(see Fig. S1 and Table S1, Supporting Information). The results were
related to the thermogravimetric observations of the corresponding
oleogels with the free HDI content in the functionalized specimens
tracking with the HDI available during the second step. Therefore, a
more extensive crosslinking during the second step was achieved at a
higher remaining free HDI content, which resulted in greater mass loss
at temperatures higher than those corresponding to the main loss event,
characteristic of the non-modified castor oil. The urethane formation
was likewise confirmed in the FTIR spectra of functionalized castor oil
and lignin, by observing the new peaks emerging from N-H stretching
vibration (see Fig. S2). Moreover, the intensity of the peak at around
2270 cm ™! in the oleo-PU spectra allowed to follow the curing process
and to ensure a complete reaction of free isocyanates.

3.2. Microstructural and topographical analysis

SEM micrographs of both the surface and the cross section of selected
oleo-PUs are displayed in Fig. S3. Quite smooth surfaces were observed
for both PUO and PU8(1/2), with some small clusters apparent at low
magnifications. Nonetheless, some large features also appeared for PU8
(1/2), which became more prominent in cross section images, as a
consequence of the colloidal size of the lignin [27]. Some cracks were
identified, especially in PU8(1/2). However, images obtained at higher
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magnification showed more uniform and homogeneous microstructures
for PU8(1/2), considering both surface and cross sections. These ob-
servations suggest a compatibilizing effect of lignin, in agreement with
results for other types of lignin-containing PUs [29].

The WCA for the surface and cross sections are reported in Table S1.
A higher WCA (9-10%) was recorded for the surface compared to the
cross section, reflecting a more hydrophilic composition in the core of
the PU. Unexpectedly, PUO showed a hydrophilic character
(WCA<90 °C), indicating that the addition of HDI to the castor oil
matrix increased the surface energy of the mixture, as previously re-
ported [30]. The hydrophobic character in the PU structure was partially
recovered in the presence of lignin, probably due to the contribution of
the aromatic skeleton and the random assembly of hydrocarbons,
especially on the surface, where WCA >90° [31], even though the core
still remained hydrophilic.

3.3. Rheological behavior

The mechanical and rheological properties of the oleo-PU elastomers
varied over a broad range, depending on the HDI, lignin and castor oil
concentrations (Table 1). In particular, as shown in Fig. 2, the values of
the storage, G* and the loss, G” moduli in the linear viscoelasticity
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regime spanned over a four-order of magnitude (note that pure elasto-
meric materials are included in Fig. 2a, whereas those showing a
distinctive soft gel-like behavior are shown separately in Fig. 2b). The
visual appearance of the oleo-PUs is shown in Fig. S4 (Supporting
Information).

We compare the PUO and PU8(1/2) samples to evaluate the effect of
partial replacement of castor oil with lignin: slight differences in the
storage moduli were noted, although the relative elastic response was
slightly enhanced in PUO (lower G™). The addition of lignin likely hin-
dered castor oil structuration and hence crystallinity, thus providing
lower relative elasticity to the system [32]. Nonetheless, it is worth
mentioning that strain sweeps performed with PU8(1/2) in the torsional
mode demonstrated outstanding flexibility of the specimen. Video S1
(Supporting Information), for example, shows a sample withstanding up
to 720° counter- and clockwise twisting without breaking. As shown in
the thermogravimetric spectra (Fig. S1), a higher free-HDI content was
present in PUO for reaction during the second preparation step (Fig. 1),
which likely increased crosslinking, favoring the ultimate elastic
response.

Supplementary video related to this article can be found at http
s://doi.org/10.1016/j.compscitech.2020.108602

