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Preface

Valorization of biomass focuses on the transformation of biomass molecules into
substitutes for petroleum-based chemicals that can be reused. The monograph
Biomass and Biowaste: New chemical products from 0ld discusses the chemistry
and composition of alternative biowaste as renewable resources for advanced appli-
cations toward biodegradable materials. At present, the use of biomass as a renew-
able and inexhaustible source of products has become a research hotspot. Scientific
community is carrying out great efforts for the development of bioproducts that
could replace those produced from petroleum. Considering the biorefinery concept,
the development of processes and products is more effective when it emerges in a
circular economy, reusing and valuing wastes of activities that nowadays are con-
sidered unprofitable by the society, such as agriculture or fishing, or from the
human consumption (urban and industrial wastes).

The first chapter of this book, authored by Funez et al. in a joint work from the
Universities of Malaga and Cordoba in Spain, provides a detailed overview of the lig-
nocellulosic biomass, its composition and renewable character as source of bio-based
chemicals and products from a biorefinery point of view. Here a comprehensive use
of carbohydrates is proposed, focusing on the application of furfural derivatives and
their catalytic obtaining by different thermochemical, biochemical, chemical and me-
chanical processes.

— Furfural Derivatives from Agricultural and Agri-Food Wastes by Heterogeneous
Catalysis. 1. Funez, C. Garcia, P.J. Maireles, L. Serrano.

In Chapter 2, Juodeikiene et al., from Kaunas University of Technology and the
University of Health Sciences in Lithuania, present the comprehensive use of
agro-industrial wastes via biotechnological and chemical methodologies toward
the production of lactic acid, giving a complete overview on green metrics (pro-
cess efficiency, land use and costs).
— Biorefinery Approach for the Utilization of Dairy By-products and Lignocellulosic
Biomass to Lactic Acid. G. Juodeikiene, E. Bartkiene, D. Zadeike, D. Klupsaite.

Chapter 3, stated by Briones et al. from the Advanced Polymer Research Center
(CIPA) of Chile, deals with the use of macroalgae biomass and its transformation
into alginate-based biopolymers by means of CaCl,/acid methodologies. In addi-
tion, the authors report a complete review of algae sourced biomaterials and their
potential advanced applications from recent literature.
— Biomass and Biowastes: Renewable Resources for Biodegradable Materials in
Advanced Applications. R. Briones, K. Varaprasad.

https://doi.org/10.1515/9783110538151-202

printed on 2/13/2023 12:59 AMvia . All use subject to https://ww.ebsco.confterns-of -use


https://doi.org/10.1515/9783110538151-202

EBSCChost -

VI —— Preface

Later chapters introduce novel nanomaterials and discuss green methods of process
intensification and heterogeneous catalysis in order to increase conversion of bio-
mass/biowastes.

Chapter 4, by Coman et al., from the University of Bucharest (Romania), is dedi-
cated to the evolution of the supported metal catalysts (bi- and multimettalic par-
ticles based on noble metals supported over oxides such as silica, TiO, and Al,O3)
for biomass upgrading, following the principles of green chemistry through hetero-
geneously catalyzed processes and looking at the efficient conversion of biomass to
value-added fine chemicals and fuels.

— Supported Metals Catalysts for the Sustainable Upgrading of Renewable Biomass
to Value-Added Fine Chemicals and Fuels. S.M. Coman, V.I. Parvulescu.

In continuation with the topic on heterogeneous catalysis, Chapter 5 from
Triantafyllidis et al., from the University of Aristoteles in Greece, is looking at
the state of the art in biomass fast pyrolysis using acidic catalysts, and Chapter
6, by Ivars-Barceld et al. from Madrid (Spain) in collaboration with the group of
Rodriguez-Castelldn from the University of Malaga (Spain), is focusing on the re-
cent advances made in the development of transition metal catalysts for hydro-
deoxygenation reactions of bio-oil from biomass pyrolysis.

— State of the Art in Biomass Fast Pyrolysis Using Acidic Catalysts: Direct
Comparison between Microporous Zeolites, Mesoporous Aluminosilicates and
Hierarchical Zeolites. K.S. Triantafyllidis, S.D. Stefanidis, S.A. Karakoulia,
A. Pineda, A. Margellou, K.G. Kalogiannis, E.F. Iliopoulou, A.A. Lappas.

