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FOREWORD

Fossil hydrocarbons (petroleum, gas, charcoal) are intensively used by human beings
to provide them energy, fine chemicals and materials. However, their rate of consumption
largely exceed their rate of formation: complete consumption of the fossil hydrocarbons
may happen in a few centuries, whereas they were formed from biomass in several dozens
of million years. Moreover, this creates imbalances in the carbon cycle, the carbons
trapped in the lithosphere are released in the atmosphere (mainly under the form of carbon
dioxide) some part being dissolved in the oceans, leading to potential life threatening
effects such as global warming and ocean acidification. For these reasons, alternatives to

fossil hydrocarbons need to be found.

Nowadays, lignocellulosic biomass valorization into some form of energy (e.g., liquid
fuels) and more importantly into molecules (synthons and biomaterials) in biorefineries
represents the only available option. Human beings have been using some part of the
biomass for their food (the edible parts of the plants, i.e., non-lignocellulosic compounds)
and biomass as a whole for their shelters (e.g., timber) or energy by burning it. The
challenge of using lignocellulose for liquid fuels, synthons and biomaterials production
is that it requires extensive processing. Lignocellulosic biomass is essentially made of
cellulose, hemicelluloses and lignin. Fractionation and purification of these three
compounds are necessary for their valorization as substitutes to molecules obtained from
fossil hydrocarbons. Collaboration between Novasep, the joint research unit
Agropolymer Engineering and Emerging Technologies (IATE), and the Laboratory of
Agro-industrial Chemistry (LCA) within LigNov project was created to explore
promising fractionation and purification pathways on lignocellulosic biomass. Novasep
is a French company specialized in purification processes by chromatography, membrane
filtration and electrodialysis and IATE provided its expertise on electrostatic separation

pretreatments.

This PhD thesis was done within the framework of the French projet Lignov (ANR-
14-CE06-0025-01), financed by the French National Research Agency (ANR). The

investigations were carried out in the Laboratory of Agro-industrial Chemistry (LCA)



located in Toulouse, France, under the direction of Doctor Pierre-Yves Pontalier and
Doctor Jérdme Peydecastaing.

Six chapters compose this manuscript:

The first chapter presents the concept of lignocellulosic biorefinery, the potential
molecules of interest that can generated, and the two main chemical fractionation
processes existing, acid and alkaline, and their respective associated purification
pathways under the form of a review soon to be submitted.

In chapter 2, the characterization of the two lignocellulosic biomasses used in this
project, sugarcane bagasse and sunflower oil cake, is exposed. Acid and alkaline
extractions were carried out on these materials, the composition of the obtained fractions

and the yield of the different compounds in these fractions are thoroughly reported.

Chapter 3 is composed of one publication under minor revision and two other parts
that will be submitted shortly for publication, about membrane filtration as a separation
technique for the compounds contained in sugarcane bagasse mild alkaline extract. The
first one deals with a membrane screening and a study on the influence of the filtration
parameters on separation performance. Based on this publication, the best membrane was
used for further test in concentration and diafiltration modes which is reported in second
time. The last part tackles resistances due to fouling during filtration and cleaning

procedures.

Chapter 4 presents the results of batch column elution chromatography tests mainly
applied to the purification of sugarcane bagasse mild alkaline extract which was
published.

Chapter five corresponds to a publication soon to be submitted about an integrated
process to obtain purified compounds from sugarcane bagasse mild alkaline extract. The
purification steps include membrane filtration, concentration by evaporation, batch

column chromatography and precipitation by the addition of acid and ethanol.

Finally, even if analytical methods were described throughout this manuscript every
time an experiment is reported, chapter six details the development of the analytical
methods and the potential analytical issues faced during this work.
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Chapter 1: THE LIGNOCELLULOSIC BIOREFINERY

1.1. The lignocellulosic biorefinery concept

1.1.1. Introduction

The biorefinery concept is the generation of a variety of goods (fuels, power, materials,
chemicals) from different biomass feedstocks through a combination of technologies
(FitzPatrick et al., 2010). The term biorefinery is derived both from the raw material
feedstock which is renewable biomass and also from the bioconversion processes often
applied in the treatment and processing of the raw materials (FitzPatrick et al., 2010).
Besides, products from biorefineries often present a lesser environmental impact compare
to traditional refineries (Ma et al., 2015). For instance the use of high concentration of
ethanol in ethanol:gasoline blends in engine reduces drastically emission of CO, CO; and
NOx (Kog et al., 2009). In the last decades, biorefineries have also been gaining interest
in the scientific, industrial and political communities as petroleum, coal and gas prices
keep on increasing as demand stresses supply (Thorp, 2010; Tuck et al., 2012). The
forecast studies about the price evolution of these fossil ressources all agreed on a rise in
the future years, the only differences are the chronology and the intensity of the increase
(Shafiee and Topal, 2009; Capellan-Pérez et al., 2014). In 2016, 4 billion tons of

pretroleum were produced worldwide (https://www.eia.gov/ US Energy Information

Administration) and in parallel, on average during the three-year period 2006-2008, 3.7
billion tons of dry residues from six crops only (barley, maize, rice, soybean, sugarcane
and wheat) were produced worldwide (Bentsen et al., 2014), showing the tremendous
potential of lignocellulosic biomass (other crops and forestry residues contributing as

well) to replace petroleum based on the quantity consumed.

Fully replacing fuels from fossil sources by fuels from biomass seem challenging
regarding the surface available (Hill et al., 2006), but chemicals production requires far
lower volumes of biomass to satisfy demand (FitzPatrick et al., 2010). For example, in
the United States, the chemicals production consumed just over 3% of the total US
petroleum consumption in 2007, whereas the transportation segment accounted for over

70%, for an equivalent value-added worth (FitzPatrick et al., 2010).

Aromatic compounds are key building blocks for the chemical industry (Holladay et
al., 2007; Haveren et al., 2008), but from now on, they are still mainly issued from

10
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petroleum. Aromatic compounds are found in nature in various forms - anthocyanin,
flavonoids, and tannins - but only in limited amount. Lignin is the only significant source
of aromatic compounds in nature and the second most abundant terrestrial biopolymer,
after cellulose, accounting for approximately 30% of the organic carbon in the biosphere
(Boerjan et al., 2003). The biorefineries generate a tremendous amount of lignin, and its
valorization into products will significantly improve the economic feasibility and
sustainability of biofuel production from renewable biomass (Ma et al., 2015). Aside from
the substitution of fossil aromatics, lignin can be used for new applications where its
polymeric structure is of interest such as bioplastics, composites, nanoparticles,
adsorbents, dispersants and carbon fibers (Norgren and Edlund, 2014). However, lignin
is not easily accessible in the plants, making its extraction and purification costly and

often non-environmental friendly.

Generally, the fractionation of lignocellulosic biomass is very difficult because of its
recalcitrant structure (crystallinity, low porosity, high molecular weights). Nowadays,
three main processes are used at pilot or industrial scale: dilute or concentrated inorganic
acids, alkaline solution in severe conditions inspired from the pulp and paper industry,
and organosolv processes using organic solvents such as acetone, ethanol, acetic acid,
formic acid. Pretreatment of the lignocellulosic biomass can be carried out to increase the
efficiency of these fractionation processes, such as mechanical size reduction of the
lignocellulosic biomass in order to increase the surface of particles in contact with the
acid, the base or the solvent.

1.1.2. Second generation biorefinery

First generation biorefineries use edible parts of the plants — sugars, starch, oils - for
the production of fuel and chemicals (Naik et al., 2010). Second generation biorefineries
are defined in opposition with the first generation biorefineries, as they use the non-edible
parts of the plants (stem, leaves, roots) made of lignocellulose. In these biorefineries,
agricultural by-products or forest biomass are processed to produce energy and a wide
variety of precursor chemicals and bio-based materials, similar to the modern petroleum
refineries. Among the variety of possible products manufactured in second generation
biorefinery, liquid transportation fuels mainly in the form of ethanol is rapidly gaining

significance (Huang et al., 2008).

11
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When producing first generation ethanol from maize or sugarcane for instance, the raw
material constitutes about 40—70% of the production cost (Cardona et al., 2010). The use
of forestry and agriculture by-products can reduce the cost of the feedstocks drastically.
However, the savings realized through the raw material are compensated by the
complexity and thus the price of the processes implied in second generation ethanol

production.

Lignocellulosic materials do not contain monosaccharides readily available for
bioconversion. First, they contain polysaccharides, such as cellulose and hemicelluloses,
which have to be hydrolyzed, by means of acids or enzymes, to fermentable sugars.
Secondly, cellulose in plants is closely associated with hemicelluloses and lignin,
preventing the access of hydrolytic agents to cellulose. Thirdly, the crystalline structure
of cellulose itself represents an extra obstacle to hydrolysis. Therefore, a pretreatment is
required for removing lignin and hemicelluloses, reducing cellulose crystallinity and
increasing the porosity of the cellulose (Cardona et al., 2010). The vyield of cellulose
hydrolysis into glucose by acid or enzyme is generally less than 20% when pretreatment
is not carried out, whereas the yield after pretreatment often exceeds 90% (Sanchez and
Cardona, 2008; Hayes, 2009). In order to increase the sugars yields and reduce the ethanol
production cost, efficient hydrolysis and valorization of hemicellulosic sugars has
become important (Alvira et al., 2010). Once the sugars are under their monomeric form
they can be fermented or chemically converted into molecules of interest such as alcohol
(ethanol, butanol, xylitol, arabinol), carboxylic acids (succinic acid, lactic acid, levulinic
acid) or other molecules (Werpy et al., 2004; Ragauskas et al., 2006). After the
pretreatment leading to the fractionation of the lignocellulosic biomass and according to
the process selected the conversion into new molecules of interest, the molecules undergo
a purification step. Among the different processes in biorefineries the pretreatment and
the purification steps represent usually the most expensive stages and high technical
challenges (Ragauskas et al., 2006; Hayes, 2009). In the literature about lignocellulosic
ethanol biorefineries, the notion of pretreatment of the lignocellulosic biomass comes out
of the main treatment which the cellulose conversion to ethanol via enzymatic
saccharification then fermentation. In this manuscript, to describe this step, instead of
pretreatment, the notion of fractionation will be favored since the three components of

the lignocellulose are of interest.
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Second generation process cost-effectiveness can be improved by the development of
lignin refining procedure for their further valorization (Alvira et al., 2010; Ragauskas et
al., 2014). Aromatic compounds (e.g., phenol, benzene) are key building blocks for the
chemical industry (Holladay et al., 2007). From now on, they are currently issued from
non-renewable fossil hydrocarbons. Aromatic compounds are found in nature
(anthocyanin, flavonoids, tannins...) but only in limited amount, lignin is the only
significant source of renewable aromatic compounds. Lignin is, after cellulose, the second
most abundant terrestrial biopolymer, accounting for approximately 30% of the organic
carbon in the biosphere (Boerjan et al., 2003). However, lignin is not easily accessible in
the plants, making its extraction and purification costly and often non-environmental
friendly. But petroleum constantly rising price coupled with research and development
efforts on lignocellulosic conversion processes will make fractionation and purification

processes of sugars and phenolic compounds cost-efficient.

No cost-effective industrial lignocellulosic fractionation process has emerged, they all
present some drawbacks such as the formation of fermentation inhibitors, high use of
energy or chemicals, waste production, expensive equipment. However, acid and alkaline
fractionation processes are the mostly used (Alvira et al., 2010; Cardona et al., 2010;
Anwar et al.,, 2014; Ragauskas et al., 2014). The following reviews (1.3. Acid
fractionation process & 1.4. Alkaline fractionation process) will focus on acid and

alkaline fractionation of lignocellulosic biomass and their associated purification steps.

1.1.3. Third generation biorefinery

In the second generation biorefineries the valorization of the whole plant is targeted
with a focus on the lignocellulosic material. Third generation biorefinery notion usually
refers to the use of microalgae as a raw material, but here we will briefly introduce a new
kind of third biorefinery that still focus on lignocellulose valorization but differs from the
second generation biorefineries regarding the process used. In second generation
biorefineries, the lignocellulose usually undergoes a pretreatment or fractionation before
conversion processes where significant loss of organic carbons can happen during the
fermentation step, for example. Indeed, when glucose is fermented into ethanol, one third
of the organic carbons are converted into inorganic carbons of carbon dioxide, and when

xylose is fermented, 60% of the organic carbons are converted into inorganic carbons

13



Chapter 1: THE LIGNOCELLULOSIC BIOREFINERY

(Yieetal., 2013). Besides, the dehydration of ethanol in order to use it as a fuel constitute

an expensive process step.

A new concept of biorefinery has been developed where a one-step reaction would
convert all the lignocellulosic biomass in small molecules, either carbohydrates and their
derivatives such as organic acids, or aromatic compounds (Zhu, 2013). The small organic
acids derived from carbohydrates can be formic acid, acetic acid, glycolic acid and lactic
acid. These organic acids are useful organic chemicals, classified as key building block
by the US Department of Energy (Werpy et al., 2004). Based on an oxygen content
analysis, lignin has extra oxygen regarding its possible application (phenolic resin for
instance), and carbohydrates needs extra oxygen to form organic acids. In the coming
decades, R&D efforts could lead to the development of a catalytic system that could

transfer oxygen from lignin to carbohydrates (Zhu, 2013).

So far, a process has been reported to directly produce hydroxymethylfurfural (HMF)
and furfural from corn stover using chromium as a catalyst. Under the best conditions,
19% of the dry weight of corn stover was transformed into HMF and furfural in one step.
For comparison, optimized cellulosic ethanol process enables the conversion of 24% of
the dry weight of corn stover into ethanol in a complex process involving multiple steps
(Binder and Raines, 2009). In another process using sodium anthraquinone-2-sulfate as a
catalyst, all the lignin was converted quantitatively into small molecular aromatics
compounds and all the cellulose and hemicelluloses were converted quantitatively into

small organic acids, lactic acid accounting for 50% (Zhu and Zhu, 2015).

Black liquor from pine wood was also studied as a reaction media for the third
generation biorefinery (Zhu, 2013). Sodium hydroxide was added to the black liquor and
the mixture was contacted with lignocellulosic biomass at 250 °C for 1 h, resulting in the
conversion of cellulose and hemicelluloses into organic acids such as lactic acid (about
50%), formic acid, acetic acid, glycolic acid, succinic acid, and lignin into small

molecular aromatics.
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1.2. Lignocellulose structure and targeted molecules

A major portion of lignocellulosic biomass comprises cellulose, hemicelluloses and
lignin. They form a complicated network through weak bonds such as H linkages and
covalent bonds such as ester and ether linkages (Fig. 1.1). Lignocellulose is mainly
present in the cell walls of plant cells bringing structural support and protection against

external aggressions (e.g., attacks from microorganisms) to the cells.
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Fig. 1.1 Composition, structure and organization of lignocellulosic biomass (Barakat et al., 2013).

1.2.1. Cellulose

Cellulose is a polymer of glucose units linked by B-1,4-glucosidic bonds, that
aggregates to one another through H bonds to form fibers. The fibers present some
amorphous and crystalline areas (Fig. 1.2). Cellulose constitutes 35-50% of the dry

weight in agricultural and forestry lignocellulosic biomass.

Cellulose can be interesting in its monomeric form (glucose) or its polymeric form
(glucan). Glucose can be transformed in a tremendous variety of key building block

molecules (i.e., synthons) by chemical conversions (e.g., sorbitol, glucaric acid) or
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enzymatic reactions (e.g., succinic acid, lactic acid) (Werpy et al., 2004). Currently,
cellulose valorization as a biofuel, via the fermentation of glucose into ethanol, is one of
the main process studied by scientists and industrials working on lignocellulosic

biorefineries.
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Fig. 1.2 Composition and structure of cellulose (Barakat et al., 2013).

Cellulose can also be valorized under its polymeric form, without chemical
modification, historically for paper production more recently as food additives (for its
emulsifying, thickening, stabilizing properties); but also for new biomaterials application
with chemical modification usually esterification or etherification on the hydroxyl
groups, for example to produce cellulose acetate or hydroxyethyl methyl cellulose, that

are used for cellulose film production.

1.2.2. Hemicelluloses

Hemicelluloses are polymers of sugars with 5 carbons (xylose, arabinose) and 6
carbons (glucose, galactose, mannose, rhamnose), with contents varying from one
biomass to another (Fig. 1.3). The structure of hemicelluloses is generally based on a
backbone substituted with side chains. Various organic acids can be bound to
hemicelluloses through ester linkages on the hydroxyl groups of the sugars: acetic acid,
forming acetate groups and uronic acid (mainly galacturonic acid) forming pectins. As
for cellulose, hemicelluloses present interest in their monomeric form (e.g., xylose,

arabinose, galactose) or their polymeric form.
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Fig. 1.3 Composition and structure of hemicelluloses (Barakat et al., 2013).

1.2.2.1. Monomeric form

Like for glucose, C5 sugars are of great interest as their alcohol (e.g., xylitol and
arabinitol) and carboxylic acid (e.g., xylaric acid, arabinoic acid) derivatives were
targeted as key building blocks for the chemical industry by the 2004 report from US
Department of Energy (Werpy et al., 2004). Monomeric C5 sugars from hemicelluloses
can also be fermented to ethanol, but microorganism selection still need to be optimized

to improve the yields (Valinhas et al., 2018).

1.2.2.2. Acetic acid

Acetate groups are linked to hemicellulosic sugars and under some conditions the ester
bond can be broken releasing acetic acid. Acetic acid present less added value (0.40-
0.45 $/kg), but has a broad spectrum of applications: polymers (vinyl acetate, cellulose

acetate), solvent, reagent (Cheung et al., 2011).

1.2.2.3. Uronic acid

Uronic acids are also linked to hemicelluloses with ester bonds, and are forming the

pectins. The main uronic acid present in pectin is galacturonic acid. Pectins are mainly
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used as food additives for their gelling, thickening and stabilizing properties. They are
also used in cosmetics and pharmaceuticals application.

1.2.2.4. Polymeric form

Hemicelluloses under their polymeric form can form hydrogels thanks to their
numerous properties such as adsorption capacity, mechanical strength, hydrophilicity,
biodegradability, biocompatibility, transparency, low cost, and non-toxicity which find
application in various fields such as water depollution, food additives, food packaging,
cosmetics and pharmaceuticals (Werpy et al., 2004; Ruiz et al., 2013; Hu et al., 2017).
Hemicelluloses use under polymeric form is not commercially as advanced as their use

under monomeric form.

1.2.3. Sugar degradation products

Under some fractionation conditions, carbohydrates are degraded into furans: furfural
for C5 sugars and HMF for C6 sugars. Furfural can be the starting material for the
synthesis of a series of derivatives including furfuryl alcohol, furoic acid, furan,
tetrahydrofuran, 2-methyl-tetranydrofuran, and related resins. HMF is an even more
attractive building block molecule. It can easily be converted into dimethylfuran, which
has applications as both solvent and transportation fuel. It can also be converted to furan
dicarboxylic acid, which has the potential to become a major bulk chemical because it
can be copolymerized with ethylene glycol to make a renewable polymer with properties
similar to those of the PET polyesters used for textiles and packaging (Tuck et al., 2012).
HMF may be considered an excellent platform molecule which can be converted to
energy products (2,5-dimethylfuran, an octane booster), monomers for high-value
polymers (2,5-carboxyfuran and 2,5-hydroxymethylfuran) and valuable intermediates for

fine chemistry (Werpy et al., 2004; Lanzafame et al., 2011).

1.2.4. Lignin and phenolic derivatives

Lignin binds the cell wall components together, giving lignocellulosic biomass its
mechanical strength and protecting parietal carbohydrates from degradation by fungi and
bacteria (Chaturvedi and Verma, 2013). Lignin is a complex aromatic polymer composed
of phenylpropanoid units, linked through a complex network of ether and carbon—carbon
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bonds (Fig.1.4). Lignin from annual plants contains guaiacyl, syringyl and p-
hydroxyphenyl units (Jonsson and Martin, 2016). Other phenolic compounds, strictly not
considered as lignin, are typically found in grass such as p-coumaric and ferulic acids and
contribute to crosslinking with hemicelluloses. They are esterified to arabinoxylans and

ether- or ester-linked to lignin (J6nsson and Martin, 2016).

In 2007, the report from US Department of Energy (Holladay et al., 2007) underlined
the different opportunities that arise from utilizing lignin: (1) power, fuel and syngas
(short term opportunities), (2) macromolecules (medium term opportunities), (3)
aromatics and miscellaneous monomers (long-term opportunities). We will focus on the

medium-term and long-term opportunities in this document.
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Fig. 1.4 Composition and structure of lignin (Barakat et al., 2013).
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1.2.4.1. Monomers

First the molecules making the links between lignin and the carbohydrates can be
valorized quite directly as fractionation process can lead to their release. In some
conditions, ferulic and p-coumaric acid, forming bridges between lignin units and
carbohydrates can be broken. They are used as food additives, in cosmetic and
pharmaceuticals products due to their antioxidant activity, cholesterol-lowering activity,
prevention against thrombosis and atherosclerosis, antimicrobial and anti-inflammatory
activity, and anticancer effect (Ou et al., 2007, 2009; Tilay et al., 2008). Ferulic acid can
also be used to produce vanillin, another important synthon, by microbial transformation
(Torre et al., 2008).