Taking PU8(1/2) as a reference for the lignin-based systems, we note
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Fig. 2. Evolution of linear viscoelastic moduli with oscillatory frequency at 25 °C for the castor oil-based oleo-PU (PUO), and those reinforced with either lignin,
cellulose (CEL-PU) or silica nanoparticles (SIL-PU). Samples showing elastomeric behavior (Fig. 2a) and soft or gel behavior (Fig. 2b) are shown. Selected photos for
each system are also included to illustrate the differences (PU8(1/2), and PU8(1/1) respectively).
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that an increase in the lignin content, to achieve lignin/HDI ratio of 1
(sample PU17(1/1)), failed to reach the desired elastomeric properties,
as a consequence of the lower free -NCO content available for reaction
with the castor oil during the second step. Indeed, similar behavior was
observed for PU8(1/1), with a lower lignin content but the same lignin/
HDI ratio. As a result, both PU17(1/1) and PU8(1/1) produced gel-like
dispersions that are better suited for other applications, as previously
reported [6,7]. In contrast, a higher relative diisocyanate content was
obtained by decreasing the lignin content in the sample (PU4(1/4) with
lignin/HDI ratio reduced to 1/4), which is expected to favor cross-
linking. However, the viscoelastic properties did not reach the values as
those found for 1/2 lignin/HDI ratio. This observation can be explained
by considering the possible high crosslinking degree achieved during the
first preparation step, which reduced the compatibilization of the
functionalized lignin with castor oil during the second step, as already
shown in the case of other, more reactive diisocyanates [7].

When the HDI concentration was increased, for a given lignin con-
tent, a more fully developed plateau zone was observed for the visco-
elastic moduli, with much higher values, implying an enhanced elastic
response (the storage and loss moduli differed by almost two orders of
magnitude, see PU8(1/3) in Fig. 2a). As expected, a higher HDI con-
centration improves crosslinking [18,19].

Cellulose and silica nanoparticles, which are well-known oil-struc-
turing agents [33] were tested at a filler/HDI ratio of 1/2 (Table 1) and
compared with the results obtained with lignin. Noting that the visco-
elastic moduli of the oleo-PUs obtained with cellulose and silica (CEL-PU
and SIL-PU, respectively) were comparable to those of PU4(1/4)
(Fig. 2b), the performance is clearly lower, in terms of stiffness and
elasticity, compared to the lignin counterparts (Fig. S4). The results
highlight the comparatively better effect of lignin as a reinforcing agent.

The thermo-rheological response of the elastomers was determined
to explore potential applications. As such, the PU8(1/2) sample was
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subjected to oscillatory torsional deformation (SAOT) in the 25-200 °C

range (Fig. 3). In general, a similar frequency dependence was found in
the temperature range evaluated, especially below 140 °C (Fig. 3a and
3b). As can be observed, similar storage modulus values were achieved
in the range of temperatures 25 to 40 °C as well as 80 to 140 °C. In
contrast, a significant drop was observed from 40 to 80 °C and above
140 °C, which suggests an alteration of the elastomeric structure at those
temperatures. The DSC thermogram (Fig. S5, Supporting Information)
confirms the presence of two glass transition temperatures centered
around 55 and 171 °C, related to HDI [34], which explains the dramatic
drop in the viscoelastic functions. These results have been observed for
large block polyurethanes due to microphase separation [35]. The
evolution with frequency of both viscoelastic functions, up to 200 °C,
has been supplemented with a temperature sweep (1 rad s 1), as shown
in Fig. 3¢, which confirmed reduced G’ values in the ranges 45-80 °C and
160-185 °C. The assessment of the temperature effect on the rheological
properties of the elastomer was also considered by running a subsequent
cooling ramp, from 200 °C down to room temperature. As can be
observed in Fig. 3c, the viscoelastic functions were drastically affected
by the application of heating/cooling cycles, with no recovery of the
initial values. Instead, G’ at 200 °C was maintained during cooling,
whilst the G” followed a similar trend compared to the increasing tem-
perature ramp, but yielding lower values. Therefore, the relative elastic
properties of the sample were dramatically reduced upon restoring room
temperature conditions, with a shift of the loss tangent (G”/G’) from
0.11 to 0.23.

3.4. Mechanical performance
The mechanical properties of the oleo-PU elastomers were evaluated

by performing static compression and tension tests. The compression
profiles of the oleo-PU elastomers showed a variety of compression

Fig. 3. Frequency-temperature dependence of the (a) storage and (b) loss moduli, within the 25-200 °C range. (c) Evolution of G’ (W) and G” (0)) for the PU8(1/2)
sample undergoing subsequent heating (up to 200 °C) and cooling (down to 25 °C) cycles. The arrows indicate the time-evolution of the heating-cooling test. Inset:

photograph of the sample in the torsional geometry during the test.
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responses, depending on lignin, castor oil and HDI contents (see Fig. S6).
All the elastomers exhibited an exponential increase of the compressive
stress [36], 6., which follows equation (1). For comparison Table 2 lists
the A and B parameters of Eq, 1 along with the 6. values when reaching
20% and 50% strain and at failure.