— Advances in the Application of Transition Metal Phosphide Catalysts for
Hydrodeoxygenation Reactions of Bio-oil from Biomass Pyrolysis. F. Ivars-Barceld,
E. Asedegbega-Nieto, E. Rodriguez-Aguado, J.A. Cecilia, A. Infantes-Molina,
E. Rodriguez-Castellon.

Finally, Chapter 7 of this book proposes the industrial use of biomass and biowastes
in the co-processing with fossil resources. The work, stated by Hidalgo et al. from
the Unipetrol Centre for Research and Education (UNICRE) in Czech Rebublic, first
details different types of biowastes, non-edible lipids, Fisher Tropsch paraffins and
low value biomass, which can be considered in the co-processing with oil fractions
in refineries. Later, a complete description of catalytic co-hydroprocessing pathway
is provided, emphasizing the reduction of the net final CO, production (carbon foot-
print of the fossil/biomass produced fuels) and the enhancement of fuel renewabil-
ity in the near future.

— Biowaste and Petroleum Fractions Co-processing to Fuels. J.M. Hidalgo, H.P.

Carmona, J. Fratczak.

printed on 2/13/2023 12:59 AMvia . All use subject to https://ww.ebsco.confterns-of -use



Acknowledgments

Alina M. Balu acknowledges the COST Actions FP1306 (LIGNOVAL) and CA17128
(LIGNOCOST) for the networking, and Araceli Garcia would like to thank the
Spanish Ministry of Economy, Industry and Competitiveness (postdoctoral contract
Juan de la Cierva Incorporacién IJCI-2015-23168) for the financial support during
this work.

https://doi.org/10.1515/9783110538151-203

EBSCChost - printed on 2/13/2023 12:59 AMvia . All use subject to https://ww.ebsco.confterns-of-use


https://doi.org/10.1515/9783110538151-203

EBSCChost - printed on 2/13/2023 12:59 AMvia . All use subject to https://ww.ebsco.confterns-of-use



Contents

Preface —V

Acknowledgments — VII

List of contributing authors — XI

Inmaculada Funez, Cristina Garcia, Pedro Jesus Maireles, Luis Serrano
1  Furfural derivatives from agricultural and agri-food wastes by
heterogeneous catalysis — 1

Grazina Juodeikiene, Elena Bartkiene, Daiva Zadeike, Dovile Klupsaite
2 Biorefinery approach for the utilization of dairy by-products and
lignocellulosic biomass to lactic acid — 31

Rodrigo Briones, Kokkarachedu Varaprasad
3 Biomass and biowastes: renewable resources for biodegradable
materials in advanced applications — 57

Simona M. Coman and Vasile I. Parvulescu
4 Supported metal catalysts for the sustainable upgrading of renewable
biomass to value-added fine chemicals and fuels — 71

K.S. Triantafyllidis, S.D. Stefanidis, S.A. Karakoulia, A. Pineda, A. Margellou,

K.G. Kalogiannis, E.F. lliopoulou, A.A. Lappas

5 State-of-the-art in biomass fast pyrolysis using acidic catalysts: direct
comparison between microporous zeolites, mesoporous aluminosilicates
and hierarchical zeolites — 113

Francisco Ivars-Barcelé, Esther Asedegbega-Nieto, Elena Rodriguez Aguado,
Juan Antonio Cecilia, Antonia Infantes Molina, Enrique Rodriguez-Castellon
6 Advances in the application of transition metal phosphide catalysts for

hydrodeoxygenation reactions of bio-oil from biomass pyrolysis — 145

José Miguel Hidalgo, Hector de Paz Carmona, Jakub Fratczak
7 Bio-waste and petroleum fractions coprocessing to fuels — 167

Backmatter — 179

Index — 181

EBSCChost - printed on 2/13/2023 12:59 AMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost - printed on 2/13/2023 12:59 AMvia . All use subject to https://ww.ebsco.confterns-of-use



List of contributing authors

Elena Rodriguez Aguado
Departamento de Quimica Inorganica
Cristalografia y Mineralogia

(Unidad Asociada al ICP-CSIC)
Facultad de Ciencias

Universidad de Malaga

Campus de Teatinos

29071 Malaga

Spain

Esther Asedegbega-Nieto
Departamento de Quimica Inorganicay
Quimica Técnica

Facultad de Ciencias

UNED

Paseo Senda del Rey, n2 9

28040 Madrid

Spain

Rodrigo Briones

Centro de investigacion de polimeros
avanzados (CIPA)