Considering the phenylpropanoid units of lignin, aggressive (i.e., non-selective)
depolymerization in the form of C-C and C-O bond rupture, can produce aromatics for
instance in the form of benzene, toluene, xylene or phenol and aliphatics in the form of
C1 to C3 fractions (Holladay et al., 2007). These products have to be purified and then
they can be easily and directly used by conventional petrochemical processes.
Temperatures above 300 °C and high pressure in alkaline conditions are required to
depolymerize lignin and thus to obtain high added value monomers (Wang et al., 2013).
For instance, hemp treated by steam explosion with 5% NaOH (w/w) at temperature
between 300 and 330 °C under pressure ranging from 90 to 130 bar produced phenols
and phenol derivatives (Lavoie et al., 2011). 26 compounds were identified, guaiacol,
catechol, and vanillin being the most abundant. The mechanism was the cleavage of the
aryl-alkyl bond (B-O-4 bond being the most abundant in lignin), which occurred above
270 °C. However, selectivity is low and difficult to control and the severe reaction
conditions (high pressure, high temperature, and extreme pH) resulted in requirement of
specially designed reactors, which led to high costs of facility and handling.

Vanillin was the first phenolic monomer synthesized from lignin and today vanillin is
the world’s most widely used flavor and fragrance ingredient and its market value is
around 13 $/kg (Holladay et al., 2007). Vanillin has also interesting chemical properties
and is used as a synthon in agrochemicals and pharmaceuticals (Walton et al., 2003).
Historically, vanillin was extracted from vanilla beans, but the demand for vanillin has

long exceeded the supply of vanilla beans. In 2010, the annual demand for vanillin was
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higher than 15,000 tons, but about 2,000 tons of natural vanillin were produced
(http://www.solvay.com/fr/binaries/GPS_2011 12 v2 Vanillin_gb-139567.pdf).

Oxidation of lignin, particularly issued from black liquor, to obtain vanillin has been
extensively studied (Bryan, 1954; Bjersvik and Liguori, 2002; Araujo et al., 2010).

Nowadays, 15% of the vanillin is produced from lignin which requires very alkaline pH
(close to 14), high temperature (130 °C) and high oxygen pressure (3 bar) (Aradjo et al.,
2010).

Catechol, another chemical potentially produced from lignin (Amen-Chen et al., 2001;
Toledano et al., 2012), is used as a synthon for the production of numerous molecules
found in perfumes, drugs, pesticides, dyes, photographic developers, or as a
deoxygenating agent and analytical reagent (Fiege et al., 2000). The market price of
catechol is around 3-5 $/kg (Fiege et al., 2000; Holladay et al., 2007).

1.2.4.2. Polymeric form

Complete lignin depolymerization is an energy-negative process aimed at undoing
what nature has done during biosynthesis (Holladay et al., 2007). Contrary to
hemicelluloses, all current commercial uses of lignin, except burning and production of
synthetic vanillin, take advantage of lignin’s polymer and polyelectrolyte properties
(Holladay et al., 2007). Currently, the main applications include dispersants, emulsifiers,
binders and sequestrant. These applications requires little or no modification other than
sulfonation or thio hydroxymethylation, but they represent relatively low value and
market volume (Holladay et al., 2007). Lignin can be used for new applications having
higher value and larger market such as bioplastics, composites, nanoparticles, adsorbents,
resins (specially for formaldehyde free resins) and carbon fibers (Holladay et al., 2007;
Norgren and Edlund, 2014). To facilitate lignin modification, such as polymerization to
form resins, sulfur-free lignins obtained through some processes (e.g., organosolv, soda
pulping) are more interesting than the thio-lignin obtained through the traditional pulp

and paper processes (i.e., sulfite and sulfate processes) (EI Mansouri and Salvadd, 2006).

The use of lignin for chemical production has so far been limited due to contamination

from salts, sugars, particulates, volatiles, and the molecular weight distribution in

21


http://www.solvay.com/fr/binaries/GPS_2011_12_v2_Vanillin_gb-139567.pdf

Chapter 1: THE LIGNOCELLULOSIC BIOREFINERY

lignosulfate (Holladay et al., 2007; Higson, 2011). Important research effort are still
required regarding the purification of lignin.

1.2.5. Conclusion

The conversion of lignocellulose to the targeted molecules implies the selection of
fractionation and purification processes. Four main fractionation processes are currently
co-existing at the lab scale: acid fractionation, alkaline fractionation, organosolv
fractionation and steam explosion. The fractionation processes have to be selected
carefully since they influence the structure of the extracted molecules. For instance, steam
explosion pretreatment lead to lower molecular weight lignin than Kraft process (Higson,
2011).
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1.3.1. Introduction

Second generation biorefineries aim essentially at valorizing sugar polymers -
cellulose and hemicelluloses. The first process step of such biorefineries is to fractionate
biomass into cellulose, hemicelluloses and lignin. However, biomasses from plants are
naturally recalcitrant, and therefore in order to increase the accessibility of cellulose and
hemicelluloses, the hemicelluloses-lignin complex cross-links must be broken (Balan,
2014; Ragauskas et al., 2014). The major pretreatment studied are biological, physical
and chemical sometimes with some combinations (Alvira et al., 2010). Among the
chemical treatment - hot water, stream explosion, acid, alkaline, organosolv and ionic
liquid — acid pretreatment is still the method of choice in several model processes
(Cardona et al., 2010).

1.3.2. Acid extraction

1.3.2.1. Effect and mechanism

Acid media usually acts on lignocellulose by breaking glycosidic bonds and

solubilizing hemicelluloses under mild conditions (Barberousse et al., 2008) and both
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hemicelluloses and cellulose under severe conditions (Moe et al., 2012). The breakdown
of biomass during pretreatment under acid conditions facilitates downstream enzymatic
hydrolysis by disrupting cell wall structures, driving some lignin into solution, and
reducing cellulose crystallinity and chain length (Humbrid et al., 2011). Polysaccharides
are sequentially dissolved, then converted into monomeric sugars and finally the sugar
monomers can be degraded in HMF for C6 sugars and furfural for C5 sugars according

to the conditions of the reaction (Clausen and Gaddy, 1993).

The acid pretreatment is especially suitable for biomass with low lignin content
(Harmsen et al., 2010), as most of the lignin remained in a solid residue. A small part of
the lignin is solubilized (about 5-10% of the total lignin) and qualified as acid-soluble
lignin (Saha et al., 2005a; Sluiter et al., 2008). Depending on the severity of the acid
conditions employed, ester and ether bounds can be broken in the lignin and between the
lignin and hemicelluloses under acid conditions (Sun et al., 2002), but acidic media also
lead to the precipitation of the lignin and phenolic monomers (Sarkanen et al., 1984).
Phenol monomers commonly formed when annual biomass undergo acid treatment are p-
coumaric acid and ferulic acid, as for wood biomass, 4-hydroxybenzoic acid, 4-
hydroxybenzaldehyde, vanillin, dihydroconiferyl alcohol, coniferyl aldehyde,
syringaldehyde, syringic acid are the most commonly produced (Jénsson and Martin,
2016).

The only exception regarding the effects described so far of mineral acid catalyst is
sulfurous acid, which solubilized lignin and hemicelluloses, without impacting cellulose
(Shi et al., 2012; Svetlitchnyi et al., 2013).

1.3.2.2. Nature of the acid

Sulfuric acid is the most preferred acid catalyst based on its price, corrosivity, toxicity
and efficiency but other acids were also studied such as hydrochloric acid, nitric acid or
phosphoric acid (Cardona et al., 2010; Kanchanalai, 2015). Addition of sulfuric acid has
been initially applied to remove hemicelluloses either in combination with breakdown of
cellulose to glucose or prior to acid hydrolysis of cellulose since the middle of the 20"
century (Mosier et al., 2005). Under the same hydrolysis conditions, higher yield of

monomeric sugars were obtained with sulfuric acid compare to hydrochloric, nitric or
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phosphoric acids (Aguilar et al., 2002; Bustos et al., 2003; Rodriguez-Chong et al., 2004;
Géamez et al., 2006; Sindhu et al., 2011).

Hydrochloric acid leads to high yield of sugars at high concentration (Israilides et al.,
1978; Goldstein et al., 1983). However, more recently, it was demonstrated that in
equivalent conditions hydrochloric acid is less efficient than sulfuric acid (Lavarack et
al., 2002). Besides, its environmental impact, corrosive properties and price compare to

sulfuric acid strongly limits its application.

Nitric acid has not been widely studied. It reduces containment costs relative to sulfuric
acid, but its higher cost counterbalances this benefit (Mosier et al., 2005). Under
optimized conditions, nitric acid was less efficient than sulfuric acid to convert
hemicelluloses into monomeric sugars (Aguilar et al., 2002; Rodriguez-Chong et al.,
2004). Nitric acid (2%) combined with acetic acid (35%) at 100 °C for 30 min was found
to increase drastically the lignin removal (up to 80%) from newsprint, whereas no lignin
was solubilized with acetic acid alone even under elevated temperature (Xiao and
Clarkson, 1997).

Not many data can be found on the use of phosphoric acid for lignocellulosic biomass
pretreatment (Israilides et al., 1978; Gamez et al., 2006; Idrees et al., 2013), though
phosphoric acid is promising. Phosphoric acid was more efficient at producing
monomeric sugars under the same optimized conditions (concentration, time,
temperature) than sulfuric acid with a yield of 79.9% of monomeric sugar against 75.9%
with sulfuric acid on water hyacinth biomass (ldrees et al., 2013). On sugarcane bagasse,
the reverse result was obtained with sulfuric acid leading to more monomeric sugar than
phosphoric acid with even milder conditions (Aguilar et al., 2002; Gamez et al., 2006)
After neutralization of phosphoric acid hydrolysates with sodium hydroxide, the salt
formed is sodium phosphate. This salt can remain in the hydrolysates because it is used
as nutrient by microorganisms during the following monosaccharides fermentation step.
This has two advantages: no filtration step to remove the precipitated salt is required and

it decreases the addition of nutrients to run the fermentation (Cardona et al., 2010).
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1.3.2.3. Conditions and yields

An optimal balance in the hydrolysis conditions has to be found to maximize the
hydrolysis of polysaccharides to obtain monomeric sugars and prevent further
degradation of these monomeric sugars into degradation products (Lee et al., 1999;
Lavarack et al., 2002). For the conditions of pretreatment, four main parameters vary: the
concentration of the acid, the solid:liquid ratio (S:L ratio), the temperature and the
reaction time. Other parameters, such as the biomass particle size or the agitation, are also
important but more standard in the different studies found in the literature. Acid treatment
is carried out in the presence of high and low concentrations of acids, and at high and low
temperatures (Chaturvedi and Verma, 2013). Low concentration are often associated with
high temperature, whereas high concentration of acid are carried out at low temperature

with a higher solid/liquid ratio.

a) Low concentration of acid and high temperature

Dilute acid pretreatment are usually in the acid concentration range of 0.5 to 8% (w/w),
S:L ratio range of 1:5 to 1:20 (w/v), temperature range of 100 to 200 °C, and reaction

time range of 5 to 300 min.

Dilute sulfuric acid pretreatment generally lead to the solubilization of the
hemicelluloses and a small fraction of the lignin, the hydrolysis of the solubilized
hemicelluloses, and the decrease of cellulose crystallinity (Huang et al., 2008; Saha et al.,
2005a). Therefore, dilute acid pretreatment eliminates or reduces the need for
hemicellulase enzyme mixtures for hemicellulose saccharification (Saha et al., 2005a). In
parallel, during dilute acid pretreatment, the majority of lignin remains as a solid residue,
only some ether and ester linkages are cleaved, generating low molecular-weight lignin
fragments with increased hydroxyl group content (Ma et al., 2015). When dilute acid
hydrolysis is run at high temperatures or for long period of time, it can break down
cellulose too (Girisuta et al., 2013; Kanchanalai, 2015). During the acid hydrolysis of
lignocellulosic biomass at given acid concentration, S:L ratio and temperature, reaction
time monitoring is important. Indeed, under acidic conditions, cellulose is first
hydrolyzed under glucose which in turn can be converted into HMF, and HMF can finally
be degraded into levulinic acid and formic acid (Fig. 1.5). In parallel, hemicelluloses are
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hydrolyzed under monomeric sugars too (xylose, arabinose, galactose, mannose,
glucose...), acetate groups attached to the hemicelluloses are released as well as uronic
groups producing acetic acid, glucuronic acid and galacturonic acid. Monomeric C5
sugars are then converted into furfural, which in turn can be converted into formic acid
and other degradation products (Almeida et al., 2007; Girisuta et al., 2013). There is an
optimum time after which the hydrolysis of more hemicelluloses and cellulose into
monomeric sugars do not compensate the loss of monomeric sugars being converted in
furan degradation products (Saha et al., 2005a). Variation of one of the three parameters
- acid concentration, S:L ratio or temperature - affects the optimum time duration of the
hydrolysis. For instance, at 1% sulfuric acid, the higher the temperature the faster the
maximum vyield of glucose was reached, from 50 min at 170 °C to 2 min at 220 °C (Lee
et al., 1999). Longer reaction time led to a decrease of glucose concentration due to its
degradation (Lee et al., 1999). Similarly, with all other hydrolysis variables constant, an
increase of acid concentration led to a faster rate for the hemicelluloses hydrolysis
(Lavarack et al., 2002).
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Fig. 1.5 Degradation products formation from lignocellulosic biomass under dilute acid

pretreatement at high temperature (Girisuta et al., 2013).
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Inspired from the pulp and paper industry, a combined severity factor (CSF) was
developed by Chum et al. (1990) for dilute acid treatment taking into account temperature,
acid concentration and time of the pretreatment as detailed in Eg. (1) (Chum et al., 1990).
On corn stover, a CSF in the range of 1.4-1.8 was optimal for the xylose yield in the acid
hydrolysate, lower or higher CSF reduced this yield due to incomplete solubilization and
hydrolysis or due to monomeric sugar degradation, respectively (Lee et al., 2015).

Ty-T
CSF=log {t . exp ( 11{4 7};ef)} -pH 1)

where t is the reaction time in min, Ty is the reaction temperature in °C, Tref is the
reference temperature, most often 100 °C, and pH is the initial pH value (calculated from

the mineral acid concentration).

The efficiency of the pretreatment has sometimes been defined by the sum of the
monomeric sugars concentrations (glucose, xylose, arabinose) divided by the sum of the
fermentation inhibitors concentrations (furfural, HMF, acetic acid) (Rodriguez-Chong et
al., 2004; Gamez et al., 2006; Pattra et al., 2008). It is interesting to anticipate the yield
of the following fermentation step based on this ratio and in this way to compare the
pretreatment conditions efficiency. However, different inhibitors have different inhibition
threshold according the fermentation enzymes or microorganisms used, for instance
furans usually decrease their activity at lower concentration than acetic acid (Mussatto
and Roberto, 2004; Almeida et al., 2007). Besides, the final concentration of monomeric

sugars is highly dependent on the S:L ratio used for the dilute-acid hydrolysis.

Studies also presented the yield of monomeric sugars after dilute acid pretreatment and
enzymatic saccharification or the yield of ethanol after fermentation of the sugars (Saha
et al., 2005b; Sun and Cheng, 2005). Comparison between the different pretreatments is
valid only if the same enzymatic saccharification or fermentation conditions were
employed, but as there is no standard process, it is rarely the case. Besides, some studies
focused on the production of other molecules than ethanol from the enzymatic conversion
of monomeric sugars such as hydrogen (Pattra et al., 2008) or xylitol (Rocha et al., 2014).
For these reasons, to compare the different acid pretreatments, the yields of monomers
obtained after the dilute-acid hydrolysis (monomeric sugars production over their total

potential regarding the polysaccharides content in the initial biomass) appeared to be of
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interest. As purification is often required between the saccharification step and the
valorization of the monomeric sugars, after the pretreatment step it is valuable to look for
the highest yield possible for the monomeric sugars and not consider their purity or
concentration. The results of some studies are gathered in Table 1.1, with a focus on
sugarcane bagasse for the lignocellulosic biomass and sulfuric acid for the acid used, for
easier comparison between the hydrolysis conditions.

Sulfuric acid was found to be the most efficient to yield monomeric sugars among all
the acid tested (Table 1.1). The lignocellulosic biomass treated has a significant impact
on the monomeric sugars yields (Table 1.1). For instance, with the same pretreatment
conditions, glucose yield reached 33% for bermudagrass whereas it was 10% for rye straw
(Sun and Cheng, 2005).

Concentration lower than 1% present the advantage of being more cost efficient (Sun
and Cheng, 2005). Short treatment time (less than 60 min) and relatively high temperature
(at least 120 °C) are necessary for an efficient pretreatment. Concentration can be reduced
to level as low 0.07% w/w of sulfuric acid using a flow-through reactor configuration at
high temperature (140-204 °C) while still obtaining 83-100% recovery for the
hemicelluloses, 80 to 95% being under monomeric form, and 26-53% lignin recovery.
However, this pretreatment presented the major drawbacks of high water and energy

consumption (Mosier et al., 2005).

Dilute acid treatments are considered as cheap regarding the low cost of acids, are
relatively efficient regarding the hydrolysis of hemicelluloses into monomeric sugars
(generally about 90% yield) and the yield of the following step - the enzymatic hydrolysis
of cellulose. They are also fast regarding other pretreatments, for instance alkaline
pretreatment. However, they are carried out at high S:L ratio and at high temperatures
which impact the cost efficiency of the process. Besides, acids under high temperature
are corrosive, so resistant reaction vessels are required. This process also generates
fermentation inhibitors (furans, carboxylic acids, phenol derivatives) that has to be
removed. Removing these molecules is usually a necessity for the following enzymatic
reaction step, and purifying them for further valorization can enhance the profitability of

the process.
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Chapter 1: THE LIGNOCELLULOSIC BIOREFINERY

Here are some explanations of explanations for the understanding of Table 1.1. SCB
Is one of the most studied lignocellulosic biomass it was taken as the model biomass,
besides, it contains mainly 3 sugars - glucose, xylose, arabinose — facilitating the
comparison. Other biomass are presented as reference. H.SO4 was taken as the reference

for the acid, as it was the most studied and employed industrially.

For SCB, glucose was supposed to come from cellulose exclusively, and xylose and

arabinose were supposed to be the only components of the hemicelluloses

When the results of the hydrolysis is given in g/L in the literature, it was converted by

calculation to yield of monomeric sugar following Eq. (2) and (3):

[glucose]

Yglucose = m (2)

With [glucose], the glucose concentration in the acid hydrolysate (g/L), C the cellulose
content in the initial biomass (%DS), rs.. the solid/liquid ratio of the hydrolysis (g/L).

C has to be corrected by a 1.11 factor to represent the initial potential in glucose of the
biomass as a molecule of water is added to glucose during the hydrolysis of cellulose.

[xylose] + [arabinose]
Yhemicetiutoses = H1l4rg, (3)

With [xylose] and [arabinose], the xylose and arabinose concentration in the acid
hydrolysate (g/L), H the hemicelluloses content, the addition X the xylan and A the
arabinan in the initial biomass (%DS), rs: the solid/liquid ratio of the hydrolysis (g/L).

X and A has to be corrected by a 1.14 factor to represent the initial potential in xylose
and arabinose of the biomass, respectively, as a molecule of water is added to xylose and

arabinose during the hydrolysis of hemicelluloses.
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Dilute acid process can be used to produce the degradation products of sugars under
acid conditions which presents high value, some being referred as platform chemicals by
the US Department of Energy such as levulinic acid or furfural (Werpy et al., 2004).
Biofine process developed by Fitzpatrick in the 1990s produce levulinic acid and furfural
from a dilute acid treatment of lignocellulosic biomass without enzymatic hydrolysis or
fermentation step (Fitzpatrick, 1990, 1997). Sulfuric acid at concentration between 1 and
5% is contacted with biomass for short period of time (from a few seconds to a few
minutes) in a two-reactor system at high temperature (in the range of 195-230 °C) to
obtain high yields of levulinic acid and furfural from the degradation of the hexoses and
pentoses (Fitzpatrick, 1990, 1997). It leads to the conversion of approximately 50% of
the mass of 6-carbon sugars to levulinic acid, with 20% being converted to formic acid
and 30% being incorporated in the residual “char” material which also contains all of the
Klason lignin and 50% of the pentoses that do not convert to furfural (Hayes, 2009). A
commercial facility run by GF Biochemicals in Caserta, Italy, process 50 tons per day of
waste paper, municipal wastes and agricultural residues to produce levulinic acid and

furfural based on Biofine process (Hayes, 2009).

b) High concentration and low temperature

The concentrated acid hydrolysis process appeared to be an interesting process for
saccharification of lignocellulosic biomass, as it leads to high sugar yields, low levels of
fermentation inhibitors and good flexibility regarding the different raw material treated
compare to the dilute acid pretreatment (Moe et al., 2012). Low temperatures (typically
under 60 °C) and high S:L ratio (from 1:2.5 to 1:10 (w/v)) are generally used, improving
significantly the cost effectiveness of the treatment (Harmsen et al., 2010; Chaturvedi and
Verma, 2013). No enzymatic saccharification is required to reach the same monomeric
yield as with dilute acid hydrolysis, for instance, rice hulls treated with concentrated
H2S0467% (w/w) at 25 °C for 3 h gave higher monomeric sugar yield (62%) than dilute
acid treatment (H2SO4 1% (v/v), 121 °C, 15 min) followed by enzymatic saccharification
(60% yield) (Saha et al., 2005b). Concentrated mineral acids such as sulfuric acid and
hydrochloric acid are widely used for treating lignocellulosic materials because they are
powerful agents for both hemicelluloses and cellulose hydrolysis. The major drawback
of concentrated acid is their corrosive nature and the need to recycle acids to lower the

33



Chapter 1: THE LIGNOCELLULOSIC BIOREFINERY

cost of pretreatment (Harmsen et al., 2010; Chaturvedi and Verma, 2013). Special acid
resistant material for the vessels are to be investigated such as such as ceramic or carbon-
brick lining (Anwar et al., 2014).