From the data in Fig. S6 and Table 2, it is concluded that the lignin-
free sample (PUO) exhibited the poorest mechanical performance, with
<50% strain and a very low compressive stress (0.76 MPa) causing total
failure (Video S2, Supporting Information), despite the relatively high
elasticity exhibited in oscillatory torsional tests performed inside the
linear viscoelastic regime. When castor oil was partially replaced with
lignin, a remarkable improvement in performance was observed.
Related effects have been reported in the literature for lignin as a filler in
elastomers [17]. The PU4(1/4) sample, with only a 4.17 wt% lignin,
withstood > 88% strain without failure, associated to a compressive
stress at break that is 4-times higher compared to the value observed for
PUO (3 MPa). Besides, the softer viscoelastic behavior determined in
SAOT tests was reflected in very low stress values needed to produce
20% and 50% strains. Doubling the lignin concentration (8.33 wt%
lignin) endowed a substantially improved compressive mechanical
response, as can be observed in PU8(1/2), where a compressive stress as
high as ~67 MPa was necessary to break the sample, far better than that
reported for other rubber or elastomeric materials [36,37] (see Video S3,
Supporting Information) and comparable to high-impact composites
based on alumina platelets [21]. Interestingly, the stress at 20 and 50%
strain did not exceed those of PUO, demonstrating simultaneously a soft
but very strong behavior at low and high deformations, respectively. We
further note, however, that the mechanical properties were compro-
mised at the highest lignin content, such as in the PU17(1/1) sample,
which showed a gel-like rheological response, as previously discussed.

Supplementary video related to this article can be found at http
s://doi.org/10.1016/j.compscitech.2020.108602

The influence of a higher crosslinking degree was analyzed by
comparing PU8(1/2) and PU8(1/3) at differing HDI concentrations. As
expected, a stiffer and more brittle material was produced by increasing
crosslinking [18,19]. A higher compressive stress was needed from the
very beginning to compress the sample, as observed by the higher values
of stress at 20 and 50% strains, whereas failure took place at much lower
values, 19 MPa stress and 69% strain.

According to the parameters in Eq. (1), the highest B values are
associated with samples that are capable of holding higher strains
without failure. On the other hand, A is associated with the slope of the
initial trend compared to the final values, indicating PU8(1/2) with the
lowest A, followed by PU4(1/4) and PU8(1/3), which is the strongest
PU.

The oleo-PU elastomers were subjected to tensile tests (Fig. 4 and
Fig. S7). The tensile stress and elongation at break as well as Young
modulus were determined (Table 3). Apart from Zhang et al. (2019),
who reported remarkable elongations (~120%) in tensile tests per-
formed with castor oil-based PUs [15], the rather poor mechanical
performance observed in our reference system (PUO) is in agreement
with other studies, which have shown values of elongation at break
lower than 32% [12-14]. As in the compression tests, partial substitu-
tion of castor oil with lignin resulted in a better performance; although,
the elongational properties depended on lignin and HDI concentration,

Table 2
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as already shown in the literature [13]. The PU4(1/4) sample (4.17 wt%
of lignin) showed a significant improvement in elongation at break
(209%), more than 3 times higher than that obtained in the absence of
lignin (62%). However, the softer rheological characteristics demanded
a lower stress for the completion of the failure, also exhibiting a lower
value of the Young modulus. A strengthening of the systems occurred by
increasing either the lignin or the HDI content (increasing both the
Young modulus and the stress at break). This effect was more pro-
nounced for the PU8(1/3) sample, as a consequence of the increased
crosslinking, as previously discussed. However, brittleness was severely
compromised for the same reason, yielding much lower elongation at
break [9,12]. Compared to PU4(1/4), the increased lignin loading in
sample PU8(1/2) led to similar values of the strain at break, whereas
higher Young modulus and stress at break were recorded. Even though
the extensibility is still far from that found in other biocompatible
composites especially designed for 3D printing [20], the results high-
light the possibility of tuning the tensile properties according to the
lignin content and lignin/HDI ratio, e.g., to fit the requirements of a
given application.