Edificio de Laboratorio CIPA

Avenida Collao

1202 Concepcién, Bio-Bio

Chile

Juan Antonio Cecilia

Departamento de Quimica Inorganica
Cristalografia y Mineralogia (Unidad
Asociada al ICP-CSIC)

Facultad de Ciencias

Universidad de Malaga

Campus de Teatinos

29071 Malaga

Spain

Simona M. Coman

University of Bucharest

Faculty of Chemistry

Department of Organic Chemistry
Biochemistry and Catalysis

Bdul Regina Elisabeta 4-12
030016 Bucharest

Romania

https://doi.org/10.1515/9783110538151-205

Hector de Paz Carmona

Unipetrol Centre for Research and Education
(UNICRE)

Areal Chempark

436 70 Zaluzi 1

Czech Republic

Jakub Fratczak

Unipetrol Centre for Research and Education
(UNICRE)

Areal Chempark

436 70 Zaluzi 1

Czech Republic

Inmaculada Funez

Inorganic Chemistry
Crystallography and Mineralogy
University of Malaga

29071 Malaga

Spain

Cristina Garcia

Inorganic Chemistry
Crystallography and Mineralogy
University of Malaga

29071 Malaga

Spain

José Miguel Hidalgo

Unipetrol Centre for Research and Education
(UNICRE)

Areal Chempark

436 70 Zaluzi 1

Czech Republic

jose.hidalgo@unicre.cz

Antonia Infantes Molina
Departamento de Quimica Inorganica
Cristalografia y Mineralogia (Unidad
Asociada al ICP-CSIC)

Facultad de Ciencias

Universidad de Malaga

Campus de Teatinos

29071 Malaga

Spain

- printed on 2/13/2023 12:59 AMvia . All use subject to https://ww.ebsco.confterns-of-use


https://doi.org/10.1515/9783110538151-205

- printed on 2/13/2023 12:59 AMvia .

XIl =—— List of contributing authors

E.F. lliopoulou

Chemical Process and Energy Resources
Institute

CERTH

Thermi

570 01 Thessaloniki

Greece

Francisco Ivars-Barcelé

Departamento de Quimica Inorgénicay
Quimica Técnica

Facultad de Ciencias

UNED

Paseo Senda del Rey, n2 9

28040 Madrid

Spain

S.A. Karakoulia

Chemical Process and Energy Resources
Institute

CERTH

Thermi

570 01 Thessaloniki

Greece

A.A. Lappas

Chemical Process and Energy Resources
Institute

CERTH

Thermi

570 01 Thessaloniki

Greece

Pedro Jesus Maireles

Inorganic Chemistry
Crystallography and Mineralogy
University of Malaga

29071 Malaga

Spain

A. Margellou

Chemical Process and Energy Resources
Institute

CERTH

Thermi

570 01 Thessaloniki

Greece

Vasile I. Parvulescu

University of Bucharest

Faculty of Chemistry

Department of Organic Chemistry
Biochemistry and Catalysis

Bdul Regina Elisabeta 4-12

030016 Bucharest

Romania
vasile.parvulescu@chimie.unibuc.ro

A. Pineda

Chemical Process and Energy Resources
Institute

CERTH

Thermi

570 01 Thessaloniki

Greece

and

Departamento de Quimica Organica
Universidad de Cérdoba

Campus de Rabanales

Edificio Marie Curie (C-3)

Ctra Nnal IV, km. 396

E-14014 Cordoba

Spain

Enrique Rodriguez-Castellén
Departamento de Quimica Inorganica
Cristalografia y Mineralogia (Unidad
Asociada al ICP-CSIC)

Facultad de Ciencias

Universidad de Malaga

Campus de Teatinos

29071 Malaga

Spain

castellon@uma.es

Luis Serrano

Inorganic Chemistry and Chemical
Engineering Department
University of Cordoba

14014 Cordoba

Spain

Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

S.D. Stefanidis

Chemical Process and Energy Resources
Institute

CERTH

Thermi

570 01 Thessaloniki

Greece

K.S. Triantafyllidis

Department of Chemistry

Aristotle University of Thessaloniki
541 24 Thessaloniki

Greece

and

Chemical Process and Energy Resources
Institute

CERTH

Thermi

570 01 Thessaloniki

Greece

List of contributing authors = XIII

Kokkarachedu Varaprasad

Centro de investigacion de polimeros
avanzados (CIPA)