As for dilute acid treatment, the four main parameters (acid concentration, S:L ratio,
temperature and experiment duration) have to be selected carefully in order to maximize
the yield of the polysaccharides solubilization and hydrolysis. For instance, from corn
stover treated under 70% H>SO4 at 50 °C for 20 min, 90% yield for the monomeric sugars
was achieved with a S:L ratio of 1:50 (w/v), but when the S:L ratio was increased to 1:10,
then the monomeric sugar yield dropped to 65% (Clausen and Gaddy, 1993). With the
same sulfuric acid concentration, an intermediate S:L ratio of 1:20 (w/v) and an increased
temperature to 70 °C, it was possible to achieve total conversion into monomeric sugars
(Clausen and Gaddy, 1993).

In order to be competitive with the fossil fuels, the main challenge for the use at
industrial scale of the concentrated acid pretreatment of lignocellulosic biomass to
produce ethanol is the recycling of the acid, that have risen from 80 to 97% in the process
in the last 50 years, but the cost of the recycling process remain high (Hayes, 2009; Moe
et al., 2012). In theory, sulfuric acid acts during lignocellulosic biomass hydrolysis as a
catalyst, so in principle no sulfuric acid should be consumed during this process (Cheng
et al., 2008). However, some acid still have to be reintegrated in the process in aaddition
to the recycled acid due to unavoidable losses (for instance through absorption by the

biomass or salification of inorganic cations).

1.3.2.4. Industrial applications

Dilute sulfuric acid pretreatment under fairly mild conditions seem to receive the
biggest focus from industrial, as for instance the National Renewable Energy Laboratory
(NREL), from the US department of Energy, established an exhaustive public report with
technical and economic feasibility of such pretreatment (Humbrid et al., 2011). The
process described uses co-current dilute-acid pretreatment of lignocellulosic biomass
(corn stover) to liberate the hemicelluloses, followed by enzymatic hydrolysis
(saccharification) of the remaining cellulose, followed by fermentation of the resulting

glucose and xylose to ethanol (Humbrid et al., 2011). Overall, the total acid loading is
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22.1 mg/g dry biomass, and the effective sulfuric acid concentration in the pretreatment
reactor was estimated at 0.3-0.4% w/v, which may allow for the use of lower-cost
metallurgies in the reaction zone (Humbrid et al., 2011). All acetate groups bound to the
hemicelluloses were released under the form of acetic acid, 5% of the xylose was
converted to furfural and 5% of the lignin was solubilized (Table 1.2) (Humbrid et al.,
2011). Ammonia gas was used to adjust the pH of the acid hydrolysate from 1 to 5-6 to

enable further enzymatic saccharification and fermentation. (Humbrid et al., 2011)

Table 1.2
Pretreatment hydrolysis reactions and assumed conversions (Humbrid et al., 2011)

Reaction Reactant 9% Converted
to Product

(Glucan), + n H:O— n Glucose Glucan 9.9%
(Glucan), + n H:O — n Glucose Oligomer® Glucan 0.3%
(Glucan), — n HMF + 2n H:0 Glucan 0.3%
Sucrose — HMF + Glucose + 2 H,0 Sucrose  100%
(Xylan), + n H,O— n Xylose Xylan 90.0%
(Xylan), + m H,O — m Xylose Oligomer® Xylan 24%
(Xylan), — n Furfural + 2n H:0 Xylan 50%
Acetate — Acetic Acid Acetate 100%
{Lignin), — n Soluble Lignin Lignin 5.0%

* Sugar oligomers are considered soluble but not fermentable.

Industrial development of the concentrated acid pretreatment is at its beginning. Some
companies such as Biosulfurol Energy attempted to commercialize concentrated acid
process for the pretreatment of lignocellulosic biomass in order to produce ethanol (van
Groenestijn et al., 2006) but eventually failed (the company was dissolved in 2016). The
market appears to be led by three companies: BlueFire Renewables, Virdia, and Renmatix
(Tuck et al., 2012). The companies claim to be economically competitive with the
production of sugars from traditional agricultural sources such as sugarcane, for instance,
the process from Virdia claim to produce sugars at 0.25 $/kg from lignocellulosic wastes

compared to 0.45 $/kg from sugarcane (Tuck et al., 2012).

Arkenol gave detailed conditions in two patents regarding the pretreatment with
concentrated acid followed by dilute acid hydrolysis. Sulfuric acid 70-77% should be
added to the biomass in order to achieve a ratio of acid to cellulosic and hemicellulosic
materials of at least 1.25:1 (w/w) (Farone and Cuzens, 1993, 1997). After the

decrystallization or solubilization stage, if the concentrated acid pretreatment did not lead
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to a 100% monomeric sugar yield, the concentrated acid can be diluted, to a concentration
of about 20-30% for a second hydrolysis to completely convert the solubilized cellulose
and hemicelluloses into monomeric sugars (Farone and Cuzens, 1997). BlueFire
Renewable process is based on Arkenol patent (Farone and Cuzens, 1997), their plant in
operation since 2002 in Izumi, Japan was already producing over 80,000 L of ethanol
95% in 2004 (https://bfreinc.com/production-plant/). Another patent gave similar

hydrolysis conditions, and provided detailed solubilization yield of polymeric sugars and
conversion Yyield into their monomeric forms according to the conditions (acid
concentration, solid:liquid ratio, temperature and experiment duration) employed during
the concentrated acid hydrolysis then the dilute acid hydrolysis (Clausen and Gaddy,
1993). Similar processes have been employed in other studies, for example Sun et al.
(2011) produced an acid hydrolysate from bamboo with successive concentrated acid then

dilute acid hydrolysis and obtained a monomeric sugar yield of 81.6% (Sun et al., 2011).

Combination of concentrated acid hydrolysis and diluted acid hydrolysis for the
saccharification of cellulose and hemicelluloses has been optimized and proved to be so
efficient that it became a standard method for the characterization of lignocellulosic
biomass carbohydrates and lignin, developed by NREL (Sluiter et al., 2008). A first
hydrolysis with concentrated sulfuric acid (72% w/w) and a S:L ratio of 1:10 (w/v) at
30 °C for 1 h, followed by a dilution to reach 4% (w/w) sulfuric acid to run a second
hydrolysis at 121 °C for 1 h, lead to a complete saccharification of the cellulose and
hemicelluloses. Uncomplete saccharification, detected by the presence of cellobiose, can
be corrected by a longer diluted-acid hydrolysis, while over time hydrolysis can be
detected by furfural and HMF follow-up (Sluiter et al., 2008).

1.3.3. Purification routes applied to acid hydrolysates

Monomeric sugars are the target molecules to valorize from lignocellulosic acid
hydrolysates. Depending on the operational conditions, the lignocellulosic acid
hydrolysates are also constituted of other molecules which are growth fermentation
inhibitors such as acetic acid (generated from the hydrolysis of acetyl groups linked to
hemicelluloses), furans and other decomposition products from monosaccharides (e.g.,

levulinic acid, formic acid), phenolic monomers and acid soluble lignin.
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Purification requirements (purity, yield and cost) have to be considered regarding the
final objective of the process as for some application, for instance xylitol production from
a hemicellulosic extract, fermentation inhibitors removal prior to fermentation, by several
methods (overliming, adsorption on charcoal or resins) did not lead to higher xylitol yield
compared to a simple pH adjustment to 5.5 (Carvalheiro et al., 2005). For other
fermentation reactions, glucose or xylose to ethanol for instance, furan concentration
greater than 1 g/L strongly inhibit the enzymes (Weil et al., 2002), so lower concentration
for these molecules are targeted after the purification step. Since the detoxification
process can be expensive and take a large portion of the whole ethanol production cost,
selection of detoxification method is of major importance (Huang et al., 2008).

However, this cost can be compensated by the value of these undesired molecules such
as furfural, HMF and phenolic monomers. Their valorization would contribute to the
efficiency of the lignocellulosic biorefinery.

1.3.3.1. Alkalinisation/overliming

Alkali treatment is suitable for dilute-acid hydrolysates because of the high quantity
of base required to adjust the pH. It leads to great improvement in fermentability of the
hydrolysates by chemically converting fermentation inhibitors (Persson et al., 2002) or
precipitating and removing them by centrifugation or filtration (Alriksson et al., 2006;
Sanchez and Cardona, 2008; Lemaire et al., 2016). Sodium hydroxide, potassium
hydroxide, calcium hydroxide and ammonia have already been tested for neutralization
or alkalinization of lignocellulosic acid hydrolysate (Persson et al., 2002).

The best conditions to use sodium hydroxide are high temperature in combination with
moderate pH or moderate temperature in combination with high pH. For instance, a pH
adjustment to 9 at 80 °C has been found to be the best condition, with an increase of 110%
in ethanol production compared to the value of the reference (Alriksson et al., 2006).
However, under similar conditions sodium hydroxide treatment has so far been less

efficient than overliming (Alriksson et al., 2006).

Overliming, i.e., the addition of calcium hydroxide, is considered as one of the most
efficient process for the removal of fermentation inhibitors (Alriksson et al., 2006; Huang

et al., 2008). In the overliming process, the hydrolysate is detoxified by the addition of
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calcium hydroxide to adjust the pH to 9-10, leading to the precipitation of some of the
furans and phenolic monomers which are recovered by centrifugation or filtration
(Carvalheiro et al., 2005; Chandel et al., 2007). The resulting hydrolysate is then
readjusted to 5.5 with dilute sulfuric acid in order to carry out fermentation. Overliming
treatment (pH adjustment to 10.5, 90 °C, 30 min) on acid- and enzyme-treated rice hull
hydrolysate not only increased the maximum ethanol yield but also reduced the duration
required for maximum ethanol production in the case of simultaneous saccharification
and fermentation process (Saha et al., 2005b). However, overliming lead to drastic
reduction of potential fermentable sugars, both at pH 5.5 or 10, with 28 and 47% sugar
elimination, respectively (Mateo et al., 2013).

However, overliming may be associated with problems that are not acceptable for
industrial implementation, such as simultaneous degradation of fermentable sugars,
resulting in moderate ethanol yield, and the formation of large amounts of gypsum
(Alriksson et al., 2006; Huang et al., 2008; Mateo et al., 2013). In NREL technical report
(2011), it is reported that a significant amount of sugar in the liquor (as much as 13%)
could be lost to side reactions occurring at high pH or pressed out with the wet gypsum
(Humbrid et al., 2011).

Alkalinisation with ammonia is an alternative to overliming as it presents the
advantage of reducing the precipitate formed compared to the amount of gypsum formed
using calcium hydroxide. Besides, milder conditions (pH 9 and 55 °C) can be used with
ammonia, the removal of furan aldehydes and phenols is relatively extensive and
precipitation is not prerequisite for an efficient detoxification (Alriksson et al., 2006).
Detoxification with ammonia was found to be more efficient than with sodium hydroxide
and calcium hydroxide regarding ethanol productivity and ethanol yield (Persson et al.,
2002; Alriksson et al., 2006). Less drastic conditions of detoxification with ammonia was
even taken as reference for a model 2" generation ethanol lignocellulosic biorefinery by
NREL (Humbrid et al., 2011). In their process, ammonia was added to the lignocellulosic
acid hydrolysate to raise its pH from about 1 to 5 for the following enzymatic hydrolysis.
No precipitation occurred and fermentation studies have indicated that there was no
benefit to over-conditioning at high pH when using ammonia, so the hydrolysate was
simply adjusted to enzymatic hydrolysis pH in one step. Ammonia is more expensive than
lime, but the economic benefits of reduced sugar loss and reduced capital cost make

38



Chapter 1: THE LIGNOCELLULOSIC BIOREFINERY

ammonia the most economical alternative. It can also possibly reduce nitrogen
requirements during the fermentation step, but it has not been demonstrated yet (Humbrid
etal., 2011).

Despite the optimization realized, alkalinisation processes present some drawbacks
including the large amount of base required, the impossibility to recycle the acid catalyst
for the hydrolysis step, their lower efficiency compare to other purification techniques
and the acetic acid remaining fully in the hydrolysates (Chandel et al., 2007; Lemaire et
al., 2016). Nevertheless, most industrial purification methods of acid hydrolysates begin
with a partial or complete neutralization of the inorganic acid then other methods such as
ion-exchange, adsorption, chromatography or crystallization are used to purify the sugars
(Lemaire et al., 2016).

1.3.3.2. Evaporation

Evaporation is a simple procedure to remove acetic acid, furfural and other volatile
components in the hydrolyzates, but phenolic monomers and lignin degradation products
cannot be removed (Wilson et al., 1989). It can decrease the concentrations of acetic acid
and furfural below their inhibitory level for some application such as the fermentation of
xylose to xylitol, for instance, the boiling of Eucalyptus globules wood dilute-acid
hydrolysate for 160 min decrease the concentration of acetic acid and furfural by
evaporation from 31.2 to 1.0 g/L and from 1.2 to 0.5 g/L, respectively (Huang et al.,
2008). Evaporation under acid conditions (pH = 1) favors the evaporation of acetic acid,
which is volatile only under its protonated form, but at the opposite, acidic conditions is
less favorable for HMF removal (only 4.5% removed at 70 °C under vacuum) (Mateo et
al., 2013).

Association of alkalinisation and moderate heat treatment (90 °C during 30 min) was
already employed leading to the removal of volatile compounds along with the
precipitation induced by the alkalinisation (Palmqgvist and Hahn-H&gerdal, 2000)
Evaporation at lower temperature (55 °C) under vacuum was efficient to remove about
half of the acetic acid and all the furfural from a hemicelluloses acid hydrolysate but not
the acid soluble lignin (Wilson et al., 1989).
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1.3.3.3. Liquid/liquid extraction

Several organic solvents (chloroform, n-hexane and ethyl acetate) have been tested for
the removal of fermentation inhibitory compounds from lignocellulosic acid hydrolysates
under various hydrolysate:solvent ratio (2:1, 1:1, 1:2, 1:3, (v/v)) (Mateo et al., 2013).
Overall, ethyl acetate was the most efficient solvent with removal rates of 50% for
phenolic compounds, 94% for furfural and 40% for HMF. Increasing the
hydrolysate:solvent ratio improved the efficiency of the fermentation inhibitors removal
until 1:2 (v/v), further increase did not produce noticeable changes. The sugar loss (8%)
was found to be less important than with alkalinasation/overliming or evaporation as
purification processes.

Ethyl acetate is usually the organic phase used for the liquid/liquid extraction. Four
extractions with an ethyl acetate:lignocellulosic acid hydrolysate ratio of 1:1 (v/v)
enabled to remove all the phenolic monomers and the furfural and led to the same removal
level of acetic acid as evaporation (2.7 g/L left in the solvent extracted hydrolysate)
(Wilson et al., 1989). Based on ethanol yield in the following fermentation stage
liquid:liquid extraction was far more efficient than evaporation. However, the level of
acid acetic left in the solvent extracted acid hydrolysate was still too high as it led to

longer fermentation than acid hydrolysate free of acetic acid.

Prefiltrated Eucalyptus globules dilute-acid from hydrolysate was extracted once with
ethyl acetate using a hydrolysate:ethyl acetate ratio of 1:3 (v/v) (Gonzélez et al., 2004).
The resulting solvent extracted hydrolysate had a higher acetic content (5 g/L) than the
process with four extractions at a ratio of 1:1, and some furfural (0.5 g/L) and HMF

(0.1 g/L) were detected as well.

The high consumption of solvent and the necessity to recycle it are the main limiting

factor for the economic efficiency of the process.

1.3.3.4. Adsorption

Purification through adsorption processes is based on the difference of affinity among
the different molecules from a mixture with a sorbent. Two sorbents were mainly studied

to separate lignocellulosic alkaline extract components: activated charcoal and resins. The
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aim of using these sorbents on lignocellulosic acid extracts is to adsorb sugar fermentation
inhibitors such as phenolic compounds, furans and in a lower extent acetic acid.

a) Activated charcoal

The most important parameter for efficient adsorption is the hydrolysate :AC ratio
(Parajo et al., 1996a), optimum ratio to ensure good impurity removal while not adsorbing
sugar appeared to be about 200:1 to 50:1 (w/w) depending on the concentration of the
hydrolysate components (Parajo et al., 1996b; Mussatto and Roberto, 2004; Chandel et
al., 2007). pH also strongly influences adsorption process, weak organic acids (phenols,
acetic acid) being most readily adsorbed in the non-ionized state and consequently a low
pH favors adsorption, whereas the ionized form of the weak acids are poorly adsorbed at
high pH (Mussatto and Roberto, 2004; Mateo et al., 2013). Contact time between
activated charcoal and hydrolysates for optimizing adsorption was found to be at least
20 min, equilibrium was found to be about 60 min (Paraj6 et al., 1996a). From room
temperature to 80 °C, adsorption of phenolic compounds increased drastically (Mussatto
and Roberto, 2004).

Addition of AC to neutralized Eucalyptus globulus wood acid hydrolysates with
hydrolysate/AC ratio of 200:1 (w/w) at 40 °C led to about 80% lignin adsorption while
xylose is almost totally recovered in the hydrolysate (less than 2% adsorption) (Paraj6 et
al., 1996b). Lignin adsorption improved by 28% the xylose consumption during the
downstream fermentation step (Parajé et al., 1996b). When ethanol production is the
target of the whole process, the lignocellulosic acid hydrolysates are often pH adjusted to
5.5 prior to AC adsorption as the fermentation of the sugars occurred at this pH
(Carvalheiro et al., 2005; Chandel et al., 2007). This raise in pH of the hydrolysates can
also be beneficial for the adsorption of the inhibitory compounds, as low pH can lead to
adsorption of sulfuric acid that makes the surface of the AC less hydrophobic, which

reduces adsorption of the inhibitory compounds (Sainio et al., 2011).

Comparison of alkalinisation, overliming, evaporation, liquid/liquid extraction and
adsorption with AC showed that adsorption with AC was the most efficient method for

the removal of fermentation inhibitors while minimizing sugar losses (Mateo et al., 2013).
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The use of adsorption also minimize the cost of the process as low temperature (30 °C) is
used as well as low ratio of hydrolysate:charcoal (50:1 (w/w)).

On a synthetic solution of 20% (w/w) sulfuric acid, containing glucose, furfural, HMF
and acetic acid, activated charcoal was found to adsorb furans and acetic acid more
effectively than a cation exchange resin from (Sainio et al., 2011). However, in order to
give value to the adsorbed fermentation inhibitory compounds, desorption of these
compounds is important as well. Usually, in adsorption/desorption process, regeneration
or desorption time is comparable to the duration of the loading or adsorption step. Unlike
cation exchange resin, the regeneration of GAC with water was not feasible, ethanol 50%
(v/v) was required to desorbed furans and acetic acid in a limited duration. Overall, AC
yielded highest process performance compare to resins when high purity is required and

ethanol can be used to regenerate the adsorbent. (Sainio et al., 2011)

b) Resin

Various resins were studied in the literature to separate the components of

lignocellulosic acid extracts: neutral resin, anionic exchanger and cationic exchanger.

Adsorption by resins can also be used to remove fermentation inhibitors (phenolic and
furanic compounds) by hydrophobic interactions as well as ionic bonds in the case of
anion- or cation-exchange resin (Nilvebrant et al., 2001). Desorption of these inhibitors
also presents the advantage of producing a fraction with high added value molecules that
can be further valorized. Many examples are found in the literature for the adsorption of
these fermentation inhibitors on nonionic resin, cation- and anion-resin, their best
removal rate and the ethanol yield at the following fermentation step of the process are

usually compared.

