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Summary

In the last decades, considerable interest has been put in using lignocellulosic streams,
which have been traditionally considered as wastes, to be converted into value-added
products, such as fuel, chemicals and biomaterials, which are currently obtained from fossil
sources.

Lignin, the most plenty polymer as an aromatic source in nature has been traditionally
considered as a by-product or side stream from pulp and paper process, although lignin
commercialization as a source of phenolic compounds has gained more and more
relevance lately. However, several drawbacks have to be still overcome, such as the high
polydispersity and high content in impurities of the obtained lignin samples, which lead to
generate a recalcitrant behavior that hinders its transformation processes into high value-
added chemical compounds. Lignin-based products must be competitive with their
petroleum-derived counterparts. Hence, it is very important to design energetically efficient
processes for lignin extraction and purification. For this purpose, lignin-based products
have to be assumed as a section of an integrated biorefinery where multiple products are
obtained and in this line being able to compete in a realistic scenario.

In this work, the identification of different routes to extract lignin and its further conversion
into small phenolic compounds has been developed. All approached scenarios were
proposed to build up robust processes capable to reduce the high variability of the
lignocellulosic process designed to obtain chemicals or building blocks.

Lignin samples from different lignocellulosic sources (blue agave plant, almond shell and
olive tree pruning), delignification processes (soda or organosolv) and process stages
(lignin from bleaching stages) were extracted and characterized physico-chemically to
define the best alternatives for obtaining different products. Thereafter, several strategies
were considered to depolymerize the lignin molecule into small phenolic monomers, such
as catechol and its derivatives compounds, cresols, syringol, guaiacol, etc. These
depolymerization reactions were applied to the obtained lignin samples collected from the
extraction processes. Moreover, an innovative alternative to break down lignin directly from
the black liquors obtained during the lignocellulosic biomass delignification process was
also approached.

Finally, the techno-economic analysis of the lignin extraction and depolymerization
processes was conducted to select the most suitable routes in terms of product yields,
environmental wastes, energy demands, and economic balance.

Javier FERNANDEZ
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Aim and scope

The main target of this study has been the identification of different routes to extract lignin
and its further conversion by robust processes that could manage the huge sensitiveness
of the lignocellulosic-base processes.

An introduction to the lignocellulosic biomass valorization technologies by integrated
biorefineries strategies is presented in Chapter 1. In addition, the lignin definition, potential
uses and main strategies to be converted into high value-added products by its breaking
down are described in this section as well.

In Chapter 2, several agricultural waste streams have been evaluated as potential lignin
sources. Lignin was extracted from those materials developing a wide range of approaches
that were compared to identify the most suitable strategy: (i) from delignification and
bleaching stages; (ii) including or not a pretreatment; (iii) and by different delignification
methods. Once lignin was obtained by those different routes, physico-chemical
characterization of the generated products as well as an evaluation of the extraction yields
was addressed to assess all the proposed routes.

Thereafter, in Chapter 3, lignin depolymerization reactions were studied using several
lignin sources: (i) solid lignin or (ii) black liquors. The aim has been to establish
relationships between the composition, properties and the yields of the obtained products
depending on the used lignin source or the applied reaction mechanism.

Chapter 4 has been devoted to the simulation of the biorefinery processes based on
previously carried out experimental analyses. For this purpose, Aspen Plus® simulation
software was used in order to define different biorefinery scenarios and to establish the
corresponding mass balances, and energy duties to estimate the potential costs of the
different routes approached in the experimental section. The obtained results were
compared to identify the better combinations.

Finally, the summary of the final remarks and the identification of further feasible works to
widen the present study have been included in the last section of this work.
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Introduction

1.1. Background

The threat of an imminent depletion of fossil reservoirs has been looming over the
developed economies and their industrial system. However, the discovering of new
reserves as well as the advances in extraction technologies have modified that
apocalyptical vision that clamored for the use of alternative sources in a rush. The
predictions from experts have been not fulfilled, as it can be seen in Figure 1.1, where it
can be seen that the estimation of the oil production established by Hubbert has been
deeply overstepped by real production in the USA [1]. This fact has been used by some
skeptics about renewable resources who consider that fossil resources are and will be
always the main resources of our planet.

Hubbert's peak vs. actual oil production in the United States
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Figure 1.1. Current oil production in the USA against Hubbert's estimation, both measured in
barrels per year (Source: Our World in Data).

Nevertheless, the huge impact that fossil resources have provoked over last centuries on
the natural environment cannot be dismissed, specifically in the release of greenhouse
gases, with more than half of world current CO, emissions caused by burning fossil fuels
[2]. Therefore, although the idea of an absolutely necessity to replace fossil resouorces
cannot be sold in the short-term without risking the supply to our growing world population,
the development of more sustainable processes for energy and product obtaining is
compulsory to guaranty the wellness for our further generations.
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Although the global consumption is growing implying the growth of the use of fossil
resources, it can be observed how the share of renewable resources is continuously
increasing, gaining more and more prominence in the last years, and it is thought that this
increase will continue in the next decades as it can be seen in Figure 1.2. As a clear
example, the Renewable Energy Directive of the European Union (EU), officially coded as
2009/28/EC, defined the strategy to increase the share of renewable energy over the total
energy needs up to 20% for 2020 [3]; and it was recently followed by the new commitment
of EU for 2030, when a 27% share of renewable energy consumption and the reduction of
40% in greenhouse gas emissions compared to 1990 levels have to be reached by the
country members, as it was agreed in the EU Council of October 24th, 2014 [4].
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Figure 1.2. Shares of primary energy per percentage (Source: BP)

Even though it can be said that the change has already started, it is still a long way to go
before having a complete switch from fossil to renewable resources for energy and product
manufacturing. Nevertheless, the trend is promising. In this line, the scientific community
has to continue supporting the big challenge of this transformation as it has been
accomplished during the last decades, with a noticeable increase in the number of
publications in renewable resources, specifically more than 6,000 publications (source:
Scopus).

1.2. Biorefineries

The definition of the biorefinery concept was originated at the end of the 1990s, due to the
increasing trend to use biomass for the production of non-food products that traditionally
came from fossil resources after a classic refinery process. In 1997, biorefineries were
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defined by Kamm et al. [5] as a complex (to fully integrated) system of sustainable and
environmentally friendly technologies for the comprehensive utilization of biological raw
materials in the form of green and residual biomass from a targeted sustainable regional
land utilization. Several definitions have been proposed for this concept, sometimes
generating strong debates about these propositions but there is a general consensus about
including in the definition the following statement: “the integration of biomass conversion
processes to produce a range of fuels, power, materials, and chemicals” [6].

In the last decades, the development of biorefineries has emerged with great potential due
to the crude oil crisis at the beginning of the XXI century [7]. However, as it was mentioned
before, making biorefineries feasible just based on the fear of the oil depletion is not valid
anymore. In any case, there are several reasons that have encouraged not only to the
research community but also to the industry sector to boost strategies to implement the
biorefinery concept at commercial levels [8]. In terms of economic factors, the stronger
points of the biorefinery concept are: (i) the feedstock cost, which is thought to be low and
overall steady; (ii) the possibility to create new markets using biomass sources instead of
crude oil, (iii) and tax incentives that are thought to be reached by refineries because of
their environmental advantages in comparison with traditional refineries. In terms of social
interest, the great advantages are: (i) the sustainable resource supply to reduce
greenhouse emissions and to stop the production from resources that can be depleted in
a relatively close future; (i) the energetic stability, by reducing the dependency from the
lobby’s countries that control the fossil resource markets; (iii) and the rural economic
development by the creation of a large scale energy crops in specific areas where
agricultural actions are the current economic engine of the regions [9]. In any case, the
pathway is not easy and, despite the huge number of efforts adopted in the recent years,
there is still a gap between both types of industries (traditional refineries and biorefineries)
that has to be reduced more and more.

The quantification of the current industrial biorefineries can be variable based on the wide
definition of biorefineries. Indeed, conventional biofuels production processes and pulp
mills could be considered as simple biorefineries. Thus, the number of biorefineries would
be immense. However, if only the advanced biorefineries are considered, with a higher
degree of integration to produce a wider range of products, the number of industrial plants
is much more limited. In any case, 35 biorefinery plants were already implanted or in the
construction phase at the beginning of 2018 in Europe, which is a figure that shows the
trend of the European countries to change their feedstocks source to biomass [10]. The
products that can be obtained from these facilities are very variable too, from biofuels
(mainly bioethanol and renewable diesel production plants); bio-based chemical building
blocks (levulinic acid, glycerol, succinic acid, polylactic acid, etc.) and biomaterial driven
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biorefineries (cellulose, lignin, tall-oil). In this last group, the main example is the bioproduct
mill of Adnekosky, which have been developed by Metsa Fiber company, with the highest
production volume: 1.3M t of several products, such as cellulosic pulp, lignin, tall-oil,
sulfuric acid, turpentine and biogas [11].

1.2.1. Biorefineries classification

Biorefineries can be classified depending on several factors. In general, classification can
be divided into four big groups, based on the used feedstock, the employed processes,
platforms and obtained products.

The main classification of biorefineries was established by Kamm [5], according to the
different feedstock used:

- Lignocellulosic Feedstock Biorefinery (LCF-BR). In these types of plants, different
compounds (cellulose, lignin, and hemicelluloses mainly) are extracted from
cereals, reed, forest biomass using chemical or biological methods [12].

- Whole Crop Biorefinery (WC-BR). In these biorefineries, different parts from raw
materials, such as the grain, meal, and straw can be used to obtain a wider range
of bioproducts [13]. Chemical, biological or physical processes are conducted to
extract intermediate products as sugars or lignin for further conversions.

- Green Biorefinery (GBR). In this group, green biomass, which is composed of
grass, lucerne, clover, and immature cereals, is used as feedstock to obtain feed,
fuels, chemical and materials [14].

- Two-platform Concept (2PC), which includes a combination of sugar and syngas
platforms. The sugar platform is focused on the conversion of feedstock
(composed basically of carbohydrates) into biofuels and materials by biochemical
processes, mainly based on the fermentation of sugars. On the other hand, the
syngas platform is based on the thermochemical conversion of biomass feedstock
and by-products to obtain syngas by different processes, such as gasification,
pyrolysis, or thermolysis [15].

The lignocellulosic feedstock biorefinery is nowadays the most relevant group of
biorefineries due to the great availability and accessibility of the raw material that employs
and the good position in the market of the products that are obtained. In this type of
biorefinery, non-food materials (agricultural and forest residues, energy crops) are
transformed into products/energy. The feedstock is mainly integrated by the residues
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generated from agricultural-forestry activities (straw, shrubs, pruning, and trimmings) and
thereof derived industries [16].

1.3. Lignocellulosic biomass

Within the previously mentioned global scenario, lignocellulosic biomass has emerged as
a good alternative to address such challenges, as it is considered to be the most abundant
terrestrial biomass on the planet. In the last decades, several studies have demonstrated
the high potential for the sustainable conversion of lignocellulosic biomass into energy,
biofuels, and chemicals [17]. Lignocellulosic feedstock includes a wide range of materials,
such as agricultural wastes, forestry residues and woody materials which are the major
structural components of plants [18]. They are formed mainly by three major macro-
components: cellulose (40-60%), hemicelluloses (10-40%), and lignin (15-30%). Together
they constitute the structural components of plants and, along with the non-structural
compounds, form the plant cell wall [19]. Figure 1.3 shows a schematic representation of
the chemical composition of lignocellulosic biomass. Non-structural components, such as
inorganic materials, extractives and proteins, generally represent about 5-10% of the total
composition. The distribution of these compounds depends on the source, plant tissue,
age, and growth conditions. Typical percentages of those components according to the
type of lignocellulosic biomass are presented in Table 1.1.

Table 1.1. Composition of macromolecular components of different lignocellulosic biomass sources
[20].

Species Cellulose (%) Hemicellulose (%) Lignin (%)
Hardwood 40-55 15-35 15-25
Softwood 40-50 10-30 25-35

Agricultural wastes 25-40 15-35 5-20
Annual plants 25-40 25-50 10-30

Cellulose is the main component of these materials, being considered as the most plenty
and renewable organic polymer in the biosphere. It is a polysaccharide composed
exclusively by cellobiose units, which are formed by two glucose molecules linked by -(1-
4) glycosidic bonds. The cellobiose chains are organized in fibrous cells with a degree of
polymerization around 10,000 [21]. The high number of hydroxyl groups enables the
formation of intra- and inter-molecular hydrogen bonds that are responsible for the rigidity
of the cellulosic chain and the structure of the microfibrils respectively. The cellulosic fibers,
composed by the union of these microfibrils, form aggregates that constitute the cell wall.
Regarding its macromolecular structure, the cellulose fibers are organized by crystalline
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and amorphous areas [22]. The inter-molecular hydrogen bonds are responsible for that
crystalline region, a uniform structure entailing with a high degree of crystallinity. The
amorphous zones present higher reactivity due to the easier accessibility to the hydroxyl
groups [23].

Hemicelluloses are considered one of the most abundant polysaccharides found in nature
beyond cellulose. Its main function is to act as a bonding agent between cellulose and
lignin molecules by covalent and non-covalent linkages [24]. It is composed of a group of
heterogeneous polymers that can be formed by several monomers of both hexoses and
pentose sugars; the C6 sugars are mainly glucose, mannose and galactose, and the C5
monomers xylose and arabinose. Their distribution depends mainly on the source of
biomass. For example, the most abundant carbohydrate type in hardwood species and
grasses is xylose whereas in softwood and annual plants mannose is the main monomer
[25]. Hemicelluloses are organized in branched structures with an amorphous distribution
and a typical degree of polymerization around 200-300, which makes them easier to
solubilize than cellulose as they do not present crystalline areas. This characteristic is
exploited by many deconstruction strategies as they can be removed from the original or
delignified tissue by its extraction with aqueous alkali or even water [26].

Lignin, the third major component of lignocellulosic biomass and the target product of this
work will be defined in more detail in the next section.
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Figure 1.3. Schematic representation of structural compounds of plan cell wall [27].

Among the minority components of biomass, “extractives” are quite interesting due to the
heterogeneous chemical composition that they present, mainly consisting of low molecular
weight carbohydrates, terpenes, tannins, steroids, waxes, aliphatic acids, etc. These
components can be easily obtained from biomass by their extraction with organic solvents
[28].

Proteins compounds could represent around 5-10% of the dry weight of the primary cell
wall, although its relative abundance is variable [16]. Proteins are essential in controlling
the cell wall extensibility and its structure modification, the cell wall metabolism, the
responses to abiotic and biotic stresses and many other physiological responses [29,30].
They also play an important role in the release of signal molecules, such as peptides or
oligosaccharides [31].

Finally, inorganic compounds can be also found in cell walls, having their origin in the
components of the soils where the plants are growing. These inorganic compounds are
simple salts as silicates, phosphates, calcium and potassium among many others [32].
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Their quantity in biomass varies considerably depending on the species but also on the
different parts of the plant, usually higher at the bark and foliage tissues [33].

1.4. Lignin chemistry

The term lignin is derived from the Latin word /ignum which means wood. Lignin is among
the most abundant biopolymers on earth and the most abundant source of aromatic
compounds in nature [34]. The availability of lignin in the biosphere exceeds 300 billion
tons and increases by about 20 billion tons every year [35]. Most of the lignin molecules
are located in the middle lamella, where they serve as a cementing agent that keep the
fibers together strengthening the plant cell walls [22]. Lignin is present in the secondary
wall too, where it interpenetrates and encrusts the cellulose microfibrils and the
hemicelluloses providing resistance against microbial attack and playing a crucial part in
the water transport by reducing the cell wall permeability [36].

The lignin chemical structure is difficult to define since its structure and properties are
heavily related to the process by which it has been extracted and/or its source. Thus, it is
not possible to establish its molecular weight with precision, although it is estimated to
present a range from 1000 to 20,000 Da. It is constituted by a heterogeneous biopolymer
formed by three different phenylpropanoid units (monolignols) with a large number of polar
functional groups, generating a tridimensional amorphous structure. The monolignol
precursors are synapyl alcohol (S), coniferyl alcohol (G), and p-coumaryl alcohol (H). The
molecular structure of these compounds is represented in Figure 1.4, where the main
difference between these structures is the number of methoxy groups linked to the aromatic
ring [37].
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Figure 1.4. Chemical structure of lignin precursors.

Ry

These units are randomly connected by different ether and C-C linkages in a distribution
that differs regarding the source of lignin. In Table 1.1 the percentage of lignin linkages by
feedstock source is shown.

Lignification is initiated by the dehydrogenation reaction of monolignols promoted by
peroxidases and laccases and consists in the removal of the phenolic hydrogen atom from
the precursors leading to phenoxyl radicals [38]. The most abundant linkage in the lignin
molecule is the B-O-4 ether, which is the bond that can be more easily cleaved and,
therefore, itis considered as the main target of the lignin depolymerization methods [36,39].
In terms of monolignols distribution, hardwood species present similar percentages of
guaiacyl and syringil units, whereas, in softwood species, the guaiacyl units could reach
around 90% of the total monolignol units [40]. In the case of grasses, balanced ratios of
guaiacyl-syringy! units are present in the lignin molecules but also significant amounts of
compounds derived from p-coumaryl alcohol.
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Table 1.2. Different linkages proportions and bond dissociation enthalpies in lignin molecules
[41,42].

Linkage type Softwoods (%) Hardwoods (%) BDE (kcal/mol)
Ether linkages
-0-4 43-50 50-65 53.9-72.3
a-0-4 6-8 4-8 48.31-57.3
4-0-5 4 6-7 77.7-82.5
C-C linkages
B-5 9-12 4-6 125.2-127.6
5-5 10-25 4-10 114.9-118.4
B-1 37 5-7 64.7-165.8
B-p 2-4 37 68.0-81.0
Others 16 7-8 -

Lignin molecules contain a great variation in functional groups which have a significant
impact on its further reactivity [43]. Methoxyl groups are the most common functional
groups of lignin, followed by aliphatic and phenolic hydroxyl groups and other ones in
smaller quantities, such as carbonyl and carboxyl groups [44]. The dispersion of these
groups is deeply influenced by the lignin source as well as its isolation method. In addition,
due to the polar functional groups of lignin, it is also possible to find linkages with
carbohydrates from hemicelluloses portions, forming lignin-carbohydrate complex (LCC)
that reduces the percentage of aromatic entities in the lignin molecule [45].

Even though several studies have approached the challenge of describing the lignin
molecule, big differences can be observed in the presented models due to the variable
factors that influence on lignin chemical composition. Figure 1.5 presents an example of a
hardwood lignin chemical composition.
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Free phenolic B
hydroxyl group .(H_Q) o—

Figure 1.5. Example of hardwood lignin molecule adapted from Macfarlane et al. [43] and its most
representative linkages [20].

In terms of properties, lignin is frequently commercialized as solid powder, with great
variations in its molecular weight due to its transformation during the extraction process.
As a common point, softwood lignin samples trend to present higher molecular weight than
hardwood lignin [46], although the extraction process plays a significant role as it will be
depicted below. Softwood lignin, composed mainly by G monolignol units, are more prone
to create C-C linkages (5-5’ and -5’) than S units due to the vacant space in the Cs position
of the aromatic ring that is covered by a methoxy group in the case of S units [47].
Additionally, lignin presents high values of polydispersity in comparison with other
biopolymers, which hinders its further conversion.
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The condensed structure of lignin and its strong intermolecular hydrogen bonding, restrict
the thermal mobility of the lignin structure resulting in a high glass transition temperature
(Ty). As a consequence, it is considered a rigid and brittle polymer with poor film-formability,
which hinders considerably its direct use as a macro-component for composite materials
[48].

Besides the most popular uses of lignin, such as dispersant and blending agent, it can be
intended for other interesting high-value applications, such as antioxidant and antimicrobial
agent, based on the high content in alcoholic functional groups, both from the phenolic or
aliphatic origin [49].

1.5. Lignin source

Lignin is mainly obtained as a byproduct of the pulp and paper industry (P&P) as Kraft
lignin and lignosulfonates. Nevertheless, although lignin is produced worldwide in amounts
close to 70 million tones, only 1%—2% is used as a precursor for chemicals and materials
production. The rest is used for energy generation in the same industrial process in which
is generated as a byproduct [50].

The lignin isolation method is contemplated as one of the most exigent steps of the biomass
fraction processes due to the complexity caused by the heterogeneity of lignin and its
different wide range of types of linkages. The different processes approached for this
purpose can be divided into two groups according to the route of the lignin fractionation: (i)
processes in which lignin is solubilized from the lignocellulosic biomass and it is removed
by separating the solid residue from the spent liquor, and (ii) processes where
polysaccharides are selectively hydrolyzed leaving lignin along with some condensed
carbohydrate deconstruction products as a solid residue. Therefore, the selection of the
method is driven by the desired final application. For example, in the case of P&P industry
where the focus is on the carbohydrate platform, methods from the group (i) would be the
chosen ones, such as sulfite, Kraft, alkaline or organosolv methods. The methods for the
second group are intended to reduce the carbohydrate components (cellulose and
hemicelluloses) to its monomeric form to have then the sugars transformed into value-
added chemicals. In this case, lignin is mostly isolated in the form of an insoluble lignin
residue or as a precipitated [40,51].

1.5.1. Sulfite process

The origin of sulfite process dates from 1867, when B. C. Tilghman, a Philadelphia chemist
patented a process in which the decomposition of wood with sulfurous acid and calcium
was used to obtain fibrous pulp without problems of discoloration. This novel process
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allowed the use of this pulp for paper manufacturing processes. However, it was not until
1874 when the Swedish chemist Carl Daniel Ekman commercialized the first sulfite pulp.
Almost simultaneously to Ekman, Alexander Mitscherlich worked on the sulfite cooking
process of wood in Germany and, in 1880, he started a sulfite pulp mill in Zell in south
Germany [52]. Since 1890, the calcium sulfite process was rapidly extended worldwide,
being the most important process in pulp industry until the 1950’s decade when Kraft
process overstepped the former one, mainly due to the possibility of using wider variety of
wood species (calcium sulfite process could not accept softwood species). Additionally,
the need to recover the waste liquor and pulping chemicals that emerged for environmental
reasons, provoked the movement to the Kraft process where liquors where easier to be
managed for chemicals and energy recovery [52,53].

The sulfite process was initially developed around the acid calcium bisulfite process but,
nowadays, it is more flexible. It is usually accomplished under acid or neutral conditions,
sulfur dioxide and/or bisulfite ions react with lignin to produce water-soluble sulfonated
lignin, named lignosulfonates, which are degraded in large pressure vessels called
digesters [54]. The employed salts are either sulfites (SO32-) or bisulfites (HSOs-) and even
sulfur dioxide (SO.) or sulfuric acid (H2SOs) could be employed. The content of these
species varies depending mostly of the base cation used in the process, as the sulfite
pulping can be conducted in a wide range of pH. The most common used salts are sodium,
calcium, potassium, magnesium or ammonium sulfites. As a result, a pulp with high
cellulose content is reached with lower lignin and hemicelluloses percentages than the one
produced by the Kraft process. The residual lignin that still remains in the pulp is relatively
easy to be removed by bleaching processes [54]. As an example, the unique Spanish mill
using the sulfite process uses Total Chlorine Free (TCF) bleaching method [55].

Lignosulfonates are defined as hydrophobic poly-electrolytes, whose solubility depends on
the cation used in the digestion stage. Thus, the calcium sulfite process generates the
lower soluble lignosulfonates and sodium sulfites, the easiest ones to be solubilized in
water [56]. In some cases, impurities can reachl 30% of dry weight, mainly composed of
inorganic salts and carbohydrate fractions [57]. This type of lignin usually presents a very
high average molecular weight, even higher than Kraft lignin, as sulfonate groups are
added to lignosulfonate lignin during the pulping process [58]. As a consequence of the
incorporation of these groups, the catalytic transformation of lignosulfonates is more
difficult [59]. Moreover, in the sulfite pulping processes ether bonds are cleaved, methoxyl
groups are destroyed and new carbon-carbon bonds are formed [60]. Although its
production is much lower than in the Kraft process, around 1 million t/y of lignosulfonates
are produced on dry basis [50].
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Regarding other possible uses of lignosulfonates, they presents big potential to be used in
colloidal applications, such as dispersants in concrete industry (plasticizers), surfactants
or flocculants [61]. As an advanced application, they can be also converted into vanillin for
food applications by its depolymerization [62].

1.5.2. Kraft process

The Kraft process (so called because of the greater strength of the resulting paper, from
the German word Kraft for “strength”) was patented by Carl F. Dahl in 1879 [63], although
it was not industrially employed until 1890 in Sweden. The Kraft process became the most
important paper process in the 1930s due to the invention of the recovery boiler developed
by G. H. Tomlinson [64]. This stage allowed recovering the inorganic compounds used in
the white liquor and generating energy that it was reutilized in the wood digestion process
[22]. Based on that achievements, the Kraft process is still the main pulping process with
an estimated global production of 130 Mt/y of pulp, representing around 90% of total
chemical pulp. Its predominance in the P&P industry is caused by the high quality of its
resulting pulp, the possibility to recover pulping chemicals, as well as the self-sufficiency
of the process in terms of energy duties [65,66]. As a consequence, it is the most important
process to generate lignin with a production about 50-55 million metric tons of black liquor
[46,67]. Currently, 75,000 tons are estimated to be isolated from Kraft process, mainly the
by LignoBoost® process.

Kraft pulping consists in the solubilization of lignin using aqueous “white liquor” composed
by sodium sulfide and sodium hydroxide. During the cooking reaction at elevated
temperature (145-170 °C) and pressure, the pulp is delignified and lignin depolymerized
without concurrently accelerating carbohydrate solubilization or damage [68].

After this stage, the pulp is washed and the black liquor filtrated to be concentrated to
around 65% solids in direct-contact evaporators, by bringing the liquor into contact with the
outlet gases from recovery boiler. After that, the strong black liquor is typically burned in
the recovery boiler for energy production and the recovery of chemicals for the white liquor
preparation [69].

The high quantity of steam produced in this step makes the black liquor the fifth most
important fuel in the world [70]. However, the energy generated by burning the black liquor
is greater than the process demand and, and the “bottleneck” stage of the pulping process,
which limits the pulp production volume [71]. Hence, the valorization of lignin as a chemical
precursor could be an option of sorting out this problem and obtaining and extra revenue
in the process. However, the structural changes that lignin undergoes during the reaction
comprise the addition of thiol groups, the cleavage of inter-unit ether linkages and the
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increment of recalcitrant C-C bonds and phenolic hydroxyl groups [57,72]. As a result,
Kraft lignin presents a highly condensed molecule with low amount of residual $-O-4
bonds, which together with its sulfur content, hinders possible downstream valorization
processes [73]. These drawbacks are the reason why only around 2% of the total produced
lignin is intended as a precursor for chemicals and materials [74]. Nevertheless, Kraft lignin
is considered as a plenty source of aromatic chemical precursors that could be directly
used as dispersants, emulsifiers or adhesives; but also to many other applications by its
molecular reduction to smaller entities, such cosmetic or pharmaceutical preparations
[75,76].

The isolation of lignin from the spent black liquor is industrially carried out mainly by the
LignoBoost® process. This method was initiated in 1996 by a joint project among Innventia
and Chalmers University of Technology. After years of modifications, in 2005, Ohman et
al. [77] presented the final LignoBoost® process. Its methodology is based on the change
in the solubility that lignin presents in function of the pH level of the dissolution. The pH of
the black liquor is dropped using CO; recycled from the boiling stage. The precipitated
lignin is dewatered using a filter press. This method overcomes the conventional filtering
and sodium separation problems by re-dissolving the lignin in spent wash water and acid.
The resulting slurry is once again dewatered and washed with acidified wash water, to
produce virtually pure lignin cakes. The filtrated streams are recycled to different stages of
the black liquor evaporation plant [78]. The main advantage of this method is its low cost,
simplicity and the obtained lignin presents lower impurities of ash and carbohydrate content
[79].

More recently, a team from FPInnovation developed a new process, called the LignoForce
System™ process which consists in the oxidation of the black liquor using oxygen before
the acidification step. The oxidation improves the filterability of the acid-precipitated lignin
by providing suitable conditions with respect to pH (leads to a lower pH) and temperature
(increase temperature) for lignin colloid agglomeration. In addition, it minimizes or
eliminates total reduced sulfur (TRS) compounds, thereby the problematic odorous
emissions during this step is hugely reduced [80].

1.5.3. Alkaline process

Alkaline pulping is the third most important pulping process with a global production of 5%
of the total chemical pulp [68]. In this group, different alkali agents apart from NaOH are
considered, such as KOH, Ca(OH),, anhydrous ammonia, etc [81]. The main difference
with the Kraft process is that it does not use sodium sulfide as a reagent, which generates
less efficient lignin depolymerization due to the lack of a strong nucleophile [82]. In this
case, competing reactions take place generating the degradation of carbohydrates, known
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as “peeling”. The addition of catalytic quantities of anthraquinone (AQ) has a noticeable
effect on the stabilization of carbohydrates and the dissolution of lignin. However, the rate
of the lignin removal is still lower, compared to the one of the Kraft process [83]. As a
consequence, a poorer quality pulp is obtained. This fact explains that the soda pulping is
only employed for non-woody biomass (straw, miscanthus, sugar cane bagasse, efc.) as
feedstock [82] since it has lower lignin content and a more open structure, that is more
prone to be solubilized by this alkaline medium.