Edificio de Laboratorio CIPA

Avenida Collao

1202 Concepcidn, Bio-Bio

Chile

printed on 2/13/2023 12:59 AMvia . All use subject to https://ww.ebsco.confterns-of -use



EBSCChost - printed on 2/13/2023 12:59 AMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

Inmaculada Funez, Cristina Garcia, Pedro Jesus Maireles,
Luis Serrano

1 Furfural derivatives from agricultural
and agri-food wastes by heterogeneous
catalysis

1.1 Introduction

Currently, the depletion of fossil fuel reserves, which account for 75% of the world’s
primary energy consumption [1], together with the persistent price of crude oil and
environmental concerns such as the increase of greenhouse gases or acid rain due
global warming and pollution are driving the development of alternative and clean
synthetic routes to produce chemicals and fuels from nonfossil carbon sources,
such as renewable energies. There are interesting alternatives to reduce our depen-
dence on oil as the main energy resource, such as electric vehicles, the use of solar
energy, hydrogen batteries or biofuels [2].

For the most developed nations, which for the most part lack energy resources,
guarantee the security of energy supply, it is vital to maintain their industry, their
economy and their social welfare model. To this end, a series of measures are being
adopted, such as those included in the Kyoto Protocol (1997) [3] to reduce green-
house gas (GHG) emissions or the “20/20/20 package” (2008) of the European
Union [4], which aims to reduce these emissions at European level, so that by 2020,
20% of the energy consumed comes from renewable sources, and that the consump-
tion of biofuels reaches 10%. Other countries such as the US, China and so on are
also developing policies in this same direction.

On the other hand, fossil fuels are used as raw material in a multitude of pro-
cesses, such as the synthesis of a wide variety of chemical products. Unlike other re-
newable energy sources, biomass can be used both for the production of energy and
for obtaining fuels and chemical products. In this context, the industrialized countries
have begun to reconsider biomass as a raw material of enormous potential, given its
renewable nature, its wide geographical distribution and its high carbon content,
which would allow the development of a whole chemical industry similar to that of the
one that derives from fossil fuels, mainly petroleum (petrochemical industry), in the
current refineries. In this way, the production of future transportation fuels and chemi-
cal products requires the deployment of new catalytic processes that transform bio-
mass into products with high added value under competitive conditions [5].

Recently, the use of lignocellulosic biomass, composed mostly of carbohydrates,
has been used to produce the so-called second-generation biofuels and chemical
products derived from biomass. In addition, it is considered more beneficial from
the geopolitical and environmental point of view. Therefore, in this context, the use

https://doi.org/10.1515/9783110538151-001
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of lignocellulosic biomass seems to be one of the most attractive and promising op-
tions to achieve a more sustainable production of fuels and chemical products [5].

1.2 Lignocellulosic biomass

Biomass refers to the set of organic matter of biological origin and that originated
through processes of transformation of it, either produced naturally or artificially,
but always in a recent time on a human temporal scale. This definition excludes or-
ganic matter of fossil origin that, although it is organic biological material, has its
origin millions of years ago.

Thus, AENOR uses the definition of the European Technical Specification CEN/
TS 14588 to catalog biomass as “all material of biological origin excluding those
that have been included in geological formations undergoing a process of minerali-
zation,” among which would be oil, coal and natural gas [6].

Therefore, any organic matter of a renewable nature can be considered bio-
mass, being the case of wood and waste generated in its manufacture, agricultural
crops and their residues, energy crops, urban waste, animal waste, waste from the
processing of food and plants aquatic (Figure 1.1). Currently, most of the energy
coming from biomass is produced from wood and its residues (64%) [7].

AN |
l(f Energy solar

e =

> >
PHOTOSYNTHESIS
L 8 - I Jlﬂ
i — ‘Il
Agricultural . Urban solid
and forest . Industrial,
Animal waste : waste
waste ?grrlctlbturatl and Urban
Energy crops orestwaste wastewater

Biomass

Figure 1.1: Different sources of biomass production.