When the pH is adjusted to 5.5 prior to adsorption step, anion resin presented the best
removal of fermentation inhibitors and the best ethanol yield at the following
fermentation step compared to overliming or adsorption on activated charcoal or nonionic
resin or cation resin (Nilvebrant et al., 2001; Carvalheiro et al., 2005; Chandel et al.,
2007). A higher pH (for instance, pH 10) before the adsorption on anionic resin, increased
the adsorption of aliphatic acids and phenol by making them negatively charged, it also

increased the adsorption of furan derivatives (Nilvebrant et al., 2001). The
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hydrolysate:resin ratio also had a substantial impact on the adsorption of fermentation
inhibitors and the ethanol yield of the following fermentation step (Nilvebrant et al.,
2001). Removal rate reached 96% of aliphatic acids, 68% of furfural and 65% HMF, 81%
of phenolic compounds with a hydrolysate:anionic resin ratio of 25:8 (v/iw) (Nilvebrant
etal., 2001). Increasing the pH before the adsorption was also interesting to minimize the
sugar loss by adsorption (no loss at pH 10) pH, as ionized aliphatic acids, phenols, and
inorganic ions such as sulfate efficiently competed for the positive sites in the anion-

exchange resin (Nilvebrant et al., 2001).

In order to reduce the use of chemicals, adsorption can be run without neutralization
of lignocellulosic acid extract. Without neutralization, anion-exchange resin present less
interest as such resins adsorb preferably sulfate ions instead of anions of weak organic
acids (aliphatic acids or phenolate ions), and thus give low removal percentage (Sainio et
al., 2011). On cation resin and nonionic resins (resins without charged groups), acidic
hydrolysates (i.e., no pH adjustment) were more favorable to sugar purification as sugar
was very weakly adsorbed whereas adsorption of furfural and HMF were more favorable
(Schwartz and Lawoko, 2010), phenolic compounds adsorption was high as these
molecules were uncharged at low pH (Nilvebrant et al., 2001; Weil et al., 2002; Schwartz
and Lawoko, 2010), however acetic acid was not separated from the sugars (Nilvebrant
et al., 2001; Sainio et al., 2011). Furfural loading capacity was higher on hydrophobic
polymeric adsorbent for instance nonionic resin made of polystyrene—divinylbenzene
(PS-DVB) than on more hydrophilic adsorbent such as methacrylic ester resin suggesting
than the predominant mechanism of attraction between the resin and the furfural is
hydrophobic attraction (Weil et al., 2002). Besides, adsorption on cation or nonionic resin
is higher in 20% (w/w) sulfuric acid than in water for acetic acid, furfural and HMF. This
i1s due to the “salting out effect” corresponding to an increase of the adsorption of
hydrolysate components with increasing ionic strength of the liquid phase (Sainio et al.,
2011). Indeed, in an aqueous solution, water molecules preferably solvate sulfuric acid
molecules instead of the neutral molecules that are “salt out” (i.e., adsorbed) onto the
resin (Sainio et al., 2011).

When the focus is put on the capacity of the resin to adsorb fermentation inhibitors
during the feed loading of the adsorption process, it appeared that the loading capacity of

a cation resin was 3 times less than the capacity of a nonionic resin and 14 times less of
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the capacity of AC (Sainio et al., 2011). During the loading step, temperature affects the
loading capacity for furfural on a nonionic resin, low temperature (30 °C) gave better
results, increasing the temperature to 50 °C and to 70 °C led to decrease in loading
capacity of 22% and 39%, respectively (Weil et al., 2002). A sorbent has to be selected
not only on his ability to adsorb the fermentation inhibitors from a lignocellulosic acid
hydrolysate but also on its ability to desorb them with the appropriate solvent. The
increase of concentration of a desorbed molecule in the eluent during desorption step
compare to its concentration during the loading step in the feed, called overshoot,
decrease the necessity to further concentrate the molecule before the following
purification and valorization steps. The regeneration of a strong cation resin can be carried
out with water alone, with a comparable duration of the loading step and with a small
overshoot (concentration of furans is higher in the desorption solvent than in the initial
solution to purify, due to lower BV required to desorb the furans than the BV of the
solution fed on the column), making the use of strong cationic resin interesting (Sainio et
al., 2011). Water can desorb the adsorbed fermentation inhibitors due to the salting out
phenomena vanishing as the ionic strength of the eluent is reduced (Sainio et al., 2011).
Contrary to cation-exchange resin, regeneration of nonionic resin and GAC with water is
not feasible, an organic solvent is required, like ethanol or acetone. All organic solvents
were not suitable for the desorption of fermentation inhibitors from nonionic resin and
GAC, some like of n-propanol and n-butanol can be possibly significantly adsorbed on
the hydrophobic adsorbent (Weil et al., 2002). Batch desorption with an ethanol:resin
ratio of 15:1 at 50 °C with stirring for 90 min led to 95% furfural desorption (Weil et al.,
2002). Regeneration of nonionic resin in a column performed with 75% acetone at room
temperature desorbed 85% of the acid-soluble lignin (Schwartz and Lawoko, 2010).
Finally, 50% ethanol run at 15 BV/h was efficient (3 times less BV required for the
desorption than for the breakthrough during the adsorption step) to desorb furans from a
nonionic resin or GAC in a column and led to an overshoot of furans during the desorption
(Sainio et al., 2011).

1.3.3.5. Low pressure chromatography

Several eluents and a process set-up with numerous steps are used for adsorption: feed

loading, rinsing, desorption, regeneration, equilibration; chromatography requires only
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one eluent and an easier process set-up - feed loading, elution — which generally leads to
lower economical and environmental cost (Ladisch, 2001). If two types of particles differ
in their adsorption rate, separation of them may be accomplished by selectively adsorbing
one species on the sorbent. Reversibility of adsorption allow chromatographic separation

of particles contained in a solution (Ruckenstein and Prieve, 1976).

After acid extraction on lignocellulosic biomass, chromatographic resin process can
be used to separate acid and sugars on a first step as demonstrated by Arkenol patents for
instance (Clausen and Gaddy, 1993; Farone and Cuzens, 1997). Gel type PS-DVB strong
acid cation exchange resin with H* as counter ion are used during this step under
chromatographic conditions with water as eluent (Farone and Cuzens, 1993; Heinonen
and Sainio, 2010). The water flow rate on the resin bed is about 2 to 5m/h and the
temperature is kept between 40 and 60 °C. Sugars were slowed down by the resin while
acid is not retained. On batch elution, according to the different conditions tested it was
possible to reach 90-93% sugar purity and 90-96% sugar recovery, and 95-96% acid
purity and 97-99% acid recovery (Farone and Cuzens, 1997). A plant using this
technology is runnin by BlueFire Renewable in Izumi, Japan, with a capacity of 80,000 L
ethnol 99.5% (v/v) (https://bfreinc.com/). The performance of the chromatographic
separation was found to decrease with increasing concentration of sulfuric acid from 20%
to 70% (Heinonen and Sainio, 2012), besides as explained previously lignocellulosic
concentrated acid extraction is often followed by a more diluted second acid hydrolysis
in order to optimize the monosaccharide recovery (1.3.2.4. Industrial applications).
Therefore, lignocellulosic acid hydrolysates containing 20% H>SO4 were often studied as
the feed of the chromatographic step for the monosaccharides/acid separation. A process
was developed to recycle the acid after the chromatographic separation and sent it back
to the beginning of the process for the lignocellulosic biomass hydrolysis, 92% of the acid
needed for initial hydrolysis was obtained through recycling (Heinonen and Sainio,
2012). Moreover, the water removed from the acid can be reused as eluent for the
chromatographic, decreasing the water consumption of the whole process by 60%
(Heinonen and Sainio, 2012).

Some fermentation inhibitors (acetic acid, furans) can be removed from lignocellulosic
acid hydrolysates along with sulfuric acid by chromatographic process. The use of a
cation-exchange resin with a PS-DVB matrix induced the elution of sulfuric acid first,

45



Chapter 1: THE LIGNOCELLULOSIC BIOREFINERY

then the monomeric sugars and finally acetic acid and furans whereas the use of an anion-
exchange resin with a polyvinylpyrrolidone matrix led to the elution of monomeric sugars
first followed by the fermentation inhibitors and sulfuric acid (Wooley et al., 1998; Xie
et al., 2005). After fermentation of the resulting purified sugar mixtures, the ethanol yield
were as good as on synthetic sugar solution and better than the acid hydrolysates purified
by overliming (Xie et al., 2005).

Resins were also studied for the separation of the monomeric sugars constitutive of
lignocellulosic acid extract after acid removal. Adsorption behavior of glucose, xylose
and arabinose has been tested on several strong acid cationic exchanger with various cross
linking degree (DVB content of 4, 6 and 8%) and different counterions (K*, Ca?*, Fe")
for the separation of glucose, xylose and arabinose (Lei et al., 2010). Resins with Ca®* as
counterions were the most suitable for the monomeric sugars separation after adsorption
isotherms determination tests; 6% DVB resin being more efficient for arabinose/xylose
separation and 8% DVB resin being more efficient for xylose/glucose separation (Lei et
al., 2010). Other adsorption isotherms experiments confirmed the higher potential of Ca?*
form strong acid exchange resin over Na* form to separate glucose, xylose and arabinose
(Chen et al., 2018). With Amberlite IRP69-Ca?* packed column, high recovery and purity
for glucose, xylose and arabinose were obtained by batch column chromatography (i.e.,
pulse test) from both a synthetic solution and a pine branches hydrothermal liquefaction
extract (Chen et al., 2018). Continuous chromatography via multi-column system such as
simulated moving bed (SMB) is a classic industrial method to separate sugars and can be
completed by crystallization to reach high level of purity for the different sugars (Lemaire
etal., 2016).

1.3.3.6. Cross-flow membrane filtration

Membrane filtration was extensively studied on spent liquor in sulphite pulp mill to
remove lignosulphonates (Jénsson and Wallberg, 2009) and in a more limited extent on
lignocellulosic dilute acid hydrolysate, as sugar cannot be purified in one membrane
filtration step. First, membranes with molecular weight cut-off (MWCO) of 10-50 kDa
can be used to separate lignin or proteins in the retentate from the monomeric sugars,
sulfuric acid and the other impurities (acetic acid, furans) (Lemaire et al., 2016; Blanc et
al., 2017). Then in a second time, membranes with MWCO of 150-300 Da can retain
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monomeric sugars (glucose, xylose, arabinose), while acetic acid and furans pass through
the membrane (Weng et al., 2010).

Organic flat sheet membranes of 10, 20 and 50 kDa (Alfa Laval) were efficient to
retain totally macromolecules (lignin and proteins) from a wheat bran acid extract, at the
opposite of ceramic tubular membranes with lower MWCO 8 and 15 kDa (Tami) where
the retention of macromolecules was not total (Lemaire et al., 2016). Several successive
concentrations by a volumic reduction factor (VRF) of 3.6 of wheat bran acid extract were
run on the 10 kDa organic membrane (UFX10 pHt, Alfa Laval) and the flux was on
average about 10 L/h/m? showing good reproducibility (Blanc et al., 2017). Afterward,
diafiltration with 2.5 diavolumes was required in order to maximize sugar recovery in the
permeate (99% recovery). Filtration of rice straw dilute acid hydrolysate adjusted to pH 3
on an organic spiral wound membrane with a MWCO of 150-300 Da (Desal-5 DK, GE-
Osmonic) led to total retention of glucose and very high retention of xylose and arabinose
(over 94%) while acetic acid and furans totally passed through the membrane (Weng et
al., 2010). The separation performance decreased when the operating temperature was
increased from 25 to 40 °C (Weng et al., 2010).

During the filtration of lignocellulosic hydrolysates, fouling appears on the membrane
changing the initial properties of the membrane (membrane permeability and selectivity),
membrane cleaning is necessary to recover its initial properties. Membrane cleaning with
0.01 N of sodium hydroxide and rinsing with water was enough to recover the initial

water flux after the filtration of rice straw dilute acid hydrolysates (Weng et al., 2010).

1.3.3.7. Electrodialysis

Electrodialysis (ED) has been applied to monomeric sugars purification from
lignocellulosic acid hydrolysates, to remove sulfuric acid and acetic acid but partial or
complete neutralization prior to ED was still required to eliminate macromolecules
(lignins and proteins) which could precipitate during ED and damage the membrane
(Cheng et al., 2008; Lemaire et al., 2016).

A study on sugarcane bagasse dilute acid hydrolysate treated by ED lead to a sulfuric
acid recovery of 88% the loss of sugar was not more than 5% (Cheng et al., 2008).

Succesive ED run on wheat bran dilute acid hydrolysates showed good reproducibility
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and led to similar results with most of sulfuric acid removed (80-87%) without losing
sugars (<1%) with a faradic yield of about 70-80% in 7-20 min (Lemaire et al., 2016;
Blanc et al., 2017).

1.3.3.8. Combination of different techniques

The technologies mentioned previously have been sometimes combined in integrated

purification processes of lignocellulosic acid extracts.

For instance, a monomeric sugars acid hydrolysate obtained from bamboo was treated
by AC to remove color compounds (e.g., phenolic compounds, furanic compounds) then
by simulated moving bed (SMB), a continuous chromatography set-up, to separate the
sulfuric acid from the sugars. Under the best conditions, AC led to the removal of 93%
of the color while no sugars were adsorbed and the SMB led to the recovery on one side
of 90.5% of the sulfuric acid and the acetic acid and on the other side of 99.9% of xylose
and 97.4% of glucose (Sun et al., 2011).

Another combination of different purification techniques involved the use of
ultrafiltration to remove macromolecules such as lignin or proteins from a wheat bran
acid extract, then electrodialysis to recover the acid and finally ion exchange to complete
the demineralization (conductivity <10 uS/cm) (Lemaire et al., 2016; Blanc et al., 2017).

Overall, the sugars recovery was 90% and their purity close to 100%.

1.3.3.9. Conclusion

Purification after acid treatment implies mainly to remove the fermentation inhibitors
and the acid to potentially recycle it and send it back to the extraction step. The removal
of the inorganic acid from lignocellulosic acid hydrolysates is already carried out
industrially using low pressure chromatography. Once the purified extract contains only
monomeric sugars, sugar/sugar separation can be carried out before further valorization
of the individual sugars or fermentation can be made directly on the sugar mixture with

the appropriate enzymes for the production of ethanol for instance.
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1.4.1. Pulp and paper industry

Papermaking industry is the first historical lignocellulosic biorefinery, where
fractionation is applied to lignocellulosic biomass then valorization of each fraction is
carried out. The first patents where strong alkaline solutions were used to produce
cellulose from wood were recorded in the second half of the 19" century (Dixon, 1865;
Dahl, 1884).

Commercial pulping processes include the soda, the sulfite and the sulfate (also known
as Kraft) processes. These processes induce cellulose fibers dissociation from lignin and
hemicelluloses by the cooking chemicals (Eckert and Abdullah, 2008; Cardoso et al.,
2009). Kraft and soda are alkaline processes, the former being mainly used for wood
hydrolysis, while the latter is commonly applied to non-wood biomass, such as bagasse,
straw, grass or bamboo (Cardoso et al., 2009). In both processes, lignin, low molecular
weight hemicelluloses and other extractives from the wood are dissolved in what is called
black liquor (Christensen, 1982).
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In the Kraft process, a solution containing sodium hydroxide and sodium hydrosulfide
is contacted with lignocellulosic material at 150 to 170 °C, under pressure during a few
hours (Christensen, 1982; Wu et al., 2011). The process yields high lignin removal rate
and high mechanical strength for the pulp. The products from the reaction are the cellulose
pulp in the solid residue and the black liquor (Cardoso et al., 2009). In the black liquor
from the Kraft process lignins contain a a small number of aliphatic thiol groups, because
of sodium sulfide, and are usually called thio-lignin (Lora and Glasser, 2002). The black
liquor is usually burnt for steam and electricity generation. To transform Kraft pulping
process into a complete biorefinery concept separation of black liquor compounds
(mainly lignin, hemicelluloses and pulping chemicals) to further valorize them is required
(Huang et al., 2008; Sixta and Schild, 2009). Hemicelluloses have a lower heating value
than lignin, so their separation from lignin prior to combustion would enable a more
efficient use for the production of fuels (e.g., ethanol) or higher value chemicals (e.g.,
polyesters), for example (FitzPatrick et al., 2010). Another option could be to extract
hemicelluloses in a first step, for instance with dilute acid, and then run Kraft extraction
(Huang et al., 2008). Lignin recovery from black liquors has also been studied as instead
of burning it, higher economic value can be achieved based on lignin derivatives in
application such as biofuel, chemical phenolic platform or carbon fibers can (Abels et
al., 2013; Haddad et al., 2017). Kraft lignins are water-insoluble but dissolve in alkali
solution owing to their high concentration of phenolic hydroxy groups (Lora and Glasser,
2002).

Pretreatment using sodium hydroxide alone, referred as soda process, is a technically
a feasible pretreatment method but lead to lower yield than the Kraft process (Kim et al.,
2016). Addition of small quantities of redox catalyst anthraquinone (AQ) can
significantly increase the pulping rate of wood without any adverse effect on strength
properties (El-Saied et al., 1984). The increased delignification rate in soda-AQ process
is due to extensive B-O-4 ether cleavage of the lignin molecule. Kraft process remains
more efficient in terms of delignification rate and pulp properties than soda-AQ on wood
biomass (Sixta and Schild, 2009), but soda-AQ pulping eliminates air pollution arising
from the organic sulfur-containing compounds generated by the Kraft process (El-Saied
et al., 1984). The following pulping conditions were reported on soda-AQ treatment of
cotton stalks: NaOH:fiber ratio of about 1:6 (w/w), AQ:fiber ratio of 1:1333, S:L ratio of
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1:4 and a maximum temperature of 165 °C (Ali et al., 2001). As for Kraft process, pre-
extraction of hemicelluloses prior to soda-AQ was investigated (Sixta and Schild, 2009).
Alkaline pre-extraction resulted in substantial extraction of xylan in polymeric form while
preserving the pulp yield and quality. Lignin from black liquor, obtained by the treatment
of oil palm empty fruit bunch fiber by soda-AQ, were all free of sugar, the linkages
between lignin and polysaccharides were completely cleaved (Sun et al., 1999). On
softwood black liquor, successive acid precipitation experiments showed that lignin had
at most 2% bound sugar (Alekhina et al., 2015).

The third process in the paper making industry is the sulfite process, developed by
Tilghman (Phillips, 1943). The wood chips are cooked in a mixture of sulfurous acid and
bisulfide ions which dissolve lignin and hemicelluloses (Pokhrel and Viraraghavan,
2004). Sulfite pulps account for less than 10% of the total chemical pulp production.
(Biermann, 1993). An aliphatic sulfonic acid function becomes part of the lignin
backbone making them water-soluble in the presence of a suitable counter ion (e.g., Na*,
Ca?* and Mg?") (Lora and Glasser, 2002). The lignosulfates from the sulfite process are
byproducts already commercialized, the global market in 2011 was 1 million tons, as a
comparison only 100,000 tons of lignin from the Kraft pulping process were produced
(Higson, 2011).

1.4.2. Mild alkaline extraction

1.4.2.1. Effect and mechanism

The main features of alkaline extraction, similarly to Kraft or soda-AQ pulp and paper
processes, are that it solubilizes both lignin and hemicelluloses without degrading
cellulose, and it increases the porosity and surface area of cellulose, thereby enhancing
potential enzymatic hydrolysis of cellulose (Hayes, 2009; Ragauskas et al., 2014; Kim et
al., 2016). The solid residue (mainly cellulose) can be used in its polymeric form in
application such as paper and cellulose derivatives (e.g., cellulose acetate), or in its
monomeric form (glucose), after acid or enzymatic hydrolysis, in application such as
biofuels (ethanol) and chemical intermediates (Cardona et al., 2010; Kim et al., 2016).
Less than 3% degradation of glucan (accounting for cellulose) was reported on mild
alkaline extraction of SCB (Chang et al., 2017; Oriez et al., 2018). Hemicelluloses are
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usually dissolved to a lower extent than lignin (Hayes, 2009; Cardona et al., 2010).
Conditions are milder than with acid pretreatments which can eliminate the need for
expensive materials and special designs to cope with corrosion of the vessels (Kim et al.,
2016). However, reaction times are usually longer and unlike acid pretreatments, a
limitation occurs because some of the alkali is converted to irrecoverable salts or
incorporated as salts into the biomass by the pretreatment reactions (Mosier et al., 2005).
Mild alkaline pretreatments and the Kraft and soda-AQ pulping processes share the same
fundamental principles; therefore, the mature techniques and equipment used in the
pulping process, for instance to recover the reaction chemicals as well as energy, are
applicable to the mild alkaline pretreatment process (Wu et al., 2011). The activation
energy (50-54 kJ/mol) used for delignification of herbaceous species (e.g., bagasse and
corn stover) by mild alkaline pretreatment is lower than that required for delignification
of wood by the Kraft process (Kim and Holtzapple, 2006), making mild alkaline
pretreatment particularly suitable for herbaceous biomass.