3.5. Dynamic mechanical compression

Based on the compression and tensile results, PU8(1/2) was selected
as the best elastomer for a wide variety of applications, and therefore we
carried out a comprehensive study on the response of this system, to
short- and long-term dynamic compression tests. Fig. 5 summarizes the
short-time responses to dynamic compression tests (0.70 MPa/200 kg
equivalent force, 0.5 cycles/s, during 70 s) of PU8(1/2) and PUO. As can
be observed, excellent recovery properties at short times were observed
for PU8(1/2), from which only very slight variations in successive strain
cycles were observed. In contrast, PUO failed during the first cycle,
showing a continuous strain increase up to the end of the test. A quite
interesting feature was observed upon unloading of the elastomeric
sample, namely, PU8(1/2) underwent reverse loops at high strains. This
“catapult” phenomenon has been observed in nature and indicates a fast
release of the absorbed energy [38].

The effect of temperature and applied load in short-time dynamic
compression tests can be evaluated from Fig. S8 (Supporting Informa-
tion). The higher the temperature or loading, the higher the maximum
strains achieved, as can be expected considering the relatively strong
influence of temperature on the rheological properties. Furthermore, the
effect of temperature turned out to be more critical in samples subjected
to lower loads.

We discuss next the influence of temperature and applied load on the
long-term dynamic compression response of PU8(1/2). The evolution of
the compressive strain was followed after the completion of the 24 h-
tests at different temperatures and loads. A clear relationship between
compressive strain and time (plotted in a logarithmic scale) is observed
(Fig. 6).

The relationship between maximum compressive strains and time
observed in Fig. 6 is independent of the load applied, within the studied
range, as very similar slopes were observed by applying 0.35 MPa and
0.70 MPa (100 or 200 kg force, respectively). Unlike load, the temper-
ature noticeably affected the strain evolution with time, i.e., time effects
became more limited at higher temperatures, possibly due to the

Mechanical performance of elastomers in compression tests (data include the average value and standard deviation).

Sample Compression parameters, Eq. 1 Stress at 20% strain (MPa) Stress at 50% strain (MPa) Stress at failure (MPa) Strain at failure (%)
A (MPa) B(% )

PUO 0.150 0.036 0.16 + 0.01 0.75 + 0.07 0.76 + 0.09 50.7 + 0.90

PU8(1/2) 8.72E-4 0.132 0.13 + 0.02 0.72 + 0.07 67.3 +£9.86 938.7 £ 1.14

PU4(1/4) 2.85E-3 0.089 0.01 £ 0.01 0.13 = 0.08 3.08 £ 0.15 88.6 + 0.44

PU8(1/3) 0.528 0.059 1.38 £ 0.38 6.04 + 2.23 19.1 £3.05 69.0 + 4.08
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Fig. 4. Results of tensile tests (10 mm min~! elongation rate) comparing the average tensile profiles for the different elastomers. The different replicates have been
included in Fig. S7 (Supporting Information). Images of two elastomeric samples used in the tests (PU8(1/3), top and PU4(1/4), down) are included.

Table 3
Average and standard deviation values of the Young modulus, tensile stress and
elongation at break obtained from tensile tests.

PU Young modulus Tensile stress at break  Elongation at break
elastomer (MPa) (kPa) (%)

PUO 0.42 = 0.02 145 +£ 11 63+ 8

PU8(1/2) 0.51 = 0.02 323 1+ 28 189 £ 17
PU4(1/4) 0.10 = 0.02 809 209 + 42
PU8B(1/3) 7.54 = 1.24 1118 £ 172 35+ 14

softening of the oleo-PU, as previously discussed. Some examples of
cycles at different compression times are included in Fig. S9, which
shows that the hysteresis loops did not change during the course of the
tests [36]. This fact implies that the energy absorption of the material is
not time-dependent, which substantially exceeds the results reported for
other PU systems and commercial cushioning midsoles [16,39].