The lignin obtained from this process is usually considered relatively free of impurities but
with low 3-O-4 bonds and they can present a high amount of ash due to the addition of
soda [84]. Nevertheless, in comparison with lignosulfonates and Kraft lignin, it is sulfur-free
lignin, that could be suitable for higher added value applications [85]. The revalorization of
this lignin is the key point for producing small aromatic building blocks in order to satisfy
the enormous and diverse industrial demand for these types of chemicals. Lignin catalytic
transformations provide routes to obtain cresols, catechols, resorcinols, quinones, vanillin,
guaiacols and many others; which are considered as potential chemicals that can be
utilized in the food industry [86].

From a research point of view, alkaline treatments have significantly received attention due
to the promise of becoming more important in the near future as the main lignin sulfur-free
manufacturing process. Moreover, the employed reagents are both low cost and easily
recoverable. Nevertheless, the lack of selectivity that drives to non-desirable reactions has
hindered its implementation in huge levels for the moment.

1.5.4. Organosolv process

The organosolv pulping process has been suggested as an alternative pulping route to
standard processes using organic solvents or their aqueous solutions to dissolve lignin
from the lignocellulosic feedstock. The studies of this process began when Kleinert and
Tayanthal discovered, in 1931, that wood could be delignified using a mixture of water and
ethanol at elevated temperature and pressure [53]. Throughout the history of this method,
a wide range of solvents has been proposed: alcohols, such as methanol and methanol;
organic acids, such as formic and acetic acids, ketones, phenols, ethylene glycol; and
mixed organic solvent-inorganic chemicals [87-89]. The intrinsic advantage of organosolv
systems over Kraft pulping processes is related to the concept of recovering the solvent by
using simple distillation, which also minimizes the main drawback of the process caused
by the high price of these solvents. This is the reason why methanol and ethanol are the
most commonly used solvents due to their lower boiling points and low cost [90].
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Organosolv delignification processes are developed in a wide range of temperatures (100-
250 °C) and under pressure values that can reach up to 250 bar, depending on the used
solvent [91]. The organic solvents enable the solubilization of lignin without altering its
chemical structure to a high degree, which has positioned these processes into the more
attractive ones to preserve the native structure of lignin during the extraction [92]. However,
some lignin internal bonds are cleaved along with lignin-hemicelluloses bonds depending
on the severity of the reaction, since a reduction of the B-O-4 linkages inside lignin
molecule is undergone and, as a consequence, lower average molecular weight lignin is
obtained [51]. Although in the organosolv processes the obtained extraction yields are
traditionally lower than the ones from other processes, they could be enhanced using
inorganic acids or alkali as catalysts to increase the industrial interest. The drawback of
this strategy is caused by the formation of a ternary azeotrope with the solvent that would
hinder the distillation stage [93].

The high purity of the obtained lignin by these methods, together with the lack of sulfur in
its molecular structure, allows lignin to be employed as a source of aromatic structures for
the production of high added-value chemicals that can be used for the production of glue,
binders, in polymer substitutions or as phenolic precursor [94,95].

Thanks to all these advantages, the formation of separate cellulose, hemicelluloses and
lignin streams and the growing concern about the environmental impact of traditional
pulping processes, it is expected that the organosolv methods may awaken more interest
in the future for biomass fractionation [83]. The challenge of organosolv pulping methods
will be, then, to identify solvents with better selectivity towards lignin compared to those
available today which simultaneously allow simple, but efficient, recovery [53].

1.5.5. Innovative processes

There exist other minority processes where lignin can be extracted from biomass with a
significant difference in comparison with previously mentioned methods. As common point,
these methods are still in the development phase at a research level. So far, they are
considered expensive methods, but they are capable to offer significant improvements to
tune the properties of the final product, which makes them attractive to be used on small
scale for high value-added applications.

The ionosolv method, a process consisting in the dissolution of lignin and/or hemicelluloses
by means of using ionic liquids (IL) as solvents has emerged in last years as a promising
technology to obtain a pure cellulosic pulp at lower temperatures than for example
organosolv process (<160 °C). By its definition, IL are mixtures of cations and anions that
do not pack well among them and that remain liquid at low to moderate temperatures. The
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low melting points, below 100 °C, are often achieved by incorporating bulky asymmetric
cations into the structure, together with weakly coordinating anion. Typically, the cation is
an organic compound with low symmetry, whereas the anion can be organic or inorganic
[96].

The quality of lignin, which is isolated by precipitation from the pulping liquor [97] is
connected to the IL employed during the reaction, as well as to the severity of the reaction
conditions [98]. However, there are still some limitations to be overcome in further
investigations, such as the IL cost, toxicity, and recuperation [99].

In this group, the novel methods that provoke the dissolution of lignin using deep eutectic
solvents (DES) could be included as well. They have gained interest as potential green
solvents for several chemical and biological applications [100,101]. Generally, DES is
composed of a mixture of two or more organic compounds with a final melting point much
lower than the individual components which act as either hydrogen-bond donors or
acceptors [102]. During the reaction, the DES are able to generate a mild acid-base
catalysis mechanism that leads to the controlled cleavage of ether linkages. As a result,
extremely low molecular weight lignin, with narrower distribution than commercial technical
lignins, can be obtained while maintaining most of the properties and activity of native lignin
[103]. However, the cellulosic biomass pretreatment using DES is still in a nascent stage
and needs detailed experimental investigation at a much greater pace to guarantee its
economic feasibility.

1.6. Lignin depolymerization

Once lignin is obtained, it can be furtherly transformed into value-added products by
several processes that aim the cleavage of lignin to its most elementary structure in the
form of phenolic monomers or aliphatic compounds[104]. In this sense, the lignin value can
be noticeably increased by its breakdown in its elemental compounds, as it is depicted in
Figure 1.5. These processes are divided into two big groups: (1) thermochemical and (2)
biochemical processes.

24



Introduction

Lignin Applications

High Value
Low volumes

Concentrated

Black Liquor iti
High volumes

Ao fnewy 0

Figure 1.6. Classification of possible lignin applications.

The lignin depolymerization is an important research topic, which has resulted in a large
number of published studies with emerging importance, as it can be seen in Figure 1.6,
where the number of publications related to lignin depolymerization by year is represented.
These figures highlight the relatively low interest that this topic awakened until the last
decade and the high increase of publications in the last years. This fact remarks the
relevance of biomass use in the search of alternatives to fossil resources, which has been
curiously boosted after the economic crisis of 2008, indicating that the importance of the
use of lignocellulosic biomass to produce fine chemicals has been promoted not only based
on their environmental advantages, but also to reduce the economic dependency from
countries that monopolize fossil resources, which is a common problem for European
countries, and subsequently to Spain. A similar trend can be observed in the status of
patent publications, since in the last few years the patent application number has strongly
increased, with approximately 80% of patent applications made within the last 10 years
[105].
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Figure 1.7. Annual evolution of publications with “lignin” and “depolymerization” as keywords
(Source: Scopus).

The thermochemical processes are considered to be the most important group of routes
used for the lignin depolymerization, since biochemical processes are still limited to a
research level as the lignin breakdown by microbial or enzymatic degradation present high
costs and long reaction times compared with the ones of thermochemical processes.
However, they could reach a significant level of product selectivity, which makes them
interesting for high value-added applications [44].

The thermochemical processes gather a wide range of methods that can be divided into
several sub-groups [51]: (i) Base- or acid-catalyzed, (i) solvolytic and thermal
depolymerization, (iii) reductive depolymerization, and (iv) oxidative depolymerization.

1.6.1. Base- or acid-catalyzed depolymerization

Base catalyzed depolymerization (BCD) is the most studied method from this category of
thermochemical processes with plenty of publications since the last two decades [106].
Several experiments have been performed at high temperatures (250-350 °C) and
pressure (150-300 bar), in presence of a soluble (mostly NaOH) or solid base (MgO or
Ca0 as examples) [51]. The used solvent in this method is usually water, although some
organic solvents have been used on some occasions too. Three main fractions are formed
during the reaction: liquid oil; oligomers, often called tar fraction; and highly condensed
lignin species called char. The product distribution changes accordingly to the temperature
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used during the reaction. When the temperature is lower 300 °C, methoxyphenols are the
main monomers obtained within the liquid oil [107,108]. However, when the reaction
temperature is above 300 °C, the selectivity switches to catechol and catechol derivatives,
such as methylcatechol, ethylcatechol, etc [109-111]. In general, the used solvent has a
strong impact on product yields and selectivity. The yield of monomers is generally below
10%, and around 20% for liquid oils because of the competing and undesirable reactions
that are experimented during the lignin depolymerization. Under either acid or alkaline
medium, primary products derived from lignin readily undergo facile addition and
condensation reactions, forming high molecular weight products. As a result, a substantial
amount of solid residue is produced which restricts the liquid oil yield [112]. In some cases,
this yield can be enhanced using organic solvents, such as methanol, ethanol or an
ethanol/water mixture [113]. For example, ethanol not only acts as a hydrogen-donor
solvent to stabilize primary intermediates that are prone to condensate in high molecular
structures forming char, but also forms O-alkylation of Ar-OH groups preventing
repolymerization reactions [114]. As a consequence, monomeric yields can be improved
over 10% [113].

In the case of acid-catalyzed depolymerization (ACD), the applied temperatures are
generally above 250 °C, which makes considering them as high-temperature reactions. A
great variety of soluble Lewis acids [115-117], soluble and solid Brgnsted acids have been
applied to catalyze this type of reaction [118-120]. The distribution of reported monomer
yields from these surveys is deeply wide, from 2 wt.% to 60 wt.% but monomer yields are
also hampered by undesirable condensation reactions undergone by reactive
intermediates [51]. The reaction in ethanol and other alcohols, such as methanol and
butanol, enables much higher monomer yields compared to the reaction in water. This fact
has been attributed to the higher solubility of the lignin products in alcohol solvents as well
as to the stabilization of intermediate unstable products, avoiding repolymerization
reactions, as it was described before. The prevailing products in water were phenols and
catechols, while the reaction in ethanol produced phenols and guaiacols mainly [51].

1.6.2. Reductive catalytic depolymerization

The reductive catalytic depolymerization (RCD) of lignin is carried out using a redox
catalyst and a reducing agent, which is almost reduced to hydrogen. This hydrogen can be
either contributed to the system using hydrogen gas (hydro-processing) or derived from
hydrogen donating species, which generally are provided by the solvent or even the lignin
itself (liquid-phase reforming). The obtained products are typically deoxygenated species.
The degree of deoxygenation reached by these techniques depends mostly on the catalyst
and the temperature, being more severe when the temperature is raised. In fact, different
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approaches can be divided into mild and harsh conditions depending on the temperature
employed for the depolymerization reaction [51,121].

In mild hydrocracking, the temperature is below 300 °C and the relatively soft conditions
allow to preserve monomers in methoxyphenol compounds and their substituted forms
[122]. This type of reaction can be applied in aqueous, organic solvents, or a mixture of
both of them over a noble metal (Pd, Pt, Rh, Ru) or base metal catalyst (Ni, Cu, WP/C,
CuCr20s, etc.) [123]. As common data values presented in the literature, monomers yields
are below 25 wt.%, although much higher yields have been already reported, which
depends also on the lignin sources, the lower 3-O-4 linkage density is presented by lignin,
the lower will be the final monomer yield [105]. The effect of catalysts can be observed by
the possibility to reduce temperature to cleavage C-O bonds in lignin. As an example,
Galkin et al. [124] developed a model that used Pd/C and formic acid as reducing agent
under very mild conditions (80 °C in air). Although monomer yield was almost negligible,
lower molecular weight species were detected by GPC analysis.

When harsh conditions are applied to the decomposition of lignin, the reaction is typically
carried out without using solvent and in extreme conditions, commonly with temperatures
above 320 °C and hydrogen pressures over 35 bar; i. e., the reaction is accomplished only
between the solid catalyst and the substrate in the presence of hydrogen [125,126]. In such
conditions, methoxy groups are removed from monomer products, resulting in methylated
phenols (cresols, xylenols, etc.) and phenols with longer alkyl chains. Furthermore, some
mono- and polycyclic deoxygenated aromatics, alkanes, catechols and methoxyphenols
can be produced too. In terms of monomer yields, most common results are below 20 wt.%
[127-129], but some exceptions can be also found with monomer yield of 35 wt.% [126].

In this group of RCD, bifunctional hydro-processing is also included. The process consists
in the conversion of lignin into cycloalkanes by a bifunctional catalyst system which
contains both acid and metal active sites [130]. In this technique, the catalyst plays a
double role; the acid sites are responsible to provoke hydrolysis (if water is present) and
dehydration reactions, whereas the metal sites enable hydrogenolysis and hydrogenation
reactions. Therefore, lignin undergoes its depolymerization and its subsequent
transformation into a complex mixture of oxygenated compounds, formed by a small set of
alkanes and cycloalkanes [51]. The reductive metal catalysts employed by this technique
are solid or noble metals, such as Ni, Cu, Ru or Pd; while the supporting materials can vary
from acidic oxides (ZrO,, MgO, Al,Os, Si0-), acid zeolites and carbon, among others [131].
In this sense, noble metals catalyst (Pd/C, Pt/C, etc.) can reach conversions around 40
wt.% monomers, which remarks the great impact of catalytic systems. However, the high
price of these components and the difficulties to recover them after the reaction to be
recycled are still the main drawbacks of these processes.
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The other type of RCD reaction mentioned before is the liquid-phase reforming, which is
conducted without using a specific stream to add hydrogen. In this case, the solvent acts
as hydrogen-donor to the system instead. As an example of these solvents tetralin,
isopropanol and formic acid are the most employed substances. Several noble metals (Pt,
Pd and Ru) and base metal (MoC, MgO, etc.) catalysts have been investigated for this
reaction [121]. The selectivity of the process is not as high as in hydro-cracking reactions,
with a wide range of products that can be obtained, such as methoxyphenols or
deoxygenated aromatics and cycloalkanes. Yields of monomers reported by literature
works are quite variable, but frequently close to 20 wt.%, although there can be found
works achieving higher yields. For example, when the temperature is raised to 380 °C, the
monomer Yield can be increased up to 60 wt.% with deoxygenated aromatics and
cycloalkanes as predominant species [132].

A novel process has emerged lately by using hydrosilanes as an alternative to hydrogen
as a reductant compound [133]. With an excess of Et3SiH in CH.Cl, in presence of B(CsFs)s
as a Lewis acid catalyst a range of monomer yields between 10-40 wt.%, was obtained
using organosolv hardwood lignin as feedstock; and 7-17 wt.% from organosolv softwood
lignin [133]. The selectivity of monomers was noticeably increased towards the formation
of either propyl- or propanol-substituted compounds.

1.6.3. Oxidative depolymerization of lignin

In this case, the oxidative lignin depolymerization involves the conversion of lignin in the
presence of an oxidizing agent. Specifically, the most commonly used oxidizing agents for
this purpose are oxygen, hydrogen peroxide, but others can be found, such as
nitrobenzene and CuO [92]. The depolymerization under strong oxidative conditions could
reach the cleavage of not only side-chains, generating phenolic compounds, such as
aldehydes (vanillin and syringic) and acids (vanillin and syringic); but also the breaking of
the aromatic rings, which leads to generate aliphatic carboxylic acid compounds [134,135].

The possibility to obtain an aromatic flavoring product such as vanillin from alkaline lignin
by oxidation methods has awakened a huge interest in the research community. Vanillin is
a high demanded product in the market, due to the high value-added applications it
presents, such as a flavor agent, antioxidant or due to its antimicrobial capacity [136]. The
only industrial producer of vanillin from lignin is a Norwegian company, called Bgrregaard,
who used lignosulfonates as feedstock [35]. The reduction of the sulfite pulp production
around the world, as well as the legislations from E.U. and U.S. that forbid the use of
chemically synthesized flavor chemicals for the production of natural flavors, have led to a
decrease in vanillin production up to 15% of the market today [137,138]. This process is
carried out using oxygen as oxidant agent in concentrated alkaline medium (NaOH 0.5-2
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M). When pH is elevated by the alkaline medium, the free phenolic hydroxyl groups of lignin
are ionized, which enables the oxidation reaction, and retards the consecutive degradation
of the aromatic aldehydes. The used reaction conditions are 120-190 °C, using oxygen or
air to create the oxidant atmosphere. The increase of temperature or oxygen pressure
provoke the acceleration of the vanillin formation but also its degradation, which shortens
the optimum timeframe to obtain the maximum vanillin yield [139,140].

The lignin oxidation under an aerobic atmosphere can be also conducted in acid or neutral
conditions, using inorganic acids mainly. Vanillin and methyl vanillate can be obtained by
acidic oxidation from different sources of lignin as well [141]. However, by using only
continuous reactors with high temperatures and low residence times it is possible to be
close to the obtained yields, similar to the ones obtained by the alkaline oxidation [142].

Finally, as it was advanced before, some surveys have been focused on the lignin oxidation
to the generation of non-phenolic carboxylic acids by the cleavage of the aromatic ring.
Therefore, instead of minimizing the degradation of the phenolic monomers, this process
aims the full conversion. This is possible using harsh conditions throughout high
temperatures, stronger oxidant agents as hydrogen peroxide, and long reaction times. The
monomer yields can be increased, with values above 50 wt.% [143]. Nevertheless, the
selectivity of the obtained products is not high and, additionally, the aromatic singularity of
lignin is not being leveraged since these products can be also manufactured from the
carbohydrate platform of lignocellulosic biomass [23].

1.6.4. Solvolytic and thermal depolymerization

Solvolytic depolymerization involves the combination of a solvent together with a heating
action. The solvent can be water, an organic solvent or a mixture of them. Hydrogen-
donating solvents are commonly utilized for this aim as well, like tetralin or isopropanol
[112,144]. The reaction temperatures can vary from 250 °C to 450 °C. The decomposition
of lignin by its thermal solvolysis generates a wide range of monomer products, whose
composition depends mainly on the solvent and temperature selected. When water or a
mixture of water/organic solvent is used, the product selectivity tunes to unsubstituted and
alkyl-substituted compounds in comparison to using only pure organic solvents. In addition,
during the degradation of lignin at high temperatures, methoxyphenols, such as guaiacol
or syringol are converted to catechol, cresols, and phenol [145,146]. In the case of
hydrogen-donor solvents like isopropanol, the monomers selectivity switches to
methoxyphenols with alkyl side-chains [112]. On the other hand, at relatively low
temperatures (<300 °C), unsaturated and oxygenated side-chains are more likely to be
obtained, whereas when the temperature is increased above 300 °C, unsubstituted and
alkyl-substituted compounds predominate as resultant products [147,148].
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In terms of monomer yields that can be reached, the solvolytic depolymerization is not able
to achieve as great yields as other catalytic processes (acid, base or reductive), because
of the benefits from the catalytic technology that this type of reaction has not implemented.
In general, monomer yields are below 10 wt.%, although there can appear some
exceptions with higher yields [149].

Fast pyrolysis is also considered a thermal lignin depolymerization process, which consists
of burning lignin in the absence of oxygen between 300-600 °C. As a result, a liquid oil is
produced with a wide range of monophenols (phenol, guaiacol, syringol and catechol
among many others), solid char and a gaseous fraction (mainly composed by CO, and
CH,). The proportions of these streams depend on the reaction parameters [46]. Even
though most of the studies presented monomer yields below 10 wt.%, yields up to 20 wt.%
are frequently reported [150,151]. This technology also presents the drawback of product
repolymerization during the reaction. In this case, when products are condensed, they also
undergo undesirable repolymerization reactions [152]. In line with solvolysis processes, the
range of monomer products is noticeably increased in comparison with catalyzed methods.
Faix and Meier [153] demonstrated that fast pyrolysis generates a more complex product
mixture than mild hydro-processing and BCD, highlighting the poor product selectivity of
this method. Moreover, the trend of lignin to agglomerate when is highly heated causes the
plugging of the feeder and de-fluidization of the reactor bed, which makes easier to use
raw biomass to fed the pyrolysis than pure lignin [154], although some strategies to
overcome this problem has been developed recently, such as the pretreatment of lignin
with Ca(OH), to neutralize the lignin melting point among many others [155].

The catalytic pyrolysis is conducted when fast pyrolysis is accomplished in presence of a
catalyst, which can be mixed with biomass in the reactor in situ or placed after the reactor,
contacting only with the vapors that are generated at the reactor (ex-situ). The selectivity
of monomer products is remarkably increased by the use of the catalyst. Concretely,
deoxygenated aromatic compounds, such as benzene, toluene, xylene, and naphthalene
are the most abundant products obtained by this technique, but also short-chain olefins
and alkanes can be generated [156,157]. As catalyst possibilities, acidic zeolites,
mesoporous silica, oxides, and metal-supported catalysts are the most studied compounds
[158]. The catalytic entities play a double role in this process: avoiding repolymerization
reaction and coke formation by the stabilization of intermediates as well as the
transformation of depolymerized products into aimed products. In terms of reported yields,
they are typically below 20 wt.% [159].
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Lignin Extraction and Characterization

2.1. Motivation and objectives

Spain is considered one of the main countries in terms of biomass availability within the
European Union [160]. In terms of forest reserves, Spain is the third country in volume
generation, only behind Sweden and Finland. Additionally, there are other lignocellulosic
waste streams more difficult to quantify but it is considered that there could be another 25
Mtly that could be used according to current valorization strategies [161]. Most of these
wastes are deposited in landfills, which creates problems of pollution, fire risk, and poor
soil productivity. Nowadays, big interest has been placed on the use of these residual
sources although most of them are, for the moment, intended only for energy generation.
As an example, Ence company, the most important group in terms of energy generation
from biomass in Spain, is planning to install a total capacity of 270 MW generation from
biomass for 2023 [161]. However, it is thought that these streams present a promising
potential to be further valorized based on their chemical structure. The interest in obtaining
these chemicals from biomass is hugely increasing based on three main points: green
principle of manufacturing chemicals from natural resources reducing the environmental
impact in the common synthesis process, the higher ratio of O/C that exists in biomass
compared to hydrocarbons and recent improvements in catalyst design, which is able to
boost reaction yields as well as selectivity to target products [162].

In this chapter, selected agricultural waste streams were analyzed in terms of their physico-
chemical composition to evaluate their potential as lignin source. After the characterization,
some different lignin extraction processes were proposed. The experimental methods were
defined from a sustainable perspective; using sulfur-free solvents that could lead to widen
the further valorization possibilities of lignin. Furthermore, the idea of designing a versatile
and adaptable extraction process capable of admitting different biomass sources without
altering the main characteristics of the obtained products was evaluated in this chapter.
For this purpose, the introduction of an autohydrolysis pre-stage was proposed and
assessed. In addition, besides the design of lignin extraction processes from the pulping
step, other processes were proposed to use the lignin from delignification and bleaching
units. Finally, the influence of different sulfur-free delignification methods was evaluated by
comparing the product yields as well as the chemical composition of the obtained lignins.

2.2.1. Blue agave bagasse

Blue agave (agave tequilana) is one of the most abundant agricultural products in Mexico,
since tequila spirit is produced from this plant [163]. The National Regulator Council for
Tequila Industry (CRT) had registered around 235 million plants on Mexican soil for 2011,
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while the plant consumption for tequila production has reached the historical record in
2018, with more than 1,100 thousands of tones consumed [164].

The dimensions of the plant vary depending on the soil, age and climatic environment
during the growth of the plant, although the weight is estimated to be around 18-35 kg. The
core could represent up to 54% of the blue agave plant [165]. Traditionally agave leaves
are pruned to enable the growth of the core and left in the field [165]. A picture of the
harvesting process is presented in Figure 2.1. The easiest compounds to be extracted by
hot water are mainly sugars from hemicellulose fraction and small aromatic compounds,
which are separated from bagasse in the tequila manufacturing process. Therefore, a solid
part enriched in cellulose and lignin is left as waste. Recently, the number of scientific
publications based on using blue agave as feedstock has shown a noticeable
increase[166,167]. However, these publications are mainly developed in agricultural and
biological fields, with a low number of manuscripts in the engineering field of knowledge.
Additionally, in this field, most of the publications are focused on the cellulose platform,
such as nanocelluloses entities [168,169] without considering lignin as an important
fraction to be valorized.

Figure 2.1. Blue agave harvesting: leaves are removed to extract the plant core used for tequila
manufacturing.

Hence, the inclusion of the lignin platform to obtain value-added products is entailed as a
crucial approach to integrate and improve the sustainability in the use of this species, which
is also weighed as the economic engine of many rural areas in Mexico. In this line, the
production of value-added materials from these streams could lead to cost reductions in
feedstock, widening the range of the obtained products by approaching a multiproduct
integrated biorefinery.
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2.2.2. Almond shells

Almonds from the almond tree (prunus amigdalus) are one of the most common type of
tree nuts and rank number one in the tree nut production [170]. They are typically used as
shack foods and as ingredients in a variety of processed foods, especially in bakery and
confectionary products. The almond production is located mainly in countries with
Mediterranean climates such as, Italy, Spain, and California. After the U.S.A., with 80% of
the global production share, and Australia (7%), Spain is the third almond producer
worldwide (4%). However, the production and efficiency are not necessarily related since
Spain is the largest country in terms of harvested surface (661,000 ha). Most of the
cultivation in Spain is of dry-type whereas the irrigation crop was limited to 14% of the total
surface in 2017 [171]. Hence, the great production of almond lead to a huge waste biomass
generation that could be used as feedstock for different biorefinery approaches.

Among the more than 100 different varieties produced in Spain, only three of them are
botanically native: Marcona, Larqueta and Planeta. The kernel is covered by a ligneous
material called almond shell. This shell, which can be observed in Figure 2.2, has been
considered as a lignocellulosic waste stream that has been traditionally intended for energy
generation due to its high calorific power [172]. In the last years, almond shells have
awakened certain interest in the research field because of their high lignin content, from
30-50%, [109,173]. Several research projects have addressed the valorization of almond
shell for activated carbon generation [174], xyl-oligosaccharides obtaining [175] or the
production of biodegradable composites [176], among many others.

Figure 2.2. Picture of almond fruits which are covered by the described lignocellulosic shell.

2.2.3. Olive tree pruning

The variety of olive trees growing in Spain today is the Olea europeae, one of the oldest
tree species of the Mediterranean basin, where it remains the most important crop of edible

37



Lignin as a source of phenolic compounds: from lignin extraction to its transformation by different routes

fruit and oil. Spain is the world leader harvester of olive. Around 2.4 million hectares are
covered by olive crops, followed by Italy and Greece, with 1.4 and 0.7 million hectares
respectively. In terms of annual production, the volume generated in Spain reaches more
than 600,000 t per year, whereas Italy and Greece produce more than 300,000 and
200,000 t respectively. It has to be considered that trees in Italy and Greece have a slightly
better yield than those located in Spain [177].

The olive tree trunk can measure up to 15 meters height, the bark is finely fissured with
grey or silver tones. Two botanical varieties have been typically recognized for the Euro-
Mediterranean olive (O. europaea L. ssp. europaea): the cultivated europaea (var. sativa)
and wild oleaster (var. sylvestris) [178].

The crop of wild Olea Europaea L. has been enhanced and diversified since antiquity for
natural and artificial selection by man [179], and it is one of the oldest cultivated species in
the world. This fact, along with the facility of vegetative propagation, plant selection by olive
growers, cross-pollination, mutation and clonal selection, have contributed to the high
number of varieties of this species in the world. Nowadays, around 2000 of olive tree
autochthonous varieties can be found all over the world [180].

The pruning of olive trees is performed before the following harvest, generating a huge
amount of lignocellulosic biomass that has been traditionally burned in the fields for its
removal, without extracting any economic profit from it. In fact, the pruning deposition at
the landfills is forbidden to avoid the propagation of diseases. Recently, some trend to
collect these wastes to obtain energy for electricity generation has arisen. However, the
possibility of using these residues for obtaining chemical intermediates based on their
lignocellulosic content has been also demonstrated [181,182], which broadens the
opportunities to create value-added products from waste streams whose potential
profitability for energy generation is considered as limited.
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Figure 2.3. Image of waste olive pruning landfilling on the ground.

2.3. Lignin extraction from bleaching stages (Publication 1)

The extraction of lignin is mainly accomplished during the pulping process, but also in the
subsequent bleaching stages, in order to obtain fiber with a high cellulose content (>98%).
In the bleaching stage, the Elemental Chlorine Free (ECF) process has been the most
widely used method at industrial level in European countries, which use ClIO; or NaClO; as
reagents in the main step of the bleaching. However, environmentally friendlier methods
are possible to be used for this purpose avoiding chlorinated compounds. This group of
processes is known as Total Chlorine Free (TCF), where ozone or peracids are employed
as bleaching agents. The first approach was to complete the replacement of all ECF
processes by TCF. Nevertheless, the use of those reagents tend to deteriorate the pulp
quality providing weaker fibers [183]. Moreover, it is difficult to obtain pulps with the same
level of whiteness and brightness obtained with the use of chlorinated compounds due to
the lower delignification power of hydrogen peroxide, owing to a higher residual lignin
content. However, there are niche products where TCF can be successfully used , as in
the case of easily refining pulps or for the production of nanofibers [184,185]. In any case,
by 2001, TCF pulp production remained constant, maintaining a small niche market at just
over 5% of the world bleached chemical pulp production [186].

Despite the Kraft process is, by far, the most widely used method for biomass
delignification, organosolv method was used in this section due to its suitability for the
obtaining of highly homogeneous and sulfur-free lignin which enables its further
valorization into value-added products. In addition, this process could enable the solvent
recovery by distillation, allowing its reuse as fresh liquor [187].