The treatment of lignocellulosic biomass by alkaline solution induces several
mechanisms. Cellulose swells due to disruption of inter-molecular hydrogen bonds which
bind cellulose molecules together (Sun et al., 1995). In parallel, some alkali-labile
linkages between lignin monomers or lignin and polysaccharides are broken. The ester-
linked substituents of the hemicellulose (acetate groups, uronic molecules) are also
broken, as long as ester-linked ferulic acid (FA), p-coumaric acid (p-CA) and sinapic acid
(Bunzel et al., 2003; Hayes, 2009; Harmsen et al., 2010). This improves the digestibility
of the undissolved hemicelluloses recovered in the solid residue and the dissolved
hemicelluloses are quite similar to the native polysaccharides, except for the removed
groups (acetate) or molecules (uronic acids, phenolic acids) (Sun et al., 1998; Sun, 2000).
The hemicelluloses contain a relatively small amount of bound lignin (0-5%) (Sun et al.,
2004). Xylans undergo only partial hydrolysis in alkaline solution at room temperature.
Increasing the severity of the treatment (temperature, base concentration) produce smaller
oligomers (Sun et al., 2004; ElI Mansouri and Salvado, 2006).

Lignin is insoluble under neutral or acidic conditions, its solubilization in alkaline
conditions comes from acidic moieties such as carboxylic or phenolic groups that are
ionized in alkaline solution, and its hydrolysis comes from the cleavage of B-O-4 ether
bonds in poly-phenolic units (Sun et al., 1995; Lora and Glasser, 2002). Molecules linked
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to lignin by their carboxyl group via ester bonds such as uronic acids, p-CA, FA are
cleaved in mild alkaline media whereas the ferulic acid molecules linked by their phenolic
group via ether bond requires stronger alkaline conditions to be cleaved (Sun et al., 1999,
2002; Xu et al., 2005). Lignin extracted under mild alkaline pretreatments contain very
low level of bound sugars (1-3%) (Sun et al., 1998). Alkaline solutions are a better
reaction media than acidic or neutral media, for the valorization of lignin for the synthesis
of phenolic resins (Hu et al., 2011).

Lignin issued from alkaline fractionation is sulfur-free, unlike that produced by
pulping processes which is a great advantage for further chemical activation opening up
valorization pathways for instance as fuel additives or bio-based polymers (adhesives and
asphalt extenders) (Kim et al., 2016).

1.4.2.2. Nature of the base

Biomass can be treated with alkali such as sodium, potassium, calcium and ammonium
hydroxides at normal temperature and pressures (Chaturvedi and Verma, 2013). Among
alkali pretreatment sodium hydroxide has received the most attention (Mosier et al.,
2005), and are typically preferred because of the high extraction yields for lignin (60-
80%) and hemicelluloses (50%) (Peng et al., 2012; Kim et al., 2016).

Calcium hydroxide or lime is also commonly employed for pretreatment under
alkaline conditions (Chaturvedi and Verma, 2013) because it has lower cost, less safety
requirements, it is less corrosive and can be recovered from hydrolysate by reaction with
CO, so that the carbonate formed, can then be reconverted to lime (Chang et al., 1998).
Lime pretreatment leads to the extraction of lignin and hemicelluloses, because it cleaves
a- and B-ether bonds in phenolic units and B-ether linkages in non-phenolic units
(Grimaldi et al., 2015) and to the removal of acetyl groups from hemicelluloses (Kim et
al., 2016). However, its fractionation effect is not as strong as with sodium hydroxide or
ammonia (Peng et al., 2012). For instance, under similar conditions the use of sodium
hydroxide led to lignin and hemicelluloses removal yields of 70 and 22%, respectively,
whereas the use of calcium hydroxide led to lignin and hemicelluloses removal yields of
28 and 8% , respectively (Chang et al., 2017).
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Aqueous ammonia treatment differs from other alkali pretreatments as it is run at
elevated temperature or high pressure or long period of time (e.g., over 170 °C for 1h30
at atmospheric pressure, or 100 °C for 5 min at 20 bar, or 75 °C for 48 h, at atmospheric
pressure) (Kim et al., 2008; Chaturvedi and Verma, 2013). These conditions correspond
to three types of ammonia pretreatments: ammonia recycle percolation (high
temperatures), ammonia fiber explosion (high pressure) and soaking in aqueous ammonia
(long duration). The three processes sufficiently reduces lignin content (65 to 75%
delignification) and removes some hemicelluloses (up to 92%), while cellulose is
decrystallized, leading to improved enzymatic saccharification yield (Kim et al., 2008;
Chaturvedi and Verma, 2013). The use of ammonia requires recycling to lower the cost
of the pretreatment as ammonia is expensive, and special care as ammonia is toxic for

environment.

1.4.2.3. Conditions and yields

Unlike pulp and paper industry, where extraction conditions are drastic regarding base
concentration, temperature or pressure (Christensen, 1982; da Silva et al., 2013),
pretreatment conditions studied in the frame of the lignocellulosic ethanol biorefinery are
milder (Saha and Cotta, 2007, 2008).

Mild alkali treatment was shown to be more effective on agricultural residues than on
wood materials (Alvira et al., 2010). Mild reaction conditions prevent condensation of
lignin leading to its high solubility and greater removal (Chaturvedi and Verma, 2013).
Alkali pretreatment conditions of 0.5-10.0% NaOH, 60-180 °C, 5-60 min, and solid
loading of 10-30% give generally 50% hemicellulose dissolution, 60-80%
delignification. (Kim et al., 2016). On sweet sorghum bagasse, the delignification rate
during mild alkaline treatment presented high correlation with the ethanol yield at the
following enzymatic saccharification and fermentation steps (Wu et al., 2011). In the
frame of second generation ethanol biorefinery, comparing efficiency of various mild
alkaline pretreatments based on the dissolution of lignin and hemicelluloses is more
relevant than comparing yields of saccharification or fermentation at the following
process steps since saccharification and fermentation conditions differ from one study to
another. The results of some studies are gathered in Table 1.3, with a focus on sugarcane

bagasse for the lignocellulosic biomass and sodium hydroxide for the base used, for an
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easier comparison between the mild alkaline conditions and the dissolution yields
obtained.

Similarly to acid pretreatments, four main parameters influence the hemicelluloses and
lignin removal during alkaline pretreatments: base concentration, S:L ratio, temperature
and experiment duration. Increasing one parameter value increase the solubilization for
lignin and hemicelluloses, or it can be compensated by the decrease in another parameter
value while maintaining the solubilization yields at the same values. For instance, on
apple tree pruning residues, increasing the S:L ratio from 1:18 to 1:10 (w/v) during mild
alkaline extraction (7.5% NaOH (w/w), at 90 °C for 90 min) led to an increase in lignin
solubilization of 53% (Garcia et al., 2012). Optimal conditions for delignification (up to
60%) and dissolution of hemicelluloses (up to 80%) of wheat bran in mild alkaline
conditions were obtained with pretreatment with 1.5% sodium hydroxide with a S:L ratio
of 1:40 (w/v) at 20 °C for 144 h (Sun et al., 1995). Similar solubilization yields were
achieved by increasing the temperature to 80 °C and decreasing experiment duration to
6 h. The same phenomenon was observed on SCB with alkaline pretreatment using
calcium hydroxide, high temperature (85-135 °C) coupled with short experiment duration
(1-3 h) gave similar glucose yield at the following saccharification step than pretreatment
with lower temperature (50-65 °C) and longer experiment duration (24 h) (Chang et al.,
1998).

With low S:L ratio (1:40-1:30 (w/v)), low temperature (20-60 °C) and short
experiment duration (2-6 h), increasing the sodium hydroxide concentration increase the
dissolution rate for lignin and hemicelluloses first rapidly, until a concentration of about
1.5%, then further increase in concentration led to smaller increase in dissolution rates
(Sun et al., 1995, 2003). During mild alkaline treatment, hemicelluloses and lignin
removal rates vs. time are different depending on the lignocellulosic feedstock.
Hemicelluloses removal rate was quicker than lignin removal rate on wheat bran (Sun et

al., 1995), but the reverse trend was observed on sweet sorghum (Wu et al., 2011).
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As for acid pretreatment, comparison between the efficiency of the different mild
alkaline pretreatment based on the saccharification yield on the next step cannot be done
as enzymatic or acid saccharification conditions change from one study to another.
Table 1.3 enables comparison between the pretreatment efficiencies based on the
solubilization of lignin and hemicelluloses. High solubilization rates, particularly for
lignin, are targeted as they are coupled with high saccharification yield at the next step
(Vancov and Mclntosh, 2011; Wu et al., 2011; Chang et al., 2017) and they allow the

purification and valorization of larger quantities of lignin and hemicelluloses.

The alkaline conditions for pretreatment have an impact on the size and the functional
groups of the dissolved lignin oligomers (Holladay et al., 2007). Soft alkaline extraction
conditions helped producing large oligomers (Sun et al., 2004; EI Mansouri and Salvado,
2006). These polymers could be interesting for some applications where long chain of
lignin or hemicelluloses are looked for, as non-exhaustively in coatings, surfactants,

adhesives and cosmetics applications. (Werpy et al., 2004; Holladay et al., 2007).

Along with lignin oligomers and hemicelluloses, phenolic monomers are released
during mild alkaline treatment of lignocellulosic biomass. The content and nature of the
phenolic monomers vary from one biomass to another, but the major phenolic monomers
released are p-CA and FA with about 1 g for each compound extracted from 100 g of
biomass (Sun et al., 2001; Tilay et al., 2008; Buranov and Mazza, 2009).

The solubilization yields of lignin and hemicelluloses from lignocellulosic biomass
after mild alkaline pretreatment with sodium hydroxide and the ethanol yield after the
saccharification and fermentation steps can be increased with the addition of different
chemicals during the pretreatment (Chaturvedi and Verma, 2013). For instance, the
solubilization yield of lignin and hemicelluloses after peroxide-alkaline pretreatment (4%
H202 (w/v), 0.25% MgSO4 (w/v), pH of 11.6 adjusted with NaOH, S:L ratio of 1:20 (w/v),
40 °C, 10 h) on SCB reached 88% and 95%, respectively (Brienzo et al., 2009). As for
the other pretreatment conditions already reported, a change of one parameter value
influence the solubilization yields for lignin and hemicelluloses, for instance a decrease
in the S:L ratio from 1:10 to 1:30 (w/v) increased the lignin and hemicelluloses removal
rates from 66% to 72% and from 79 to 85%, respectively (Sun et al., 2003). However,
high cost of hydrogen peroxide and requirement for reactions vessels that can withstand
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oxidative conditions are important drawbacks regarding the use of hydrogen peroxide
(Chaturvedi and Verma, 2013).

Overall, several studies showed that mild alkaline treatments combined with
enzymatic saccharification led to much higher yield in monomeric sugars than acid
treatments sometimes followed by enzymatic saccharification, and therefore to higher
ethanol yield in the following fermentation step. For instance, on agave bagasse and
sugarcane bagasse a dilute acid treatment (1.2% HCI (v/v), S:L ratio of 1:15, 121 °C, 4 h)
yielded 10 and 37% reducing sugars, respectively, whereas an alkaline treatment (2%
NaOH (w/v), S:L ratio of 1:5, 121 °C, 4 h) followed by enzymatic saccharification
yielded other 50% reducing sugars for both materials (Hernandez-Salas et al., 2009).
However, the choice of the enzymes for the saccharification is key parameter to reach
high yields in reducing sugars. On sorghum bagasse, alkaline treatment (2% NaOH (w/v),
S:L ratio of 1:20, 25 °C, 2 h) was more efficient to produce monomeric sugars than acid
pretreatment (0.5% H2SO4 (w/w) ,S:L ratio of 1:20, 170 °C, 0.5 h) with yield of 92% and
70%, respectively (Wu et al., 2011). Increasing sodium hydroxide concentration to 10%
(w/v) led to a yield of 99%. On rice hull, alkaline peroxide treatment (7.5% H20> (v/v),
pH 11.5 adjusted with NaOH, S:L ratio of 1:6.7, 35 °C, 24 h) and saccharification yielded
90% monomeric sugars (Saha and Cotta, 2007), whereas dilute acid treatment (1% H2SO4
(v/v), S:L ratio of 1:6.7, 121 °C, 1 h) and saccharification yielded 60% monomeric sugars
(Sahaetal., 2005b). On the same biomass, lime treatment (1.5% Ca(OH). (w/v), S:L ratio
of 1:6.7, 121 °C, 1 h) and saccharification yielded even less monomeric sugars (32%)
(Saha and Cotta, 2008). The better enzymatic saccharification yields following alkaline
pretreatments of lignocellulosic biomass compared to acid pretreatments are supported
by the fact that lignin removal has a stronger effect on enzymatic saccharification than
the removal of hemicelluloses (Kim et al., 2003).

1.4.2.4. Industrial applications

In the frame of 2" generation ethanol production some companies developed alkaline
pretreatment such as SuGanit. The company set a sequential treatment of lignocellulosic
biomass with ionic liquid pretreatment followed by mild alkaline treatment for efficient
generation of cellulosic material and lignin fractions (Paripati and Dadi, 2014). This is a

two-step process: first lignocellulosic biomass are contacted with an ionic liquid for a
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sufficient time and temperature to swell the lignocellulosic biomass without dissolution
of the lignocellulosic biomass in the ionic liquid; and secondly, the swelled
lignocellulosic biomass is treated under mild alkaline conditions with 5% NaOH for about
1h at about 75°C to separate the lignin from the cellulose and hemicellulose.
Lignocellulosic alkaline hydrolysate from GreenValue, a Swiss company, were used to
study the recovery of lignin by flocculation (Piazza et al., 2015, 2017).

Mild alkaline extraction can also be adapted to existing industrial pulp and paper
process. For instance, mild alkaline pre-extraction (10% NaOH (w/v), 90 °C, 1 h) prior
to soda-AQ pulping largely preserved the pulp yield, while a substantial amount of xylan
was pre-extracted in polymeric form (about 15 kDa), allowing specific valorization where

long oligomeric chains are required (Sixta and Schild, 2009).

1.4.3. Purification routes applied to alkaline hydrolysates

Mild alkaline pretreatment on lignocellulosic biomass coupled with enzymatic
saccharification and fermentation of the solid residue containing cellulose is more
efficient than acid pretreatment for the production of cellulosic ethanol. However, the
cost of bases, such as sodium hydroxide, is high, making mild alkaline pretreatments
uncompetitive for large scale plants (Sanchez and Cardona, 2008). Mild alkaline
hydrolysates are composed of lignin oligomers, hemicelluloses oligomers, phenolic
monomers, acetic acid and salts. Some of these compounds present high added value, but
their purification is required to make their valorization possible and improve the
economic efficiency of biorefineries using mild alkaline pretreatment process (Wu et al.,
2011). The purification usually focus on hemicelluloses oligomers or lignin oligomers
and consists in removing inorganic salts (sodium hydroxide used in the process and
potentially solubilized silica from the biomass), acetate and phenolic monomers.
However, purifying and valorizing, inorganic salts (to reuse them in the process), acetate
or phenolic monomers can bring additional economic value to the process. Purification
can also occur within a given pool of molecules, for instance, lignin oligomers can be
further separated depending on their size or their functional groups for various application
(Holladay et al., 2007). Research on the separation of the components of mild alkaline

hydrolysates is very recent. Since their composition is similar to those of lignocellulosic
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alkaline hydrolysates obtained in severe conditions, the purification routes described here
include both types of alkaline hydrolysates.

1.4.3.1. Flocculation

Lignin can be flocculated from sodium hydroxide pretreatment hydrolysates, but not
from calcium hydroxide pretreatment hydrolysates (Chang et al., 2017). With the addition
of calcium chloride in sodium hydroxide hydrolysate, calcium ion can replace the sodium
ion to bridge the negative charges of lignin components and induce the flocculation of
lignin. The best lignin recovery (23% of the DS of the hydrolysate) by flocculation was
obtained with a loading of calcium hydroxide:hydrolysate of 1:11 (w/v).

1.4.3.2. Precipitation

a) Acidification

Acidification of lignocellulosic alkaline extract lead to the precipitation of lignin. At
high pH, phenol, carboxyl and hydroxyl groups within the lignin are deprotonated making
them negatively charged. The acidic environment tend to neutralize through protonation
the anionic charges of lignin (Sarkanen et al., 1984; Shi et al., 2011). The neutralization
of the charge, prevent repulsion from the different lignin molecules and allow the
interaction between aromatic moieties of the different compounds leading to
precipitation. When the pH is decreased, high molecular weight lignin molecules
precipitate first, smaller molecules precipitate at lower pH (Sarkanen et al., 1984; Wang
and Chen, 2013; Alekhina et al., 2015).

This process has been widely studied in the pulp and paper industry and many patents
are reported to specify the conditions of lignin precipitation from black liquor (Axegard
et al., 2006; Littorin et al., 2010; Oehman et al., 2006; Wallmo and Wimby, 2014). By
extension, lignin precipitation via acidification was applied to lignocellulosic mild

alkaline extract produced (Minu et al., 2012).

Sulfuric acid or carbon dioxide are usually used for acidification of Kraft black liquor
(Uloth and Wearing, 1989; Eckert and Abdullah, 2008). Other inorganic acids have also

been studied for the precipitation of lignin from lignocellulosic alkaline hydrolysates,
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such as phosphoric, hydrochloric or nitric acid (Minu et al., 2012). Phosphoric acid was
found to give the higher lignin yield but its price and the larger volume required for the
pH adjustment compare to sulfuric acid, made sulfuric acid more efficient (Minu et al.,
2012). The precipitation is run at temperature ranging from 60 to 85 °C, then the
precipitate is recovered by filtration (filter press industrially), centrifugation or
decantation (Axegard et al., 2006; Eckert and Abdullah, 2008). Temperature influence
the yield of the precipitate, temperatures higher than 50 °C are required to reach higher
yields (Minu et al., 2012). The temperature also affects the size of lignin flocks which
affect the precipitate/supernatant separation by filtration, good filterability occurring
above 70 °C (Glasser and Wright, 1998). However, at temperatures above 85 °C, the acid
precipitated lignin become soft and tacky and large clumps of lignin bound together
making the mixing difficult (Uloth and Wearing, 1989). For the acidification, sulfuric
acid can be added at high concentration (about 72% (v/v)) (Garcia et al., 2012) or diluted
(about 2% (v/v) (Mousavioun and Doherty, 2010; Minu et al., 2012).

When black liquor (pH 13.8) from oil palm empty fruit bunch was precipitated with
phosphoric acid, pH 2 was found to be the optimum for lignin recovery, further
acidification did not improve the yield (Sun et al., 1999). On centrifuged wheat straw
black liquor, an optimal pH of 3.5 was determined for the acidification of the black liquor
based on lignin precipitation yield (80%) and sulfuric acid consumption (100 mEg/L of
black liquor) (Gilarranz et al., 1998). Differential acid precipitation of lignin on alkaline
hydrolysate (7.5% NaOH (w/w), 90 °C, 90 min) from apple tree pruning waste showed
that 20% of the lignin was recovered with acidification until pH 6-5 while about 80% of
lignin recovery was achieved when pH was further adjusted to 2 (Garcia et al., 2012).
When sulfuric acid is added at 80 °C to softwood black liquor until the pH is decreased
to 9, 67-77% of the lignin were recovered and when pH was decreased to 3, up to 93-95%
of the lignin were recovered with the sodium content of the precipitate decreasing with
decreasing pH (Uloth and Wearing, 1989). Another study by Alekhina et al. (2015) on
softwood black liquor with sequential precipitation at pH 10.5, 5 and 2.5, showed that
majority of the lignin (74-89%) was precipitated at pH 5 whereas further pH decrease to
2.5 increased the precipitation yield only by 4-5% (Alekhina et al., 2015).

Acid precipitated lignin usually showed very high ash contents (up to 55% (w/w))
(Garcia et al., 2012) that requires extensive washing with dilute sulfuric acid and water
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to eliminate the salts (Uloth and Wearing, 1989; Eckert and Abdullah, 2008). Sugars are
also recovered in the precipitate and decrease lignin purity. SCB black liquor obtained
from soda-AQ pulping process, precipitated by sulfuric acid until pH 3 at 65 °C, and then,
washed with hot water (50 °C) led to lignin purity of 70%, with the 30% remaining being
carbohydrates (da Silva et al., 2013). To increase lignin purity some studies proposed a
two-step precipitation process as carbohydrates, silica and other inorganic salts tend to
precipitate together with lignin at pH about 7 to 5, then lignin with higher purity were
precipitated between pH 5 and 3 (Mousavioun and Doherty, 2010; Minu et al., 2012).
However another study on softwood black liquor, with sequential precipitation at pH of
10.5, 5 and 2.5 showed opposite results since lignin precipitated at lower pH had a lower
purity due to more co-precipitated sugar (Alekhina et al., 2015). Extensive wash of the
lignin did not remove the hemicellulosic sugars probably due the polymeric form of xylan

and its linear structure making it insoluble in water (Alekhina et al., 2015).