Compression tests were also performed after the 24-h essays in order
to assess the fatigue effects in terms of mechanical properties. The
compression remained unaltered for strains up to ca. 85%, after which
failure started to occur (Fig. S10), slightly decreasing both the
compressive stress and strain due to fatigue. However, these results are
still far better than those reported for other cushioning materials [16,
36].

The evolution of the energy loss during different short-time strain
cycles was evaluated. As can be seen in Fig. S11, the PU8(1/2) system is
able to release higher energy than provided at low strains, probably due
to some structurally-stored energy. Both loading and unloading cycles
became closer to each other when increasing the strain, as the me-
chanical spectra evolved following the typical hysteresis losses exhibited
by elastomers and rubbers, where a positive energy loss occurs [36].
Nevertheless, there is always a quick energy release immediately after
unloading. We studied the evolution of the hysteresis losses, calculated
by the difference between the areas under the compressive force curves
in the loading and unloading cycles. Values from —12% up to 40% were
recorded and plotted in Fig. 6 for increasing strains, indicating that PU8

(1/2) absorbed more energy under higher compression (Fig. 6). The
energy absorption in our oleo-PU is similar to that reported for reference
systems used as shoe soles for use under high loading [39].

In order to provide a quantitative reference to the cushioning prop-
erties, the cushioning factor (CF) was calculated from equation (2).
Noting that CF < 8 is recommended for cushioning materials such as
shoe soles [1], Fig. 7 (inset table) indicates that PU8(1/2) fully met such
performance, with deformations higher than 35%, indicating excellent
cushioning under high loading.

4. Conclusions

We demonstrate the strengthening effect of lignin as a filler in castor
oil/HDI elastomers. Despite the reduced elasticity observed from rheo-
logical measurements, the addition of lignin promoted excellent per-
formance as far as the tensile and compression behavior. Adjusting
lignin or HDI concentration allows tailoring the rheological properties,
from very soft to strong materials. The tensile strain at break of lignin-
loaded polyurethanes was triplicated by replacing a small fraction of
castor oil with lignin (4.17 wt%). At higher lignin content, 8.33 wt%, the
PU maintained the elongation but presented 17- and 7-fold increases in
the Young modulus and the stress at break, respectively. The increase in
HDI concentration significantly enhanced the Young modulus and
compressive stress at break with a simultaneous reduction of elongation.
According to the compression tests, lignin addition (4.17 wt%) with-
stood > 88% strain without failure, an improvement of >38% compared
to PUO, and exhibited a 4-times higher stress at break (3 MPa). A su-
perior lignin addition (8.33 wt%), extended the outstanding properties,
with a strain at failure of 93%, while the stress at break was 88-fold
higher compared to the reference system, with values of 67 MPa, a re-
cord performance for biobased-polyurethane elastomers. Simulta-
neously, the sample exhibited similar stresses to produce 20 and 50%
strains, thereby showing both soft and hard behavior depending on the
strain applied. When isocyanate concentration was raised, higher
stresses were needed to achieve 20 and 50% strains, however, the ulti-
mate compressive strain was reduced. The optimum mechanical
response was observed in elastomers with 8.33 wt% lignin and 1/2
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Fig. 5. Effect of lignin addition in the dynamic compression response of castor oil-based elastomer (PUO and PU8(1/2)) evaluated in short-term (70 s) tests. Arrows
are added to indicate successive compression cycles.
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lignin/HDI ratio. Such systems demonstrated outstanding short- and load fatigue tests and a fast release of the absorbed energy during the
long-term dynamic compression properties, such as time-independent compression. These facts make lignin-loaded oleo-PU formulations
energy absorption evolution, outstanding resilience in long term high- highly suitable as cushioning material for diverse applications.
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The following general conclusions can be drawn from the research carried out in the
context of this PhD Thesis:

3¢ A number of lignocellulosic materials, including wheat and barley straws, cellulose
pulps and residual lignin from different origins, were able to successfully act as
thickeners, binders o reinforcing agents in castor oil through chemical reaction with
diisocyanates, thus generating bio-based polyurethanes with diverse industrial
applications, such as lubricating greases, cushioning materials and/or adhesives,
depending on biosource/diisocyanate weight ratio, castor oil concentration and

formulation protocol.