Agave bagasse (AB) and Agave Leaves (AL) were selected for this work due to its
availability at the BioRP Laboratory, since a project focused on the use of the cellulose
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fraction was being carried out without considering the lignin platform contained in these
lignocellulosic materials. In this sense, lignin samples from AB and AL were extracted and
physico-chemically characterized at different stages of the process developed by Robles
et al., [188]. Hence, by isolating not only the cellulose, but also the lignin contained in the
blue agave, the integral valorization of this biomass waste was conducted [189], boosting
the concept of the “Integrated Waste Biomass Biorefinery”. A brief description of the
processes approached in this section is represented in Figure 2.4.

0\4
Cellulose

o‘b
Leaves o‘g'b‘\ TCF bleaching

Blue agave

Bagasse UPV EHY

Lignins

Figure 2.4. The valorization process approached for blue agave bagasse and leaves [190].

2.3.1. Experimental procedure

Blue agave bagasse and leaves were subjected to an organosolv delignification reaction,
which was performed using a mixture of ethanol/water (70:30 v/v) as a solvent, at 200 °C
during 90 min and fiber to liquid ratio of 1:15 (w/v). These conditions were the ones
established by Gordobil et al. [191] with slight modifications, mainly in the solid/liquid ratio
because of the low density of agave bagasse and leaves. The liquid fraction was separated
via filtration and the solid fraction was washed several times until driving the remaining
fibers to a neutral pH level. Fibers were dried and separated for subsequent treatments.

The bleaching stages were conducted approaching an industrial method based on an O-
0-PQ-PO sequence. At first, two oxygen steps with alkali (O-O) were performed, followed
by a peroxide stage (P) with secondary chelating reaction (Q) and alkaline peroxide stage
(PO) as a final step. The black liquors were extracted from the double oxygen stage, in
which water was set at a pH of 11 using NaOH and 0.2 wt.% MgSO: to neutralize the
remaining metals. This experiment was performed under a 6 bar oxygen atmosphere at 98
°C for 60 min each time. After these stages, the pulp followed several peroxy stages from
which no relevant liquor was obtained and, thus, it was discarded for this work, Figure 2.5
shows a graphical description of the delignification and bleaching stages as well as the
lignin samples recovered from each stage of the global process.
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The lignin isolation methods by precipitation varied depending on the stage in which the
lignin samples were obtained from. Organosolv lignin samples (ABO and ALO) were
isolated adding 2 volumes of acidified water (pH = 2), i. e., changing the polarity of the
solvent agent; whereas, in bleaching liquors, the precipitation was provoked by the change
in their alkalinity, adding H.SO4 until dropping the pH to 2. Afterward, the precipitated lignin
samples were filtrated with polyamide filters (0.2 um pore), washed with acidified water and
dried at 50 °C for 24 h. The isolated lignin was quantified to calculate the total extraction
yield and chemically characterized by the analytical methods described in Appendix 1.

Organosolv Bleaching stages 1 & 2
Purified cellulose

|

I Bleaching liquor
(stage 2)
Bleaching liquor ABB2
(stage 1) ALB2
ABB1
ALB1
Organosolv
black liquor
ABO
ALO

Figure 2.5. Description of the developed flowsheet as well as the lignin samples collected from
each stage [190].

2.3.2. Raw materials characterization

The chemical compositions of the feedstock used in these experiments are detailed in
Table 2.1. It was remarkable the high cellulose content of both biomass sources, which
indicates the potential of their use for producing cellulose nanoparticles. Moreover, the
lignin content, which was higher than 10%, could be considered enough to try to valorize it
within an integrated biorefinery approach. The hemicelluloses content was lower than other
similar biomass types because some of the hemicellulosic sugars were solubilized during
the tequila production process. The ash content was found to be higher for AB, constituting
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a more recalcitrant feedstock, whereas the extractives composition was bigger in AL,
remarking its higher content flavors for instance.

Table 2.1. The original composition of Agave Bagasse (AB) and Agave Leaves (AL) feedstock.

Cellulose Hemicelluloses Lignin Ashes Extractives
(%) (%) (%) (%) (%)

AB 54.60 £ 1.70 13.95+0.28 1620+ 048  4.50+0.33 542 +0.23
AL 63.10£0.75 15.50 £ 1.71 1240+ 036  1.20 +0.56 7.30+£0.98

Sample

2.3.2.1. Physico-chemical characterization of lignin samples

After the delignification stage and the subsequent bleaching stages, different lignin
samples were extracted and physico-chemically characterized in order to evaluate the
quality of the bleaching stages. In the case of AL, after the second oxygenated bleaching
(ALB2), no significant amount of lignin was precipitated from the liquor. Therefore, this
sample was not furtherly considered.

The chemical composition of the isolated lignin samples, together with molecular weight
parameters are shown in Table 2.2. Techniques used for these analyses were described
in Appendix C. The purity of all lignin samples, expressed as the acid-insoluble content
(AIL) plus the acid-soluble content (ASL), was above 75%, which is considered a relatively
high value, even higher than some others reported in the literature from waste biomass
sources [191,192]. Nevertheless, the stage which the lignin samples were collected from
had a big influence on these properties, since lignin samples from bleaching stages
presented, in all cases, lower purity (75-85%) than the samples from the organosolv
delignification process (85-90%). With regard to the feedstock, bagasse lignin samples
presented, in all the cases, higher purity values than the lignin samples obtained from
leaves (submitted to similar processes). Hence, bagasse lignin samples presented the
highest lignin content and higher purity as well. The reason could be based on the link
between lignin and carbohydrates forming lignin carbohydrate complexes, which can be
measured by the quantity of sugars on the lignin samples [193,194]. The highest content
in sugar impurities in the lignin samples from leaves was in concordance with the highest
carbohydrate content in the initial feedstock. In addition, the lignin samples from bleaching
stages showed the greatest sugar content (around 10% or more). This fact indicates that
the purest lignins were extracted in the first step, during the delignification process. The
ash or inorganic content was similar for all recovered lignin samples.

Different behavior in terms of variation of molecular weight (My) and molecular weight
distribution (My/M,), was observed depending on the feedstock. In the case of AB, lignin

42



Lignin Extraction and Characterization

samples from bleaching stages (ABB1 and ABB2) showed a bigger size than ABO; i. e.,
the bigger molecules of lignin were more difficult to be extracted from the feedstock.
Furthermore, this was countersigned by the determined M./M, values, which were higher
for lignin samples obtained from bleaching stages than for organosolv lignin samples. In
the case of AL, the size of ALO was bigger than ALB1, making easier to extract larger lignin
molecules in the earlier stage. This fact remarks the variability of the final lignin depending
on the raw material source, even when it came from the same species but different part of
the plant.

Table 2.2. Composition of the different lignin samples collected along the cellulose nanoparticles
production process. (AIL: Acid Insoluble Lignin; ASL; Acid Soluble Lignin).

AIL ASL Sugars Ashes
(%) (%) (%) (%)

ABO 89.63+273 285+092 267+132 4951048 2933 3.61
ABB1 8479+268 1871007 897+275 4251078 7414 579
ABB2 7999+187 2161029 12321234 586+1.29 6741 5.26
ALO 85.19+088 2.51+0.51 6.03£032 413+£039 4904 4.09
ALB1  7429+134 283+0.74 1167211 5361097 3942 3.39

Sample Mw Mw/Mn

The chemical functionality of the lignin samples was evaluated by Fourier Transform
Infrared (FT-IR) spectroscopy whose spectra are shown in Figure 2.6. The presence of -
OH groups was detected for all lignin samples by a wide absorption band around 3400 cm-
1, with greater pronunciation for ALO and ALB1 lignin samples. The absorption bands from
2930 to 2840 cm™' can be assigned to C-H stretching in —CHy- and -CHs; groups [195].
Smaller bands were noticed at 1710 cm!, which indicated the presence of non-conjugated
carboxylic acids in the observed samples [195]. Signals between 1400 and 1700 cm~' were
attributed to the aromatic skeletal vibrations of lignins. The peaks at 1595 and 1510 cm™"
were due to C-C of aromatic skeletal vibrations. The bands found at 1460 cm~' and 1420
cm™" were attributed to the C-H deformation in -CH,- and -CH; groups and C-H aromatic
ring vibrations, respectively. In this region, no clear differences were observed between
the samples. The band at 1325 cm™" could be attributed to the presence of syringyl units
(C-O stretch). Moreover, at 1265 c¢cm™* a small shoulder could be observed, which
corresponds to the guaiacyl (C-O stretch) ring. Some characteristic bands associated with
syringyl and guaiacyl units in lignin were detected at 1220, 1125 and 1030 cm™',
corresponding to C-C, C-O and C=0 stretching (G), aromatic C-H in-plane deformation (S)
and aromatic C-H in-plane deformation (G > S) [196-198], where AL samples showed
higher absorption to G units than to S ones.
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Figure 2.6. Evaluation of the functional groups of the isolated lignin samples by FT-IR analysis.

'H NMR analysis of acetylated lignin samples was carried out in order to determine, for
each one of them, the distribution of different proton signals per gram of lignin. The
assignment of signals was based on similar literature works [199,200], following the
method described in Appendix C. The obtained results, based on 'H NMR spectra, are
shown in Figure 2.7 and described in Table 2.3. All lignin samples presented hydrocarbon
contaminant at 1.25 ppm. Signals between 6.00 and 8.00 ppm are assigned to the aromatic
protons in syringyl (S), guaiacyl (G) units [201] being the resonances at 6.7 and 6.9 ppm
due to the presence of aromatic protons in syringylpropane and guaiacylpropane
structures, respectively. This protonated aromatic region is closely related to the degree of
condensation of the lignin samples. A more condensed structure presents lower aromatic
H content [202]. It could be seen that ABB2 presented the highest condensed structure,
which was also sustained by its low H in methoxyl group content and high guaiacyl
derivatives, which are related to the S/G ratio, showing a strong signal at ~4 ppm. In this
case, the reduction of methoxyl proton signal was appreciable for lignins isolated after
bleaching steps. The signals at 2.3 ppm and 2.0 ppm corresponded to the phenolic and
aliphatic acetate groups, respectively. AL lignin samples presented higher content in
hydroxyl groups in its structure than the ones isolated from the bagasse. On the other hand,
it was possible to appreciate a decreasing in the content of total acetates (aromatic and
aliphatic) decreased for both materials after bleaching stages.
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Figure 2.7. "H NMR spectra of acetylated lignin samples extracted at different stages of this
process.

Table 2.3. Proton distributions per gram of acetylated lignin samples.

P —— m ABO ABB1 ABB2 ALO ALB1
9 PP [mmollg] [mmollg] [mmollg] [mmol/g] [mmolig]
Aromatic H 8.00-6.00 1.23 1.7 0.86 1.84 1.24
Ha, HB, Hy in

C ) 6.00-4.00 1.21 1.54 0.77 1.75 2.11
aliphatic chains

H in methoxyl groups ~ 4.00-3.00 3.54 2.91 1.21 6.09 3.84
Aromatic acetates 2.50-2.25 0.71 117 0.26 1.27 0.85
Aliphatic acetates 2.25-1.40 4.59 3.09 1.87 4.9 5.22

The chemical composition of the lignin was also characterized by Py-GC-MS, following the
methodology depicted in Appendix C. The identification and relative quantification of the
main compounds released during the pyrolysis are represented in Table 2.4. In addition,
the total amount of the compounds classified by the elemental monomer they come from
is described as summary at the bottom of the table. The identified phenolic products from
pyrolysis were divided into four categories according to their aromatic structure: phenol-
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type compounds (H), guaiacyl-type compounds (G), syringol-type compounds (S), and
catechol-type compounds (Ca). Catechol derivatives were considered as S-type
compounds following the procedure used in other studies, where it was proved that these
phenolic products come from the degradation of syringyl compounds when the pyrolysis
was performed at elevated temperatures [203-205]. Consequently, the syringyl/guaiacyl
ratio S/G was calculated by the ratio of the sum of peak areas from syringyl units (including
catechol derivatives) between the sum from the peak areas of guaiacyl derivatives.

The most plenty monomer in the lignin samples was syringol, in all the cases. Therefore,
the S/G ratio was always above the unit. Similarities were found between lignin samples
from organosolv treatment in comparison with lignin samples obtained after the first
bleaching stage. Hence, it could be concluded that the structure of the lignin was not
modified after the first bleaching stage. In the case of bagasse lignin samples, the S/G ratio
even increased after the first bleaching, from 2.3 to 2.8. However, after the second
bleaching stage, this ratio decreased to 1.1, which it is considered a deep variation. The
more guaiacyl units, the more condensed structure the lignin presents because it is
believed that more steric space is available in the Cs position of the aromatic ring to create
C-C linkages that generate condensed structures. Thus, this reduction in S/G ratio is
thought to be caused by the more condensed structure of the lignin that remained in the
solid after the organosolv and the first bleaching stages. This fact leads to the conclusion
that lignin samples from the second bleaching stage had a more recalcitrant structure that
would hinder its further conversion. In the case of lignin samples from leaves, there was
no big difference between samples recovered after the organosolv process or after the first
bleaching stage. However, both values were low, close to the unit (1.6 and 1.4
respectively). Hence, leaves not only presented lower lignin amount to be extracted, but
also a more condensed lignin structure, which could be the consequence for not extracting
enough material in the second bleaching stage to be characterized. Finally, very low
amounts of compounds whose main monomer was H were detected.
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well as the relative intensity of detected monomers by each lignin sample.

Compound miz T I— ABO ABB1 ABB2 ALO  ALB1

(%) (%) (%) (%) (%)
Phenol 94/66/65 H 0.06 - 0.52 0.04 043
3-Methylphenol 108/107/79 H 0.03 0.13 0.02 0.08
4-Methylphenol 108/108/77 H 0.07 0.69 0.07 0.25
Guaiacol 109/124/81 G 0.45 2.77 0.61 0.35
4-Ethyl-phenol 107/1122/77 H 0.14 - 0.15 0.07 0.13
4-Methyl-guaiacol 138/123/95 G 0.64 0.07 2.30 147 1.07
3-Methoxycatechol 140/125/97 Ca 0.17 0.02 251 0.52 0.11
4-Ethyl-guaiacol 137/152/122 G 0.27 0.09 1.21 0.65 0.17
4-Viinylguaiacol 150/135/107 G 0.97 0.22 3.40 1.07 0.43
Syringol 154/139/111/96 S 2.39 0.22 8.74 3.57 0.94
Eugenol 164/149/131/77 G 0.60 0.09 0.41 0.31 0.22
3,4-Dimethoxyphenol 154/139/151/111 S 0.11 0.06 0.52 0.23 0.10
4-Propylguaiacol 137/166/122 G 0.10 0.1 0.36 0.19 0.39
Vanillin 151/152/81 G 1.25 0.75 0.54 0.87 0.55
cis-lsoeugenol 164/149/77/131 G 0.41 0.1 0.32 0.30 0.26

trans-lsoeugenol 164/149/77 G 0.27 0.57 - - -
4-methyl-syringol 168/153/125 S 5.86 0.57 8.59 8.59 0.42
4-Propylguaiacol 137/166/122 G 0.27 0.10 0.12 0.35 1.53

Propenylguaiacol 162/147/91 G 0.09 0.06 0.22 0.09 -
Acetoguaiacone 151/166/123 G 0.41 0.1 0.71 0.35 0.25
4-Ethylsyringol 167/182/168/77 S 1.24 0.11 2.86 248 0.35
Guaiacyl acetone 137/180/122 G 0.52 0.13 1.05 0.51 0.90
4-Vinylsyringol 180/165/137/73 S 37 0.77 6.49 3.80 2.46
Propioguaiacone 151/180/123 G 0.57 - 0.27 0.46 0.56
4-Allylsyringol 194/91/119 S 3.27 0.25 1.46 2.00 0.20
4-Propylsyringol 167/196/168/123 S 0.83 0.36 0.58 0.95 0.16
4-Allylsyringol 194/91/179 S 2.56 0.04 1.13 1.57 0.86
Syringaldehyde 182/181/111/167 S 4.27 251 1.36 2.95 0.29
Propenylsyringol 19211771131 S 0.88 0.25 0.59 0.60 0.19
4-Allenylsyringol 192/177/131 S 0.51 0.14 0.38 0.35 0.63
Allylsyringol 194/91/179 S 14.5 3.46 6.10 8.48 0.39
Acetosyringone 181/196/153 S 1.14 0.31 1.52 1.10 0.45
Syringyl acetone 167/210/168 S 1.35 0.44 2.29 1.30 245
Propiosyringone 181/182/210 S 0.87 0.13 0.65 0.61 0.82
Total p-Coumaryl derivatives 0.75 - 4.25 0.81 1.23
Total Guaicyl derivatives 20.5 414 43.6 26.5 11.2
Total Siryngyl derivatives 48.0 11.6 47.3 420 15.4
S/G ratio 235 2.81 1.08 1.59 1.37

"H: Phenol; G: 2-methoxyphenol (guaiacyl); S: 2.6-dimethoxyphenol (syringyl); Ca: 1.2-
benzediol (catechol); C: carbohydrate
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The thermal behavior of lignin is an important issue that could define its use on further
applications, for example for composite manufacturing as it was depicted by Gordobil et al.
[206]. Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)
techniques were used for this assessment according to the methodology indicated in
Appendix C. The DSC curves of the lignin samples are presented in Figure 2.8. Although,
DSC is the most accepted technique to determine the glass transition temperature (T) of
lignin samples, it is often difficult to detect due to its complex structure, heterogeneity, as
well as to its broad molecular weight distributions. The glass transition temperature of lignin
depends on its molecular weight properties among other factors although, in general, for
non-derivatized lignin samples. The range in which Ty could be found in lignin samples is
between 90-180 °C [195,207,208].

104.5°C

‘_qﬁ____;:L”//—f
138.8°C

‘,__’-’/\

a _
S i
"g 106.9°C
° J
C
L
Q
T5%
ABO
ABB1
ABB2
ALO
— ALB1
40 60 80 100 120 140 160 180 200

T (°C)
Figure 2.8. DSC thermogram of isolated lignin samples.

ABO lignin presented lower Tq (104.5 °C) than ABB1 and ABB2 (around 140 °C) samples,
which demonstrated the lower molecular weight of organosolv lignin samples (ABO) in
comparison to those ones from the bleaching side streams (ABB1 and ABB2). This fact
supports the values shown in Table 2.2. This low T4 could have an influence on its softening
point. On the other hand, the Tq of ALB1 was difficult to determine as its glass transition
temperature was close to the initial thermal degradation temperature (Tsx), as it can be
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seen in Table 2.5. The higher Ty point for bleaching lignin samples, indicated a higher
condensate structure than the ones obtained from organosolv pulping. Although the sugar
content was higher, thus generating a lower value for the initial thermal degradation
temperature for ALB1 sample, the lignin fraction presented a highly condensed structure.
Comparing samples from different sources, the higher T, of ALO (106.9 °C) against ABO
justifies the lower molecular weight of the last one.

The thermogravimetric analysis (TGA) and first derivative curves (DTG) of isolated lignin
samples under nitrogen atmosphere are presented in Figure 2.9. The initial degradation
temperature (Ts%), the maximum weight loss temperature, and the char residue are
reported (Tmax) in Table 2.5. All lignin samples had a small weight loss (1-4%) below 100
°C due to gradual evaporation of moisture. The main weight loss for all lignin samples
occurred in the temperature range between 300 and 600 °C [209], and is centered around
350-370 °C. The principal stage is associated with the fragmentation of inter-unit linkages,
such as cleavage of typical ether linkages among the aromatic units. Then, the cracking of
aliphatic side-chains and the cleavage of functional groups occurs [74,210,211].

According to the DTG curves, the decomposition of all lignin samples was presented as a
wide peak due to its high polydispersity. Moreover, a small weight loss around 200 °C could
be observed, due to the carbohydrate contamination. Lignin samples from bleaching
stages presented lower initial degradation temperature (both below 200 °C), which was
related to the higher carbohydrate content in their structure. Although ABB2 samples had
the highest sugar content, the same trend was not observed, as the structure of the lignin
was different and it had a more condensed structure. Concerning the maximum
degradation temperature, a small decrease could be observed in all the bagasse lignins
(5-7 °C) On the other hand, for leaves lignin samples, a slight increase was observed.
Organosolv lignin samples from either bagasse or leaves had around 32% of char residue.
However, as the bleaching sequence goes by, the char residue increased. This trend was
more evident in the case of ABB1 and ABB2.
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Figure 2.9. TG and dTG curves of isolated lignins.

Table 2.5. Temperatures and char residue values for the evaluated lignin samples.

Lignin sample 1;5% .I;max Residue at 800 °C
(°C) (°C) (%)
ABO 244.3 359.9 31.9
ABB1 186.1 354.1 435
ABB2 210.6 352.3 45.7
ALO 238.4 359.8 32.8
ALB1 163.6 361.1 34.8

2.3.2.2. Lignin extraction yields

800

The assessment of the performance for every lignin extraction stage was accomplished by
gravimetric analysis. In addition, the average yields after each stage and overall yield (Y+)
are presented in Table 2.6. This value was obtained as the sum of the total lignin yields
with regard to the total fed material, and the relative yield (Y\) was calculated as the lignin

extraction yield, but referred to the original lignin contained in the feedstock.

50



Lignin Extraction and Characterization

Table 2.6. Evaluation of lignin yields obtained at the different stages of the tested processes (Yo:
Lignin extraction yield for organosolv stage with regard to initial biomass; Y1 Lignin extraction yield
from first bleaching stage; Ysz: Lignin extraction yield from second bleaching stage; Yr: Total lignin
extraction yield, referred to the initial biomass; Y.: Total lignin extraction yield with regard to the
initial lignin in the different used feedstock).

Yo YB1 Ys2 Y1 Yo

Feedstock (%) (%) (%) (%) (%)
AB 949 +1.37 3.64 +0.84 1.95+0.53 14.48 89.4
AL 746 +1.29 174 £0.77 - 9.07 73.12

As it was expected, the largest amount of lignin was extracted during the organosolv
treatment (Yo). The recovery of lignin after the pulping and bleaching processes for
cellulose products production resulted in a high amount of this byproduct, obtaining total
yield values (Yy) referred to initial lignin existing in the raw biomass, around 90% for AB
and more than 70% for AL. The reduction of the extraction yields for subsequent stages in
the process is typically experimented in cascade separation processes, because of the
higher complexity to remove a fraction that is in minor concentration at the next stages. As
a consequence, the yields were dropped in the last stages. The minor yields obtained for
leaves could be due to the higher difficulty of extraction when less quantity of a component
exists in the initial mass, highlighting the concept of the cascade separation process.

2.4. Influence of pretreatment on lignin composition

In this section, the influence of a pretreatment stage on the final lignin properties was
studied in order to determine the importance of introducing the pretreatment stage in the
lignin extraction process. The different routes designed in this section for the lignin
extraction are described in Figure 2.10. Following the previous section, AB and AL were
used as feedstock sources. Two options were considered: (i) direct delignification stage
using a sulfur-free method, such as organosolv process; or (i) including a pretreatment,
which consisted in a hot-water extraction, named autohydrolysis method, to reduce the
hemicelluloses content in the solid which would be fed to the delignification stage, carried
out in equal conditions as in the first option.
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Figure 2.10. Scheme of the lignin extraction processes approached in this section.

The pretreatment step was carried out using only water as reagent at 180 °C, for 30 min in
a solid/liquid ratio of 1:15, following a similar methodology designed in a previous work
developed by the BioRP research group [212] whereas the delignification stage by
organosolv process was accomplished following the same method described in the
previous section. After the delignification stage, regardless the taken route, lignin was
precipitated by adding 2 volumes of acidified water. The final isolated lignin samples were
quantified in order to calculate the total extraction yield and physico-chemically
characterized.

2.4.1. Physico-chemical characterization of lignin samples

The compositions of the isolated lignin samples are detailed in Table 2.7, where one can
see the increase in the total lignin content (AIL+ASL) for the lignin samples obtained after
using a pretreatment before the delignification stage. This increment was only 1.8% for
bagasse, but higher for leaves (5.6%). The sugar content in the lignin samples was
consequently reduced for lignin samples obtained throughout a previous pretreatment,
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both for bagasse and leaves samples. The ash content was slightly reduced when the
pretreatment was performed. In terms of molecular weight and molecular weight
distribution, the inclusion of the pretreatment led to a standardization of the obtained lignin
samples, regardless the source (PBO and PLO), the final obtained value was similar, while
there was a noticeable difference between BO and LO samples when delignification stage
was accomplished directly. This importance of this fact is based on the traditional high
variability of biomass products, which hinders its commercialization. Hence, the design of
a process capable of providing uniform samples, where the influence of the feedstock on
the final lignin properties is reduced, is very interesting.

Table 2.7. Composition of the different lignin samples collected from the two evaluated processes
(BO: Bagasse Organosolv lignin; PBO: Pretreated Bagasse Organosolv lignin; LO: Leaves
Organosolv lignin; and PLO: Pretreated Leaves Organosolv lignin).

Sample 325 ‘(\02 I)' SL;?ATS A(sol/lo)es Mw Mw/Mn
BO 89.6 +2.7 29+09 27+13 50£05 2933 3.61
PBO 921+1.9 21+£05 1.8+0.3 32+16 4215 3.97
LO 85.2+0.9 25+05 6.0£0.3 41+04 4904 4.09
PLO 90.3+2.3 28104 24+0.7 23+0.3 4575 4.09

Moreover, lignin samples were evaluated by FT-IR analysis. The spectra are presented in
Figure 2.11. High absorptions can be observed in —OH band at 3400 cm-! for all lignin
samples. Absorption bands from 2930 to 2840 cm are assigned to C-H stretching in -
CH.- and —CHjs groups. High similarity existed between all the samples in the range of 1400
to 1700 cm" bands, signals attributed to the aromatic skeletal vibrations of lignin. Finally,
at 1325 and 1265 cm-! bands can be related to syringyl and guaiacyl (C-O stretch) ring
respectively. In general, all samples were very similar according to their chemical functional
groups. Thus, no clear differences could be established by this technique.
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Figure 2.11. Evaluation of the functional groups of the isolated lignin samples by FT-IR analysis.

2.4.2. Lignin extraction yields evaluation

The inclusion of a new stage in a process cannot be only evaluated by the quality or
composition of the final product, but also by the influence on the extraction yields too.
These extraction yields are detailed in Table 2.8. Around 20% of the original biomass was
removed by the autohydrolysis pretreatment, mostly composed of sugars and acids from
the hemicellulosic platform, although the concentration in the autohydrolysis liquor was
really low based on the high solid/liquid ration used at the reactor. In the case of bagasse,
the total lignin extraction yield in the solid fraction decreased by ~45%, i. e., the inclusion
of the pretreatment made the yield of lignin extracted after the organosolv process
considerably lower. However, the opposite case was experienced with leaves. In this case,
the lignin extraction after the organosolv treatment increased. This fact could be considered
as illogical, since some lignin should be extracted in the autohydrolysis pretreatment.
Nevertheless, the low lignin content existing in the original leaves as well as the difficulties
to be extracted, could drive to the conclusion that the solid was physically more prone to
be impregnated by the organosolv liquor after the pretreatment than before, which drove
to obtain higher lignin extraction yields.
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Table 2.8. Evaluation of lignin yields obtained by the two routes compared in this section (Ye: total
extraction yield from initial biomass in pretreatment stage; Yr: Lignin extraction yield for whole
process, referred to initial biomass; Y. Lignin extraction yield for whole process with regard to initial
lignin existing in the different biomass used).

Feedstock/Route (ZZ) (Z/:) (12)
BO - 9.5 58.6
PBO 21.1 5.3 326
LO - 75 60.2
PLO 19.4 9.7 779

2.5. Influence of the delignification method and the lignin isolation process on the
lignin characteristics (Publications Il and Ill)

Two lignocellulosic wastes: almond shells (A) and olive tree pruning (O), were used for the
study of the influence of the delignification method and the lignin isolation process on the
lignin properties. These materials were selected due to their abundance, availability as well
as their high lignin content, greater than agave bagasse or leaves, which were used in
previous sections. A pretreatment stage, consisting of an autohydrolysis step similar to the
process employed before, was conducted for the hemicellulose content reduction to avoid
lignin contamination with sugars.

Besides the organosolv delignification method, the soda process was also used to be
compared as an alternative sulfur-free delignification method. In this line, the reduction of
some environmental problems caused by the sulfur used in Kraft and sulfite cooking liquors
was addressed. In addition, the obtaining of lignin samples free of sulfur traces could
enable their further conversion or widening of their potential applications [109].

Lignin samples from alkaline processes (Kraft or soda) are commonly isolated by
precipitation with the acidification of the liquor, filtration, and washing, being the
LignoBoost® process the most currently used method for this purpose [213]. However, the
commercial precipitated lignin presents high heterogeneity that hinders its further
transformation [214]. Hence, more selective technologies for lignin isolation have been
proposed to enhance the purity of the final lignin [215]. In this sense, selective precipitation
could play an important role in the fractionation of lignin. On the other hand, the isolation
of the organosolv lignin is carried out by the addition of an antisolvent that reduces the
solubility of the lignin in the liquor. The most common method is based on the addition of
water, which caused the precipitation due to the high hydrophobicity of the organosolv

95



Lignin as a source of phenolic compounds: from lignin extraction to its transformation by different routes

lignin samples. In addition, the simplicity and low-cost of this method are very appreciated
[216].