In recent times, oil, natural gas and, to a lesser extent, coal have been the main sour-
ces of organic raw material to obtain a large part of chemical products. Biomass is
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the only renewable source of carbon-based energy that allows the production of
chemicals, materials and fuels. Among the renewable resources, lignocellulosic bio-
mass is considered of great interest due to its abundance, its low cost as a raw mate-
rial for the production of chemical products, fuels and energy to replace fossil
resources and, in addition, it is not too competitive with the food industry, so it is
considered potentially more sustainable [8, 9].

1.2.1 Chemical composition

Lignocellulose is a material whose main constituents are cellulose (40-50% by
weight), hemicellulose (25-35%) and lignin (15-20%), which are linked together to
provide structural strength and flexibility to the plants (Figure 1.2). In addition, lig-
nocellulosic biomass also contains minor amounts of water and extracts and inor-
ganic compounds (“ashes”).

Cellulose H

/—\ 40-50% Howi °"”(§’ OH o 0
HO 4 W OH
HO OH HO OH

Lignocellulosic
biomass

Hemicellulose HO O Ho
25-35% f A gl

Figure 1.2: Schematic structure of Lignocellulose components.

Due to distinct differences of structure and reactivity of cellulose, hemicelluloses
and lignin, they have to be processed under different reaction conditions [10].
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The quantity and type of these compounds can greatly influence industrial pro-
cesses. Next, each of the lignocellulosic material compounds is described.

1.2.1.1 Cellulose

Cellulose is the most abundant homopolysaccharide in nature presenting about
1.5 x 1,012 tons of the annual biomass production. The cellulose macromolecule is
composed of D-glucose monomer units connected to each other via -1,4-glycosidic
bonds (Figure 1.2, green circle). The degree of polymerization (DP) of cellulose is
dependent on the cellulose source. Cellulose chains in primary plant cell walls
have a DP ranging from 5,000 to 7,500 glucose units, and in wood and cotton-
based materials between 10,000 and 15,000 units [11].

Each repeating unit of cellulose contains three hydroxyl groups, which are in-
volved in networking of the units with hydrogen bonds. The intrachain hydrogen
bonding between hydroxyl groups and oxygen of the adjacent ring molecules
makes the linkage stable and results in the linear configuration of the cellulose
chains [12].

The cellulose structure consists of crystalline and amorphous domains. The hy-
droxyl groups in cellulose chains form intra- and intermolecular hydrogen bonds
constituting the crystalline structure. The crystalline structure of cellulose can be
classified into seven allomorphic forms denoted as cellulose I, Ig, II, III;, IIIy;, IV;
and IVy. Celluloses I, and Ig are the major crystal forms in nature and are also
known as native cellulose. Among all forms, cellulose II is the most thermodynami-
cally stable. It can be formed from celluloses I, and Ig by treatment with aqueous
sodium hydroxide or through dissolution of cellulose and subsequent regeneration
[12]. The arrangement of cellulose molecules with respect to each other and to the
fiber axis determines the physical and chemical properties of cellulose. The fiber
structure of cellulose provides its high chemical stability. Crystalline domains of
cellulose are less accessible to chemical reactants. On the other hand, amorphous
regions are easily penetrated by reactants during chemical reactions [12]. The reac-
tivity of cellulose can be determined by several factors such as hydrogen bonding,
the length of chains, the distribution of chain length, the crystallinity and the distri-
bution of functional groups within the repeating units and along the polymer
chains [11].

For the transformation of cellulose into alkanes, it must be broken down into
their corresponding monomers, glucose, and then followed with the total hydro-
deoxygenation. By pretreatment and acid-catalyzed hydrolysis, cellulose can be de-
composed to hexose via water-soluble oligosaccharides, and then liquid fuels and
other value-added chemicals can be produced through dehydration, hydrogenation
and hydrogenolysis over different catalysts [13-16]. There are several routes for cel-
lulose conversion to alkanes through deconstruction and hydrodeoxygenation.
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1.2.1.2 Lignin

Lignin is an amorphous, thermoplastic polymer, with three-dimensional structure
based on subunits of phenylpropane (aromatic monomers) that provide stiffness to
plants (Figure 1.2, blue circle). Lignin is associated with cellulose and hemicellulose to
form lignocellulose, and is found coating the whole, being very chemically inert and
providing the material with a high resistance to chemical and/or biological attacks.