3¢ The rheological characteristics of lignin- and castor oil-based polyurethanes produced
by following a two-step processing protocol demonstrated to be highly dependent on
nature and chemical structure of the diisocyanate selected. More reactive aromatic
diisocyanates promoted the formation of highly crosslinked networks during the first
step, involving the reaction with the lignocellulosic material, which hindered the castor
oil structuring that takes place in the second step, compromising the oleogel strength.
The cyclic structure of IDI likewise dampened a suitable gel formation. Only HDI,
with a linear aliphatic structure, led to the achievement of enhanced gel-like

characteristics.

3¢ The mechanical behaviour of polyurethanes developed by applying one-step procedure
with residual lignin and castor oil as main components were also severely affected by
diisocyanate nature, as expected, but also by the imposed processing conditions, i.e.,
temperature and stirring speed. Polyurethanes produced at room temperature and under
low stirring conditions exhibited gel-like characteristics, whereas an increase in
temperature and/or stirring speed resulted in liquid-like properties of the final products,
which was associated to a faster curing. The comparison between the two-step and the
one-step processing protocol allows to conclude that gel-like properties are more easily
obtained by the simpler and faster process, which also needed a lower crosslinker

content to get similar rheological responses.

3 The gel-like properties of lignin-based polyurethanes can also be modulated by the

biosource/HDI weight ratio and castor oil content. Suitable gel-like characteristics,
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comparable to those shown by commercial lithium lubricating greases, were optimally
achieved with 1/2 biosource/HDI weight ratio and 70% wt. castor oil content.

The rheological properties can likewise be tailored by using differently-sourced lignins
and/or by applying different pretreatments. Therefore, a higher carbohydrate content,
higher molecular weight and lower phenolic content, obtained by producing residual
lignin through mild pretreatments, was concomitant with the formulation of oleogels
with enhanced viscoelastic properties. The differently-sourced residual lignins
similarly provided diverse outcomes, basically attributed to the differences in phenolic

hydroxyl groups content.

A more environmentally-friendly biological pretreatment, the solid-state fermentation
with Streptomyces, was applied to modify the lignocellulose structure. Both inoculated
and fermented barley and wheat straws, as well as the cellulose pulps and lignin-
enriched fractions obtained from them, were successfully used as gelling agents in
castor oil. Once more, the straw source type highly influenced the rheological
properties of the oleogels, nonetheless, they also experienced different behaviour when
fermented, as a consequence of the different enzymatic patterns. Thus, whereas
fermented barley straw produced an increase in the viscoelastic functions of derived
oleogels, the opposite effect was found with fermented wheat straw, as a consequence
of the stronger CMCase activity in wheat straw. Regarding the cellulose pulps, the
solid-state fermentation was always responsible for an improvement in the linear
viscoelastic functions of all developed oleogels, atrributted to the increase of hydroxyl
groups availability and the higher polymerization degree obtained. Lastly, fermented
lignin-based oleogels also experienced an enhancement of the viscoelastic properties in
comparison to oleogels produced with non-fermented lignins, again due to the higher
content of hydroxyl groups induced by the main breakdown of lignin linkages, which

are available to further react with the diisocyanates.

In general, all the oleogels performed with the different lignocellulosic sources
exhibited good lubricant properties, with friction coefficient values that were
comparable or even lower than those obtained with commercial lubricating greases and

similarly preventing wear.
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The stickiness and rheological properties of lignin- and castor oil-based polyurethane
adhesives herein formulated demonstrated to be strongly dependent on lignin origin
and solid-state fermentation conditions, exhibiting very good adhesion properties in
wood-wood joints, as expected, but also in other surfaces like stainless steel-stainless
steel and stainless steel-textile joints.

Outstanding both static and dynamic compressive, tensile and torsional properties were
obtained by the inclusion of lignin in castor oil-based polyurethane elastomers,
enhancing stress at break, strain at failure and being able to withstand massive loads
for long periods. Moreover, the modification of the lignin/HDI ratio and castor oil
concentration allowed the mechanical behaviour of the elastomers to be tailored. These

characteristics make these products highly suitable as cushioning materials.
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