2.5.1. Process description

Both raw materials were firstly pretreated by means of the autohydrolysis process, which
uses water as a unique reagent at high temperature and pressure. This process aims to
remove a high percentage of the hemicelluloses present in the original composition, fact
that could reduce the sugar impurities in the further lignin samples as it was explained in
the previous section. The reaction conditions were similar to the ones used before (180 °C,
30 min), but a solid:liquid ratio of 1:8, following the optimization of previous work [212].
After the autohydrolysis step, the liquid fractions were filtered and separated from the solid
fraction, which was chemically characterized prior to be sent to the delignification stage.
The yield of this stage was gravimetrically determined.

The solid fractions derived from the autohydrolysis process were subjected to the
delignification processes. The organosolv process was accomplished at 200 °C, 90 min;
using a mixture of ethanol:water of 70:30 (v/v) as solvent reagent, and a solid:liquid ratio
of 1:6; conditions optimized by Toledano et al. [217]. On the other hand, the applied
conditions in the soda process were selected from the work of Urruzola et al. [218]: NaOH
7.5 wt.% was used as solvent at 121 °C, during 90 min with a solid:liquid ratio of 1:6. After
finishing the pulping processes, the obtained solid fractions were washed until neutral pH
and then chemically characterized, whereas the black liquors were kept to be further
treated for lignin precipitation.

Organosolv lignin was isolated in three fractions by adding different amounts of acidified
water (HCI 37% to reach pH 2) in order to decrease the solubility of lignin in the black liquor.
Specifically, ratios of 1 volume, 2 volumes, and 4 volumes of acidified water were added
to one volume of the black liquor. On the other hand, soda lignin was precipitated by
dropping the pH level of the black liquor by means of the addition of sulfuric acid (96 wt.%).
Three fractions of different pH levels (6, 4 and 2) were obtained. Hence, 12 different lignin
samples were obtained and physico-chemically characterized to identify the best routes to
extract lignin in higher amounts and better quality to its further conversion into high value-
added compounds. The abbreviations to identify the 12 lignin samples are detailed in Table
2.9.
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Table 2.9. Abbreviation list for the different obtained lignin samples.

Symbol Definition

AS Almond shell soda lignins

AO Almond shell organosolv lignins

0S Olive tree pruning soda lignins

00 Olive tree pruning organosolv lignins
AS pH=6 Almond shell-Soda lignin precipitated at pH=6
AS pH=4 Almond shell-Soda lignin precipitated at pH=4
As pH=2 Almond shell-Soda lignin precipitated at pH=2
AO 1vol Almond shell-Organosolv lignin precipitated adding 1 volume of water
AO 2vol Almond shell-Organosolv lignin precipitated adding 2 volumes of water
AO 4vol Almond shell-Organosolv lignin precipitated adding 4 volumes of water
AS pH=6 Olive tree pruning-Soda lignin precipitated at pH=6
AS pH=4 Olive tree pruning-Soda lignin precipitated at pH=4
AS pH=2 Olive tree pruning-Soda lignin precipitated at pH=2
00 1vol Olive tree pruning-Organosolv lignin precipitated with 1 volume of water
00 2vol Olive tree pruning-Organosolv lignin precipitated with 2 volumes of water
00 4vol Olive tree pruning-Organosolv lignin precipitated with 4 volumes of water

A schematic description of the whole process followed in this section is presented in Figure

2.12.
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Figure 2.12. Scheme of the lignin extraction processes by the different routes approached in this
section.

2.5.2. Influence of the pretreatment stage in the solid fraction

At first, an evaluation of the macro-components obtained in the solid fractions in each of
the different stages of the proposed flowsheets was addressed. The obtained results are
presented in Figure 2.13.
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Figure 2.13. Macro-components compositions of solid fractions after each stage (A: Almond shell;
A-A: Almond shell post-autohydrolysis; A-O: Almond shell post-organosolv; A-S: Almond shell
post-soda; O: Olive; O-A: Olive post-autohydrolysis; O-O: Olive post-olive; O-S: Olive post-soda).

Regarding the comparison between the raw materials, the most remarkable aspect was
the high content of lignin in A (~50%) while O presented less than a 25%; i. e. more than
the double quantity of lignin is available from A than O. On the contrary, the contents in
cellulose, hemicellulose and extractives were found to be significantly bigger for O than in
A. Hence, it could be established that A is an interesting raw material for lignin-based
products, whereas O could be more suitable for carbohydrate products. Nevertheless, both
materials were subjected to the whole process to obtain and depolymerize lignin.

The autohydrolysis pretreatment provoked the reduction of the hemicellulose content in
both materials (54% and 71% for A and O, respectively), increasing the lignin percentage
in the obtained solid fraction that was sent to the delignification stage. The increase in the
lignin percentage of the solid fraction for O was especially significant (70.8%), whereas it
was notably lower (4.52%) for A. This fact is attributed mainly to the initial composition of
the raw materials, since A presented lower hemicelluloses content and, therefore, less
amount could be removed. In spite of this lower increment, the total amount of lignin per
gram of material continues to be higher for A after the pretreatment, concretely 53.2%
against 38.1% for O.

59



Lignin as a source of phenolic compounds: from lignin extraction to its transformation by different routes

Both pulping processes (organosolv and soda) extracted mainly lignin from the different
raw materials, as it was expected. However, depending on the feedstock, the selectivity of
the pulping process towards the lignin extraction varied. In the case of A, the soda pulping
was more effective with a reduction of 18.4% whereas. For the organosolv process, the
reduction of the lignin content was only 10.8%. On the other hand, O feedstock presented
higher level of lignin content in the final solid after each delignification process (14.6% for
soda and 31.2% for organosolv).

2.5.3. Quantification and physico-chemical characterization of selectively
precipitated lignin samples.

All the lignin samples collected from the different routes explained in the previous section
were physico-chemically characterized. The results are summarized in Table 2.10.

Table 2.10. Lignin extraction and isolation yield, chemical composition of each purified lignin,
average molecular weight (Mw) and molecular weight distribution (Muw/Mh).

Lignin AIL ASL Sugars

Sample (%) (%) (%)
AO 1vol 98.83+1.03 0.90£0.54 0.23£0.01 3.71 5713 2.98 11.59

AO 2vol 99.75£1.76  0.64+0.09 0.27+0.07 327 4,381 3.03 17.18
AO 4vol 96.12£3.70  1.09+0.27 0.25+0.02 244 4,166 3.18 19.93
AS pH=2 85.76+£2.72 2.64+0.57 1.11x0.11 755 27,322 1233  39.31
AS pH=4 91.20£5.34 2.08+0.69 1.54+064 7.37 22,743 1139  41.02
AS pH=6 94.22¢451 2124049 1.92+0.16 928 33,190 1548  37.43
00 1vol 99.55+0.83 0.73x0.15 0.19£0.08 33 6,530 3.94 8.49
00 2vol 94.70£2.30 1.20£0.13 0.19+0.04 196 5,164 3.89 11.16
00 4vol 95.24+0.90 1.16x0.20 0.20£0.05 3.31 4,725 3.89 8.96
08 pH=2 88.04+1.21 2.59+0.11 0.18x0.06 4.21 20,405 1201 4131
0S pH=4 93124460 2.28+0.37 0.20£0.09 4.95 16,282 1043 44.04
0S pH=6 92.23+2.41 1.90+0.30 0.17£0.03 876 18151 1153  46.92

As it was explained before, the sum of AIL and ASL fractions were considered to evaluate
the purity of lignin. The inclusion of the pretreatment stage led to obtain lignin samples with
purity over 88% in all the cases, which is a great value in comparison with previous studies
developed in this research group [191,192,219]. In this case, the autohydrolysis stage was
the sole difference with regard to other works. In fact, the most remarkable aspect was the
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sugar content which was noticeably decreased in all lignin samples. The isolated lignin
samples from the soda liquors presented lower purity contents, with values between 88%
and 95%. The samples extracted at higher pH levels of precipitation presented lower
percentages of impurities, since the addition of acid enables the precipitation of inorganic
salts contaminating the lignin samples. Despite the lower purity of the soda lignin samples,
these values were certainly high for the soda process [220,221].

Regarding the contamination of the lignin samples by carbohydrate compounds, it was
found that the sugar content was almost negligible in every studied case. This fact justifies
the use of the pretreatment stage, since, the fewer amounts of hemicelluloses in the
feedstock, the fewer sugar impurities over the lignin were obtained.

In the ash content, less content was found in the lignin samples obtained from the
organosolv process, whereas the soda treatment produced samples with more impurities
based on the inorganic chemicals used in the white liquor as well as in the precipitation
method. The lignin obtained after the organosolv treatment presented similar results at
different conditions and, for both raw materials (between 1.96% and 3.71%). In the soda
process, the lignin samples obtained at pH = 6 presented the highest quantity of ashes
(9.28% and 8.76%), which could be caused by poor cleaning of the lignin sample, since
the ash content for rest of soda samples were very similar between them.

Regarding the molecular weights and molecular weight distributions, the lignin samples
obtained from AO and OO, presented very low M, (4166 g/mol for AO 4vol as minimum
value) and polydispersity index (2.98 for AO 1vol), in agreement with values published by
other authors that used the organosolv method to isolate lignin from lignocellulosic biomass
[222]. Nonetheless, AS and AQ lignin samples presented the highest My, and M./M, (up to
33,190 g/mol and 15.48 respectively, for AS pH2). This fact is caused by the different
delignification mechanisms, since the strong alkaline medium used in the soda process
enables repolymerization and condensation reactions of primary products derived from
lignin decomposition, forming higher molecular weight structures. More in detail, hydroxy!
groups form quinone methide intermediates which easily react with other lignin fragments
that lead to the generation of alkali-stable methylene linkages. As a consequence, higher
lignin structures are created [223]. On the contrary, the ethanol used as solvent in the
organosolv process not only acts as hydrogen-donor solvent, but also it is able to stabilize
those primary intermediates, which are prone to condensate in high molecular structures,
as it was explained in Section 1.6.1.

In the case of organosolv lignin samples, OA and OO showed higher My, when adding
fewer volumes of acidified water. Hence, a greater change in the solvent medium has to
be carried out to precipitate the smaller lignin fractions. In the soda lignin samples there
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was not found a clear trend. For AS samples, the biggest My, value was presented by the
sample precipitated at pH 6, in line with the previous statement. However, for OS, the
biggest value was presented when precipitation was performed at pH 2 instead of pH 6. It
was highlighted also the high M./M, presented in soda samples, which indicated the
presence of fractions with very different molecular weights in the soda lignin samples.

The analysis of the lignin extraction yields showed that the highest quantities of lignin were
obtained with the soda treatment (up to 47% for OS pH = 6), whereas the organosolv
method showed low yields of lignin extraction and isolation (between 8% and 20%). The
higher yields from the soda process can be explained by the fact that the dissolution of
lignin fragments is facilitated by the action of NaOH, which ionizes aliphatic hydroxyl groups
as well as phenolic groups, contributing to the solubility of lignin fragments [224]. The use
of O or A as raw materials did not indicate any clear trend for extraction yields. For instance,
the same raw material (O) presented the highest isolation yields in soda process in
comparison with the rest of samples, but also the lowest yields were obtained for O after
the organosolv pulping. This fact indicates that the feedstock was not the determining
variable to maximize the lignin extraction yield.

The chemical structures of these lignin samples were assessed by FT-IR analysis. Figures
2.14 10 2.17 present the spectra of the different studied lignin samples.
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Figure 2.14. FT-IR spectra of AO lignin samples.
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Figure 2.15. FT-IR spectra of AS lignin samples.
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Figure 2.16. FT-IR spectra of OO lignin samples.
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Figure 2.17. FT-IR spectra of OS lignin samples.

In all spectra, the wide signal detected 3400 cm! refers to the stretching vibration of the
hydroxyl group and hydrogen bonding. The bands at 2930 cm-' and 2840 cm-! correspond
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to C-H stretching and bending vibrations in methyl and methylene groups. Typical aromatic
skeletal vibrations of the lignin were identified by the bands at 1595 cm-', 1510 cm'. The
band at 1325 cm~" could be attributed to the presence of syringyl units (C-O stretch). Some
characteristic bands associated with syringyl and guaiacy! units in lignin were detected at
1220, 1125 and 1030 cm™*, corresponding to C-C, C-O, and C=0 stretching (G), aromatic
C-H in-plane deformation (S) and aromatic C-H in-plane deformation (G > S). For all the
analyzed spectra it was shown very high similarities among them. Hence, this technique
demonstrated that the extraction method did not entail important changes in the functional
group of lignin samples.

Based on these previous analyses, where selective precipitation at different levels was
found to not have a clear effect on the final lignin properties, one sample from each
delignification method from both raw materials was selected to perform a deeper chemical
characterization with advanced techniques, such as Py-GC-MS and 2D-HSQC. From the
organosolv method, only the samples precipitated by adding 2 volumes of acidified water
were used, whereas, for the soda process, the ones precipitated at pH 4 were chosen.

For the Py-GC-MS technique, the same methodology mentioned in section 2.3.2.1 was
followed to determine the syringyl/guaiacyl ratio (S/G). The results are listed in Table 2.11.
In terms of monomeric composition, several structural differences were found between
lignin samples from A and O. The chemical structure of lignins isolated from A by
organosolv and alkali treatments were based on 33-36% of guaiacyl and 55-58% of syringyl
(S/G: 1.58-1.77). However, lignins from O presented higher syringyl content (69-71%) and
around 21-23% of guaiacyl units in their structural composition (S/G: 3.15-3.32). Hence,
no significant variations between lignins from the same raw material were detected,
evidencing that the monomeric composition was totally dependent on the origin and not on
the extraction processes, as it was found out with agave biomass, where bagasse samples
showed always higher S/G ratio regardless the process they were extracted from (except
after second bleaching stage).
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Table 2.11. Identification of the pyrolysis products from four lignin samples their mass fragments
(AO: Almond Organosolv; AS: Aimond soda; OO: Olive Organosolv; OS: Olive Soda).

Compound m/z Monomer* AO AS 00 0s
(%) (h) (%) (%)

Phenol 94/66/65 H 0.75 0.59 0.79 0.74
p-cresol 107/108/77/79/51 H 0.72 0.49 0.65 0.7
o-cresol 108/107/79/77/90 H 043 0.37 0.18 0.28
4-Etylphenol 107/122121/77 H 043 0.45 0.27 0.36
Catechol 110/81/64 Ca 1.32 0.78 1.57
3-Methoxycatechol 140/125/97 Ca 5.94 454 745 6.45
4-Methylcathechol 124/123/78 Ca 1.49 0.87
Guaiacol 109/124/81/53 G 6.24 14.79 5.34 9.66
3-Methylguaiacol 123/138/77/95/67 G 0.64 0.93
4-Methylguaiacol 138/123/95 G 135 4.05 6.77 44
5-Methylguaiacol 123/138/95 G 0.21
4-Viinylguaiacol 150/135/107/77 G 4.09 5.05 2.74 341
4-Ethylguaiacol 137/152 G 2.82 223 2.33 1.99
Isoeugenol 164/77/149 G 0.23
Vanillin 151/152/109/81 G 4.79 3.17 242 1.45
Acetoguaiacone 151/166/123 G 1.01 117 0.75 0.49
Guaiacyl acetone 137/180/122 G 0.99 0.77 05 043
4-Propylguaiacol 137/166/122 G 0.85 0.2 0.63
Propenylguaiacol 162/147/91 G 0.27 0.26
3.4-dimetoxytoluene 152/109/137 G 0.11 0.42 0.14 0.28
Syringol 154/139/111/96 S 8.05 2553 15.48 28.59
3.4-dimethoxyphenol 154/139/111 S 2.26 0.64 2.58 1.22
4-Methylsyringol 168/153/125 S 18.3 10.07 20.31 12.39
Acetosyringone 181/196 S 1.03 0.86 0.45 0.46
4-Vlynilsyringol 180/165/137 S 4.44 471 6.21 5.74
4-Ethylsyringol 167/182/168/77 S 2.55 243 457 4,07
4-Propylsyringol 167/196/168/123 S 0.64 0.91 1.07 0.78
4-Propenylsyringol 194/91/151 S 0.44 0.31 0.34 0.27
Syringaldehyde 182/181/111 S 14 1.13 0.8
4-Allylsyringol 194/91/179/119 S 9.54 5.62 10.82 7.69
Syringilacetone 167/210 S 0.65 0.39
Total p-Coumaryl derivatives 2.33 1.9 1.89 2.08
Total Guaicyl derivatives 355 33.2 216 221
Total Siryngyl derivatives 56.1 58.8 7 69.6
S/G ratio 1.58 1.77 3.32 3.15

"H: Phenol; G: 2-methoxyphenol (quaiacyl); S: 2.6-dimethoxyphenol (syringyl); Ca: 1.2-
benzediol (catechol); C: carbohydrate.

Additionally, the 2D-HSQC analysis revealed several differences concerning the main
inter-unit linkages between the elemental units of lignin samples. In this case, the 2D-
HSQC methodology was selected instead 'H NMR, since more information can be obtained
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from it, such as the distribution of the molecular linkages. In Figure 2.18 it is shown the
main substructures found in lignin samples, and Table 2.10 summarized the "3C-'H cross
signals, which were assigned according to previously reported data [193,196,198]. These
signals were divided into side-chain region (8C/6H 50-90/2.6-6) and aromatic region
(6C/8H 100-150/5.5-8). With regard to aromatic region, the presence of S-unit and G-unit
was observed for all lignin samples, as it is detailed in Table 2.12.
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Figure 2.18. Main structures present in lignin samples.
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Table 2.12. Assignments of 3C-H cross signals in the HSQC spectra and their presence in lignin

samples isolated from the studied black liquors and the calculated S/G ratio.

Ox/8u (L) Assignments AO AS 00 OS
126.3/6.96 Cp—Hg of cynnamyl acetate end-groups (F'p) v x x v
119.2/6.80 Ce-Hs in guaiacyl units (Ge) v v v v
115.8/6.77 Cs-Hs in guaiacyl units (Gs) v v v v
111.2/7.40 Ca-Ha in oxidized (Ca=0) guaiacyl unit (G'2) v v x v
110.8/6.93 Co-Hz in guaiacyl units (G2) v v v v

107.5/7.33 and Ca6-H2,6 in oxidized (CafO) syringyl unit (S'26 and v v v v

7.22 S"26)
104.3/6.70 Ca6-Hz in syringyl unit (Sz) v v v x
87.7/5.45 Co—Hain -5 (phenyl(cén;maran) substructures v « v v
a
86.5/4.12 Cp—Hpin p-0-4 SUbStI’L(Jgt)L)JI'eS linked to S unit (Ag v v v v
85.8/4.63 Ca—Hain B-B” (resinol) substructures (Ba) v v v o v
84.2/4.32 Cp—Hpin p-0-4 SUbStI’L(JCC;t)L;I'eS linked to G unit (Ap v « v <
72.41/4.90 Co—Hain p-0-4 substrtzgt)L)Jres linked to S unit (Aa v v v v

71'6/2'18 g and Cy~Hy in B-B" (resinol) substructures (B,) v v 4 4
63.7/3.90 Cy~Hyin y-acetylated p-0-4 (A")) x v x v
63.2/3.73 Cy-Hyin B-5" (phenylcoumaran) substructures (C,) x x
60.3/3.68 Cy~Hyin p-O-4 substructures (A,) 4 4 v v
53 6/3.48 Cp—Hpin B-5" (phenylcoumaran) substructures v < < «

(Cp)
56.3/3.76 C-H in methoxyl groups (OCHz) v v v v
S/G ratio 1.3 1.5 29 26

Nevertheless, the most meaningful results were provided by the side-chain region, which
demonstrated that the extraction processes had an important influence on the inter-unit
linkages between the phenylpropane units. The relative distributions of the main inter-unit
linkages in lignin samples are represented in Figure 2.19, which were calculated by a semi-
quantitative method proposed by Wen et al. [225]. As it can be observed, lignin samples
from soda delignification processes presented higher condensed structures than lignin
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samples from organosolv treatments, with the presence of 41.4% and 61.0% of §-8" bonds
in resinol substructures for almond and olive soda lignins, respectively. In the case of
organosolv lignins, B-B" in resinol and 3-5" in phenylcoumaran linkages were also found.
However, the most predominant linkage in both organosolv lignins, especially in the case
of olive organosolv, was the B-aryl-ether linkage (3-O-4). The linkages between structural
elemental units significantly affect to the depolymerization step, where the cleavage of -
0-4 bonds plays an important role in the production of phenolic monomer compounds as
it will be described in further sections. The S/G ratio calculated from HSQC spectra follows
the same trend as those that were obtained from the pyrolysis technique. As summary, the
lignin source led to the main difference in lignin chemical structure (S/G ratio), with a slight
increase in $-O-4 linkages in organosolv process, although only detected in olive samples.
The higher amount of this type of inter-unit linkage in AO could be due to the lowest S/G
ratio. The presence of higher content of guaiacyl units in its chemical structure, which
contains reactive positions (Cs positions) in the aromatic ring, allows the formation of
condensed bonds like 3-5" [226].
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Figure 2.19. Distribution of intermolecular linkages presented in the isolated lignin samples.

2.6. General conclusions

In this chapter different routes have been proposed to obtain lignin from several sources.
The extraction of lignin from side-streams generated in a global process intended for the
production of cellulose nanoparticles was approached as first point, demonstrating that it
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is possible to extract lignin even from the bleaching stages. However, the extraction yields,
as well as the quality of the obtained lignin, were poorer in those bleaching stages.

Afterward, the influence of a pretreatment stage was evaluated by the inclusion of an
autohydrolysis reaction to reduce the hemicellulosic content in the solid subjected to lignin
extraction. Consequently, purer lignin samples were obtained. However, that increase was
not significant and the most remarkable advantage about the inclusion of the pretreatment
was the obtaining of much more homogeneous samples regardless the used raw material,
which could enable the use of wide sources of biomass.

Finally, a comparison between two sulfur-free delignification methods was approached.
The inclusion of the autohydrolysis step increased lignin purity. Furthermore, the
organosolv method provided lignin samples with higher percentages of ether linkages that
would be easier to be cleaved to generate small phenolic compounds from lignin as it will
be approached in next chapter. On the other hand, the extraction yield for soda process
was noticeably higher than in the organosolv method.

The influence of these parameters, both the physico-chemical composition of the obtained
lignin samples and the extraction yields reached by the different routes developed in this
section will relate to the lignin depolymerization reaction to identify the most suitable
conditions to maximize the wished reaction products.
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Lignin Depolymerization

3.1. Motivation and objectives

The technical challenge of obtaining economically useful compounds from lignin has to
overcome twofold aims: (i) the lignin polymer needs to be depolymerized; and (ii)
interesting compounds have to be produced in meaningful quantities. In this frame, the
purpose of this section was the development of several strategies to obtain monomeric
phenolic compounds, such as guaiacol, syringol, phenol and catechol and cresol
derivatives by the thermochemical depolymerization of lignin.

In terms of economic value, soda lignin and organosolv lignin are considered almost like a
commodity product with values of 150-275 €/t for soda lignin and 250-475 €/t in case of
organosolv lignin [226]. However, the possibility to obtain monomeric phenolic products
represents a great potential to maximize the value that can be obtained from lignin.

Phenol is considered an important chemical precursor in the production of a wide range of
consumer goods. The global production of phenol is estimated in almost 13 Mt/y for 2019
[227] with a proximate price of 1.4-1.6 €/kg for 2017 according to ICIS reports [228]. Its
main application (49%) is the production of Bisphenol A, an intermediate compound to
manufacture polycarbonates for instance, and also in the production of phenol-
formaldehyde resins, a starting material in the manufacture of laminated plywood. Other
phenol and phenol derivative products include adhesives, agrochemicals, dyes,
insecticides, herbicides, preservatives, antioxidants and flavorings for foods, impregnating
resins, antiseptics, and disinfectants, etc [229].

Catechol is synthetically obtained by the hydroxylation of phenol using hydrogen peroxide
as a dominant process. Approximately 50% of its total production is used as starting
material for insecticides, 35-40% for perfumes and drugs and 10-15% for polymerization
inhibitors and other chemicals [230]. Catechol has also been used as an antiseptic, in
photography, dyestuffs, electroplating, specialty inks, antioxidants, and light stabilizers,
and in organic synthesis. The market price of catechol is estimated at around 4.0 - 5.5
€/kg [231,232] with an estimated global consumption of around 40 kt/y [233].

As pure substances, o- and p-cresol are crystalline, whereas m-cresol is viscous oil at room
temperature. The cresols have a phenolic odor and are colorless [234]. The most implanted
process to produce cresols is its recovery from coal tar and spent refinery caustics,
comprising around half of the total global production, which is estimated to rise up to 180
kt/y, which would involves an estimated value of 750 M€y [235]. However, this process is
not enough to meet the rising demand. There are other industrial processes by chemical
synthesis, such us the synthesis by methylation of phenol, where o-cresol is produced in a
single step reaction in the presence of catalysts. The main applications of cresols are
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depending on the isomer but it can be simplified in agrochemical and pesticides,
antioxidants, dyes, chemical intermediates, electronics, etc. As estimation, its price could
vary in the range 2-3 €/kg [236].

Guaiacol is a compound used as intermediate in the synthesis of flavors (e. g., in the
synthesis of vanillin), fragrances and pharmaceutical substances, but also as an
antioxidant additive for plastics and rubbers [237]. Petrochemical guaiacol is prepared by
monomethylation of catechol using methyl halides or dimethyl sulfate. Monomethylation of
catechol can also be accomplished with methanol in the presence of phosphoric acid,
phosphates, or an ion exchanger [231]. However, guaiacol represents a great interest as
vanillin precursor, product that can reach a market value around 12-14 €/kg. Syringol,
which is present mostly in hardwood lignins is, together with guaiacol, a product of primary
degradation of lignin. Syringol generates the main aroma of smoked and grilled foods,
being an interesting compound to be used in synthetic smoke flavorings [238]. For both
components their global consumptions are around 40 kt/y with a proximate price of 3.2-3.4
€/kg [239].

As a summary, in this section some of the isolated and characterized lignin samples were
submitted to thermochemical depolymerization using different routes. At first place, BCD
reactions were used to demonstrate the influence of several parameters, such as
lignocellulosic source, delignification method or isolation process. The comparison of two
different reaction mechanisms, BCD and solvolysis, was also accomplished in this section.
Furthermore, a novel concept to carry out lignin depolymerization directly from the liquors
by avoiding its precipitation stage was tested, adding an industrial liquor to check the
distance between laboratory liquors and industrial ones. Finally, to reduce the generation
of undesirable products some blocking agents were tested to evaluate different possibilities
to maximize the product yields.

3.2. Solid lignin depolymerization by BCD (Publication II)

3.2.1. Thermochemical lignin depolymerization

As it was mentioned in Section 1.6.1., BCD is the most used method for lignin
depolymerization due to its simplicity and relatively high efficiency as the main strong
points. The reaction mechanism undergone by lignin molecule is breaking down into its
elemental compounds triggered by the high alkaline conditions the reaction is taken place.
In such environment, the formation of an alkaline phenolate (cationic ion depends on the
base used) and a carbenium ion-like transition state, which is instantly neutralized by a
hydroxide ion, are generated. The cationic species (Na, K, Ca, etc.) catalyze the reaction
by forming cation adducts that polarize the ether bonds. This step increases the negative
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partial charge of the oxygen and, consequently, the energy necessary for heterolytic bond
cleavage is reduced [240]. As a result, phenolic monomers-rich oil is obtained in a quantity
not higher than 20%-23%, regardless of which conditions lignin is exposed due to
undesirable reactions that also undergo during the lignin breaking down. A schematic
representation of the BCD reaction mechanism is presented in Figure 3.1.
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Figure 3.1. Cleavage of the b-O-4 bond and formation of syringol derivatives [241].

This phenolic oil yield is limited by the repolymerization reactions that occur during the
process, when highly reactive phenolic and catechol derivative monomers undergo
polymerization reactions instead of staying as monomeric products, generating residual
lignin and coke as undesirable products. This reaction is happening due to a delocalization
of the charge in the phenolate ions present in the alkaline media. The phenolate ion also
exists as carbanion with a negative charge in o- or p- positions of the phenolic hydroxyl
groups as a reason for resonance stabilization [241]. Therefore, the interaction of the
carbanion species to other phenolic compounds with ketone groups will induce the facile
formation of carbon—carbon bonds between these compounds, leading to the
repolymerization of lignin. An example of this repolymerization mechanism is represented
in Figure 3.2. Roberts et al. [107] stated that as the reaction takes place via carbenium
ions, syringylic carbenium is more stable than guaiacyl carbenium since it has more
methoxy substituent to disperse the positive charge. Miller et al. [242] conducted an
experiment with syringol in aqueous NaOH and they observed the formation of guaiacol,
catechol and other phenolic compounds. They also reported that dealkylation,
demethylation and demethoxylation reactions occurred in BCD of lignin model compounds
[219].
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Figure 3.2. Repolymerization reaction between a phenolate and carbenium ion [241].

The Biorefinery Process group (BioRP) has positioned as one of the most productive
groups in the topic of lignin depolymerization with 17 publications by early 2019, considered
as the second most important group in terms of publication volume worldwide (Source:
Scopus). Concretely, prior to this work, 14 publications have been published in indexed
scientific journals focused on this topic. The most highlighted parameters of these works
are detailed in Table 3.1.
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Table 3.1. Publication of lignin depolymerization works developed by BioRP Research Group (PO: Phenolic oil; PM: Phenolic monomer; RL: Residual Lignin;

C: Char).