Metso published several patents about lignin separation from black liquor by acid
precipitation, among which, WO 2006/031175 (Axegard et al., 2006) discloses the basic
two stage acidic process and W02006/038863 (Oehman et al., 2006) discloses an
improvement of the process where sulphate ions are added to the process. pH is adjusted
to 1-3.5 with carbon dioxide or sulfuric acid, then a press filter is used to separate the
lignin precipitate from the black liquor, and the cake is rinsed with the acid solution (pH
from 1 to 3.5) (Axegard et al., 2006). Addition of sulphate ion (e.g., in the form of sodium
sulfate) into the black liquor before precipitation, enable to increase lignin yield (Oehman
et al., 2006). For instance, addition of Na2SOa to black liquor with a ratio of 1:20 (w/v),
prior to acidification with carbon dioxide until pH 9.6 at 80 °C enable to increase the
lignin yield from 60.5 to 66.8%. Innventia, a Swedish company, is precipitating lignin
from softwood kraft black liquor (pH 13) by the addition of carbon dioxide or mineral
acid at 80 °C until pH 8 only (Eckert and Abdullah, 2008).

b) Ethanol addition

Ethanol addition to lignocellulosic alkaline extract lead to the precipitation of the
hemicelluloses. Ethanol is the solvent most commonly used, but other organic solvents
have also been applied for the precipitation of hemicelluloses (Sun, 2000).

Hemicelluloses, as polysaccharides, contained many hydroxyl groups which form
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hydrogen bonds with the water molecules. When ethanol is added, it adheres to the
polysaccharides through hydrophobic interaction and rearranges hydrogen bonds between
water and ethanol, resulting in the possibility for the polysaccharide chains to set

hydrogen bonds between each other (Umemura and Yuguchi, 2009; Sedimeyer, 2011).

Final ethanol concentration is the operating condition having the most influence on the
hemicellulose precipitation yield (Xu et al., 2014). Increasing volume of ethanol leading
to higher hemicelluloses precipitation, classic yield of hemicelluloses precipitated ranges
from 70-80% with an ethanol concentration at 70% or above, and 80 to 95% with
concentration of ethanol at 80% or above, respectively, depending on the initial biomass
and the hemicelluloses extraction conditions (Brillouet et al., 1982; Bian et al., 2010;
Peng et al., 2011; Xu et al., 2014). The structural features of a polysaccharides (e.g.,
nature of the sugar or ramifications) also impact the precipitation behavior and yield.
Higher arabinose/xylose ratios were obtained in the isolated hemicelluloses, with
increasing concentration of ethanol (Peng et al., 2009, 2011). The undissolved
hemicelluloses at high concentration of ethanol are short-chained polysaccharides (Sun,
2000). For synthetic glucans, as the molecular size increased from 1 kDa to 270 kDa, the
precipitate yield increased from 10% to 100% in 80% ethanol (Xu et al., 2014).

Addition of ethanol 95% (v/v) at room temperature with constant stirring for a few
minutes to an hour or initial stirring associated with sedimentation at lower temperature
(4-6 °C) for a few hours to 12 hours are the main process described, then the precipitated
hemicelluloses are recovered by centrifugation or by filtration on 0.45 um nylon
(Buranov and Mazza, 2009; Peng et al., 2011; Sun et al., 2004; Zeitoun et al., 2010).

Hemicelluloses precipitation from wheat straw mild alkaline extract by ethanol, with
an ethanol:extract ratio of 4:1 (v/v), led to the recovery of 38% of the lignin in the
precipitated hemicellulosic fraction (Sun et al., 1998). Two precipitation steps can be
done sequentially to increase lignin purity from a lignocellulosic alkaline hydrolysate.
First pH is adjusted to 5-7, then 3-4 volumes of ethanol are added to precipitate the
hemicelluloses, and finally the ethanol is evaporated and the pH is lowered down to 1.5-
2 to precipitate the lignin (Lan et al., 2011; Sun et al., 1998, 1999). This process applied
on corncob mild peroxide-alkaline hydrolysate led to 89% recovery for the
hemicelluloses after the first precipitation step and 78% recovery for the lignin after the
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second precipitation step (Su et al., 2015). A pH adjustment to 5-7 with acid addition
before ethanol addition increase the hemicelluloses precipitation yield but led to co-
precipitation of lignin and therefore decrease hemicelluloses purity and lignin yield (Sun
and Tomkinson, 2001).

Both ethanol and acid additions have been coupled to sequentially precipitate the
polysaccharides at pH 6 with 3 volumes of ethanol, then the lignin at pH 2 (Sun et al.,
1999). It led to higher lignin purity than direct pH adjustment to 2, but lower lignin yield
was obtained.

1.4.3.3. Adsorption

a) Activated charcoal

Activated charcoal, also known as activated carbon, is usually used to adsorbed high
molecular weight lignin while carbohydrates remained mainly unadsorbed, and phenolic
monomers present different behaviors (Zhao et al., 2011; Shen et al., 2013). The
adsorption of lignin onto activated charcoal is an endothermic and spontaneous process,
and at least two layers of lignin can be adsorbed (Andersson et al., 2011). Adsorption of
phenol molecules on activated charcoal is controlled by the dispersion force between the
n-electrons in activated charcoal, under the form of carboxyls, lactones, aldehydes and

ketones groups among others, and those in phenol molecules (Jung et al., 2001).

Adsorption via activated charcoal is carried out in batch on lignocellulosic alkaline
extracts in order to pretreat the extract before further purification, by adsorption on anion
exchange resins (Ou et al., 2007; Zhao et al., 2011; Shen et al., 2013). Adsorption of
lignin on activated charcoal before adsorption on resin enable the recycling of the anionic
resin (Zhao et al., 2011). The targeted molecules can be adsorbed on the activated
charcoal like ferulic acid (Ou et al., 2007), or the molecules considered impurities are
adsorbed while the targeted molecules are not like coumaric acid (Zhao et al., 2011), and
hemicelluloses (Shen et al., 2013). When activated charcoal is added to a SCB alkaline
extract, coumaric acid is weakly adsorbed (14%) and can be separated from lignin and
ferulic acid that are adsorbed at 80% (Zhao et al., 2011).
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Ferulic acid adsorption from a neutralized SCB alkaline extract is strongly influenced
by the ratio of activated charcoal:extract (w/v), a ratio of 1:100 enabled the adsorption of
48% ferulic acid, whereas a ratio of 3:100 enabled the fixation of 98% ferulic acid (Ou et
al., 2007). Sequential desorption can help purifying ferulic acid, indeed water at 90 °C or
acetic ether can desorb most of the color adsorbed on the charcoal and only a small part
of the ferulic acid, then 2% NaOH (w/v) can desorb 94% of the adsorbed ferulic acid (Ou
etal., 2007).

b) Resin

Adsorption of phenol from a synthetic solution is affected by the pH of the solution
and the resin used (Caetano et al., 2009). A non-functionalized resin with a polystyrene—
divinylbenzene (PS-DVB) matrix, reported maximum loading capacity under acidic
conditions, where undissociated phenol form predominates. In contrast, anion exchange
resins, also with a PS-DVD matrix, reported higher loading capacity than non-
functionalized resin but under alkaline conditions, where phenoxide form predominate,
and thus, a combined effect of both adsorption and ion exchange mechanisms occur.
Desorption of phenol with sodium hydroxide on the non-functionalized resin was
inefficient, but a solution of methanol:water 1:1 (v/v) yielded 90% recovery. On the anion
exchange resin, desorption with 4% NaCl (w/v) at pH 12 yielded a 90% recovery for
phenol (Caetano et al., 2009). Polyvinyl polypyrrolidone matrix was tested for the
adsorption of FA, involving hydrogen binding with phenolic and carboxyl groups, but
adsorption on PS-DVB resins, involving hydrophobic interaction with the aromatic ring
of FA, led to higher binding capacity (Tilay et al., 2008). Desorption was made with an
ethanol:NHs solution at a ratio of 1000:1 (v/v), the purity of FA increased by a 1.35-fold
factor and its recovery was 58% (Tilay et al., 2008).

Macroporous-type anion exchange PS-DVB resins were used on lignocellulosic
alkaline extract to adsorb and purify phenolic monomers such as ferulic acid (Ou et al.,
2007) or coumaric acid (Ou et al., 2009); desorption involved water:ethanol:HCI solution
at a ratio of 36:60:4 (v/v/v). For the purification of hemicelluloses from a lignocellulosic
mild alkaline extract, macroporous-type strong base anion (SBA) exchange resin with an
acrylic DVB matrix exhibited better adsorption capacity for the color (phenolic

compounds) than a macroporous-type SBA exchange resin with a PS-DVB matrix and a
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macroporous-type non-functionalized resin with an aliphatic-DVB matrix (Zeitoun et al.,
2010). Desorption of color compounds was carried out with 4% NaOH (w/v). lon
exchange resin were also used to purify hemicelluloses by adsorbing organic acids
(mainly acetic acid); sulfuric acid was suggested for the desorption of acetic acid (Shen
etal., 2013).

1.4.3.4. Low pressure chromatography

Some chromatographic processes using ion exchange resins on lignocellulosic alkaline
extracts have been reported. Pine soda-AQ hydrolysate was acidified until pH 1.2 to
precipitate the lignin, then complete separation of aliphatic carboxylic acids and sodium
sulfate from the acidified hydrolysate was achieved using chromatography on strong acid
cation (SAC) exchange resin and water as eluent (Alén et al., 1991). More recently,
chromatography on SAC exchange resins with PS-DVB matrix using water as eluent
applied on sugarcane bagasse mild alkaline extract has been reported (Oriez et al., 2018).
Depending on the size of the resin pores different separations were obtained by pulse
chromatography, on a gel-type resin phenolic monomers with a carboxyl group (e.g.,
ferulic acid) were recovered at 75% in a fast eluted fraction and phenolic monomers
without carboxyl group (e.g., vanillin) were recovered in a fraction eluted later at 75%.
On a macroporous-type resin, a fraction containing the largest oligomers of lignin (14%
recovery) and hemicelluloses (30% recovery) was obtained free from salts, phenolic

monomers and acetic acid.

1.4.3.5. Cross-flow membrane filtration

Membrane filtration has been used in the pulp and paper industry to concentrate black
liquor (hemicelluloses and lignin) and to remove some of the salts (Abels et al., 2013;
Haddad et al., 2017). Hemicelluloses have a low heating value and can be used for other
valuable application, so membrane filtration was studied to concentrate and purify
hemicelluloses from black liquor and by extension from other lignocellulosic alkaline
extracts (Huang et al., 2008; Sixta and Schild, 2009; Persson and Jonsson, 2010; Toledano
et al., 2010). Lignin has a higher heating value than hemicelluloses, but it can be the
starting point of a chemical phenolic platform, therefore their concentration and

purification from lignocellulosic strong alkaline extract has also been widely studied
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(Wallberg and Jonsson, 2006; Jonsson and Wallberg, 2009; Abels et al., 2013).
Ultrafiltration, for instance on ceramic membranes (with MWCO values of 0.8 um,
0.2 um and 50 nm) at 30-60 °C, can be used on black liquor from raw materials with high
content in silica (e.g., rice straw) to retain lignin (75%) and silicate (80%), while cooking

chemicals are recovered in the permeate (Liu et al., 2004).

Ultrafiltration has been compared to precipitation to recover kraft lignin as it present
the advantage of not altering the pH or the temperature of the black liquor (Uloth and
Wearing, 1989; Jonsson and Wallberg, 2009). Kraft lignin obtained via ultrafiltration are
more contaminated by ash than lignin obtained via acidification (Uloth and Wearing,
1989). However lignin obtained from soda pulping process of Miscanthus sinensis (7.5%
NaOH (w/w), 90 min, 90 °C) and then passed through 5, 10 or 15 kDa membranes are
less contaminated by hemicelluloses than acid precipitated lignin (Toledano et al.,
2010Db). Ultrafiltration has been used at one Scandinavian mill to produce Karatex®, a
kraft lignin used as an extender for phenol formaldehyde resin in the manufacture of
plywood (Uloth and Wearing, 1989).

Retention of hemicelluloses from black liquor, while lignin are recovered in the
permeate, have also been demonstrated by membrane filtration and the most efficient
membranes have usually an MWCO between 1 and 15 kDa (Uloth and Wearing, 1989;
Wallberg and Jonsson, 2006; Jonsson and Wallberg, 2009; Persson and Jonsson, 2010;
Singh and Murthy, 2017). However, the MWCO of the membranes has to be adapted for
every alkaline lignocellulosic extract as the raw material and extraction conditions
variabilities lead to different size and configuration of hemicelluloses and lignin
oligomers. For instance, the concentration of black liquor from hardwood by a VRF of 3
was carried out on 15 kDa ceramic membrane (Orelis, now Novasep) at 1 bar, 5.0 m/s,
90 °C and resulted in an average flux of 33 L/h/m?, in the retention of 15-25% lignin and
the retention of 75-95% of hemicelluloses, while cooking chemicals (sodium hydroxide
and sodium sulphide) were not retained (Jonsson and Wallberg, 2009). Membranes with
even smaller MWCO, for instance about 200-400 Da, can retain more than 97% of the
hemicelluloses from a wood steam hydrolysate, but are not suitable for purifying
hemicelluloses extracts as small molecules present high retention rate as well, i.e., acetic
acid (70%), furfural (70%) or HMF (85%) (Ajao et al., 2015).

70



Chapter 1: THE LIGNOCELLULOSIC BIOREFINERY

Concentration by a volumic reduction factor (VRF) of 3.4 of Eucalyptus globulus cold
caustic extract on flat-sheet polyethersulfone membrane of 10 kDa (UP010, from
Microdyn-Nadir) at 40 °C with cross flow velocity changing in the range of 1 to 3 L/min
and PTM in the range of 2 to 8 bar, led to a xylan concentration increase up to 67.4 g/L
from 22.0 g/L, while their concentration in permeate was lower than 1 g/L. Meanwhile,
sodium hydroxide concentration was maintained in the retentate around 80 g/L, so
xylans/NaOH ratio was increased from 0.28 to 0.84 (Sixta and Schild, 2009). Purification
can be improved if the filtration is carried out in diafiltration mode (Uloth and Wearing,
1989), 90% of the impurities can be removed when 2.3 diavolumes of water are used
before concentration by VRF 2 of softwood black liquor on 25 kDa polysulfone
membrane (GR60PP from Danish Sugar Company, now Alfa Laval) at 60 °C. The
permeate flux for dialysis and post-concentration were 90 and 70 L/h/m?, respectively,

with a global lignin recovery of 54%.

Polysulfone membranes were used successfully in order to recover caustic silicate in
the ultrafiltration permeate from herbaceous alkaline extract (50% w/w NaOH, 50 °C,
2 h) (Lucas and Martin, 1998). Ceramic membranes can be used at higher temperatures,
and therefore higher flux can be achieved, but a side effect is the lower lignin retention.
Filtration of black liquors at 145 °C and pH of 13-14 at 4 bars on 15 kDa and 5 kDa
ceramic membranes (Orelis, now Novasep) led to fluxes of 100 and 50 L/h/m? but low

retention of lignin with 20% and 30%, respectively (Wallberg and Jonsson, 2006).

The initial water flux of the membrane, used to check the efficiency of a cleaning
procedure after the filtration of an alkaline hydrolysate, should be measured after the
rinsing of the new membrane with an alkaline solution (e.g., sodium hydroxide). Indeed,
an alkaline solution increase the hydrophilicity and the flux, by the swelling of the
membrane (Nilsson et al., 2008; Sixta and Schild, 2009). Cleaning is usually performed
at low TMP in order to avoid compression of a possible cake formed at the membrane
surface (Wallberg and Jonsson, 2006). Care is needed when membranes are cleaned after
treatment of kraft cooking liquors because the solubility of lignin decreases when the pH
decreases. This means that if water is used for rinsing, lignin will precipitate and foul the
membranes. A cleaning method based on the use of collected permeate as the first rinsing
solution, followed by synthetic alkaline solution cleaning was successful (Wallberg and
Jonsson, 2006).
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1.4.3.6. Electrodialysis

Electrodialysis was studied to acidified black liquor to recover lignin
(1.4.3.2.a)Acidification) and at the same time recover NaOH from the black liquor
(Haddad et al., 2017). Hydrogen ions are produced in the black liquor stream and replace
the sodium ions that migrate into the sodium hydroxide stream. The results have indicated
that the implementation of electrodialysis led to a lower chemical consumption than the

chemical acidification method.

1.4.3.7. Combination of different purification techniques

The technologies mentioned previously have been sometimes combined in integrated
purification processes of lignocellulosic alkaline extracts. Here are a few examples of

integrated process.

Purification of p-CA from SCB mild alkaline extract involved ultrafiltration,
adsorption on activated charcoal, adsorption on anion exchange resin and finally
crystallization (Zhao et al., 2011). Ultrafiltration on a 3 kDa hollow fiber membrane
produced a permeate free of hemicelluloses and lignin oligomers, but still containing
phenolic monomers responsible of a brown color and considered impurities. Addition of
activated charcoal in the permeate with a ratio of 3:100 (w/v), was the optimal ratio and
removed 78% of the color whereas 14% of the p-CA was adsorbed as well. The removal
of these phenolic compounds improved the adsorption and desorption performance of
anion exchange resins after several adsorption-desorption cycles. p-CA was crystalized
from the desorption solution (water:ethanol:HCI at a ratio of 36:60:4 (v/v/v)), by
evaporating the ethanol and the resulting crystal had a purity of 95.2% for p-CA. Overall,
8 g of p-CA was formed from 1 kg of SCB.

Another method was developed by Buranov and Mazza (2009) to purify ferulic acid
and hemicelluloses from lignocellulosic mild alkaline hydrolysates, using a combination
of neutralisation, ethanol precipitation, ultrafiltration and a second ethanol precipitation
step (Buranov and Mazza, 2009). After neutralization of the alkaline extract and addition
of ethanol 95% (v/v) to reach an extract:ethanol ratio of 65:35 (v/v), wax and
glucomannans were precipitated. They were separated by centrifugation and the

supernatant was ultrafiltrated on a 30 kDa PS membrane resulting in the separation of
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high polymeric hemicelluloses in the retentate from oligomeric hemicelluloses and ferulic
acid in the permeate. Oligomeric hemicelluloses were precipitated from the permeate by
the addition of ethanol and ferulic acid was recovered afer evaporation of the ethanol.

However, no purity and recovery values for hemicelluloses and ferulic acid were reported.

An integrated process to produce purified hemicelluloses from a wheat bran alkaline
extract has been developed including ultrafiltration and adsorption steps (Zeitoun et al.,
2010). The alkaline extract was first separated from the solid residue of the extraction by
centrifuge filtration with a 1 um mesh. A 30 kDa polyethersulfone hollow fiber
membrane was used in concentration mode with a VRF of 1.8 and led to the removal of
65% of the initial salts. The retentate containing hemicelluloses was treated on an anion
exchange resin, to remove color compounds by adsorption on the resin, while only 8% of

the xylan was lost by adsorption.
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1.5. Combination of acid and alkaline extraction

The alkaline treatment induces the extraction of many valuable molecules like lignin
and hemicelluloses oligomers, phenolic monomers such as coumaric and ferulic acid.
Nevertheless, they are obtained in a mixture solution requiring several purification steps
to obtain pure fractions. Another process set-up, including a sequential acid pretreatment
where hemicelluloses are mainly extracted followed by an alkaline pretreatment where
lignin and other valuable compounds are extracted, has been studied. This process does
not require special purification step to remove fermentation inhibitors and yield high
saccharification yields.

Empty palm fruit bunch fiber was treated first by dilute acid (4% H2SOa (v/v), S:L
ratio of 1:5 (w/v), 121 °C, 1 h) and washed, then treated by a highly concentrated alkaline
solution (40% NaOH (w/v), 25 °C, 4 h) and washed and finally the solid residue was
enzymatically saccharified (Kim et al., 2012; Kim and Kim, 2013). Acid pretreatment
removed of 88% of the hemicelluloses and 30% of the lignin, and the combination of acid
and alkaline pretreatments removed 70% of the lignin and about 96% of the cellulose was
preserved in the solid residue. Eventually, about 98% of the cellulose contained in the
solid residue was saccharified into glucose, and simultaneous enzymatic saccharification

and fermentation converted about 84% of the cellulose into ethanol.

Corn stover was treated with a similar process, sequential dilute acid extraction (0.5%
H2SO4 (w/v), S:L ratio of 1:10 (w/v), 160 °C, 10 min) and alkaline extraction (2% NaOH
(w/v), S:L ratio 1:20 (w/v), 80 °C, 1 h) led to even higher lignin yield despite less drastic
alkaline conditions than in the previous study (Lee et al., 2015). Dilute acid treatment
produced yields of xylose of 71% and glucose of 19%, and removed about 15% of the
lignin. With the following alkaline treatment, overall removal yields were 89% for lignin,
91% for xylan and 22% for glucan, leading to an increase of glucan content in the solid
residue of 51% (w/w). The enzymatic saccharification yield of the solid residue after the

two pretreatments was 97%.