Lignin is the only large-volume renewable aromatic feedstock, which is found
in most terrestrial plants typically in a range of 15-30% by dry weight and 40% by
energy [17, 18]. The monomers from the depolymerization of lignin are a complex
mixture of different phenolic compounds including phenol, syringol, guaiacol and
other derivatives, which is impeditive to be directly used as fine chemicals or fuels
[19]. Most of lignin obtained from the pulp and paper factory is directly burned.
Therefore, the conversion of lignin with its unique structure has enormous potential
as an important source for the sustainable production of liquid alkanes, aromatics
and value-added chemicals [20-23].

1.2.1.3 Carbohydrates

It should be noted that most of the lignocellulosic biomass is composed of carbohy-
drates (65-85%), from which a large variety of chemical products can be obtained
economically and on a large scale.

The hemicellulose is a complex structure of carbohydrates and is the second
most abundant polysaccharide after cellulose in plant cell walls, accounting for
15-30% of lignocellulosic biomass by weight [24]. Among the three main compo-
nents in biomass, hemicellulose is a promising material to produce value-added
chemicals. Unlike cellulose, hemicellulose consists of short, highly branched poly-
mer of five- and six-carbon polysaccharide units, such as xylan, mannan, p-glucans
and xyloglucans [25-27], formed mainly by five types of monomeric sugars: D-xylose,
L-arabinose, D-galactose, D-glucose and D-mannose, with xylose being the most abun-
dant (Figure 1.2, pink circle).

The highly branched and amorphous nature of hemicellulose enables it to be eas-
ily converted. Noteworthy is that hemicellulose has a much lower DP (100-200 U)
compared with that of cellulose and lignin. Hemicellulose is more unstable than cel-
lulose and therefore, degrades more easily when subjected to heat treatment [28].

So, the development of effective methods toward the selective conversion of hemi-
cellulose in products with high yield and selectivity is crucial in facilitating the effec-
tive utilization of the same, avoiding significant decomposition of cellulose and lignin.

Hemicellulose shows many excellent properties, including biodegradability,
biocompatibility, bioactivity and so on, which enable it be applied in a variety of
areas such as food, medicine, energy, chemical industry and polymeric materials
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[29-34]. At present, there are many researches about the conversion of cellulose
and lignin; however, the reports about hemicellulose conversion are limited.

The C5 sugars mainly xylose obtained from hemicellulose have a great potential
in the preparation of several platform chemicals like levulinic acid for current
chemical industry [35]. In addition, the pretreatment methods of hemicellulose to
monomers are similar with that of cellulose, mainly including physical, chemical
and physicochemical processes under relatively mild pretreatment conditions [36,
37]. Recently, there are numerous researches concentrated on the catalytic transfor-
mation of hemicellulose, starting from the hydrolysis to pentose, then further dehy-
dration to furfural [31, 38, 39] or hydrogenation to xylitol [40-42].

On the other hand, the conversion of biomass involves multiscale complexity
from molecular to macro raw biomass level, which limits the conversion of biomass
into valuable products [43-45].

Thus, there are two main strategies for the processing of lignocellulosic bio-
mass [46]:

— Thermochemical routes that allows lignocellulose to be processed directly at
high temperatures and/or pressures without the need for any prior treatment
(pyrolysis, gasification, combustion or liquefaction).

— Fractionation and hydrolysis by means of which the sugars and the lignin are sep-
arated and processed selectively, either by chemical route or by biological route.

In general, the hydrolysis of the biomass is more complex and more expensive than
the thermochemical conversion.
All treatment must meet a series of requirements [47, 48]:
Improve the formation of sugars or the ability to form them later in hydrolysis.
2. Avoid the degradation or loss of carbohydrates.
3. Avoid the formation of by-products that they can inhibit later stages as in the
processes of hydrolysis and fermentation.
4. Must be profitable.

Therefore, the lignocellulosic biomass can be the source to obtain different high
added value products, among which are the furfural and 5-hydroxymethylfurfural
(HMF). Among the three main biomass components, hemicellulose is a promising
resource to produce furfural.

Furfural (furan-2-carboxaldehyde) is a viscous, colorless liquid, with a boiling
point of about 160 °C. It has a pleasant aromatic odor and turns dark, brown or
black when exposed to air. It is identified by the US Department of Energy (DOE) as
one of the top 12 value-added products and is a valuable product with a word mar-
ket of around 300,000 tons per year [49, 50].