Biomass

Extraction Process

Solvent/Catalyst

Reaction conditions

Products Yield

300 °C, 90 bar,

Olive prunning Ethanosolv NaOH 4% 40 min PO: 5-20%; PM:3%; RL: 45% [111]
0
Olive prunning Ethanosolv NaOH 4% 310 300 ;}?ﬁ bar, PO: 22.5%; RL: 58,3%; C: 1% 219]
i )
Olive prunning Ethanosolv NaOH 4% 2958%?“'5 PO: 22.5%; RL: 60% [243]
. , tetralin, isopropanol, glycerol and 200W /200 °C, CO(LEN0L PM- 1 20/ I - AE.80
Olive prunning Ethanosolv formic acid / Ni10%A-SBA15 30 min PO: 20-50%; PM: 1.3%; RL: 35-80%  [244]
0
Olive prunning Ethanosolv Formic acid / Ni10%-SBA15 100‘%/;?2 C, PO: 25-35%; RL: 55-65% [245]
0
Olive prunning Ethanosolv Tetralin / (Ni/Pd)-A-SBA-15 400 ‘é\g/nli";lo C, PO: 3-17%; PM: 2.0%; RL: 30-76%  [246]
S0min_
Olive prunning Ethanosolv NaOH 4%/ (Phenol, HsBO) 3007, 40 min PO: 45-160%; RL: 20-45% [127]
Apple prunning Ethanosolv Ethanol / [Bmim][MeSOq] + TiO2 300W, 0-7 h PO: 10-25%; PM: 4% [247]
Willow Ethanosolv IL [EGNH][HSO04] / TIO2, H202 120°C, 1h PO 7-22% 248]
Miscanthus L [HC“'m][HSOﬂESNH][HSO“] / 120°C, 1 h PO: 4-19%; PM: 2% [249]
QOlive prunning Ethanosolv NaOH 4% 300 °C, 20-100min  PO: 16.5-22.5%; PM: 3.5%; RL: 30-45% [250]
. . Acetosolv / o 0 ; . 0/« DM-2.E0/+ BRI 940,
Olive prunning Formosolv NaOH 4% 300 °C, 80 min PO: 13-18.5%; PM:3-5%; RL:24% [240]
. . Acetosolv / o . PO: 30-38%; PM 1.0-1.5%; RL: 3-5%
Olive prunning Formosolv Methanol, ethanol, acetone 300 °C, 40 min C: 35-40% [251]
Eucalyptus Ethanosolv NaOH 4% 300 °C, 40 min PO: 22%; PM: 0.5%; Tar: 60% [252]




In half of these publications, the BCD mechanism has been used to break down the lignin
molecule. Excepting the work of Toledano et al. [127], where the use of phenol as blocking
agent to avoid lignin repolymerization led to an increase of phenolic oil (PO) yield, since
this blocking agent was also collected in the oil; the rest of studied reactions showed
phenolic oil yields with maximum values between 20-25%, in line with the previous
comment extracted from the literature review. The total phenolic monomer yields (PM)
were higher than other mechanisms (acid or solvolysis), with values above 5% [240]. The
main drawback of this reaction mechanism is the harsh condition under which this reaction
has to be carried out to obtain such a good performance (around 300 °C). However, its
simplicity makes BCD a feasible process to be scaled up to industrial level. On the contrary,
other innovative processes studied in this group demanding lower energy, as ionic liquids
[247,249] or microwave-assisted depolymerization [244,246], still present a scalability far
to be reached.

3.2.1. Experimental procedure

Solid lignin samples collected from Section 2.5 were submitted to a BCD following the
reaction methodology described by Erdocia et al. [250] in a batch reactor. This reaction
was carried out using NaOH (4 wt.%) as an alkaline catalyst at 300 °C for 80 min, reaching
a pressure of 90 bar, and 1:20 (wt./wt.) as solid/liquid ratio.

After finishing the depolymerization process, the reaction mixture was treated to separate
the different products, following the patented method depicted by Erdocia et al. [253],
graphically represented in Figure 3.3. In the first stage, the mixture was acidified with HCI
(37 wt.%) dropping the pH to 2 to precipitate the residual lignin formed during the reaction
as an undesirable reaction product. The solid phase (residual lignin and coke) was
separated from the mixture by filtration and washed with acidified water (pH = 2 with HCI
as the acidic agent) to remove residual liquid. After that, the separation of the residual lignin
from the coke was carried out using tetrahydrofuran (THF) as solvent, stirring the
dissolution for 3 h, and filtrating again later. The non-solubilized solid (coke) remained in
the filter, whereas the residual lignin goes throughout the filter due to its solubility in the
THF. The solvent is finally evaporated under vacuum to recover the residual lignin.

On the other side, the liquid phase produced after the filtration of the residual lignin and
coke was subjected to a liquid-liquid extraction to separate the phenolic-enriched oil from
the aqueous phase using ethyl acetate as organic solvent. The residual aqueous phase
was completely removed from the organic phase by an extraction process with sodium
sulfate anhydrous. After a filtration step for the solid separation, the organic solvent was
removed by evaporation, remaining the phenolic oil in a liquid phase. The yield of each
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product was calculated gravimetrically referring to the initial lignin weight introduced in the

reactor.
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Figure 3.3. Schematic representation of the lignin depolymerization process and products

separation.

3.2.2. Lignin depolymerization yields by BCD

As it was described above, three main products were obtained through the above-
described method: phenolic oil, enriched in small phenolic molecules, residual lignin and
coke. An aqueous stream was also produced, which was characterized using a HPLC
equipment. Only small quantities of acetic acid, formed by the degradation of sugars, were
found (concentration lower than 0.1%), and this stream was neglected in consequence.
This fact was expected due to the low amount of sugars in the precipitated lignin samples,
main precursors of these components. The yields of the rest of streams are shown in Figure

34.
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Figure 3.4. Product yield from the lignin depolymerization reaction of the three main products:
phenolic oil, residual lignin (RL), and coke.

Regarding the oil production, the aimed product of the reaction, the variation of the yields
did not follow a clear trend. However, it can be established that the highest yields of oil
(from 18.23% up to 23.5%) were obtained from the organosolv lignin samples, excepting
those precipitated using 1 volume of acidified water, whose yields were much lower
(14.72% and 13.16%). In general, bigger yields of phenalic oil were obtained for organosolv
samples. The lower values for AO and OO 1 vol, was in line with their bigger My, in
comparison with rest of organosolv samples. However, among almond and olive samples,
there was no clear difference between them, despite the difference showed in terms of the
S/G ratio shown in Table 2.9 and Table 2.11. In the case of the soda lignin samples, the
trend was more complex, pointing the independency of the lignin precipitation pH value
and the lignin source (almond shell or olive tree pruning) in the production of high phenolic
oil yields. These results lead to the hypothesis that the repolymerization reactions have
buffered the differences that were expected to be found according to the characterizations
carried out in the previous chapter. In any case, the reported phenolic oil yields were in line
with even best results presented in previous works of the group in comparison with the
values detailed in Table 3.1.
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The most abundant product of the reaction was the residual lignin (RL). The collected
quantities were around the double of the phenolic oil yield. Reactions carried out using
organosolv lignin samples generated higher quantities of RL. Whereas the coke, the other
compound that also appears during the repolymerization reactions by the condensation
and dehydration of small phenolic fractions, was lower for the organosolv samples. The
structure of coke presents a lower ratio of oxygen per carbon atom, as it was demonstrated
by Long et al. [128]; which makes it the most undesirable product of the reaction.

Even if RL is not the most desirable product of the reaction, it would allow its recirculation,
in the case of a continuous process or its valorization as a modified lignin, as it was
published by Mahmood et al. [254], who proposed to use residual lignin as feedstock for
polyurethane production since this residual lignin contained more hydroxyls groups than
the initial one. Therefore, residual lignin can be considered as a byproduct itself of the
reaction and not a waste product. Notwithstanding, the low solubility of coke makes it a
recalcitrant compound whose possibilities to be furtherly valorized are complicated.

Therefore, the delignification process should be designed in consonance with the
undesirable product that would interest to produce in the lowest amount. Thus, if coke is
designated as the less desirable product, and the focus is pointed out on maximizing the
phenolic oil yield, it is found that the lignin samples from the organosolv process are more
suitable to be depolymerized than the soda ones. On the other hand, the independence of
the precipitation process was remarkable, with obtained coke yields very similar for the
lignin samples that were precipitated with different methods, without observing a clear
tendency that would help to determine the best conditions for this stage.

3.2.3. Products characterization

As first, the amount of the phenolic monomers obtained during the reaction, which were
measured by GC-MS analysis by the methodology described in Appendix 3, are detailed
in Table 3.2. All catechol and catechol derivatives (3-methylcatechol, 3-methoxycatechol,
4-methylcatechol, 4-ethylcatechol) were classified in the same group as well as cresols (o-
m-, and p- cresol). All the product yields were represented with regard to the lignin fed to
the reactor.
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Table 3.2. Monomeric phenolic compounds measured in the oil fraction after the reaction.

Lignin Yield Catechols Phenol Cresols Guaiacol Syringol

Sample (% wiw) (%) (%) (%) (%) (%)

AS pH=6 6.20 £ 0.49 5.80 +0.55 025+0.05 0.13%0.01 0.02 +0.01
AS pH=4 3.16+0.74 2.85+0.60 0.18+0.06  0.11+0.06 0.02 +0.01
AS pH=2 6.32 £2.22 597 £2.14 023+£005 0.11+0.02 0.02 £0.01

AO 1 vol 6.44 +0.63 6.01+045 025+0.09 0.12£0.04 0.04 £0.04
AO 2 vol 8.27 £0.62 7.78 £0.47 031+0.09 0.15%0.04 0.02 +0.01
AO 4 vol 6.62 +0.84 6.24£0.73 024+006  0.12+0.04 0.01£0.00

0S pH=6 311021 2.82+0.17 0.16 £0.01 0.12+0.03 0.01£0.00 0.01£0.00

OS pH=4 4.56 +£0.38 4.22 +0.34 0.19+£0.01 0.12£0.01 0.02 £0.00 0.01+0.00

OA pH=2 4.91+0.06 4.59 +0.05 0.19+0.01 0.12 £ 0.01 0.02 £0.00

00 1 vol 3.84+129 3.65+1.16 0.11£009  0.07£0.04 0.01£0.00
00 2 vol 3.91+£039 3.61+0.34 018+0.02  0.11+0.03 0.01£0.00
00 4 vol 6.41+0.63 6.06 £0.65 0.22 £0.01 0.13+0.02 0.02 £0.00

It was observed that, even if beforehand, the olive pruning lignin samples were more
suitable for the depolymerization process than the almond lignin ones (higher percentage
of B-O-4 linkages and higher S/G ratio), the best yields were obtained with the almond
samples. On the other hand, the obtained yields for organosolv samples were in
concordance with their lower My, and their slightly higher density of ether linkages.

Regardless of the initial lignin sample used, the major components found in phenolic oil
were catechol and its derivatives, followed by phenol and cresols (o-m-p-cresol)
respectively. This fact reinforces the statement that the NaOH catalyzes, besides the
depolymerization reactions, the hydrolysis of the ether bonds, which lead to syringol and
guaiacol, demethoxylation, demethylation and dealkylation reactions. The mechanism of
this reaction can be seen in Figure 3.5. In alkaline conditions, the hydroxyl groups in the
phenolic ring react with NaOH to form a phenolate anion. After several electron migration
steps, a phenolate side chain was eliminated by hydrolytic cleavage of an ether bond to
form a quinone intermediate [255]. As a consequence, phenol, cresol or catechols are
produced.
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Figure 3.5. Schematic representation of the demethoxylation and demethylation reactions
undergone in BCD [256].

Amongst the yields reached by each lignin samples used in the study, the almond shell
lignin samples presented the highest yields, above 6% in all the cases, except for “AS pH
4’ For olive tree pruning lignin samples, the total yield values were always lower than 6%,
with the exception of “O0 4vol’. Regarding the differences between the two lignin
extraction processes, a perfect correlation was not found although organosolv lignin
samples obtained the highest yields in both cases, in line with higher phenolic oil yields as
well as the greater ether linkages percentage in lignin samples. Regarding, the precipitation
method, it could not be found a clear tendency for the variation on the obtained yields
neither. In general, despite the observed differences, the distribution of the obtained
products was really similar for the 12 used samples because, which countersigned that the
mechanism of BCD depolymerization followed the same patterns regardless the lignin
source used.

The yields of the phenolic monomer compounds were slightly higher than the yields
reported so far by the investigations accomplished by this group as it can be seen in Table
3.1. This fact was attributed to the used reaction conditions since they were selected from
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an optimization survey [250]; the chosen biomass (almond shells presented better yields
than olive tree pruning), as well as the inclusion of the pretreatment stage to maximize the
purity of the lignin samples. Although the difference was narrow, these results reinforced
the chosen strategy. The comparison of the obtained results with other works included in
the literature that also used BCD for lignin depolymerization was somehow complicated,
due to the different processes used, the different phenolic monomer measured, the
concepts applied to differentiate products, etc. However, in some cases, where the reaction
conditions were quite similar, the comparison can be established. For instance, Limarta et
al. [257] presented a maximum total monomers yield of 6.1 wt.%, even using
heterogeneous catalyst (Ru/C 10%+Mg0O/Zr0,10%) during the reaction. Although many of
the phenalic oil yields reported in the literature are higher than the ones presented in this
work, the phenolic monomer yields were similar to the values obtained in this study, as it
was the case of the work presented by Dabral et al. [258], who, despite achieving a
phenolic oil yield higher than 50%, could not reach phenolic monomer yields above 5 wt.%
using inorganic base catalyst, such as dimethyl carbonate (DMC). The use of organic
solvents in BCD enables an increase in the monomer production, as it was demonstrated
by Long et al. [259], who reached a total monomer yield of 13.2% using THF as lignin
solvent with MgO as base catalyst. A phenolic monomer yield close to 25 wt.% was
reached by Chaudhary and Dephe [260], using basic zeolites (NaX) in ethanol-water
solvent. In general, the obtained values were located in the frame of the top values
previously obtained by the BioRP group. Nevertheless, they were still below the best
performances presented by other works that already used the BCD mechanism.

Regarding RL, in spite of its phenolic structure, its composition was different from the
original lignin introduced to the reactor. Primarily, the molecular weight (M.) and the
polydispersity index (Mw/M,) of these RL samples were analyzed by GPC analysis. The
results are detailed in Table 3.3.
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Table 3.3. Molecular weight distribution of the RL reaction.

Residual Lignin (g},"’r;vol) MJM,  Residual Lignin (g%;”ol) /M,
RLAS pH=6 6253 7.4 RLOS pH=6 5103 6.89
RLAS pH=4 7892 754 RLOS pH=4 1844 6.64
RLAS pH=2 5031 6.07 RLOS pH=2 1819 6.5
RLAO 1 vol 7311 815 RLOO 1 vol 6804 871
RLAO 2 vol 7004 773 RLOO 2 vol 5910 744
RLAO 4 vol 6535 7.3 RLOO 4 vol 581 7.03

The big differences in terms of My, and My/M, that was shown in Table 2.8, between soda
lignin samples (with M,, above 15,000 and M./M, above 10) and organosolv lignin samples
(around 4000-6000 g/mol of M\, and Mw/M, below 5); was totally reduced for RL, since very
similar values for both My, and M,/M, were obtained for the 12 studied samples.

This fact indicated that the mechanism of the undesirable repolymerization reaction
through which RL was produced, was similar regardless of the type of lignin used as raw
material. The alkaline conditions enabled the formation of phenolate carbanions from
catechols and phenols mainly, which were not blocked by an extra capping or blocking
agent. The consequence of undergoing the same mechanism for all reactions was that not
big differences were found in the yields of RL and coke regardless the lignin sample used.
The structure of this RL was also analyzed by FT-IR spectrums. In order to simplify the
understanding of the analysis, only the spectra of the representative samples were
represented in Figure 3.4. Indeed, there was no difference at all between the spectra of
samples collected from the same raw material and delignification method, with the only
difference in the isolation method.

85



Lignin as a source of phenolic compounds: from lignin extraction to its transformation by different routes

1700 1510
RLAO 2vol 2930 RLAO 2vol i 1595 1220 1030
2840 ! |
~  |RLOO 2vol r/—,_‘ _ RLooz_!ol\‘
C 5 k= |
& lrspt S\ — 3 [Riasems A
2 8 |rospHa W7\
§ |ROsps g AVAR =
g
8 & | /'\‘w
g £ "\ \u "\
|
L /
| {
i {
||
|

T T T T T T T T T T
4000 3600 3200 2800 2400 2000 2000 1800 1600 1400 1200 1000 800

Wavenumber (cm 1) Wavenumber (cm")

Figure 3.6. FT-IR spectra of RL.

The wide signal around 3400 cm-! was very smooth for all RL. A new peak that was not
detected in the lignin samples was detected at 1700 cm-'. This band corresponds to the
characteristic stretching frequency of the carbonyl group [128]. This could be related to the
cleavage ofi3-O-4 ether bonds of the raw lignin during the depolymerization reactions that
lead to unstable fragments that, in order to stabilize themselves, form a double bond
between the carbon and the oxygen creating the carbonyl group in the RL. The peaks at
1510 cm-' related to benzene structural lignin absorbance almost disappeared in the RL
spectra, which suggested that RLs have lower aromatic nature than the initial lignin
samples. In addition, the peak at 1220 cm-' that was visible in the initial lignin samples,
which is assigned to the ring breathing with C-O stretching of both the syringyl and guaiacyl
structures [113]; was not visible in the RL samples. All this indicates that the so-called RL
fractions have a lower quantity of syringyl and guaiacy! units which have reacted during
the depolymerization reactions and have been transferred to the phenolic oil fraction.
Hence, as the RL presented a different structure in comparison with the initial ones, it could
be established that the conversion of all raw lignin samples was total.

3.3. Direct lignin depolymerization from black liquors (Publication Ill)

Another strategy to increase the lignin depolymerization yields was approached in this
section. Besides all the works where solid lignin has been depolymerized by alkaline
hydrolysis or employing only water and ethanol as a hydrolyzing agent, very few studies
have been carried out using the liquors from the biomass delignification processes. In a
previous work, developed by Erdocia et al. [261], an organosolv black liquor was submitted
to a high temperature and pressure process after its conditioning, where most of the
ethanol was removed. The major obtained compounds were syringol and guaiacol, but high
quantity of char was undesirably produced. In another work, black liquors from alkaline
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delignification of biomass employing NaOH and KOH were also treated at high
temperatures in order to hydrolyze the lignin [253]. In this case, the black liquors were also
concentrated, removing half of the water, prior to their treatment. In this case, the main
compound obtained after the lignin hydrolysis was catechol and considerable amounts of
phenol and cresols were also reported.

In this section, the black liquors were directly submitted to a hydrothermal treatment instead
of precipitating lignin prior to its BCD depolymerization. In this sense, the removal of some
stages of the global processes formerly presented was addressed in order to simplify and
reduce the cost of the process.

3.3.1. Experimental approach

Two reaction mechanisms were approached: (i) BCD mechanism was used in the case of
soda black liquor, and (ii) solvolysis for organosolv black liquors. Both treatments were
applied to almond shell and olive tree pruning liquors with the aim of obtaining relevant
information about the influence of the raw material. The reaction conditions were 300 °C
and 80 min with constant stirring and reaching pressure values of 90 bar, in the case of
soda liquors and 110 bar, in the case of organosolv liquors. These are the same conditions
used for depolymerizing solid lignin samples and were selected in order to allow the
comparison of the obtained results by the two paths. The quantity of liquor introduced in
each case was 20 g.

The applied downstream separation processes were similar to the ones described before
for soda liquors. Nevertheless, in the case of organosolv liquors, after the cooling down,
the tar (RL + char) separation from the liquid phase was carried out by adding 2 volumes
of acidified water (pH = 2). The rest of the process was exactly the same as it was reported
in Section 3.2.1.

3.3.2. Characterization of the black liquors

As a first step, the black liquors were physico-chemically characterized to determine the
initial conditions of the material subjected to the depolymerization reactions. In Table 3.4,
the most important parameters of those liquors are detailed.
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Table 3.4. Physico-chemical characterization of black liquors (AOL: Almond Organosolv Liquor;
ASL: Almond Soda Liquor; OOL: Olive Organosolv Liquor; OSL: Olive Soda Liquor).

Parameter AOL ASL ooL OoSL
Density (%) 0.85 £ 0.01 1.07£0.00 0.86 + 0.00 1.08 £ 0.01
pH 411+£0.01 13.89+0.02 4.02 £0.03 13.77 £ 0.02
Dry content (%) 490+£0.06 14.99+0.07 5.06 + 0.11 15.29 £ 0.08
Organic matter (%)  4.86+0.06  5.39+0.07 5.01+0.11 5.67 £ 0.05
Inorganic matter (%)  0.04 £ 0.00 9.60 £ 0.01 0.04 £ 0.01 9.61+£0.04
Lignin content (%) 47 457 479 473

As it was expected, the soda liquors presented much higher inorganic matter than the
organosolv liquors. This high percentage was due to the moderate quantity of sodium
hydroxide introduced in the soda process while, in the organosolv process, any inorganic
compound was used as a reagent. The organic matter was also higher in the case of the
soda processes. This fact was associated with the higher potential of the soda process to
increase the yield of the delignification stage because, besides lignin, it also solubilizes
hemicelluloses as well as some parts of the cellulose. On the contrary, the organosolv
process is more selective to dissolve mostly lignin. The other parameters of the black
liquors were inherent to the biomass used as feedstock. The density was higher in the soda
liquors as it was a mixture of water and sodium hydroxide while the organosolv black liquors
had lower density as they were a mixture of water and ethanol. The measured pH was
close to 14 in the case of soda black liquors because of the sodium hydroxide dissolved in
the medium, and around 4 for organosolv black liquors. The acid character of these liquors
was principally associated with the acetic and formic acids formed in the delignification
process from the degradation of the hemicellulosic compounds.

Regarding the lignin content, the obtained values were very similar in all the characterized
liquors. The delignification treatment and the raw material did not have a huge influence
on the lignin concentration in the final liquor. However, the total amount of the obtained
black liquor was higher for the soda processes (around 30% more liquor obtained) than in
the organosolv delignification. This fact led to higher lignin extraction yields for the soda
process despite the concentration was lower in the liquor. The reason for this higher
extraction yield could be based on the different severity factors applied during the
delignification stage process, which not only depends on the time and temperature under
which the feedstock was submitted during the reaction, but also the pH the reaction took
place at [262].

88



Lignin Depolymerization

In spite of the lower temperature at which the soda process was accomplished, its alkaline
conditions created a more severe medium that explains the greater lignin extraction yield
as well as the higher My, of the obtained lignin samples as it was already demonstrated by
other works [263]. However, the organosolv process was carried out at a higher
temperature, which reduced the difference to obtain similar concentrations of lignin in the
black liquors. In the case of soda liquors, around 84% of the total organic content was lignin
whereas in the case of organosolv liquors this amount rose up to 95%.

3.3.2. Liquor depolymerization yields

The yields of the three main products (phenolic oil, RL and coke) are shown in Figure 3.7.
These yields were calculated using the percentage of organic matter contained in the black
liquors as the basis since some of the products obtained after the reaction could also come
from that organic compounds that were contained in the liquor but not precipitated as lignin.

50
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[ Residual Lignin

Il Coke

25

Reaction products yield (%)

AOL ASL OooL OSL

Figure 3.7. Yield of the products recovered after thermally lignin depolymerization from black
liquors.

It can be observed that the yield of the phenolic oil was around 20% in all the cases. The
minimum value was obtained for OSL with 18.98%, while the maximum was produced with
OOL, with a yield of 21.78%. In general, the differences regarding the obtained phenolic
oil yields could be considered negligible. Thus, regardless of the feedstock and the
selected reaction mechanism (BCD or solvolysis), the undesirable repolymerization
reactions limited the phenolic oil yields to similar values. These values were really close to
those obtained when solid lignin was depolymerized in alkaline solutions under similar
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operation conditions [109,240,264]. Nevertheless, it has to be highlighted that these yields
were referred to the total organic content, which includes not only the lignin but also other
components originated from the hemicelluloses and the cellulose platform. Therefore, it
could be said that the obtained reaction yields were even higher than the ones obtained
from precipitated lignin if we could have separated the exact amount of lignin at the initial
black liquors, which was impossible to be achieved with accuracy. As it was pointed out
before, the lignin content was almost the same in the different liquors and the treatments
of these liquors led to a similar quantity of phenolic oil, remarking the independency of the
raw material and the reaction mechanism when the reactions conditions are harsh.

However, a huge influence of the employed solvent was observed on the rest of the yields
for RL and coke. Regarding the RL, in which the soda liquor was used, the generation of
this byproduct was significantly higher than in the case of the organosolv process (from
36.5-37.9% for soda samples to 19.7-28.8% for organosolv ones), whereas the coke
production performed the other way around, with higher percentages for organosolv
samples (around 30-35%). On the contrary, soda samples presented a small production of
char (lower than 3.0%). These results were found to be in the opposite trend than the ones
obtained with the solid lignin depolymerization, where more RL and lower coke were
generated from lignin obtained by the organosolv delignification method.

This behavior could be explained due to the activity of the NaOH, which could act also as
a catalyst, inhibiting the formation of coke [111]. The OH- ions of the sodium hydroxide
neutralize the molecules which cause the polymerization for char formation as, for
example, the carboxylic acids, which are prone to react with hydroxyl groups to form ester
bonds, which are responsible for the formation of coke [265]. The lower yield was followed
by anincrease in the formation of RL, which leads to the conclusion that the RL was created
by the polymerization reaction, and the formation of coke is one step forward in such
reaction, where highly condensed structures are created, which are not possible to be
solubilized even in organic solvents, such as THF. Therefore, because of the lack of these
OH- ions presented in the organosolv delignification, the depolymerization from black
liquors suffered an increase in the coke formation.

3.3.2.1. Reaction streams characterizations.

According to the characterization of the products, the obtained phenolic oil was composed
of a wide range of products due to the heterogeneity of lignin, even if the complete
depolymerization of lignin to phenolic monomeric structures was not reached. The
monomers were characterized by GC-MS and the obtained values are collected in Table
3.5.
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Table 3.5. Phenolic monomer compounds analyzed by GC-MS spectra.

Compound (%) AOL ASL ooL OoSL
Phenol 0.28 £ 0.02 0.66 + 0.07 0.33+0.02 1.01£0.13
Cresols 0.15+0.02 0.30 £ 0.01 0.27 £ 0.08 0.42 £0.00

Guaiacol 544 +0.34 0.03+0.00 3.90+0.34 0.05+0.01
Catechol 0.77 £ 0.06 1.63+0.13 0.45+0.05 1.50 £ 0.02
3-methylcatechol 0.11+0.00 0.90 £ 0.03 0.91+0.02
3-methoxycatechol 2.64 £0.24 210+0.25
4-methylcatechol 0.16 £0.02 1.85+0.02 1.81+£0.11
Syringol 11.30 £ 0.56 10.25+£0.23
4-ethylcatechol 0.14£0.00 0.89+0.08 0.97 £0.05

Acetovanillone 0.32+£0.08 0.09 +0.03

Guaiacylacetone 0.73+£0.16 0.32 £0.04

Acetosyringone 0.19£0.03 0.13£0.04

Con'g'eonr;f;‘ig[f(%) 2223+09 626404  1751+110  6.67+030

There was an appreciable difference between the compounds in the oil from the soda
liquors and the organosolv liquors. In the organosolv liquors, the main obtained compounds
were guaiacol and syringol, while these two compounds almost did not appear in the oil
from the soda liquors. Therefore, the role of NaOH as catalyst to release not only the lignin
cleavage, but also the demethoxylation, demethylation, and dealkylation reactions were
proven.

On the other hand, in the case of organosolv black liquors, the 3-O-4 ether bonds of the
lignin were broken down due to the solvolysis of the reaction mixture (water/ethanol), where
the hydrogen-donating medium created a lower oxidant medium that did not lead to
demethoxylation, demethylation and dealkylation reactions, as in the case of the extreme
alkaline medium. The cleavages of these bonds, which are the major bonds in the lignin
macromolecule, led to the formation of syringol and guaiacol but did not go on to form other
monomeric phenols. Indeed, all the monomers identified in noticeable amounts in the case
of soda black liquors, have no methoxy groups in their molecular structures, whereas in
the case of organosolv black liquors, besides guaiacol (1 methoxy group) and syringol (2
methoxy groups), high quantity of 3-methoxycatechol was recovered, and, as
consequence, some catechols were quantified. In addition, acetovanillone,
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guaiacylacetone, and acetosyringone, all of which have a methoxy group, did not appear
in the soda black liquor, whereas they were measured in the organosolv liquors.

Comparing the concentration of the phenolic monomers in the organic oil, big differences
were observed between the organosolv and the soda methods. The former presented a
higher purity of this oil in terms of phenolic monomers compounds, as it was intended
(around 20% for both feedstocks). On the contrary, barely 6-7% of the oil was formed by
monomers using soda liquors. Therefore, the use of soda as solvent allowed the
achievement of complete reactions of demethoxylation, demethylation, and dealkylation,
but the total yield of monomers was found to be around three times lower than in the
organosolv black liquors. It is thought that the presence of ethanol as hydrogen-donor
agent stabilize the primary unstable products, such as the phenolic hydroxyl intermediates,
which are prone to repolymerize to form bigger structures limiting the maximum yield of
monomers that can be reached [114].