A patent has been developed based on sequential acid (carbonic acid at pH 4, 50 °C,
60 min) and alkaline (50% NaOH (w/w), 50 °C, 2 h) extraction on counter-current
extractors to produce ethanol, sulfur-free lignin, and potentially waterglass (caustic

silicate solution), when raw materials have a high content of silica (Lucas and Martin,

74



Chapter 1: THE LIGNOCELLULOSIC BIOREFINERY

1998). The acid extract, containing 5-carbon sugars, soluble salts, soluble plant proteins,
and soluble polypeptides, is sent to fermentation. The strong alkaline extract, containing
lignin and potentially silica, is ultrafiltrated to purify and concentrate lignin up to 40%
dry solid (w/w) while the permeate is fed back to the alkaline extraction solution or sold
as waterglass. The solid residue is washed, pH adjusted and sent to fermentation. On rice
hull, the authors claimed that 98.0% of the initial hemicelluloses are recovered in the acid
hydrolysate, 97.0% of the initial lignin is covered in the alkaline hydrolysate and the solid
residue contained 100% of the initial cellulose. A company, Colusa Biomass Energy

Corporation, in California, has been using this patent.

In the previous studies, water consumption of the washing step is not mentioned, but
might be significant as neutral pH of the effluent is looked for after the dilute acid
extraction and the alkaline extraction, and then after the alkaline treatment and before the
enzymatic saccharification. Extraction of the hemicelluloses in the first stage can also be
performed by steam explosion, before extraction of the lignin in a second stage by alkaline
treatment ( NaOH S:L ratio of 1:10 (w/v), NaOH, 80 °C, 1 h), and therefore the water
consumption would be reduced (Glasser and Wright, 1998). The remaining solid residue,
supposed to contain mainly cellulose, contain 7-10% lignin according the initial biomass
treated, whereas the lignin fraction has a purity up to 90-95% and represent 15-20% (w/w)

of the initial biomass.

Finally, sequential treatment with alkaline extraction first is also interesting in a
characterization prospect (Barberousse et al., 2008). Mild alkaline hydrolysis releases
ester-bonded ferulic acid and other monomer phenolic acid from lignocellulosic biomass,
then acid hydrolysis can be used to cleave the remaining alkyl aryl ether bonds. It has also
been applied at pilot scale as presented in the exhaustive process proposed by NREL
(Humbrid et al., 2011). Deacetylation in mild alkaline conditions (NaOH:dry biomass
ratio of 17:1000 (w/w), 80 °C, 1 h) is carried out before dilute acid pretreatment, to
enhance downstream enzymatic hydrolysis and potentially decrease enzyme loading

requirements.
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1.6. Conclusion

The fractionation processes have to be selected carefully according the molecules
targeted in the biorefinery, since they influence the structure of the extracted molecules,
for instance acid extraction leads to carbohydrate hydrolysis whereas alkaline extractions
do not. The bibliographic study shows that nowadays, simple industrial processes using
resins, low pressure chromatography, are used for the purification of lignocellulosic acid
extract. The aim of the project was to define a similar simple process for the recovery of
the various fractions contained in lignocellulosic mild alkaline hydrolysates. Our idea was
to explore two low-energy and low-chemical consuming processes - resin in

chromatographic mode and membrane filtration - to purify model mild alkaline extracts.
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2.1. Introduction

Two model raw materials were studied in this work: sugarcane bagasse (SCB) and
sunflower oil cake (SUOC). SCB has been already studied extensively to find other
economical and environmental interesting valorizations than just burning it to provide
power. SCB can be considered a model lignocellulosic biomass due to its high production
worldwide and its composition as it contains only little amount of non-lignocellulosic
compounds (e.g., ash, proteins, wax). SuOC is currently used for its high protein content
in animal feed but also contains a large amount of lignocellulose that reduces its
digestibility for the ruminant. The lignocellulose fraction could be valorized for higher
added value products but its recovery might be hindered by the proteins. SUOC has been
chosen as a model lignocellulosic biomass that contains proteins and because it is a typical

crop of the South West of France, where this work was carried out.

Traditional routes coming from the papermaking industry or from the developing
second generation ethanol production from lignocellulosic biomass were reviewed. The
most relevant in terms of technical feasibility, economic aspect and environmental
awareness were selected and implemented. Optimization of the selected processes was

not carried out, efforts were focused on the purification of the extracts.
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2.2. Raw materials characterization and pre-treatments

2.2.1. Sugarcane bagasse (SCB)

2.2.1.1. Production, current and potential uses

Sugarcane was the most produced crop in the world in 2013 with 1.9 billion tons (FAO,
2015). In 1998, the average yield was about 65 tons per hectare, but yields as high as 90-
105 tons per hectare can be obtained in some areas (Pandey and Soccol, 1998). Sugarcane
has been described as a rich solar energy reservoir due to its high yields, in comparison
to yield of wheat (1 ton/Ha), grass (2 ton/Ha) and trees (20 ton/Ha), for example (Pandey
and Soccol, 1998). On average, 1 ton of sugarcane generates 140 to 280 kg of bagasse,
the fibrous by-product remaining after sugar extraction from sugarcane (Sun et al., 2004;
Chandel et al., 2012; Melati et al., 2017), so about 300 million tons of sugarcane bagasse
(SCB) is produced annually. More than 50% of the SCB is used by the sugar factories
themselves as a fuel for the boilers to generate steam and the rest is burnt in biomass
power plant to generate electricity (Pandey & Soccol, 1998; Boussarsar, 2008; Liu et al.,
2008).

Instead of burning the SCB to generate electricity, its use for the production of fuels
and chemicals could offer economic, environmental, and strategic advantages (Cardona
et al., 2010). The high added value of C5 sugar derivatives (e.g., 2-3 $/kg for xylitol) or
phenolic compounds under monomeric form (e.g., 15 $/kg for vanillin) (Holladay et al.,
2007) or under oligomeric form (lignin price ranging from 0.35 to 3 $/kg depending on
its form) (Higson, 2011) could justify the extra steps required for their extraction and

purification compare to the price of sugar (0.25 to 0.35 $/kg).

The sugarcane bagasse used in this work was provided by eRcane, a research institute
based in La Réunion. In 2004, sugarcane covered 26,500 hectares in La Réunion (54% of
the agricultural land) and the production was around 2 million tons of sugarcane (average
yield of 75 ton/Ha). Two mills process the sugarcane on the island, providing 22% of the
island’s electricity (775,000 inhabitants) (Lejars and Siegmund, 2004).
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2.2.1.2. Composition

a) In literature

The composition of SCB has been reported on numerous studies and limited variability
was observed when the analyses were performed using the methodology developed by
National Renewable Energy Laboratory (NREL) on SCB from different origins
(Table 2.1). Some results presented the carbohydrates cell wall as cellulose and
hemicelluloses whereas other studies used the polymeric chains (e.g., Xylan) related to
the sugar monomers quantified by HPLC (e.g., xylose) as expressed by NREL
methodology. For an easier comparison, the results expressed with the polymeric chains
were reported in Table 2.1 as cellulose for glucan, and hemicelluloses for all the other
polymeric sugars. The following composition for SCB has been commonly observed:
cellulose 38-45% (w/w), hemicelluloses 25-35% (w/w), lignin 18-25% (w/w) and ash 2-
5% (w/w).

In the study by Chen et al. (2011) and Okano et al. (2006) the SCB composition
assessed by ADF-NDF method was significantly different from the SCB composition
reported by NREL method. Even if, the SCB composition depends on its species and
growth conditions, we may suggest that ADF-NDF method tends to underestimated the
lignin content and overestimate the cellulose content (Chen et al., 2011) or the
hemicelluloses content (Okano et al., 2006). The ADF-NDF and NREL protocols are
detailed in Chapter 6.

Hemicelluloses are mainly composed of xylose 78-92%, that constitute a backbone on
which arabinose and uronic acids (galacturonic and glucuronic acids) are branched
(Lavarack et al., 2002). By increasing the severity of successive alkaline extractions, Sun
et al. (2004) confirmed that SCB hemicelluloses are made from a xylose backbone with
branched portion containing with decreasing extent xylose, arabinose, glucose, galactose,
mannose and rhamnose (Sun et al., 2004). However, the content of glucose in
hemicelluloses is hard to quantify as it may come from cellulose degradation during
alkaline hydrolysis. Biomasses containing hemicelluloses with a xylan backbone like
SCB generally contain high level of bound acetate groups on the xylose unit through ester
linkage (Sluiter et al., 2008).
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Ferulates and coumarates are particularly abundant in the cell walls of grasses
(Ragauskas et al., 2014). After an alkaline treatment, Xu et al. (2005) reported that SCB
contains about 1.8% p-CA (w/w) and 1.3% FA (w/w) as well as minor quantities of
related phenols such as p-hydroxybenzaldehyde, vanillin, syringaldehyde and vanillic
acid (Xu et al., 2005). p-CA has more ester bounds (69-76%) than ether bounds to the
cell wall components, mainly lignin, whereas about half of FA (44-55%) is esterified to

the hemicelluloses, the other half being etherified through the phenolic oxygen to lignin.

SCB contains lower ash content (2-5%) than other crop residues (e.g., rice straw and
wheat straw contains about 14-18% and 9-11% ash, respectively) (Pandey and Soccol,
1998; Cardona et al., 2010). It is in advantage for instance for the productivity of a given
process as it means more fibers and thus more sugars are available per mass of SCB
treated. It also increases the efficiency of some chemical fractionation process where
metal ions can decrease the catalytic activities of acid or base chemicals.

b) In our project

Dry SCB (1 m®) was provided by eRcane (La Réunion, France). Because of the visual
heterogeneity of the raw SCB, a sample of raw SCB (146 g) was fractionated depending
on the size of the particles by an analytical vibratory sieve shaker (AS200 basic, Retsch)
with three grids of 2, 1 and 0.5 mm. Most of the particles were less than 0.5 mm (35.5%
(w/w)) and the ash content increased with decreasing size of particles (Table 2.2). Fibers
larger than 2 mm had an ash content of 2.4% (w/w) similar to what is reported in the
literature, whereas smaller particles had a higher ash content (e.g., 17.0% (w/w) for
particles smaller than 0.5 mm) with a higher heterogeneity in their ash content (higher
standard deviation). According to Arnaud Petit (eRcane, La Réunion), small particles are
likely to be from parenchyma (filler cells) that can still contain minerals if the lysis was
not complete during the crushing prior to the sugar extraction step, whereas particles

longer than 2 mm are structural fibers, made essentially from lignocellulose.
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Table 2.2
Fractions obtained after the sieving of raw SCB on grids of 2, 1 and 0.5 mm

Fraction (F) F>2mm 2mm>F>1mm 1mm>F>05mm 05mm>F
Portion (wg/w;) &) 19.1 26.0 15.8 35.5
Ash content (%) 2.4 (x£0.1) 50(x2.1) 11.7 (£ 3.3) 17.0 (£ 1.7)

Ash content values are calculated based on the percentage of dry solid. All the analyses were
run in triplicate.

&) with we the weight of the fraction and wi; the initial weight of the SCB fractionated

In order to homogenize the raw SCB and increase the extraction yields at the following
chemical fraction steps, the SCB was ground on a 2 mm mesh by a knife mill (Mill F6 N
V, Electra). The ground SCB was analyzed by two techniques to determine its content in
cellulose, hemicelluloses and lignin: the technique commonly called ADF-NDF (Van
Soest and Wine, 1967, 1968; Van Soest et al., 1991) (Table 2.3) and the protocol
developed by the National Renewable Energy Laboratory (NREL) (Sluiter et al., 2005,
2008) (Table 2.4), inspired from the TAPPI procedure from the pulp and paper industry.

The removal of the extractives (Sluiter et al., 2005) by Soxhlet with water then ethanol
is interesting when the biomass to analyze contains high level of ash, proteins or lipophilic
substances (e.g., lipids, pigments, wax). These compounds have low contents in the SCB
but we run this procedure in order to get a precise composition of our raw material. The
removal of the extractives reduced the amount of acid soluble lignin (ASL) and it also
increased the standard deviation of the sugar contents revealing less reliable results for
both ADF-NDF and NREL protocols (Table 2.3 & Table 2.4). Besides, the mass balance
established during the following chemical fractionation steps would not be accurate if the
SCB free from extractives was taken as a reference since no extraction procedure with
water then ethanol was run on SCB before its chemical fractionation. The water and
ethanol extractions by NREL protocol removed 8.2% (x 1.7%) and 3.8% (£ 0.3%) of the
initial DS content, and 9.1% (£ 3.7%) and 2.7% (£ 1.9%) of the initial ash content of the
SCB, respectively.
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Table 2.3

Cellulose, hemicelluloses and lignin determination on SCB ground on a 2 mm mesh by ADF-
NDF procedure and the influence of extractives removal (ER) by NREL protocol (Sluiter et al.,
2005).

Without ER With ER
Cellulose 35.5+£0.7 43.0+£1.2
Hemicelluloses 21.7+£1.1 196+2.2
Lignin 141+05 157+1.1
Others 28.7 21.7

All values are calculated based on the percentage of dry solid. All the analyses were run in

triplicate.

The SCB was also ground to 50 um to test electrostatic separation, it was also analyzed
as reported in Table 2.4. Analyses run by two different operators with slightly different
protocols between LCA and IATE laboratories showed similar results. The difference in
results between the SCB ground on 2 mm mesh and on a 100 pm mesh by an impact mill
(Dso = 50 um) could be due to an uncomplete degradation of sugars with the SCB 2 mm,
but also to a different sampling method since the ash content of the SCB 50 pum (6.1%
and 5.8% according to LCA and IATE, respectively) was lower than the ash content of
SCB 2 mm (9.9%).

Results obtained by ADF-NDF protocol showed higher standard deviation for sugar
polymers content values than results obtained by NREL protocol, and a lower lignin
content as it was also found in the literature, confirming that ADF-NDF minimize the

content of lignin in biomass.

HPLC analysis of raw SCB on the RPM Rezex column revealed the presence of three
main sugars: glucose, xylose and arabinose. Traces of galactose and mannose were
detected but their concentrations were too low to enable a reliable follow-up at the
extraction and purification stages. In other studies on SCB from China, galactose and
mannose have been quantified in hemicelluloses at levels of about 2 to 3% and traces to
1%, respectively (Sun et al., 2004; Cheng et al., 2008). Fructose was not found in the raw
SCB.
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The composition of the SCB ground on 2 mm mesh and analyzed without extractives
removal (ER) (Table 2.5) was taken as a reference in the rest of this work to calculate
extraction vyields at the following fractionation steps (except for the electrostatic
separation). 3% of the SCB dry solid content was not determined, it could be compounds

such as wax or pigments.

Table 2.5
Composition of the SCB ground on a 2 mm sieve without NREL water and ethanol Soxhlet

extractions and analyzed on Rezex RHM HPLC column. Reference for the rest of this work.

Dry solid 925+0.2
Ash 9.9+0.7
Acid insoluble lignin (AIL) 21.6+0.3
Acid soluble lignin (ASL) 55+0.2
Lignin (AIL + ASL) 27.1+0.1
Glucan 359+1.2
Xylan 19.4+0.8
Arabinan 23+0.1
Hemicelluloses (Xylan + Arabinan) 21.8+0.8
Galacturonic acid 05+£01
Protein 18+0.1
Others 3.0

All values are calculated based on the percentage of dry solid. All the analyses were run in
triplicate.

2.2.2. Sunflower oil cake (SuOC)

2.2.2.1. Production, current and potential uses

The worldwide production of sunflower oil for 2009 was 32.8 million tons, with about
13.4 million tons of sunflower oil cake (SUOC) generated as a by-product (De la Rubia et
al., 2011). In 2011, the production of SUOC was estimated at about 14.9 million tons
(Barakat et al., 2015).

SuOC has been mainly used as a protein complement in animal feed rations and
sometimes as a fertilizer, a combustible source or a substrate for white biotechnology
laboratory studies (De la Rubia et al., 2011; Lomascolo et al., 2012). However, its high

lignocellulose content limits its efficiency as feed for ruminants and poultry. The
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separation of the protein and the lignocellulose would improve the animal feed
application with the protein-enriched fraction of the SuOC and in parallel it would
generate a lignocellulose-enriched fraction interesting for green chemistry applications
(Bautista et al., 1990).

2.2.2.2. Composition

a) In literature

The composition of SUOC depends on the seed (species and growing conditions) but
also on the oil extraction process from which they are obtained. Indeed, factors such as
the amount of hulls removed before the oil extraction, or the process used for the oil
extraction (e.g., mechanical- or solvent-extraction) influences its composition (Bautista
et al., 1990). Removing the hull before the extraction increases the protein content of the
SuOC and mechanical oil extraction leads to higher residual oil content in the SUOC than

solvent extraction process.

SuOC typically contain 28-40% crude protein and 15-25 % crude fiber (Bautista et al.,
1990; Barakat et al., 2015). Due to this composition, no work has been focusing on the
lignocellulosic fraction of SUOC. But in a biorefinery concept all the fractions must be
valorized. As massively cultivated in South West of France it was interesting to work on

this raw material.

b) In our project

SuOC came from sunflower seeds, harvested in the South West of France, and
processed by Grandes Huileries Médiaco, in Béziers. The process consists in seeds
grinding, cold press for oil extraction, heating and hot press for a second oil extraction.
The resulting specks are extracted with hexane to complete the lipids removal. Finally,

the specks are compacted into pellets with steam under pressure.

The water and ethanol extractions by NREL protocol removed 17.3% (+ 2.0%) and
7.7% (£ 0.9%) of the initial DS content, and 43.5% (x 4.5%) and 5.9% (+ 2.6%) of the

initial ash content of the SUOC, respectively. SUOC contains about twice more water and
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ethanol extractives than SCB (8.2% and 3.8%, respectively) and its ash were removed
more easily than the ash from the SCB (9.1% and 2.7%, respectively).

The SuOC used for electrostatic separation pretreatment and alkaline extraction
without running extractives removal before the analysis were characterized by IATE and
the LCA (Table 2.6). The analyses conducted by IATE showed similar results to those
we obtained for the contents of ash, celluloses (i.e., glucan), hemicelluloses and proteins,

only the lignin content differed significantly in the analyses from the LCA and IATE.

Table 2.6

Composition of the SUOC (Dso = 50 um) without NREL Soxhlet extraction with water and
ethanol and analyzed on Rezex RPM HPLC column with filtration on SPE cartridge Strata
ABW prior to injection (sugars quantification) and Rezex RHM HPLC column (galacturonic

acid and acetic acid quantification). Reference for the rest of this work.

Compounds LCA IATE
Dry solid 935+0.2 93.7
Ash 57+0.2 5.4
Acid insoluble lignin (AIL) 20512

Acid soluble lignin (ASL) 123104

Lignin (AIL + ASL) 328+11 26.4
Glucan 170+1.4 18.6
Xylan 7003

Arabinan 3.9+£03

Galactan 3.0 +£0.1

Mannan 19 £0.2
Hemicelluloses (Xylan + Arabinan + Galactan + Mannan) 15.7+0.2 14.0
Galacturonic acid 24 +0.7

Protein 274+0.3 28.4
Glycerol (*) 0401

Others NA 7.0

All values are calculated based on the percentage of dry solid. All the analyses were run in
triplicate.

&) Glycerol was coming from the hydrolysis of triglycerides hydrolysis during NREL acid
hydrolyses. It is an indicator of the leftover lipids in the SUOC.

Major differences are noticeable between SCB and SuOC compositions in Fig. 2.1 and

Fig. 2.2, SCB is essentially composed of lignocellulose, with a high percentage of
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cellulose whereas SUOC has significantly lower lignocellulose content, with a high share
of lignin.

= ash

= AlL

= ASL

1 glucan

= Xylan

= arabinan

m galacturonic acid

= proteins

m others

Fig. 2.1 Schematic composition of SCB.

= ash

= AIL

= ASL

I glucan

< xylan

= arabinan
» galactan
~ mannan

m galacturonic acid

m proteins

Fig. 2.2 Schematic composition of SuOC.

As a comparison, SUOC was also analyzed by ADF-NDF methodology, results are
presented in Table 2.7. As for SCB, the content of lignin was much lower with ADF-
NDF procedure than with NREL procedure. Moreover, the standard deviation appeared
to be higher with ADF-NDF procedure on this biomass.
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Table 2.7
Composition of the SUOC (Dso = 50 um) following analysis by NREL and ADF-NDF
procedures

Compounds NREL ADF-NDF
Cellulose 170+14 21.2+1.3
Hemicelluloses 15.7+0.2 17827
Lignin 328+1.1 10920
Others 34.5 50.1

All values are calculated based on the percentage of dry solid. All the analyses were run in

triplicate.

2.2.3. Pretreatment by electrostatic separation

Electrostatic separation experiments on SCB and SuOC presented bellow were carried
by the joint research unit IATE, based in Montpellier. Their process was patented under
the number US20160310957A1 (Barakat and Rouau, 2016).

2.2.3.1. Protocol by IATE

The raw material was first ground by a knife mill on 1 mm mesh then by an impact
mill equipped with a 100 um screen and operating at ambient temperature and at a speed
of 12,000 rpm. The size of the resulting particles ranged from 20 to 80 um, with a Dsg
(i.e., median diameter) of 50 um, this fraction was called FO and constituted the feed of
the electrostatic separation. FO fraction was conveyed by compressed air in a charging
line, a tube made of polyvinyl chloride with a 2 m length and a 1 cm internal diameter,
where the particles were charged by tribo-electricity, by impacting each other and
impacting against the walls of the charging line (Fig. 2.3) At the outlet of the tube, the
charged particles passed through a separation chamber containing two high voltage
electrodes (10,000 V) with height of 20 cm and a width 5cm, where the positively
charged particles (pF+) are separated from the negatively charged particles (nF-). The two

fractions were separately recovered in two cyclones and analyzed (Barakat et al., 2015).
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Fig. 2.3 Sunflower oil cake pretreatment by ultrafine milling and electrostatic separation
(Barakat et al., 2015).