To facilitate the comparison of the phenolic monomer yields obtained by the direct
depolymerization of lignin contained in the black liquors and the yields reached when
precipitated lignin was submitted to the depolymerization reaction (Table 3.2), the results
of the phenolic monomeric yields are presented in Table 3.6, related to the initial lignin
contained in their respective liquors (Table 3.4). The phenolic monomer composition was
expressed by monomer groups in the same way it was reported in Table 3.2.
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Table 3.6. Phenolic monomer yields of the different samples subjected to the depolymerization
reaction (Catechols: catechol, 3-methylcatechol, 3-methoxycatechol, 4-methylcatechol, and 4-
ethylcatechol. Cresols: o-, p-, and m-cresol. Guaiacols: guaiacol, vanillin, acetovanillone, and 4-
hidroxy-3-methoxy-phenylacetone. Syringols: syringol, syringaldehyde, and acetosyringone).

Black Yield Catechols  Phenol Cresols Guaiacols Syringols

Liquor (% wiw) (%) (%) (%) (%) (%)
AOL 457+0.05 0.78+0.05 0.06£0.01 0.03+0.01 1.35+0.05 2.36 +0.06

ASL 144+0.04 120+£0.01 0.15+£0.01 0.07+0.01 0.01£0.01 0.01£0.01
OOL  401+010 0.57+0.06 0.08+0.01 0.06+0.02 0.97 £0.06 2.37+0.08
OSL 152+0.01 1.18+0.01 023+0.03 0.10+0.02 0.01 £0.02 n.d.

In comparison with depolymerization from lignin precipitated samples, the obtained
monomer yields were lower in most cases. Indeed, the best result obtained for isolated
lignin samples (AO2vol) was almost double (8.27%) than the best results obtained with
direct lignin depolymerization (AOL with 4.57%). In this sense, it could be concluded that
the simplification of the whole process by the removal of the isolation stage for lignin
precipitation drove to obtain poorer results in terms of phenolic monomer, which it was
likely hindered by the co-existence of other compounds in the liquor, such as carbohydrates
and acids mostly.

Finally, the RL samples isolated from liquors were also characterized by means of their
molecular size and polydispersity as it is shown in Table 3.7.
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Table 3.7. Residual Lignin (RL) analysis based on their molecular size (Mw) and polydispersity
(Mw/M).

. - My

Residual Lignin (g/mol) Mw/Mhn
RL AOL 2433 4.50
RL ASL 2177 477
RL OOL 3426 4.27
RL OSL 2465 4.84

At first glimpse, the high similitude among all the RL samples collected after the reactions
could be observed. Neither the raw material nor the reaction mechanism made big
differences in the repolymerization reaction, as it was suggested before. Therefore, the
unique difference in terms of the lignin undesirable repolymerization reactions, was the
degradation level of this repolymerized lignin or RL, which, in the case of the organosolv
black liquors underwent a further degradation to generate coke. In the case of soda liquors,
the action of NaOH was thought to prevent this degradation to a highly condensed
structure, such as coke. All the values for Mw were really low, and lower than both the Mw
of the initial lignin samples, as well as the residual lignin obtained after depolymerization
reaction using solid lignin samples. However, their My/M, was higher than the initial
organosolv lignin samples values, despite their smaller size, which leads to conclude that
RL streams were composed by several fractions of different size, forming a heterogeneous
compound. In comparison with RL from isolated lignin samples, both values were smaller
(My and My/M).

The difference between the streams involved in the reaction, with the exception of coke,
whose collected amount was insufficient to perform the analysis, was also shown by the
spectra curves collected by the GPC technique. A quantitative analysis of the phenolic oils
was not possible to be conducted since their fractions were completely at the extrapolation
region of the calibration curve. Nevertheless, the qualitative differentiation by GPC spectra
was significant enough. Hence, in Figure 3.8 all the spectrum curves collected from the
GPC analysis of almond samples are presented, which were selected as reference to
facilitate the visual interpretation.
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Figure 3.8. Spectrum curves of the GPC analysis (AO2vol: Alimond Organosolv lignin precipitated
with 2vol; ASpH4: Almond Soda lignin precipitated at pH 4; RL AOL: Residual Lignin from Almond
Organosolv Liquor depolymerization; RL ASL: Residual Lignin from Almond Soda Liquor
depolymerization; PO AOL: Phenolic Oil from Almond Organosolv Liquor depolymerization; and
PO ASL: Phenolic Oil from Almond Soda Liquor depolymerization).

Different shapes and peak locations between samples can be observed. ASpH4 was the
sample whose main peak was most displaced to the biggest My, sizes. This peak was found
to be really wide, remarking both the big average size of the sample as well as its high
polydispersity, as it was reported in Table 2.8. AO2vol showed a narrower peak in
comparison with other samples, with a polydispersity of 3.03. The spectra of the RL were
very similar among them, with two main peaks that led to a higher polydispersity than the
organosolv sample one. This similarity between curves highlighted that this component
was obtained by the same mechanism during the reaction, despite the used initial lignin
and solvent. The shape of the two peaks of the curve indicated that not all the fraction of
the repolymerized lignin was able to reach such a big structure. Finally, the peaks of the
curves corresponding to the phenolic oils were located in the lowest M, section.
Additionally, the difference among the phenolic oils was also noticeable, since the phenolic
oil from the organosolv lignin presented a displaced curve to the lowest My, area, which is
in consonance with the higher percentage of monomeric compounds measured by GC-MS
for such phenolic oil.
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3.4. Lignin depolymerization from industrial liquor: towards maximizing
depolymerization yields (Publication IV)

The different scenarios approached to obtain small phenolic compounds from lignin, either
if the depolymerization reaction was accomplished using solid lignin or directly from black
liquors, have experimented also negative aspects in form of repolymerization reaction,
whose existence limited the phenolic monomer vyields and created more recalcitrant
byproducts, such as RL and coke.

The undesirable repolymerization reaction mechanism under alkaline conditions was also
explained in section 3.2.1, where it was mentioned that the instability of some intermediate
products leads to undergo these undesirable reactions. Several approaches have been
proposed to minimize this phenomenon. Among them, the use of phenol to reduce the
cross-linking reaction to form high molecular weight compounds and to avoid lignin
repolymerization has been demonstrated by other experimental works [127,266]. On the
other hand, as it was advanced in Chapter 1, the oxidative depolymerization of lignin can
increase the lignin depolymerization yields, although non-phenolic structures could be
obtained because, under severe conditions, the aromatic ring of lignin can be broken down
to form carboxylic acids.

In this section, two strategies were tested to maximize the lignin depolymerization yields
through the formation of phenolic oil: (i) increase the oxidative environment of the reaction
by the addition of an oxidant agent, and (i) using a capping agent that could avoid lignin
repolymerization by stabilizing the reaction intermediates that are prone to undergo such
reactions.

The depolymerization reaction is structured in the same way as the previous section, i. e.,
using the direct depolymerization approach from lignin contained in the black liquors. As
liquor, instead of using streams collected after laboratory scale, industrial Kraft black liquor
was utilized to check the current possibilities of an existing stream.

3.4.1. Experimental procedure

The reactions were accomplished at 300 °C for 80 min following the same conditions of
previous sections, reaching a pressure inside the reactor of 90 bar. Industrial Kraft black
liquor from eucalyptus species was used as raw material.

Different catalytic agents (a capping and an oxidant) were used to increase the yield of
phenolic products and to reduce the coke formation. Phenol and hydrogen peroxide were
used for this purpose in a homogeneous phase reaction with a lignin/facilitating agent ratio
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of 1:0.5 (wt.%). These selected ratios were in accordance with similar works consulted in
literature [127,267]. After the reaction, the downstream processes were conducted
following the same procedure described in the previous section for the soda black liquors.

3.4.2. Characterization of Kraft black liquor

As a first step, a characterization of the Kraft black liquor supplied directly from the mill was
performed mainly to establish the concentration of lignin. The obtained values are
presented in Table 3.8.

Table 3.8. Physico-chemical characterization of Kraft black liquor (KBL).

Parameter KBL
Density (g/cm3) 1.39+0.84
pH 129+0.12
Dry content (%) 14.0 £ 0.46
Inorganic matter (%) 10.2 £ 0.06
Organic matter (%) 56+1.89
Lignin content (g/L) 67.4+£5.21

Density and pH correspond with the typical values of KBL [268]. The content in organic
matter was remarkably lower than in inorganic matter due to the composition of the white
liquor used for the Kraft cooking, a mixture of NaOH and Na,S. However, the lignin content
represented more than 85% of this organic matter, highlighting the potential of this stream
to be valorized by transforming lignin in value-added bio-products.

The lignin content and the subsequent characterization of Kraft lignin (KL) contained in the
black liquor was carried out after the isolation of that lignin by its precipitation using HoSO.
to acidify the liquor until pH = 2. The isolated KL was analyzed by several techniques. The
molecular weight (Mw) and the molecular weight distribution (My/M,) were calculated by
GPC analysis, whereas S/G ratio and linkage distribution values were taken from a
previous work carried out in the in BioRP research group by Gordobil et al. [269] using Py-
GC-MS and 2D-HSQC techniques respectively; following the same experimental
procedure that was used in Section 2.5.3. The characterization values are detailed in Table
3.9.
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Table 3.9. Physico-chemical characterization of Kraft lignin (KL).

SIG B-0-4 B-p P&

ratio (%) (%) (%)
KL 2418+461 321+032 338 29.7 49.4 20.9

The obtained My, and Mw/M, values for this KL were low in comparison with the ones of
lignin obtained by other pulping methods [222]. This fact could be a positive aspect to
facilitate its conversion into high depolymerization yields. A great value of S/G ratio was
detected for KL from eucalyptus species, whereas the percentage of 3-O-4 linkages was
really low for this sample, in comparison with previously analyzed samples, with around
half of this value. KL usually showed lower amount of ether linkages than lignin obtained
by other processes, due to the harsh alkaline conditions the Kraft process is accomplished,
which induce a severe lignin degradation and the appearance of repolymerization reactions
[51].

3.4.3. Kraft black liquor depolymerization

The depolymerization reaction product yields are detailed in Table 3.10. The yields were
referred to the organic matter contained in the liquor. Firstly, a blank reaction without any
additive was conducted as a reference point to identify the action of the capping agent.
Then, the same reaction was performed using phenol as capping agent and hydrogen
peroxide as oxidant compound. The initial phenol amount was discarded to make the
calculations of phenolic oil yield when phenol was used as a capping agent since this
compound was also collected in the phenolic oil stream.
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Figure 3.9. Reaction product yields of the different tested scenarios.

The blank depolymerization reaction already showed a high phenolic oil production
(22.6%), remarking the harsh conditions at which the reaction was carried out. Unlike the
theoretical statements from the literature [130] about the direct relationship between the -
0-4 linkages content and the phenolic oil yield. In this case, for the blank reaction, the
obtained oil value was extraordinarily high for lignin with such a low percentage of ether
linkages. The explanation could be based on the low My and M./M, that the KL showed,
although it is thought that the density of ether bonds is more influential on the final
depolymerization yield. Other explanation could come from the medium in which the
reaction was developed. The alkaline conditions were slightly softer than the ones of the
soda liquor used in Section 3.3. However, the presence of HS- ions in the black liquor,
which play an important role during the biomass delignification, could enhance the
depolymerization process as well. The HS-ion can be subsequently added to the quinone
methide intermediate and, as a strong nucleophile, may initiate the cleavage of an aryl-
ether bound to a neighboring B-C atom. Apart from the cleavage of aryl-ether bonds,
carbon-carbon bonds are also cleaved to some extent, although this depolymerization
reaction competes with condensation reactions caused by internal nucleophiles, especially
in the final phase of the reaction, which leads to undesirable repolymerizations [270].
Therefore, even if a BCD mechanism was proposed in this section, the different chemical
agents involved in the reaction played an important role to balance the adverse initial
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conditions of the KL compared to the organosolv lignin samples used in the previous
section.

The importance of these competing reactions can be noticed in the undesirable product
yields, residual lignin and coke, which were also high. The yield of the RL was 29.6%,
whereas the coke presented a value of 11.8%. This last one presented a much higher yield
than the obtained from the soda liquors. Therefore, the search of capping agents to
minimize these products was totally justified.

The introduction of phenol as a capping agent led to higher phenolic oil generation (28.4%),
which entails an increase of 25%. However, the residual lignin quantity was also increased
to almost 45%, which involved an increment of around 60%. In the same line, coke
generation was incremented in more than 50%. Therefore, the phenol not only acted as a
catalytic agent to maximize the phenolic oil yield, but also favored the undesirable products
as well. On the other hand, the hydrogen peroxide presented a big reduction in the phenolic
oil (bigger than 50%), which was considered a serious negative effect, since the target of
the reaction was maximizing this stream. The reason for this decrease was due to the
strong oxidative strength of the hydrogen peroxide, which broke the aromatic rings from
the initial lignin as well as from the small phenolic compounds that were transformed into
alkylic acids. These acids could not be quantified by the used procedure since they would
be wasted in the aqueous phase that remains after the liquid-liquid extraction of the
phenolic oil. Regarding the RL, the addition of hydrogen peroxide did not influence at all,
presenting similar values than the ones of the blank reactions, as well as in case of the
coke generation. Therefore, the best performance was obtained by using phenol as
capping agent.

Besides the performance of the reaction in terms of product yields, the chemical
composition of the phenolic oil was quantified, following the same methodology as in
previous sections. The analyzed compounds gathered by their representative group are
detailed in Table 3.9. Yields were referred to the initial lignin submitted to the reactions,
considering the lignin content measured in the liquor, as it was described in Table 3.7.
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Table 3.10. Phenolic monomer yields for the different tested reactions.

Yield Catechols  Phenol  Cresols  Guaiacol Syringol

ReactionType o) (%) (%) (%) (%) (%)
Blank 1.77£0.12 1.63+0.05 0.05+0.03  0.05+0.01 0.01+0.01  0.01+0.01
Phenol 8.98+0.17 0.81+0.11 5.89+0.21 1.09+0.01

Hydrogen Peroxide  1.20+0.21  1.18+0.01  0.01+0.01  0.01+0.01

The phenolic monomer yields for the blank reaction were low in comparison with the
results already presented by the solid BCD depolymerization reactions, as it can be seen
in Table 3.2. Although this yield was very similar to the one obtained by the direct
depolymerization of the soda black liquor (Table 3.6), or even slightly higher, which could
be justified by the action of HS- ions involved in the direct depolymerization of the Kraft
black liquor. The distribution of the obtained products was very similar to those obtained
from ASL and OSL liquors, with catechol derivatives as the main compounds,
countersigning the similar mechanism reaction in both processes. However, the phenalic
monomer yield when phenol was added as a capping agent was really high. Indeed, the
highest value obtained in this chapter so far. Despite the initial quantity of phenol was
discarded to make the calculations of the total yield, it was clear that the main compound
in this oil was phenol. However, it can be seen that more cresols than catechol derivatives
were obtained, which leads to conclude that phenol was enabling the lignin
depolymerization into small phenolic compounds but also preventing the demethoxylation
reactions that convert cresols into catechol compounds. In the case of hydrogen peroxide,
the same tendency as in the blank reaction was found, with the obtaining of even lower
total phenolic monomer yields. Catechol was almost the unique product of the reaction as
well, which can be explained as the hydrogen peroxide provokes an excess of hydroxyl
groups during the reaction, facilitating the pathway to form catechol derivatives.

3.5. General conclusions of lignin depolymerization reactions

In this chapter, different strategies have been proposed to obtain small phenolic
compounds from lignin. At first, the isolated lignin already characterized in Chapter 2, was
depolymerized by BCD. Although it was difficult to establish connections between the
results and the lignin characteristics, it was found that the lignin molecular weight and the
percentage of ether linkages were the only parameters that could have a clear influence
on the final results.

From the liquors obtained after the delignification stage, a direct depolymerization of the
lignin was approached before its isolation by the precipitation stage. The obtained phenolic
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oil yields were similar to the best results obtained from isolated lignin samples.
Furthermore, similar results were obtained regardless of the two different mechanisms that
were addressed: BCD for the soda liquors, and solvolysis for the organosolv liquors.
However, the phenolic monomer yields were lower, mostly for soda liquors, with similar
values for organosolv liquors than in the case of depolymerization from solid samples.
Moreover, the solvolysis mechanism generated a different distribution on the monomers
found in the phenolic oil, with syringol and guaiacol units as main products instead of
catechol derivatives, as in the case of the rest of BCD reactions.

Finally, several approaches focused to maximize the phenolic monomer compounds
content were investigated using industrial Kraft black liquor as a lignin source. In general,
the poorer characteristics of the Kraft lignin were balanced by the possible action of HS-
ions that catalyzed the lignin depolymerization. In this way, the blank reaction showed
similar values than the ones obtained with soda liquors. However, the inclusion of phenols
presented promising results, since the phenolic oil, as well as the phenolic monomer yields
were enhanced with the best results obtained in this work so far. The drawback of using
phenol was the generation of bigger amounts of undesirable products. On the other hand,
the hydrogen peroxide reduced the phenolic oil yield of the reaction. The extremely harsh
conditions of the reaction led to the breakup of the aromatic structures of lignin, which it
was not pursued in this work. Hence, the use of this compound is recommended under
softer reaction conditions in terms of time and temperature.
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4.1. Motivation and scope

The lignin-based products must be competitive with their petroleum-derived counterparts.
At this point, it is very important to design energetically efficient processes for the lignin
extraction and purification stages. Otherwise, it would be difficult to offer a feasible
alternative to the current consolidated products that are obtained from fossil resources. For
this purpose, the obtaining of lignin-based products has to be approached as a section of
the integrated biorefineries, where multiple products could be obtained. In this line, the
economic competition in existing markets could be faced. This also brings the necessity to
implement advanced synthesis methods that allow the integration and optimization of
whole processes to guarantee the economic feasibility with lower environmental impact.
Based on that, the techno-economic evaluation of the global process should involve both
the identification of primary cost drivers as well as the feasibility to scale the designed
processes to industrial level.

In this sense, after the qualitative and quantitative evaluation of the obtained laboratory
experimental results accomplished in Chapter 3, deeper analyses were conducted to
determine the scalability of the designed processes in the experimental sections. A
commercial simulation software was used to compare the different approached scenarios
to obtain small phenolic compounds. As it will be depicted below, the modeling of industrial
processes by simulation software is a very useful tool to validate the economic feasibility
of new scenarios without the necessity to build up the physical process.

Therefore, the scaling of lignin-based chemicals was addressed in this chapter from
laboratory experiments to industrial scale by means of a virtual simulator. Specifically, the
whole process of lignin extraction from a lignocellulosic stream (almond shell was the
biomass selected for this study) to its final conversion into phenolic monomer compounds
was compared in terms of mass balances, energetic duties, and economic costs. Several
scenarios were tested to identify the most suitable route to maximize the quality and
efficiency of the whole process.

4.2. Biorefinery simulation design (Publication V)

The design of chemical processes, as well as the integration and optimization of the units
by advanced simulators allow the assessment of many parameters and scenarios to
enhance the final product yield, quality, manufacturing cost or environmental impact,
without the necessity to accomplish real tests.

Aspen Plus® software was used in this chapter, since it is the market-leading software in
the optimization of chemical processes, mostly used in the bulk, fine, specialty and
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biochemical industries, as well as the polymers industry for the design, operation, and
optimization of safe and profitable manufacturing facilities. It is a sequential simulator, in
which each unit (block) has implemented several equations. It uses simple blocks, easy to
calculate, but also complex units, such as distillation, gas adsorption, etc [271].

This software has been also applied to design biomass processes, mainly in the pulp and
paper industry, although it has emerged as a useful tool for the simulation of biorefinery
processes t0o [272]. The application of this software in processes in which lignocellulosic
biomass is the raw material, has the difficulty of the heterogeneity of these sources and
the lack of components data bases where the components present in the biomass
composition are defined with precision. In this study, the data were defined by the chemical
properties of wood components, such as cellulose, lignin or hemicelluloses, which were
described by the National Renewable Energy Laboratory (NREL), who created a database
with the main physico-chemical parameters of these type of compounds [273].

Several works can be found in the literature about the simulation of biorefinery processes
by Aspen Plus® software for the design of the manufacturing processes to obtain value-
added chemicals from lignocellulosic resources. Moncada et al. [274] evaluated the
production of C6 sugars from softwood and corn feedstocks, approaching two techniques:
organosolv of spruce and corn wet mill. Nhien et al. [275] proposed a hybrid
extraction/distillation process to produce furfural. The simulation process allowed
evaluating different solvents to find the most suitable alternatives. However, only a few of
them considered the whole integrated biorefinery approach. Celebi et al. [276] developed
a systematic methodology to design an integrated biorefinery that utilized wood as
feedstock to obtain C5 and C6 carbohydrates, lignin and syngas platforms. Nitzsche et al.
[277] assessed the conversion of beech wood into different chemical products (ethylene,
organosolv lignin, biomethane and hydrolysis lignin) by simulating the process. In a
previous work of this research group, a deep analysis of energetic and economic analysis
was already proposed from an experimental work, which consisted in the production of
catechol from the olive tree pruning wastes [278]. In this section, an integrated multiproduct
biorefinery approach was evaluated from the experimental processes designed at
laboratory scale in the previous chapters to check the environmental and economic
feasibility to implement these processes to an industrial scale.

4.3. Simulation process modeling

The experimental data presented in Chapter 3 were used in this section to evaluate the
influence of the delignification method on the lignin depolymerization products as well as
the effect of removing the precipitation stage of the lignin before its depolymerization. Only
experimental values from one lignocellulosic raw material were selected in this section to
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carry out the simulation process in order to simplify the evaluation. Almond shells were
selected as raw material due to their higher lignin extraction yields obtained in the
experimental section in comparison with other tested streams. The simulated scenarios
were divided by the different employed delignification methods: (i) organosolv and (i) soda;
and two routes to depolymerize lignin: (i) from precipitated lignin and (ii) directly from the
black liquors. In total, four different simulations were conducted, from which the obtained
mass and energy balances were compared to identify the most interesting route. Both
analyses were completed with an economic evaluation.

4.3.1. Flowsheet description

The process description was drawn up following the experimental approach from sections
3.2 and 3.3. The processes began with an autohydrolysis pre-treatment to increase the
lignin concentration of the almond shell stream prior to the delignification stage. After this
unit, the solid material was cleaned and driven to the delignification stage, where the
organosolv and the soda processes were compared in terms of lignin obtaining. The
generated black liquors were driven to either a precipitation stage or to the direct lignin
depolymerization reaction. Both precipitated lignin and black liquors were subjected to a
depolymerization reaction to obtain small phenolic compounds.

The undesirable byproduct of this reaction, the tar, which contains the RL and the coke
fractions, was removed by acid precipitation and the phenolic oil was extracted by a liquid-
liquid extraction using ethyl acetate as organic solvent. Finally, the solvent was recovered
by distillation and further distillation stages were also designed to fractionate the phenalic
monomer compounds from the rest of the phenolic oil. The whole process is depicted in
Figure 4.1.
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Figure 4.1. Description of the lignin extraction and conversion process to produce small phenolic
compounds.

4.3.2. Modeling design

Based on the processes described above, the simulation was built up by Aspen Plus®
(V10) software. The flowsheets were divided into two sections. Section 1 (S1) was
composed of the initial stages to obtain and isolate lignin as powder. Section 2 (S2) was
composed of the lignin depolymerization and the downstream processes to isolate and
fractionate the different reaction products.

The Non-Random Two-Liquid-Redlich-Kwong (NRTL-RK) model was selected to simulate
the thermodynamic properties of the streams involved in the process. This method includes
the NRTL equation, obtained by Renon and Prausnitz, for the calculation of activity
coefficients of liquids, the Henry’'s law for the dissolved gases and the RKS (Redlich-
Kwong-Soave) equation of state for the vapor phase [279]. The simulation of the first
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section used 100 kg/h of dry almond shell as basis for the calculations, whose composition
was extracted from Figure 2.13. The cellulose, hemicelluloses, and lignin were defined by
the physico-chemical properties obtained from the National Renewable Energy Laboratory
(NREL) database [273], and by own chemical characterizations.

4.3.2.1. Modeling of Section 1

Almond shells were submitted to the autohydrolysis pretreatment, defined by a
stoichiometric reactor, whose reaction conditions were set following the reaction
parameters from the experimental section (180 °C for 30 min, using water as reagentin a
solid:liquid ratio of 1:8). The biomass dissolving reactions were defined by next reactions:

Cellulose (s) — Cellulose (d)

Cellulose (d) + H2O — Glucose (d)

Xylan (s) — Xylan (d)

Xylan (d) + H20 — Xylose (d)

Lignin (s) — o Lignin1 (d) + B Lignin2 (s)
Extractives (s) — Extractives (d)

Ash (s) — Ash (d)

~N O Ol A LWODN —
—_— e ==

The solid cellulose (s) was firstly converted into dissolved cellulose (d). After that, this
cellulose (d) was hydrated to form glucose (d). In a similar way, the hemicelluloses which
were defined as xylan (s), were partially transformed into xylose (d). The lignin (s)
contained in the biomass was converted into dissolved lignin1 (d) and other fraction
remained in the pulp as lignin2 (s). The molecular formula of lignin (s) contained in the solid
and lignin1 (d) were defined using a previous work developed in the BioRP group with
hardwood lignin [278]. The lignin2 (s), whose composition differs with regard to the original
one, was calculated to satisfy the mass balance of the reaction. The conversion index was
fixed to the unit and the product yields were fixed by the stoichiometric factors (o and B).
The extractives were assumed to be exclusively formed by B-sitosterol, following the same
procedure as in other works [280,281]. The ash content was defined as CaO to simplify
the simulation. All the yields for each reaction or stoichiometric factors were obtained from
the experimental section, whose values are detailed in Table 4.1. The conversion factors
for the reactions N°2 and N°4 were not possible to be experimentally fixed and, thus, they
were arbitrarily estimated. In the case of the reaction N°7 for the soda process, it was
considered that all the ash content was dissolved to guarantee the enough ash content in
the liquor to be able to adjust the final composition of the lignin sample after its precipitation.
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Table 4.1. Reaction yields of autohydrolysis and delignification stage for organosolv and soda
scenarios.

Reaction Autohydrolysis Organosolv Soda
1 0.416 0.118 0.317

2 0.100 0.100 0.250

3 0.744 0.014 0.594

4 0.500 0.250 0.500
5(a) 0.414 0.779 0.544
5(B) 0.586 0.221 0.456

6 0.050 0.299 0.120

7 0.230 0.577 1.000

The resulting stream from the autohydrolysis pretreatment was divided by the “FILTER1”
in two fractions: a solid stream with 10% of moisture content fixed by a design of
specification, and a liquid one, containing the rest of the liquid fraction. The solid was
washed with clean water, using a ratio of 1:2.5 solid:water, and sent to the delignification
stage, whereas the liquid fraction (autohydrolysis liquor) was extracted from the circuit as
an output stream. The washed solid fraction was then submitted to the delignification stage
where two scenarios were proposed.

In the organosolv process, the solid fraction was mixed with a stream of ethanol:water
(70/30 viv) in a liquid:solid ratio of 6:1. The stream was heated up to 200 °C and driven to
a stoichiometric reactor. The reactions that took place in this reactor were the same that
were defined for the autohydrolysis reactor, although the yields were notably different, as
it can be seen in Table 4.1. The only exception was the reaction N° 5, whose description
is as follow:

5) Lignin2 (s) — a Lignin2 (d) + B Lignin3 (s)

The obtained stream was driven to a flash unit to reduce the pressure until the atmospheric
level as well as to recirculate the condensed stream, which was mainly composed of
ethanol (~80%). In this way, the volume of the stream that had to be cooled down after this
stage was reduced, which minimized the energy duty of this cooling stage, as it will be
seen in the further sections. Thus, the depressurized stream was cooled down to 25 °C
and separated in the “FILTER2”, in a solid fraction of 80% of consistency, and a liquid
fraction. In this case, the solid fraction was washed in two steps: (i) using the recirculated
ethanol/water mixture in a solid:liquid ratio of 1:2, and (ii) a final cleaning stage using 2
volumes of water to obtain a clean “unbleached cellulosic pulp”, whose composition was
fixed according to the analysis reported in Figure 2.13. On the other hand, the obtained
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liquid fraction from the reactor was mixed with the output stream from the “WHASER2”", to
collect the liquor that was removed from the solid fraction in this washing stage. The lignin
contained in the stream resulting from this mixture was precipitated by adding acidified
water. The composition of this acidified water was designed to obtain a stream of pH = 2
using H2S04 (96 wt.%). The flow of this stream was designed to be 2 times the flow of the
total black liquor stream. During the precipitation, whose simulation was defined by a
stoichiometric reactor, the following reactions took place:

1) Lignin2 (d) — Lignin4 (s)
2) Xylose (d) — Xylan (s)
3) Ash (d) — Ash (s)

The conversion factor of reaction N°1 was defined by the experimental section. However,
the reactions N°2 and N°3 were defined by means of a design of specifications to reach
the exact composition of AO2vol lignin sample that was previously reported in Table 2.8.
These values are detailed in Table 4.2.

Table 4.2. Reaction yields for precipitation stage.

Reaction Organsolv Soda ‘
1 0.776 0.776
2 0.094 0.121
3 0.404 0.952

The resulting stream from the precipitation stage was fractionated in the “FILTER3” in a
solid fraction, which was defined with a moisture content of 1.0% and it was entitled the
“Lignin” stream. The liquid fraction was submitted to a recuperation stage, where the
solvent (mixture of water and ethanol) was distilled to be recirculated to the delignification
stage and the “WASHER?2". The reflux ratio and the number of stages were fixed to 1.5
and 5 respectively, following the methodology described in a previous work of the research
group [278], whereas the distillated to feed ratio was designed by a design of specification
to obtain a final condensate stream, whose composition would contain 70 wt.% of ethanol
(same than solvent used in the delignification stage). In this way, ethanol consumption was
reduced by 95.8%, i. e., to an almost negligible quantity.

Besides the ethanol recovery to minimize the solvent consumption, another recirculation
loop was approached to reduce the water consumption of the whole process. The water
stream from “WASHER1” and “WASHER3” were recirculated to “TANK3” to minimize the
water consumption in the precipitation stage around a 45%. The final flowsheet of the
organosolv lignin extraction section is presented in Figure 4.2.
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Figure 4.2. Flowsheet of S1 for the organosolv process.

In the case of the soda process, the solid fraction submitted to the delignification stage was
mixed with soda (7.5 wt.%) in a liquid:solid ratio of 1:6. The reactions were introduced in
the same format as in the organosolv process. The differences were based on the reaction
yields that were also included in Table 4.1. However, the temperature of this reaction was
noticeably lower (121 °C).

After the delignification stage, the separation of the solid fraction and the black liquor was
carried out in the “FILTER2”, remaining 20% of moisture content in the solid. The cleaning
stage of the solid was divided into two stages: (i) with NaOH 7.5 wt.% that was mixed with
the black liquor in “TANK1”, in a proportion of 1:2 to the solid stream, and (ii) with clean
water in a ratio of 1:2.

The liquid streams for “FILTER2” and “WASHER?2" were gathered together and driven to
the unit “PRECIPITATOR1". The precipitation reactions were defined in the same
procedure as in the organosolv scenario, although the yields of the reactions were different,
in order to achieve the same composition of the ASpH4 lignin sample that was already
reported in Table 2.8. In this stage, the precipitation of the lignin was accomplished by
adding HxSOs (96 wt.%) in excess to neutralize the [OH] ions and generate an acid
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medium (pH = 4). This excess was defined by a design of specification. The new reaction
(N°4) was introduced in this unit as follow:

4) 2 NaOH + H2SO4 — NaxSO4 + 2 H,0

In this scenario there was not a recuperation stage for the used solvent, thus the solid was
uniquely separated from the liquid fraction in “FILTER3”, remaining a moisture content of
1% in the “Lignin” stream. However, the recirculation of the washing water from
“WASHER1” was totally re-used to reduce the water consumption in “WASHER2", where
the cellulosic pulp was cleaned, as well as in “FILTER3”, the stage where the precipitated
lignin was cleaned and separated. A schematic representation of the soda lignin extraction
process is represented in Figure 4.3.
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FILTER2 REACTOR2 HEATERZ‘@! SPLITERT

% Wash Water1
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Water3

Wash Water2
>

Water5

FILTER3
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PRECIITATOR1
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Figure 4.3. Flowsheet of S1 the soda process.

As a summary, Table 4.3 collects all the specification parameters for each unit employed
in the modeling process of Section 1 for both scenarios.
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Table 4.3. Designed parameters for the units involved in organosolv and soda scenarios.

Unit h?:gﬁre Organosolv Soda
MIXER1 Mixer 1 bar
HEATERH1 Heater 180 °C, 0 vapor fraction
REACTOR1 RStoic 180 °C, 0 vapor fraction
COOLER1 Heater 25°C, 1 bar
FILTER1 SSplit Solid stream: 80 wt.% consistency
WASHER1 SSplit Water:solid (:Ieanirr1ngOir:1ttliJ?eofC §ﬁ5t<:e1r{t80“d stream 10%
TANK1 Mixer 1 bar
MIXER2 Mixer 1 bar
HEATER2 Heater 200 °C, 0 vapor fraction 121 :r Ca)(,:t(iJo\r/]apor
REACTOR2 RStoic 200 °C, 0 vapor fraction 121 :r g’ct?o‘r’]apor
FLASH Flash2 1 bar, adiabatic -
COOLER2 Heater 1 bar, 0 vapor fraction 1 bar, 25°C
COOLER3 Heater 1 bar, 25°C -
FILTER2 SSplit Solid stream: 80 wt.% consistency
WASHER? SSplit Solvent:solid clearrli]r;c};sgﬁﬁg) C0(1)‘nZtie1r;tSoIid stream 20%
WASHER3 SSplit Water:solid cleanriTr:g)i Sr;autir(:a (():fo it l n tSolid stream 20%
TANK2 Mixer 1 bar
TANK3 Mixer 1 bar -
PRECIPITATOR1 RStoic 1 bar, adiabatic
FILTER3 SSplit Solid stream dry (1% moisture content)
DISTILLATION RadFrac 1 bar, 5 stages, reflux ratio 1.5 -
SPLITER1 SSplit Stream to Washer2 2:1 to solid
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4.3.2.2. Modeling of Section 2

In this section, two scenarios were approached for each lignin extraction process: (i) the
depolymerization from the isolated lignin samples (AOS and ASS), and (ii) the direct lignin
depolymerization from the black liquors (AOL and ASL).

In the first option, the process started with the mixture of the lignin and NaOH (4 wt.%) in
a unit defined as a stoichiometric reactor, whose reactions were exactly the opposite of the
ones described for “PRECIPITATOR1”. In this case, since all the solid was totally dissolved
in the alkaline medium, the conversion factor for all the reactions was the unit.

This mixture was submitted to the depolymerization reactor with a previous heating up to
300 °C. “REACTOR3” was also defined as a stoichiometric reactor, where the following
reaction took place:

1) Lignin4 (d) — o Phenol + 3 Catechol + y Cresol + & Guaiacol + & Syringol + ¢
Oil +y Tar + n Methanol
2) 0.6 Xylan (d) + 1.6 H,O — 2 Methanol + CO;

The phenolic oil and the tar properties were defined from similar literature works [108,278].
The vanillin compound was defined as guaiacol to simplify the simulation. The conversion
for the reaction N°1 was fixed as total and the product conversion factors were defined by
the stoichiometric factors required to obtain the same yield as in the experimental sections.
The methanol conversion factor was adjusted to guarantee the molar balance of the
reaction. All the conversion yields or stoichiometric factors are detailed in Table 4.4.
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Table 4.4. Stoichiometric factors and depolymerization reaction yield for each proposed scenario
(AOS: Almond Organosolv Solid depolymerization; ASS: Almond Soda Solid depolymerization;
AOL: Almond Organosolv Liquor depolymerization; and ASL: Almond Soda Liquor
depolymerization).

Reaction AOS ASS AOL ASL
1o 9.38E-04 0.00E00 8.2E-04 4.29E-04
1B 2.01E-02 3.55E-03 1.12E-02 3.43E-03
1% 3.95E-04 1.40E-04 4.40E-04 1.95E-04
18 4.59E-05 2.21E-05 1.90E-02 1.95E-05
1e 0.00E00 0.00E00 3.37E-02 0.00E00
10 8.03E-02 4.09E-02 2.28E-01 3.31E-01
1y 7.41E-01 2.64E-01 7.07E-01 6.65E-01
n 1.02E00 1.89E00 1.00E-05 1.00E-05

2 1.00E00 1.00E00 1.00E00 1.00E00

After the reaction and before the cooling, the pressure was released using two flash
separation units (“FLASH2" and “FLASH3"). In the first unit, the pressure was reduced to
50 bar and it reached 1 bar in the second one. This configuration was selected to drive the
process in softer and safer conditions. In these units, two gaseous streams were
generated; whose compositions were mainly water and methanol. In fact, the methanol
was totally removed from the circuit by these streams. Once the pressure was set to the
atmospheric level, the liquid stream was cooled down to 25 °C and driven to a precipitator
to remove the tar produced during the reaction by the acidification until pH = 2 with HCI.
The “PRECIPITATOR2” was defined as a stoichiometric reactor as well, where the
following reaction took place:

1) Tar(d) — Tar (s)
2) Ash (d) — Ash (s)
3) NaOH + HCl — NaCl + H,0

The HCI quantity was fixed by a design of specification as the required amount to reach a
pH =2 in the medium after the reaction. All the conversion factors were established as the
unit, e. i., a total precipitation was assumed in this stage. The solid tar was isolated by the
“FILTER4”, remaining a 10% of moisture content in the tar stream.

The liquid fraction, where the phenolic monomer products were contained, was driven to a
liquid-liquid extraction operation in the “ABSORPTION COLUMN” unit. In this stage, the
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flow of ethyl acetate was fixed as 5 times the flow of the fed stream, in order to extract the
phenolic oil from the aqueous stream. Then, two distillation columns were needed to
separate the phenolic oil stream, which also contained the phenolic monomers, from the
ethyl acetate. Both columns, “DISTILLATION 2” and “DISTILLATIONS”, were defined by 5
stages with a reflux ratio of 1.5, as in the previous distillation column. However, the distillate
to fed ratio parameter was set by a design of specification to reach a percentage of
separation for the ethyl acetate of 99.5 wt.% and 99.9 wt.%, respectively. The collected
ethyl acetate from the distillate streams was recirculated to the liquid-liquid extraction
column to minimize the consumption of this component. With this recirculation, only 1.15%
of the initially required quantity was necessary to be fed in the system. Finally, the
separation of the phenolic oligomers and the phenolic monomers was also conducted by
a distillation column (“DISTILLATION4"). In this unit, 5 stages and a reflux ratio of 1.5 were
also fixed following the methodology described by Mabrouk et al. [278]. However, the
distillate to fed ratio parameter was designed by a design of specification to reach a
concentration in the distillate stream (“Phenolic monomers”) higher than 95 wt.%. A
schematic representation of the lignin depolymerization and the product separation (S2)
processes is represented in Figure 4.4.

REACTOR3

Lignin

ABSORPTION Tarr

co
COLUMN FILTER4 PRECIPITATOR2

DISTILLATION4
Phenolic

monomers

Phenolic
Qil

E MIXER3

Ethyl
acetate

Figure 4.4. Flowsheet of the S2 for lignin depolymerization and purification of the phenolic
monomer products.

For the scenarios where the depolymerization reaction was accomplished directly from the
black liquors (AOL and ASL), the “DILUTOR” unit was suppressed. Hence, the liquor was
directly driven to the depolymerization reactor. The reactions were defined as in the
previous case, but different stoichiometric factors were established to obtain the same
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yields than in the experimental section, as it was already shown in Table 4.5. Nevertheless,
the rest of the units followed the same principles. All the specification parameters for each

unit used in S2 are detailed in Table 4.5.

Table 4.5. Designed parameter for the units involved in S2.

Unit Aspen Module Parameters
DILUTOR RsStoic 25 °C, adiabatic
HEATER3 Heater 300 °C, 0 vapor fraction

REACTOR3 RStoic 300 °C, 0 vapor fraction
FLASH2 Flash2 50 bars, adiabatic
FLASH3 Flash2 1 bar, adiabatic

COOLER3 Heater 25°C, 1 bar
PRECIPITATOR2 RStoic 1 bar, adiabatic
FILTER4 SSplit Solid stream 95% solid content
ABSORPTION COLUMN Extract 6 stages, adiabatic
DISTILLATION2 RadFrac 1 bar, 5 stages, reflux ratio 1.5
DISTILLATION3 RadFrac 1 bar, 5 stages, reflux ratio 1.5
DISTILLATION4 RadFrac 1 bar, 5 stages, reflux ratio 1.5
MIXER3 Mixer 1 bar

4.4. Mass balance analysis

The process efficiency was evaluated in terms of the out-put streams, the products and the
waste streams, as well as the water and chemicals (ethanol or soda) consumptions. In
Table 4.6, the product yields and the water and chemicals consumptions are detailed.

118



Techno-economic assessment

Table 4.6. Process efficiency in terms of product yields, water, chemicals and energy consumption
as well as waste streams.

Parameter Units Organosolv Soda
Lignin yield % 4.89 10.21
Pulp yield % 55.21 38.19
Solvent consumption kg/h 14.65 427.3
Water consumption kg/h 1371 946.9
Waste Streams kg/h 1433 1391
Acid kg/h - 75.84

The product yields, referred to the initial biomass introduced to the system, were clearly
influenced by the extraction methods. The soda process highlighted its major suitability to
solubilize biomass despite its lower severity factor (121 °C for soda process against 200
°C for organosolv method). Consequently, the solid fraction (pulp), presented lower yield
but the recovered lignin was higher, since it is the main product solubilized from the solid
fraction. This difference was significant, as the lignin yield of the soda process was double
than the yield obtained in the organosolv process. Regarding, the cellulosic pulp, the yield
of the soda process was around 30% lower. Therefore, the delignification process could
be selected in function of the product that it would want to be maximized.

The inclusion of the distillation column in the organosolv process led to an extremely lower
solvent consumption. Less than 5% of ethanol was required in the organosolv process in
comparison with the soda, which positioned the organosolv process as a sustainable
method, with almost negligible solvent consumption. However, water consumption was
greater in the organosolv method. This fact was caused by the lignin precipitation stage,
where big volumes of water were consumed (double volume than the black liquor),
whereas only low quantities of acid were used in the soda process. In general, 40% more
water was consumed in the organosolv process. Because of the high consumption of
water, greater quantities of waste streams were also produced in the organosolv process.
One of the main drawbacks of using the soda method instead of the organosolv was the
necessity to include high volumes of strong acids during the process, which presents safety
risk in terms of chemical handling for the operators and the environment.

The evaluation of the S2 and the global process was assessed by the results shown in
Table 4.7, where the yields of the obtained product streams are expressed referred to the
lignin obtained in the S1, and the accumulated yield was referred to the initial biomass
used from S1.
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Table 4.7. Process efficiency in terms of product yields, water, chemicals, and energy consumption
as well as waste streams (OS: Organosolv Solid lignin depolymerization; OL: Organosolv Liquor
depolymerization; SS: Soda Solid lignin depolymerization; SL: Solid Liquor depolymerization.

Parameter  Units OSq

Lignin kgh 1000 49 1000 58 1000 102 1000 11.9
" NaOH kgh 1894 926 - - 1984 2021 -
2 Acid kgh 3312 162 1404 810 2169 221 1310 1557
Ethyl
kgh 1083 53 1476 85 626 64 1397 166
acetate
Phenolic o 160 008 142 008 030 003 046 005
monomers
B Phenolicoil  kgh 5409 264 27.76 160 980 100 3246  3.86
é Tar kgh 3245 157 6992 403 3514 358 6641 7.89
o
Waste kgh 1233 603 1404 810 1137 1159 2648 3147
water
Gas kgh 9819 480 5448 3143 1050 1069 1753 2083

1: yields referred to lignin fed to section 2.
T: results referred to 100 kg/h biomass.
*OL tar precipitation was carried out using acidified water (2 volumes), not HCI as other reactions.

The variations in the consumed inputs streams demonstrated the huge difference between
lignin depolymerization from the precipitated lignin and the direct lignin depolymerization
from the black liquors. The high soda/lignin ratio used at the experiments (20:1) provoked
the great consumption of soda in the precipitated lignin depolymerization reaction.
However, the precipitation of lignin prior to its depolymerization led to work with lower
volumes, which had a big influence on acid and ethyl acetate consumptions in the
downstream processes, showing bigger volumes of acid consumption in the OL and SL
scenarios.

In the case of the phenolic monomer stream, except in the case of OL depolymerization,
the main products obtained in the phenolic monomers stream were catechol and catechol
derivatives (considered together to facilitate the interpretation), with a selectivity higher
than 95%. In the case of OL depolymerization, a mixture of monomers was obtained, where
the syringol was the most plenty product (>50%), followed by the guaiacol (<25%) and the
catechol derivatives (>15%), emphasizing the different reaction mechanism experimented
when a mixture ethanol/water was used for the solvolysis of the lignin, as it was seen in
the experimental section. In terms of the reaction yields, the organosolv lignins, both
depolymerized from the precipitated lignin or directly from the black liquor showed not only
better depolymerization yields, but also higher yields referred to the original biomass. In
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spite of the lower yield in the lignin extraction from biomass in S1, the global yield to
depolymerize lignin was finally better for the organosolv process. This fact means that the
organosolv lignin presented a more suitable structure to be depolymerized than the soda
lignin. Regarding the influence of the direct depolymerization process, in the case of the
organosolv process it was noticeable the fact that despite the depolymerization reaction
yield for the phenolic monomers were lower than using the precipitated lignin (OL1 vs
08S1), the total yield with regard to the initial biomass was higher (OLT vs OST). The reason
was caused by the bigger amount of lignin fed to the depolymerization reaction when the
precipitation stage was removed. The removal of this stage mainly reduced the loss of
lignin, whereas, in the soda process, the removal of that stage led to an increase in the
total depolymerization yield as well, probably due to the extremely low yield obtained in the
SS reaction. In any case, the direct lignin depolymerization provoked clear benefits for the
most interesting products: phenolic monomers plus phenolic oil. Indeed, more phenolic oil
was obtained for SL than OL, the unique scenario where the soda process was more
efficient than the organosolv one. The tar, a byproduct of the depolymerization reaction
formed by a mixture of the RL and the coke, was produced in higher amount by direct
depolymerizations, regardless the employed delignification method. In this line, the
inclusion of capping agents to stabilize those compounds prior to its depolymerization
would be necessary for further surveys.

Another negative impact of the direct lignin depolymerization was the higher waste water
generated as output. If the lignin is not precipitated, more volume had to be treated and as
a consequence, more water was finally discharged. The higher amount of waste streams
was not the only drawback of using the direct depolymerization concept. As it was
mentioned before, in the organosolv process it was not allowed recirculating ethanol by the
inclusion of a distillation column. As a result, the increase of the solvent used for the
organosolv reaction rose up from 14.65 kg/h to 245.5 kg/h. This fact was expected to
hugely increase the raw material costs of this scenario.

The composition of the gas streams produced in the flash units was mainly steam that
could be used for heating other streams in parallel to save energy. In the case of OL, these
streams presented a bigger volume due to the evaporation of the ethanol, which led to a
decrease the total flow of water disposal in comparison with the SL reaction. In further
optimizations, the ethanol could be extracted from these streams to be recirculated to the
system to reduce its consumption. However, such stage would be complicated to
implement due to the high level of trace compounds also contained in these streams.
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4.5. Energetic evaluation

The performances of the designed processes were not only evaluated in terms of mass
balances and product yields. Energy plays an important role in the production cost and in
the environmental impact of industrial processes. Thus, the energetic duties should be
considered as well. In this section, the energetic demands of all proposed scenarios were
analyzed using Aspen Energy Analyzer® software. The base simulation was defined
considering that all the energetic demands were applied from utility streams. The streams
data, such as flows, temperatures and enthalpies are used by the software to quantify the
possibilities of energy saving by the integration of heat from different existing streams,
following the methodology of the “pinch” analysis, which is considered as the most widely
used technique to calculate the maximum thermodynamically feasible targets in energetic
integration [282)].

4.5.1. Energy balance analysis

The total utility demands, as well as the distribution of this demand by stage, were
calculated to compare the developed scenarios in the previous sections. The total
energetic duties for each section are detailed in Table 4.8.
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Table 4.8. Energetic duties for different scenarios (S1: Section corresponding to lignin extraction;
S2.1: Section corresponding to lignin depolymerization from precipitated lignin; S2.2: Section
corresponding to lignin depolymerization from black liquor; T: Accumulate values for the global
process).

Organosolv Soda

Section Heating Cooling Total Heating Cooling Total
(kW) (kW) (kW) (kW) (kW) (kW)

S1 479 435 914 192 196 387

S2.1 107 118 225 279 213 492
S2.1T 587 553 1140 470 409 879
S2.2 373 198 570 707 673 1380
S2.2T 606 435 1040 899 868 1767

In the case of S1, the total energetic duties were strongly influenced by the inclusion of the
distillation column for the solvent recovery on the organosolv process and the higher
temperature required on the delignification stage. In general, more than the double of the
energetic utilities were required for the organosolv process than in the case of the soda
process.

In Figure 4.5 and Table 4.9, the distributions of those duties for S1 are detailed. It can be
observed that 50% of the total duties were caused by the distillation column (as sum of the
reboiler and the condenser duties). The autohydrolysis reaction was the second stage with
the highest energetic demand, considering the combination of “Heater1” and “Cooler1”.
This influence was more notorious for the soda process (four times higher than the
delignification reaction, for instance) due to lower temperature was used in the
delignification stage (121 °C) in comparison with the organosolv process (200 °C). The
influence of the flow on the energetic demands was highlighted in the organosolv process
since even when the delignification reaction required a greater temperature than the
autohydrolysis pretreatment, the bigger flow to be treated in the pretreatment reaction led
to a higher energetic duty (more than two times).
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Figure 4.5. Distribution of energetic duties by unit for S1 scenarios.

Table 4.9. Energetic duties by each unit in the different S1 tested scenarios.

Stage Units (0] S
Heater1 kw 165.9 165.9
Cooler1 kw 165.7 165.8
Heater2 kw 62.4 34.8
Cooler2 kW 58.4 34.8
Cooler3 kW 10.9 -
Dist1Con kW 204.8 -
Dist1Reb kW 261.3 -

In the case of S2.1, the energetic demand was clearly correlated to the flow treated as the
initial stream for this section. In general, the process was the same for both precipitated
lignin: organosolv and soda. However, the quantity of fed lignin to this section was greater
for the soda process and, as a consequence, more material had to be heated. According
to the global process, more than 20% of the energetic duties were required for the
organosolv process in comparison with the soda one, which could be considered as the
counterpart for the recuperation of the solvent in the case of the organosolv delignification

method.
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For S2.2, in the case of the organosolv liquor depolymerization process, the reduction of
the total energy demand was caused by the removal of the distillation column emplaced in
the S1 to recirculate the ethanol used in the organosolv reaction. However, the decrease
of the energy demand was not directly correlated with the elimination of this stage because
of the greater flow that had to be treated in this new scenario. This fact provoked an
increase in energy consumption in S2.2, specifically more than the double of the
consumption generated in S2.1. However, the results were still lower for S2.2T than in
S2.1T, although the reduction was not as high as it was expected (lower than the 10% in
the total energetic duties).

In Figure 4.6 and Table 4.10 the distribution of the total energetic demand by each unit for
the different scenarios proposed for S2 of the flowsheet are detailed.
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Figure 4.6. Distribution of energetic duties by each unit for S2 scenarios.
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Table 4.10. Energetic duties by each unit in the different S2 tested scenarios.

Equipment Units 0S oL SS SL
Heater3 (kW) 39.0 144.2 84.8 159.5
Cooler3 (kW) 3.8 25 8.0 15.9
Dist2Reb (kW) 110.7 200.1 192.5 543.8
Dist2Con (kW) 113.8 194.3 204.9 655.8
Dist3Reb (kW) 0.8 1.0 0.6 1.8
Dist3Con (kW) 0.3 0.7 0.4 1.1
Dist4Reb (kW) 4.3 28 0.6 20
Dist4Con (kW) 0.9 0.1 0.0 0.1

Except in the case of the OL simulation, more than the 80% of the total energetic demand
required in S2 was caused by the “Dist2” unit, as the sum of its corresponding reboiler
(“Reb”) and its condenser (“Con”), whereas in the case of the OL was around the 70%.
Despite the maximum temperature that had to be reached in this unit was not relatively
high (around 80 °C), the greater volume to be treated in this stage converted this stage into
the most demanding one in terms of energy consumption. Once again, it was demonstrated
that the main parameter to be optimized to reduce the energy consumption would be the
flows to be treated, trying to reduce as much as possible these huge volumes. The reasons
of these high volumes to be treated in the first distillation column of this section was the
high volume of ethyl acetate used to extract the phenolic oil from the aqueous stream,
resulting after the tar precipitation (5 volumes of ethyl acetate for one of aqueous stream).
Therefore, it is thought that, for further cost reductions, this stage should be optimized to
minimize the volumes to be handled. The second most important unit in this section was
the “Heater3”, where the fed stream to the depolymerization reactor was heated until 300
°C. Establishing a comparison between the different scenarios, it was clear the high impact
of the flow to be treated, with greater demands always for the direct liquor
depolymerization, where the flows of the reactions were significantly higher. The influence
of this stage over the S2 was around 15% for each scenario, except in the OL, where it
represented a 25%. This fact was based on the greater reduction for the further streams
during the flash separations after the depolymerization reaction for the OL scenario
because higher percentages were evaporated when ethanol was used as solvent. From
the rest of units, the enormous reduction of the flow caused by “Dist2”, minimized the
influence of the rest of the distillation columns over the global process. Indeed, the
energetic demand of the last two distillation columns could be considered as completely
negligible. This was the main reason why such high level of product purification could be
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afforded; because bearing in mind the whole picture of the global process, a fine separation
did not impact on the final production cost in terms of the utility demand.

After the modeling in Aspen Plus®, Aspen Energy Analyzer® was employed to identify the
most critical stages for potential energetic cost reduction.

2.5.2. Heat Integration

The Aspen Energy Analyzer® software did not only report the energetic duties calculated
from the simulation developed by the Aspen Plus® software but led to calculate the
maximum possibilities to reduce the energy cost using the same flowsheet by energy
integration. This is accomplished by combining the existing units through heat exchangers
in order to take advantage of their head load. To identify the possibilities that the current
flowsheets could present regarding the integration of energy, the methodology of the
“pinch” analysis was applied. As first step, the composite curves were built, where
temperature vs enthalpy changes are represented. These curves represent the evolution
of each stream though its initial and final temperatures. The hot and the cold curves are
separated by the selected minimum temperature difference, in this case 10 °C was the
selected gap. Above this point (“pinch” point), heating utilities have to be applied whereas,
below it, cooling utilities have to be applied instead. The composite curves for the four
approached cases are presented in Figure 4.7.
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Figure 4.7. Composite curves of the proposed simulation cases. A) Solid organosolv lignin. B)
Liquor organosolv lignin. C) Solid soda lignin. D) Liquor soda liquor.

From these curves, the theoretical available energy that could be used by the energy
integration was calculated (section from the center of the curve). The theoretical maximum
available savings from the base case simulations are detailed in Table 4.11.
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Table 4.11. Potential savings in energetic duties for the global processes.

Parameter Units 0Ss (o] SS SL
Base Simulation kw 1140 1040 879.2 1767
Target Simulation kW 880.5 629.7 558.1 1419
Potential Saving % 22.8 39.5 36.5 19.7

In the case of solid lignin depolymerization, SS allowed a higher percentage of energy
integration (almost 40%). However, the absolute value was bigger for the organosolv
process as the energetic duties in the base case simulation were noticeably higher for the
latter one. Considering the four global scenarios when lignin was depolymerized from solid
samples, the SS scenario presented more possibilities to achieve higher energy savings in
percentage and absolute value. Regarding the processes that used liquor as feedstock for
the lignin depolymerization, the OL process showed bigger potential of energy savings in
absolute values as well as the total percentage. This fact adds even more negative vision
of the direct depolymerization in the soda process as it was not only the process with the
highest energy demand, but also the integration possibilities are not at the level of the rest
of the tested scenarios.

4.6. Economic assessment

The economic assessment was carried out to compare the different scenarios developed
by the simulation process as well as the current situation in a hypothetical real market
situation. The cost of purchasing and installing equipment (BMC) for the main production
sections were calculated by the technique of economies of scale (Equation 2.1) described
by Sadhukhan et al. [283], where the base cost of an equipment with a specific size is
scaled up/down to calculate the final cost of the equipment for the desired size. Most of the
equipment costs were scaled from similar previous works [284-288], and updated to the
cost of the current year (2017) by the Equation 2.2, using the chemical engineering plant
cost indexes (CEPCI).

R
%Ij=(%) (Eq. 2.1)
where SIZE1 is the capacity of the base system, COSTse1 is the cost of the base system,
SIZE2 is the capacity of the system after scaling up/down, COSTs;e2 is the cost of the
system after the scaling up/down, and R is the scaling factor.
Co=Co (£) (Eq. 22)

lo
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Where C, is the present cost, C, is the original cost, |, is the present index value, and |,
is the original index value.

The fixed capital invested (FCI) was estimated using the on-site costs, obtained by
Guthrie's method [289], taking into account the off-site and the indirect costs, the working
capital and the plant startup cost, as it is detailed in Table 4.12. The manufacturing costs
(COM) were estimated considering the operating labor cost (COL), the costs of utilities
(CUT), the waste treatment cost (CWT), and the cost of raw materials (CRM) [29].
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Table 4.12. Description of estimated parameters calculated in this work.

Parameter Calculation/Value Reference
FCI 1.3-Fixed Capital [290]
On-site Cost BMC [290]
Off-site Cost 0.45- On-site Cost [290]
Indirect Cost 0.25-(On-site + Off-site) [290]
Fixed Capital On-site + Off-site + Indirect Cost [290]
COM 0.28-FCI + 2.73::8;;)1.23'(CUT + Cwr 1290]
Operating Labor Cost
Operators Salary 41,600 (1.03) (Current year-2003) [291]
Utility Cost
Cool water 8.67E-05 €/kg Local mill
Low-pressure steam 1.1E-02 €/kg Local mill
Medium-pressure steam 1.12E-02 €/kg Local mill
High-pressure steam 1.45E-02 €/kg Local mill
Furnace heat 2.46E-02 €/kg Local mill
Waste treatment Cost
Waste water treatment 0.08 €/m3 [274]
Raw material Cost
Biomass 0.052 €/kg [292]
NaOH 0.4 €/kg Local mill
Ethanol 0.61 €/kg [276]
Ethyl acetate 0.72 €/kg [293]
HCI 0.15 €/kg Local mill
H2S04 0.04 €/kg Local mill

4.6.1. Economic results

The first step to carry out the economic evaluation was the sizing calculation to estimate
the cost of the equipment needed in each scenario. The costs per group of equipment are
detailed in Table 4.13.
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Table 4.13. Purchased and installation costs (BMC) of the equipment needed in each scenario.