2.2.3.2. Results

a) Sugarcane bagasse

On SCB, no significant difference in composition was noticed after a single-pass
electrostatic separation between positively charged particles (F1+) and negatively
charged particles (F1-). The low content of proteins in SCB (less than 2% (w/w)) may
explain the low efficiency of the process on this biomass.

b) Sunflower oil cake

On SuOC (different batch than the one used for the following alkaline extraction),
important differences in composition were observed after a single-pass between
positively charged particles (FLA+) and negatively charged particles (F1B-) (Fig. 2.4). In
F1A- fraction, the protein content was reduced from 27% to 13% whereas the content of

92



Chapter 2: CHEMICAL FRACTIONATION

lignin, cellulose and hemicelluloses increased from 25% to 32%, 18% to 23% and 13%
to 16%, respectively.

Other Humidity
6% 6%

5%

Hemicelluloses
13%

FO

4 A

Other Humidity Other Humidity

6% 7%  Ash 6% 7% Ash
3%

Hemicelluloses 6%

Hemicelluloses 12%

16%

F1A- F1B+

Fig. 2.4 Composition of the SUOC initial fraction (FO) and the fractions obtained after single-pass
(F1A- and FB1+) electrostatic separation. Figure from IATE.

On the SuOC used for the alkaline extraction, a second pass of electrostatic separation
was run on the fraction F1A- forming the fraction F2A-. 4.8 kg of fraction FO were used
to produce 1 kg fraction F2A- in 20 h, meaning that the mass yield was 21%. Based on
IATE analyses, the content of proteins decreased from 27% to 7%, whereas the lignin
content increased from 25% to 37%. The analyses run in LCA showed slightly different
compositions for the fractions FO (Table 2.12) and F2A- (Table 2.13), partially because
unlike IATE, the values provided are on dry solid basis, with the content of proteins and
carbohydrates decreasing from 31% to 13% and from 33% to 28% whereas the content
of lignin increased from 20% to 33%.
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2.2.3.3. Conclusion

Electrostatic separation presented no noticeable fractionation on SCB, due to the low
content in proteins of this biomass. At the opposite, fractionation by electrostatic
separation of SuOC, a protein rich biomass, showed interesting results with the
production of protein-enriched and lignin-enriched fractions. Alkaline extraction on the
lignin-enriched fraction (F2A-) was studied in the next part and compared to alkaline

extraction on the initial SUOC (fraction FO).
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2.3. Alkaline extraction

2.3.1. Introduction

The extraction conditions were based on Sun et al. study (1995) on wheat straw to
optimize the extraction yield of lignin and hemicelluloses (Sun et al., 1995). Alkaline
extractions were carried out on SCB and SuOC, and both the solid residues and the
alkaline extracts were characterized to know their precise composition and how the
different compounds were separated between these two fractions. The identification of
alkaline extracts major compounds was a key step to establish purification pathways in

the next chapters.

SCB was extracted at three different scales, i) 10 g were extracted for a preliminary
study, ii) 150 g were extracted to produce the feed (alkaline extract) for the
chromatography study, i.e., pulse tests (Chapter 4), and iii) 3 kg were extracted to test the
different ultrafiltration membranes to avoid biased results due to variability in the feed
composition (Chapter 3). The later extract was also used for the integrated purification
process study (Chapter 5). As for SUOC, the effect of the electrostatic pretreatment on the

alkaline extraction of SuUOC was assessed.

2.3.2. Materials and methods

2.3.2.1. Chemicals

Sodium hydroxide (>98.5%), sulfuric acid 72% for analytical hydrolysis, sulfuric acid
95% and acetonitrile (=99.9%) to prepare HPLC eluents, and methanol (=99.8%) used as
a tracer for column void volume, were purchased from VWR. Calcium carbonate
(>98.5%) was purchased from Merck. HPLC standards: D-(+)-cellobiose (>98%), D-(+)-
glucose (>99.5%), D-(+)-galactose, L-(+)-arabinose (99%), D-(+)-xylose (99%), D-(+)-
mannose (>99%), fructose (>99%), acetic acid (>99%), furfural (99%), 5-hydroxymethyl-
2-furfuraldehyde (99%), gallic acid (97%), 4-hydroxybenzoic acid (>99%), caffeic acid
(>98%), vanillic acid (97%), syringic acid (>95%), 4-hydroxybenzaldehyde (98%),
vanillin (99%), p-coumaric acid (>98%), syringaldehyde (99%), trans-ferulic acid
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(>299%), sinapic acid (>98%), trans-3-hydroxycinnamic acid (99%), were all purchased
from Sigma Aldrich.

2.3.2.2. Alkaline extraction on SCB

Alkaline extraction on dry SCB ground on a 2 mm mesh by a knife mill (IKA MF 10
basic) was run at three different scales: 200 mL for preliminary test, 3 L for the production
of the feed for the preparative chromatography tests and 60 L for the production of the
feed for the membrane filtration tests and integrated process assessment. Comparison
between the different scales would have been interesting since the temperature control,
the agitation and the solid/liquid separation at the end of the filtration differed from one
step to another. Unfortunately, comparison between these different scales are hard to
make since the solid residue was rinsed and the rinsing solution incorporated in the

alkaline extract only for the larger scale (60 L).

Two preliminary tests were carried out on 10 g of SCB in 200 mL of sodium hydroxide
solution at 1.5% (w/v) in a 250 mL Erlenmeyer flask, leading to a solid:liquid ratio of
1:20 (w/v) and a NaOH:SCB ratio of 0.3:1 (w/w), under continuous magnetic stirring
(600 rpm). The first test was run at 60 °C for 5 h, and the solid residue was removed from
the alkaline extract using a cellulose filter (90 mm diameter) on a Bichner filtration
device. The second test was run at 80 °C for 6 h and the solid residue was removed from
the alkaline extract using a Whatman filter grade 52 (with a porosity of 7 um and 90 mm
diameter). The solid residues were rinsed with water, the rinsing solutions were collected
with the alkaline extracts. The solid residues were then dried at 50 °C for 48 h and finally
ground using a microfine grinder (IKA MF 10 basic) on a 1 mm sieve prior to analyses.
The alkaline extract obtained at 60 °C for 5 h was precipitated by the addition of sulfuric
acid at 72% (w/w) until pH 2.3, the precipitate was recovered using a cellulose filter
(90 mm diameter) on a Biichner filtration device dried at 50 °C for 48 h and finally ground
using a microfine grinder (IKA MF 10 basic) on a 1 mm sieve prior to analyses. The
alkaline extract obtained at 80 °C for 6 h was precipitated by the addition of sulfuric acid
at 95% (w/w) until pH 2.3. The precipitate was recovered using a Whatman filter grade 3
(porosity of 6 um and 90 mm diameter) on a Buichner filtration device dried at 50 °C for
48 h and finally ground using a microfine grinder (IKA MF 10 basic) on a 1 mm sieve

prior to analyses. The supernatants were qualified as purified alkaline extract.
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The alkaline extraction at the medium scale was carried out on 150 g of SCB in 3 L of
sodium hydroxide solution at 1.5% (w/v) in a 4 L jacketed glass reactor (Fig. 2.5), leading
to a solid:liquid ratio of 1:20 (w/v) and a NaOH:SCB ratio of 0.3:1 (w/w), under
continuous stirring (200 rpm) for 6 h at 60 °C. The SCB solid residue was removed from
the alkaline extract on Whatman filters grade 3 (150 mm diameter) on a Blchner filtration
device, then dried at 50 °C for 48 h and finally ground using a microfine grinder (IKA

MF 10 basic) on a 1 mm sieve prior to analysis.

Fig. 2.5 Set-up for the alkaline extraction on SCB in a 4 L jacketed glass reactor.

The alkaline extraction at the largest scale was carried out on 3 kg of dry SCB ground
on a 2 mm mesh with 60 L of 1.5% NaOH (w/v) in a stainless steel-lined vessel (De
Dietrich) (Fig. 2.6), with a solid:liquid ratio of 1:20 (w/v) and a NaOH:SCB ratio of ratio
of 1:3 (w/w), with continuous mechanical stirring (200 rpm) for 6 h at 60 °C. The solid
residue was removed from the alkaline extract using a top-discharge vertical basket
centrifuge (RC 50 PX R, Rousselet) equipped with a 5 um polypropylene bag (Fig. 2.7).
This residue was rinsed with distilled water, dried at 50 °C for 48 h and ground using

microfine grinder (IKA MF 10 basic) on a 1 mm sieve before analysis. The filtered SCB

97



Chapter 2: CHEMICAL FRACTIONATION

alkaline extract and the filtered solution used to rinse the solid residue were mixed and

analyzed.

Fig. 2.7 Solid residue/alkaline extract separation using a top-discharge vertical basket centrifuge

(RC 50 PX R, Rousselet) equipped with a 5 um polypropylene bag.
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2.3.2.3. Alkaline extraction on SuOC

The conditions were the following: 10 g of SUOC (Dso = 50 um) in 200 mL of sodium
hydroxide solution at 1.5% (w/v) in a 250 mL Erlenmeyer flask, leading to a solid: liquid
ratio of 1:20 (w/v) and a NaOH:SCB ratio of 0.3:1 (w/w), under continuous magnetic
stirring (600 rpm) for 6 h at 60 °C. The SuOC solid residue was removed from the alkaline
extract on Whatman filters grade 3 (90 mm diameter, 6 um pore size) on a Buchner
filtration device, then dried at 50 °C for 48 h and finally ground by a microfine grinder

(IKA MF 10 basic) on a 1 mm sieve before analysis.

2.3.2.4. Analytical methods

a) Dry solid and ash

Dry solid (DS) content was gravimetrically determined at 103 °C for 12 h and ash
content at 500 °C for 12 h.

b) Carbohydrates and lignin

Based on Laboratory Analytical Procedure of the National Renewable Energy
Laboratory (NREL) (Sluiter et al.,, 2008), Acid Insoluble Lignin (AIL) was
gravimetrically quantified and Acid Soluble Lignin (ASL) was determined at 240 nm
using an absorptivity constant of 25 L/g/cm. High Performance Liquid Chromatography
(HPLC) on a Rezex RHM-Monosaccharide H* 300 x 7.8 mm column (Phenomenex) in
conjunction with a Rezex RHM-Monosaccharide H™ 50 x 7.8 mm guard column
(Phenomenex) was used to quantify glucose, xylose, arabinose, acetic acid, furfural and
HMF (Sluiter et al., 2006). Isocratic conditions were applied with 5 mmol/L H2SO4 at
0.6 mL/min, the injection volume was 50 pL, the column was maintained at 65 °C and
the RI detector at 50 °C. Since solid residue, alkaline extract and purified fractions were
very alkaline, the NREL protocol was adapted to ensure total hydrolysis of the sugar
oligomers under acidic conditions. 150 mg of solid residue were analyzed instead of
300 mg (Sluiter et al., 2008) and liquid samples (Sluiter et al., 2006) were diluted by 4
with distilled water before acid hydrolysis.

99



Chapter 2: CHEMICAL FRACTIONATION

¢) Monomeric sugars and hemicelluloses acetyl groups

Sulfuric acid was added to the alkaline extract to adjust its pH to 2, corresponding to
the pH of HPLC eluent with RHM column, then the extract was analyzed on RHM
column without running NREL protocol (Sluiter et al., 2006). pH adjusted samples
directly injected on HPLC enabled the quantification of monomeric sugars and free acetic
acid, whereas samples analyzed through NREL protocol gave the total amount of sugars

(monomeric and oligomeric forms) and acetic acid (free and bound to hemicelluloses).

d) Phenolic monomers

Quantification of twelve phenolic monomeric compounds potentially present in SCB
alkaline extract (Xu et al., 2005; Capriotti et al., 2015) - gallic acid, 4-hydroxybenzoic
acid, caffeic acid, vanillic acid (VA), syringic acid, 4-hydroxybenzaldehyde (4HBA),
vanillin, p-CA, syringaldehyde, FA, sinapic acid and hydroxycinnamic acid - was studied
by HPLC on an OmniSpher 3 C18 100 x 4.6 column (Agilent Technologies). The
gradient was as follow: 91% acidified water (1% acetic acid (v/v)) and 9% acetonitrile
for 25 min, from 9 to 90% acetonitrile in 5 min, kept constant for 5 min, then decreased
back to 91% acidified water in 5 min and the column was equilibrated for 7 min between
runs. The flow rate was 0.5 mL/min, the injection volume was 10 pL and the column
temperature was maintained at 25 °C. The UV detector was set at 280 nm. Concentrations
for the calibration curves ranged between 0 and 200 mg/L. Standard and process samples

were diluted in acetonitrile:water at a ratio of 50:50 (v/v) prior to injection.

2.3.3. Results and discussion

2.3.3.1. SCB

After the alkaline extractions at the smallest scale (preliminary experiments), the
filtration flow rate on a Bulchner device for the separation of the solid residues and the
alkaline extracts was very slow. Instead of cellulose filter, or Whatman grade 52 filter, a
Whatman grade 3 filter was used for the extraction at medium scale.

The results of the SCB alkaline extraction at the smallest scale are reported in

Table 2.8 and Table 2.9. Surprisingly, longer reaction time and higher temperature led
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to lower lignin extraction with 72% at 60 °C during 5 h and 56% at 80 °C during 6 h.
Moreover, higher temperature also led to a lower yield closure for glucan and xylan
indicating potential degradation of these sugars. Chromatograms of the analyses are

reported in Chapter 6:.

Table 2.8
SCB, solid residue, alkaline extract (purified extract and precipitate) compositions and
extraction yields after extraction on 10 g of SCB at 60 °C for 5 h

Alkaline extract

SCB Solid residue Purified extract Precipitate
Compounds Content Content  Yield Content  Yield Content  Yield
DS 925 98.3 48 0.8 96.7
Ash 9.9 15.5 23 71.2 3.0
Glucan 35.9 51.6 92 1.4 3 1.8
Xylan 19.4 17.5 57 6.9 24 10.4 9
Arabinan 2.3 2.2 59 1.8 50 2.4 18
Hemicellulose 21.8 19.7 58 8.7 27 12.7 10
AIL 21.6 11.9 35 2.1 6 77.9 63
ASL 55 3.4 39 55 66 5.2 16
Total lignin 27.1 15.3 36 7.6 19 83.1 53
Mass closure 94.7 102.1 88.8 100.6

All the content values are calculated based on the percentage of dry solid. All the analyses were

run in triplicate, standard deviation was at most 1%.

The solid residues obtained after extraction at 60 °C and 80 °C were enriched in
cellulose from 35.9% in the initial SCB to 51.6% and 42.3%, whereas the hemicelluloses
and lignin contents decreased from 21.8% to 19.7% and 17.8% and from 27.1% to 15.3%
and 16.6%, respectively. This fraction was not further studied as many papers already
tackles its valorization for instance for cellulosic ethanol production via saccharification

and fermentation (Chapter 1).

The acid precipitation on the alkaline extract was carried out in order to facilitate the
analysis by decreasing the pH of the liquid fraction to perform its analysis by HPLC on
H* column (eluent pH is around 2). It also confirmed the efficiency of the acid addition
as a technique to separate lignin and hemicelluloses from a lignocellulosic alkaline
extract. Indeed, from the alkaline extracts, the precipitates obtained by acid addition
contained mainly AIL, 77.9% and 81.4% in the two tests, and 91% and 87% of the AIL
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were recovered in the precipitates. However, hemicellulosic sugars were also co-
precipitated, with potentially some sugars being bound to lignin too, but it should not

represent more than 2-5% of the lignin mass (Chapter 1).

Table 2.9
SCB, solid residue, alkaline extract (purified extract and precipitate) compositions and
extraction yields after extraction on 10 g of SCB at 80 °C for 6 h

Alkaline extract

SCB Solid residue Purified extract Precipitate
Compounds Content Content  Yield Content  Yield Content  Yield
DS 925 96.5 54 15 94.3
Ash 9.9 24.1 41 70.2 59
Glucan 35.9 42.3 84 0.9 2 0.5 0
Xylan 194 15.8 58 6.4 20 3.3 2
Arabinan 2.3 1.9 59 2.0 52 1.0 6
Hemicellulose 21.8 17.8 58 8.4 23 4.3 2
AlL 21.6 12.5 41 2.4 7 81.4 47
ASL 55 4.1 53 4.9 54 4.6 11
Total lignin 27.1 16.6 44 7.3 16 86.0 40
Mass closure  94.7 100.8 86.8 96.8

All the content values are calculated based on the percentage of dry solid. All the analyses were

run in triplicate, standard deviation was at most 1%.

Acid addition leading to precipitation was not carried out on the medium and large
scale alkaline extracts, the adaptation of the NREL protocol by diluting the alkaline
extracts prior to acid hydrolysis was sufficient to obtain relevant results, mass closure of
the fractions and yield closure of the compounds close to 100%, as presented in
Table 2.10 and Table 2.11.

Most of the glucan was recovered in the solid residue (95%), which had a yellowish
color (Fig. 2.8) and its purity increased from 35.9% to 43.6%, whereas the content of
hemicelluloses and lignin decreased. 35% of the DS was recovered in the alkaline extract,
the major fraction of the DS being composed of inorganic salts (56.1%). Xylan mass
closure (89%) could indicate potential degradation of xylose during the alkaline reaction.
25% of the hemicelluloses and 46% of the lignin were recovered in the mild alkaline
extract, hemicelluloses accounting for 11.9% and lignin for 27.3% of the composition of

the extract. Phenolic monomers were the fourth main pool of molecules with 4.1% of the
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extract composition, p-CA being the main extracted phenolic monomers (3.6% of the

DS).

Table 2.10

SCB, solid residue, alkaline extract and concentrated alkaline extract composition and

extraction yields after extraction on 150 g of SCB

SCB Solid Residue Alkaline Extract Yield
Compounds Content Content  Yield Content  Yield closure
DS 925 96.4 59 2.6 35 94
Ash 9.9 19.7 36 56.1 61 97
Glucan 35.9 43.6 95 15 2 97
Xylan 194 16.6 67 94 22 89
Arabinan 2.3 1.6 53 2.5 50 103
Hemicelluloses 21.8 18.2 65 11.9 25 90
AlL 21.6 13.8 50 21.1 45 95
ASL 55 3.8 54 6.2 52 106
Total Lignin 27.1 17.7 51 27.3 46 97
VA traces
4HBA 0.1
Vanillin 0.1
p-CA 3.6
FA 0.4
Total phenoli
m(z)t:og\eiso C 41
Mass closure 94.7 99.1 100.9

All the values are calculated based on the percentage of dry solid. All the analyses were run in

duplicate, standard deviation was at most 1%.

Fig. 2.8 Solid residue of the SCB acid extraction before drying and grinding.
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Table 2.11
SCB, solid residue, alkaline extract and concentrated alkaline extract composition and
extraction yields after extraction on 3 kg of SCB

SCB Solid residue Alkaline extract Yield
Compounds Content Content  Yield Content  Yield closure
DS 92.5 97.5 48 3.4 49 97
Ash 9.9 17.1 26 56.0 85 111
Glucan 35.9 48.2 86 1.4 3 88
Xylan 19.4 18.1 60 8.8 29 89
Arabinan 2.3 2.0 55 2.2 59 114
Hemicelluloses 21.8 20.1 59 13.3 40 99
AlL 21.6 14.9 44 16.6 49 94
ASL 55 3.8 44 8.2 96 140
Total Lignin 27.1 18.7 44 24.6 58 102
VA traces
4HBA 0.1
vanillin 0.1
p-CA 3.3
FA 0.4
Total phenoli
m%tr?orljweiso C 39
Mass closure 94.7 104.2 97.0

All these values were calculated as a percentage of dry solid. All analyses were run in duplicate,

standard deviation was at most 1%.

The recovery of ash (85%), lignin (58%) and hemicelluloses (40%) were higher in the
alkaline extract at the largest extraction scale (3 kg of SCB treated) compared to the
medium extraction scale (150 g of SCB treated). This can be due to a different technique
for the solid/liquid separation after the extraction —Biichner filtration at small and medium
scale vs. centrifuge filtration at the largest scale - and the rinsing of the solid residue with
distilled water at the end of the solid residue/alkaline extract separation. A better
mechanical agitation might have also influenced the extraction yields at the largest scale.
The composition of the alkaline extract remained mostly unchanged with about 56% of
inorganic salts, 1% of glucan, 9% of xylan, 2% of arabinan, 4% of phenolic monomers,
only the AIL differed with 21.1% at medium scale and 16.6% at the largest scale. At the
largest scale, the alkaline extract contained less AIL but more ASL, suggesting that more
AIL was conve