Equipment Units 0S oL SS SL
Heat Exchangers k€ 1,877 3,519.5 3,722 5138
Reactors k€ 1,302 1,625.1 1,437 1,907
Distillation Columns k€ 1,415 749.1 752.0 1,573
Absorption Coulumn k€ 518.1 818.1 825.1 1,709
Separator units k€ 1,089 952.5 1,174 1,455
Tanks k€ 877.9 231.7 439.4 43.6
Total BMC k€ 7,078 7,896 8,350 11,826

Based on these estimated resullts, it could be established that the investment for equipment
would be lower for the OS scenario. The higher costs of the soda processes with regard to
organosolv ones were caused by the higher flows that had to be manipulated in the second
part of the process (S2). The greater lignin extraction yield in the soda process involved
much more NaOH to be used to dissolve lignin before its depolymerization, and
subsequently, it increased the volume of the needed ethyl acetate to separate the phenolic
oil from the aqueous phase. As a consequence of the greater flows to be treated, the size
of the equipment was noticeably bigger in the SS scenario than in the OS one for instance,
which made this process much more expensive (almost 20% more cost). The same
situation was undergone when the direct lignin depolymerization from the liquors was
approached. Not to isolate lignin prior to its depolymerization, involved an increase of the
volume that had to be heated to 300 °C at the depolymerization reactor, the stage with the
highest temperature of the whole process. In the case of the OL scenario, the avoiding of
the lignin precipitation stage led to an increase in the equipment cost of more than 10%,
whereas in the soda process the increase to avoid that stage was more than the 40%. This
fact highlighted the great sensitivity of the process regarding the solvent ratio used in the
depolymerization reaction. As it can be seen, the biggest increment in the BMC costs with
regard to the OS simulation was located in the heat exchangers units because the
energetic duties for the depolymerization reaction had to be applied by direct-furnace
equipment, a type of heater much more expensive than a common heat exchanger. There
were also differences in the reactor costs, based on the higher volumes they had to be
treated in the rest of the simulations. In addition, the bigger cost for the distillation column
in the OS process for the ethanol recovery stage was buffered by the reduction of the flow
to be fed to the depolymerization reaction in the case of the OL scenario. Thus, the
inclusion of the distillation column did not involve a direct increase in equipment costs.
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Hereafter, the estimations of the operational costs were calculated based on the utilities,
raw materials, labors, and waste treatment costs. The cost breakdown for the utilities and
the raw materials are detailed in Table 4.14 and Table 4.15 respectively.

Table 4.14. Utility costs breakdown by stream.

Stream Units oS oL SS SL
Cooling k€ 3.0 2.3 2.2 4.7
LP Steam k€ 38.2 23.4 225 63.6
MP Steam k€ 0.0 0.0 4.3 3.8
HP Steam k€ 324 34.8 23.7 23.7
Furnace heat k€ 14.2 60.6 30.2 571
Total cost of utilities k€ 87.8 121.1 82.9 152.9

At first, it has to be mentioned that the cost of the cooling stream was almost negligible
based on the current low cost of water that was considered as a reference (a paper industry
in the region in which this work was proposed — the Basque Country). Consequently, the
costs of the utilities were significantly reduced. Therefore, the total final costs of the utilities
were mostly generated by the heating streams. Once again, the main differentiation in the
cost amongst the proposed simulations was created by the energetic duties of the
depolymerization stage where it was compulsory to use a furnace to reach the reaction
temperature. The higher energetic duties for the direct depolymerization were caused by
the bigger volume to be warmed up in this stage. This was the reason why the OL and the
SL simulations presented the bigger costs. Comparing the solid lignin depolymerization
simulations, the utility costs were lower for the SS scenario despite the bigger cost in the
depolymerization stage. The inclusion of the distillation column in the S1 in the OS
simulation to recover the ethanol provoked this higher cost.
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Table 4.15. Raw materials cost breakdown for the different developed simulation processes.

Stream Units oS (o] SS SL
Biomass k€ 344 1 344 1 3441 344 1
Ethanol k€ 38,066 637,727 0.0 0.0
NaOH k€ 8,929 0.0 60,708 41,214
Acid k€ 14,591 0.0 40,735 140,290
Ethyl Acetate k€ 18,865 30,297 22,716 59,124
Water k€ 353.8 258,321 94.5 94.5
Total k€ 81,148 926,689 124,598 241,067

The raw material costs also drove to identify great differences between the simulation
processes as the total costs hugely varied from one simulation to others. OS scenario was
the cheapest scenario based on the recovery of the solvent (mixture of ethanol/water) after
the delignification stage. As the compounds with the highest costs were ethanol and ethyl
acetate, the reduction of the required volume from these streams led to a significant
reduction in the cost in comparison with other simulations. Specifically, with regard to the
OL simulation, the non-recovery stage of the ethanol in the S1 for the OL scenario deeply
increased the final cost of the raw materials more than 10 times. In addition, as it was
observed before, the insertion of the distillation column for the first scenario did not mean
an increment of the equipment costs and only the energetic requirement was increased,
but at an acceptable level. In the case of the soda processes, the impossibility to recover
the solvent after the delignification stage provoked an increase in the costs of consumed
chemicals with high costs for both alkaline and acids streams. Only in the SS scenario, the
raw material cost was increased by around 50% in comparison with the OS one. The cost
for the SL scenario was almost double than the SS process as a consequence of the
greater volume that was driven to the S2, which led to a relevant escalation in the acid and
ethyl acetate expenditures to precipitate the tar and to extract the phenolic oil, respectively.

From the previous sizing and operational calculated costs, the summary of the total project
is described in Table 4.16.
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Table 4.16. Economic evaluation for the studied processes.

Parameter Units oS (o] SS SL

BMC k€ 7,078 7,896 8,350 11,825
FCI k€ 16,678 18,605 19,675 27,364
CoL k€ 936.0 861.4 861.4 861.4
Cur k€ 87.82 1211 82.91 152.9
Cwr k€ 49.79 46.53 56.35 48.83
Crm k€ 81.15 926.7 172.1 2411

COoMm k€ 7,494 8,907 8,244 10,698

In line with the previous values, the OS scenario obtained the lowest FCI cost, which
identified this process as the cheapest scenario to initially invest. In addition, the total
operational costs (COM) were also lower than the rest of the approached scenarios. These
facts highlighted the greatest efficiency of the OS process over the rest of the tested
simulation processes. Concretely, the total FCI cost was increased by more than 10% for
the OL simulation and the COM cost in almost 20% for the OL simulation, mostly based on
the higher reactant costs. However, this process was behind the direct lignin
depolymerization processes (OL and SL ones) in terms of the production of phenolic
monomers, which is thought to have an important influence on the case of a great final
price for this stream. In any case, it has to be reminded that the volume of this product was
really low in comparison to the fed biomass. The soda processes were more expensive
than the organosolv processes in terms of the FCI costs, being bigger for the direct
depolymerization from the liquor, as well as in the organosolv processes. As it was
commented before, the greater volume in the critical stages that had to be handled in these
processes led to such increase in the investment costs. The same situation was
experienced with the COM costs. In this case, it was caused by the high demand for
chemicals that the soda processes required.

4.7. General remarks

The different scenarios studied in this chapter by process simulation were evaluated in
terms of the product yields, raw material consumption, and waste streams disposal. The
soda delignification method offered greater lignin yield (around the double). However, the
pulp yield, an important product to be considered in a full integrated biorefinery, was poorer
than in the organosolv process. The most significant difference between both processes
was the possibility to recover the solvent from the delignification stage in the organosolv
process, which reduced the consumption of the chemicals almost to a negligible degree.
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Considering the second section of the process, where lignin was depolymerized including
a previous precipitation stage or being depolymerized directly from the liquor, it was
confirmed that regardless the higher lignin amount extracted in the soda process, the
organosolv lignin was more suitable to be depolymerized, leading to a greater phenolic
monomer Yield than in the soda processes. It was also demonstrated that the direct
depolymerization kept or enhanced the product yields since the avoiding of the precipitation
stage reduced the lignin loss throughout the process.

Besides the mass balances, the energetic and economic assessments were accomplished.
By the energetic analysis, it was established that the great impact caused in the OS
simulation by the inclusion of the ethanol recovery distillation column was buffered by the
reduction of the treated volume in the S2, where the most critical stage, in terms of harsh
conditions, was located: the depolymerization reaction. This fact was also the reason why
the energetic demand for the SL scenario was really high, as the treated flow in this stage
was much bigger than in the other simulations. However, the SS simulation was the
flowsheet with the minimum energetic demand.

Besides the traditional assessment of the energetic duties, a “pinch” analysis was carried
out to identify potential energetic savings in the process, in order to approach optimized
simulations in further investigations. In this sense, great possibilities to reduce the utility
demand were found for all the proposed flowsheets with the OL scenario presenting almost
40% of utility reduction.

Finally, the economic analysis was conducted following Guthrie’s method to calculate both
the FCI and the COM costs. Both costs were extremely influenced by the high volume to
be treated at the most critical stage, specifically the lignin depolymerization reaction were
the harsh conditions (the temperature and the pressure) were required. As a consequence,
the costs of the equipment to supply the required energy were deeply incremented.
Therefore, to reduce the cost for further investigations two alternatives could be proposed:
(i) reducing the liquid/solid ratio for every reaction of the circuit, especially for the
depolymerization reaction, and/or (ii) reducing the harsh conditions of the depolymerization
stage to be capable to use more economically feasible equipment. In any case, in both
alternatives, the reaction yields would be expected to be negatively impacted.

The calculation of the revenues was difficult to be addressed due to the generation of
different product streams (catechol derivatives, phenolic oil, unbleached pulp, and tar
streams). However, using current commercial prices indicated in Section 3.1, the profit and
loss accounts were negative for all tested cases. In this sense, it was demonstrated the
negative influence of the oversized flows that were handled in some stages, on the final
cost of the processes, both in the investment as well as in the operational costs.
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In any case, the economic evaluation has been important to identify what simulation
process presented the best conditions, not as an absolute value but in a comparative way
instead. The OS scenario was demonstrated to be the most feasible solution in these
conditions since its cost in the FCI and the COM were the lowest of the four different tested
scenarios.
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General conclusions

5.1. General conclusions

In this work the design of different routes to obtain high-pure lignin samples to be furtherly
depolymerized by thermochemical processes was addressed. After the depolymerization,
some separation stages were performed to purify the products into different streams:
phenolic oil, residual lignin and coke. The quantities and composition of these streams
varied with the employed methodology and sources. Finally, a techno-economic analysis
of the different proposed routes to obtain phenolic monomer compounds was
accomplished with the help of a simulator software to identify the most feasible strategy in
terms of process efficiency, energy consumption, and costs.

5.1.1. Lignin extraction from different sources and routes

The survey started with the evaluation of different sources and processes to obtain lignin
samples. In this sense, lignin from the agave bagasse and leaves were obtained from the
delignification and bleaching stages. Lignin samples extracted from the organosolv
process (the delignification stage) presented higher purity, less condensed structure
(higher S/G ratio), lower Tg value, and higher extraction yields in comparison with the lignin
samples obtained from the bleaching stages. The possibility to obtain lignin from those
streams was demonstrated but with more recalcitrant properties, as well as lower extraction
yields.

The difference between the lignin properties depending on the source (bagasse or leaves)
showed similar properties, excepting for the higher S/G ratio for bagasse samples, but
higher yields for the lignin extraction from bagasse, probably due to the higher lignin
content in the feedstock.

The inclusion of a pretreatment stage, an autohydrolysis reaction, was evaluated in order
to obtain purer lignin samples, based on the reduction of the hemicellulosic content in the
solid fraction after this pretreatment. Although the improvement of the purity was not very
high, the homogeneity of the obtained lignin samples was increased. This fact could
minimize the influence of the initial feedstock on the final properties of the lignin stream, an
important problem in current processes that use this type of biomass sources.

The final route to obtain lignin was performed using almond shell and olive tree pruning as
lignocellulosic raw materials, comparing two delignification methods after the
autohydrolysis stage: organosolv and soda processes.

The main differences were found in the delignification process, being the soda treatment
the most profitable in terms of lignin extraction yields, whereas the organosolv process
generated the lignin samples with the highest purity, lower Mw sizes, polydispersity
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indexes, and greater relative percentages of ether linkages, which are easier to break down
to furtherly convert lignin macromolecule into small phenolic compounds.

5.1.2. Lignin depolymerization by thermochemical processes

After the lignin extraction and characterization, some of the obtained samples were
submitted to a depolymerization reaction to obtain a phenolic oil as aimed product.

The depolymerization reaction by homogeneous BCD was carried out using lignin samples
from almond shell and olive tree pruning as feedstock. As a global trend, higher phenolic
oil yields were obtained with lignin samples from the organosolv process and the lignin
samples from almond shells presented higher yields than the ones from the olive tree
pruning. Focusing on the composition of the phenolic oil, the most abundant monomer
found in the oil was catechol and its derivatives, which demonstrated that the guaiacol and
syringol compounds were degraded into more elemental products due to the harsh
conditions of the reaction. In such frame, demethoxylation, demethylation and dealkylation
reactions took placed, leading to the degradation of the lignin monomers into more
elemental structures, such as catechol, cresol and their derivative compounds. However,
regarding the used precipitation method, no clear influence was observed.

The undesirable repolymerization happened following the same mechanism, regardless
the used lignin sample, since it was observed that the chemical composition of all residual
lignin presented similar size and yields.

Other methodology was also approached to depolymerize lignin without its previous
precipitation or isolation. In this sense, the black liquors from the delignification methods
were directly submitted to thermochemical depolymerization reactions. Therefore, two
different reaction mechanisms were approached: (i) solvolysis of the lignin for the
organosolv black liquors, and (ii) BCD for the soda black liquors.

Similar phenolic oil yields (20-24%) were obtained for all the different tested reactions. The
main difference was noticed in the quantities of the byproducts obtained during the
reaction. The organosolv liquors produced much more coke (more than 30%) but lower RL
(20-30%), whereas the soda liquors produced more residual lignin (40-45%) and much
lower amount of coke (below 3%), almost negligible.

Regarding the phenolic monomer compositions, the BCD with the soda liquors led to
complete reactions of demethoxylation, demethylation and dealkylation to obtain catechol,
cresols and their derivative compounds as main products, in line with previous comments.
However, the total yield of monomers generation was found to be three times lower than
the ones provided by the lignin solvolysis, which allowed reaching significant high yields.
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In addition, the solvolysis mechanism undergone in the case of the black liquors let to
obtain unaltered guaiacol and syringol compounds as main products of the phenolic oil.

As a summary, it could be established that the most important parameters to obtain higher
phenolic monomer yields were the abundancy of ether linkages and the Mw, although the
S/G ratio had also an influence.

Another important conclusion extracted from this work is that, after de depolymerization,
the same products were obtained regardless the used lignocellulosic raw material. This
fact is considered as an important achievement since it means that it is possible to use
different lignocellulosic wastes to obtain the monomers. This fact could reduce one of the
most important drawbacks of the process that is the heterogeneity and seasonality of
lignocellulosic streams.

Furthermore, an industrial Kraft black liquor was used for testing this approach of direct
depolymerization of lignin from black liquors. In this case, the harsh conditions of the
reaction, as well as the action of the HS- ions, which catalyzed the depolymerization of
lignin, led to obtain similar phenolic oil yields as in the case of the soda liquors. The
inclusion of phenol as capping agent worked out as catalyst to increase the product
generation since all the products were maximized with values of phenolic oil around 25%
higher. On the other hand, the hydrogen peroxide provoked a decrease in the phenoalic oil
due to the breaking of the aromatic ring of the phenolic molecules to form alkylic acids,
which were not measured in the phenolic oil.

In terms of phenolic monomers, phenol also generated the higher value, even the higher
in comparison with the other reactions tested before. It was remarkable the different
distribution of the measured monomers since more cresols than catechol was obtained in
comparison with the blank reaction.

5.1.3. Techno-economic assessment of the phenolic monomer obtaining

The experimental values to obtain phenolic oil from almond shells were used to design
some global scenarios, which were developed using Aspen Plus® simulation software to
evaluate the most convenience route.

From the lignin extraction section of the tested scenarios, the soda delignification method
had greater lignin yield. The most significant difference between both processes was the
possibility to recover the solvent from the delignification stage in the organosolv process,
which reduced the consumption of chemicals to almost a negligible degree.
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In the lignin depolymerization method, it was confirmed that, regardless of the higher lignin
amount extracted in the soda process, the organosolv lignin was more suitable to be
depolymerized, leading to greater phenolic monomers yield than in the soda processes.

The energetic analysis drove to conclude that the most important parameter to increase
the energy consumption was the volume to be treated since, even when an additional
distillation column was included in the organosolv delignification method, the final
consumption was not much higher because of the lower volumes to be treated in the further
depolymerization and purification stages.

The economic analysis was noticeable influenced by the equipment with the harsher stage
of the whole process: the depolymerization reactor. Consequently, the cost of utilities and
equipment was really influenced by the volume to be treated on this stage. In this sense,
the direct liquor depolymerization scenarios showed higher costs because of the bigger
volumes to be treated.

Although the obtained products in the tested scenarios were not found to be competitive in
the current market, this analysis is compulsory to identify the most suitable strategy, as
well as to identify the most important drawbacks to be addressed in further optimization
studies.

As a summary, it has to be highlighted that it has been the first time in which a techno-
economic assessment of a whole biorefinery process designed from experimental data has
been developed. Up to now, the experimental optimizations had been developed to
maximize yields of a singular stage, without considering the influence on the global
process. For further optimizations, the reduction of the volume to be treated in the
reactions, precipitation stages, separation, and cleaning processes will be the main initial
consideration. In this sense, the economic feasibility of the global process would be hugely
impacted and closer to current industrial processes.

5.2. Recommendations and future work

To continue and widen the research presented in this work, several options could be
considered. Regarding the lignin source, its influence on the final lignin depolymerization
yields was not observed. However, it was found a clear difference in the S/G ration for the
different lignocellulosic source evaluated in this work: agave bagasse and leaves, almond
shells, and olive tree pruning. It is thought that the G units are more prone to generate
more condensed structures due to the steric availability in the C5 of the aromatic ring,
whereas the appearance of a methoxy group in this position for the S units forms more
stable molecules, which are less prone to undergo repolymerization reaction. Therefore,
although in this work no clear correlation between the S/G ratio and higher phenolic
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monomer yields was found, for further studies, it would be interesting to use lignocellulosic
sources with higher S/G ratio.

According to the results presented before, the Mw, Mw/Mn and the percentage of ether
bonds in the lignin molecule are the most important parameters to maximize the
depolymerization yields. In this sense, the organosolv process was more suitable than the
soda process since smaller Mw, and Mw/Mn, and higher percentage of ether bonds were
found in the lignin samples obtained by this method. In future works, the optimization of
the organosolv process parameters in order to improve the properties of the extracted lignin
in terms of molecular weight and polydispersity would be very interesting. In addition, the
inclusion of different solvents or methodologies (for example, the use of catalyst) to employ
softer conditions where lignin would be less damaged is also advised.

The depolymerization of the lignin was accomplished by the routes tested in this work. The
strategies to maximize the obtained results should be driven to the lignin extraction
methodology as it was mentioned before. In this stage, the future works should address
the optimization of this reaction in terms of: (i) the temperature, with the use of metal
catalyst to reduce the temperature to cleavage the lignin linkages in order to reduce the
great energetic duty of this stage; (i) the residential time, transforming the tested batch
reactions to continuous mode, to avoid repolymerization reactions, as well as minimize the
energy demand of this stage; and (iii) the solid/liquid ratio, since it was demonstrated the
economic unfeasibility of the experimental works with such high liquid ratios.
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Appendix A: Materials

Blue agave (agave tequilana Weber var. azul) bagasse and leaves were provided by Finca
Santiago Neuhtitan from Amatitan, Jalisco, Mexico. Bagasse is obtained from tequila
industry in which the succulent core of the blue agave plant (pinapple) is subjected to an
autohydrolysis, after these cooked cores are shredded or mashed; leaves (or stalk) are
trimmed from the core and depithed with an industrial depither.

Almond shells, obtained from prunus amygdalus tree and olive tree pruning, from olea
europaea species, were kindly supplied by local farmers. Both materials were conditioned
and grounded to obtain size particles between 0.25-0.40 cm before their use.

Kraft black liquor was supplied by “Papelera Guipuzcoana de Zicufiaga” (Spain), whose
raw material used for pulp manufacturing is eucalyptus hardwood.

The rest of reagents were provided by Sigma-Aldrich.

Appendix B: Reactors

Autohydrolysis, soda and organosolv reactions were carried out in a 4 L batch reactor
(ELO723 Iberfluid) equipped with a pressure and temperature PC-controller.

The depolymerization reactions were conducted in a batch reactor (5500 Parr reactor) with
a 4848 Reactor controller.

Appendix C: Analytical methods

Lignocellulosic biomass streams were characterized in terms of their macro-component
content using TAPPI standard methods. Moisture (TAPPI T264 cm-07), inorganic content
(TAPPI T211 om-12), ethanol-toluene extractives (TAPPI T204 cm-07), Klason lignin
(TAPPI T222 om-11), holocellulose (Wise et al. 1946), cellulose (Rowell 1984) and
hemicelluloses, as difference between hollocellulose and cellulose; were the list of
methods followed to accomplish such characterization.

Black liquors were characterized by its density, measuring the weight in a known volume
previously weighed. Total dissolved solids (TDS) were determined using a method based
on TAPPI T264 cm-97 to determinate furtherly the moisture content. Inorganic matter was
determined after combustion of the sample at 525 °C using a method based on TAPPI
T211 om-93 to calculate the ash content. Organic matter was determined by the difference
between total dissolved solids and inorganic matter. Lignin content was estimated by its
precipitation, considering that all lignin was isolated by this technique. The precipitation
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step was carried out by the acidification of the liquor by adding H2SO. until pH = 2. To
separate the solid, a filtration through a 0.45 mm nylon filter was performed. Finally, the
precipitated lignin was washed twice with acidified water (pH = 2) and then dried at 50 °C.
Lignin content was gravimetrically calculated.

Solid lignin samples were physico-chemically characterized by different methods. Acid
Insoluble Lignin (AIL) as well as Acid Soluble Lignin (ASL) were measured following the
method used by Gosselink et al. [294]. The sugar content that represents impurities in
lignin samples was determined by means of High-Performance Liquid Chromatography
(HPLC) Jasco LC-Net II/ADC equipped with a Rezex ROA-Organic Acid H* (8%) column,
photodiade array detector and refractive index detector over the liquid fraction obtained
during the AIL experiment. Samples were analyzed with a 0.005 N H,SO, dissolution with
100% deionized and degassed HPLC water at 30°C, 0.35 mL-min-! flow and 40 pL as
injection volume. For the calibration, high purity standards of arabinose, xylose, and
glucose (= 99%) were used. The inorganic content of the lignin samples was measured
using a Mettler Toledo TGA/SDTA RSI analyzer through a thermogravimetric analysis
(TGA). Around 6-7 mg of the lignin samples were heated from 25 up to 800 °C at a rate of
10°C-min-" using air atmosphere with constant flow.

The comparison of the molecular size of the different samples collected along the process
for both agave sources was developed determining the molecular weight average (Mu),
and polydispersity index (Mw/M) by Gel Permeation Chromatography (GPC). A Jasco LC-
Net II/ADC device, equipped with a reflex index detector, PolarGel-M column (300 mm 7.5
mm) and PolarGel-M guard (50 mm 7.5 mm), was used for this purpose. Samples were
analyzed with dimethylformamide as mobile phase with 0.1% of lithium bromide, with a 0.7
mL min-! flow at 40 °C. The calibration method was carried out using polystyrene standards
ranging from 266 to 70,000 g-mol-.

Functional groups of the lignin samples were analyzed by Fourier Transform Infrared (FT-
IR) technique. The spectra were recorded on a PerkinElmer Spectrum Two Spectrometer,
equipped with a Universal Attenuated Total Reflectance (ATR) accessory with internal
reflection diamond crystal lens. The defined range was from 800 to 4,000 cm~" and the
resolution 8 cm-'. For each sample 10 scans were recorded.

The '"H NMR analysis was carried out using 100 mg of lignin samples, acetylated in 1 mL
of anhydrous pyridine and 1 mL of acetic anhydride. After 24 h at room temperature, 10
mL diethyl ether was added to precipitate the lignin. The lignin was washed three times
with about 5 mL of diethyl ether to remove pyridine. The acetylated lignin was dried and 'H
NMR spectra were recorded with 20 mg acetylated lignin dissolved in 0.5 mL of CDCl3
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using a Bruker 400 MHz spectrometer at 400 MHz. Tetramethylsilane (5 mg) was used as
internal standard.

For the 2D HSQC NMR, around 50 mg of lignin was dissolved in 0.5 mL of DMSO-ds. 2D
HSQC NMR spectra were recorded at 25 °C in a Bruker AVANCE 500 MHz equipped with
a z-gradient double resonance probe. The spectral widths for the HSQC were 5000 and
12,300 Hz for the 'H and *C dimensions, respectively. The number of collected complex
points was 1024 for the 'H dimension with a recycle delay of 1.5 s. The number of transients
was 64, and 256 times increments were always recorded in the 3C dimension. The 1JCH
used was 145 Hz. Prior to Fourier transformation, the data matrices were zero filled to 2048
points in the 13C dimension. Data processing was performed using MestReNova software.
The central solvent (DMSO) peak was used as an internal chemical shift reference point
(6C/dH 39.5/2.49).

The Py-GC-MS was carried out using a 5150 Pyroprobe pyrolyzer (CDS Analytical Inc.,
Oxford, PA). The identification of the pyrolysis products was accomplished using a GC-MS
instrument (Agilent Techs. Inc. 6890 GC/5973 MSD). The Py-GC-MS was carried out
following the method described by Herrera and co-workers [295]. A quantity between 400-
800 mg was pyrolyzed in a quartz boat at 600 °C for 15 s with a heating rate of 20 °C/ms
(ramp-off) with the interface kept at 260 °C. The pyrolyzates were purged from the pyrolysis
interface into the GC injector under inert conditions using helium gas. The fused-silica
capillary column used was an Equity-1701(30 m x 0.20 mm x 0.25 um). The GC oven
program started at 50 °C and was held for 2 min. Then it was raised to 120 °C at 10 °C-min-
T and was held for 5 min after that raised to 280 °C at 10 °C-min-'. was held for 8 min and
finally raised to 300 °C at 10 °C-min-' and was held for 10 min. The compounds were
identified by comparing their mass spectra with the National Institute of Standards Library
(NIST) and with compounds reported in the literature [190,296-299].

The thermal behavior of the lignin samples was studied by Differential Scanning
Calorimetry (DSC) and Thermogravimetric Analysis (TGA). The TGA analyses were
carried out with the same equipment mentioned above for ash content quantification in
lignin samples. Samples about 5-10 mg were tested under nitrogen atmosphere at a
heating rate of 10 °C-min-! from 25 °C to 800 °C. The glass transition temperature of lignins
was determined with a METTLER TOLEDO DSC 822 differential scanning calorimeter.
Samples of ~5-10 mg were tested under nitrogen atmosphere at a heating rate of 10
°C-min-". The isolated lignins were heated from 25 °C to 200 °C. Each sample was first run
from 25 to 100 °C (10 min) and cooled down to 25 °C to eliminate any interference of water.

Phenolic oil was characterized based on the monomeric phenolic compounds that
constituted this stream. The oil was dissolved in ethyl acetate (HPLC grade) in a metric
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flask. The solution was injected in a GC (7890A)-MS (5975C inert MSD with Triple-Axis
Detector) Agilent equipped with a capillary column HP-5MS ((5%-Phenyl)-
methylpolysiloxane, 30 m x 0.25 mm). The temperature program started at 50 °C; then, the
temperature was raised to 120 °C at 10 °C-min-', held at this temperature for 5 min, raised
to 280 °C at 10 C-min!, held at this temperature for 8 min, raised to 300 °C at 10 °C-min-!
and held at this temperature for 2 min. Helium was used as carrier gas. Calibration was
done using pure compounds (Sigma-Aldrich) phenol, o-cresol, m-cresol, p-cresol,
guaiacol, catechol, 3-methylcatechol, 4-methylcatechol, 4-ethylcatechol,  3-
methoxycatechol, syringol, 4-hydroxybenzaldehyde, acetovanillone, veratrol, 4-
hydroxybenzoic acid, 4-hydroxy-3-methoxyphenylacetone, vanillin, vanillic acid,
syringaldehyde, 3,5-dimethoxy-4-hydroxyacetophenone and syringic acid.

The measurement of the organic acids contained in the aqueous phase collected after the
liquid-liquid extraction with ethyl acetate was analyzed by High Performance Liquid
Chromatography (HPLC) with a Jasco LC Net [I/ADC chromatographequipped with a
refractive index detector and a photodiode arraydetector. A sample of the liquid phase was
used for the analysis of acetic acid, furfural and hydroxymethylfurfural using a
PhenomenexRezex ROA column; the mobile phase (0.005 N H.SO4) was eluted at a flow
rate of 0.35 mL/min at 60°C.
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