Furfural is a key platform chemical produced in lignocellulosic biorefineries
could further be transformed to fuels and useful chemicals, which is widely used in
oil refining, plastics, and pharmaceutical and agrochemical industries [5]. For
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example, the papers in books contain hemicelluloses that are the sources of furfu-
ral. Furfural is one of the many chemicals that contribute to the aroma of books. On
the other hand, furfural is used in agriculture/horticulture as a weed killer [51].
Furfural is the active ingredient in several nematicides such as crop guard and pro-
tected, which are currently used in parts of Africa [52].

Furfural is generally recognized as safe and easy to apply. It is a natural degrada-
tion product of vitamin C (ascorbic acid) and it is a significant component of wines
and fruit juices. Despite the fact that furfural has an LD50 of 2,330 mg-kg ™" for dogs,
its toxicity to humans is relatively low [53]. Cocoa and coffee have the highest con-
centrations of furfural (55-255 ppm). Its concentration in alcoholic beverages is 1-33
ppm and 0.8-26 ppm in brown bread [54]. A few bioplastics companies make use of
furfural as a building block in their bioplastics chemistry or have expressed an inter-
est in using furfural provided that there are supply and price security [55].

Today, the major part of furfural production (90%) is carried out in three coun-
tries, with China leading the market followed by South Africa and the Dominican
Republic [56]. China is the major producer as well as major consumer of furfural in
the world. Low production cost of furfural in China is expected to remain a key driv-
ing factor for the domestic market. However, the furfural industry in China has
been facing an issue of availability of corn cob [38].

The first commercial process for the production of furfural was developed by the
company QuakerOats in 1921 and was carried out in a batch reactor, using oats shells
as raw material and sulfuric acid as a catalyst, both for hydrolysis and for dehydration.
Nowadays, most of the furfural is obtained in continuous processes, such as the modi-
fied Huaxia technology used in China, or the Supra Yield process used in Australia.

Today, furfural is produced industrially by the use of batch or continuous reac-
tors, by a one-step or a two-step process (Figure 1.3). In the one-step process, pento-
sans are hydrolyzed into xylose and then dehydrated into furfural simultaneously.

OH
ST \z:fﬂ\ 0T Q T A
@‘4\ ° Hemicelllose
HO,C
JAcd hydrolysis O l()

-3H,0 "
/mi Acidcatalysis/ \ /

D-Xylose Furfural

Figure 1.3: Conversion of hemicellulose to furfural by acid catalysis.
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However, in the two-step process, hydrolysis of pentosans occurs under mild condi-
tions followed by the dehydration of xylose into furfural [57, 58].

The advantage of the two-step process is that a higher quantity of furfural is
produced when compared to the one-step process. Again, solid residues are less de-
graded and can be converted to other chemicals such as ethanol, phenol, glucose
and others in the subsequent step by fermentation.

1.3 Application of furfural derivatives

The furfural turns out to be a very versatile precursor for the synthesis of a great
variety of chemical products, which we will talk about later, such as furfuryl alco-
hol (FOL), furoic acid, furan, tetrahydrofurfuryl alcohol (THFA), tetrahydrofuran
(THF), 2-methylfuran (2-MF) or 2-methyltetrahydrofuran (2-MTHF) [53, 59]
(Figure 1.4). Many of them are very interesting from an industrial point of view,
since they are either commercial or are currently obtained from fossil fuels. An in-
vestigation, supported by US DOE to identify the most promising platform chemi-
cals, revealed that furfural and two of its derivatives, furan dicarboxylic acid and
levulinic acid were ranked among the list of 30 chemicals.

1.3.1 Furfuryl alcohol (FOL)

It should be noted that between 60-65% of the furfural synthesized in the industry
is used for the production of FOL (Figure 1.4, pink circle), which is the most impor-
tant derivative of furfural, and can be used individually or in combination with phe-
nol, acetone or urea to make resins in the production and manufacture of casting
molds, automotive brake linings, abrasive wheels and refectory products of the
steel industry, fiberglass and some aircraft components. When phenols are reacted
with the corresponding furfural derivatives, FOL, used in the production of thermo-
setting furan resin and furan cement is formed [60, 61]. On the other hand, furfural
stops tropical deforestation, which is responsible for GHG emissions. FOL is the
main ingredient in wood-modification processes that convert softwoods to products
that look like and have properties that are similar to tropical hardwoods.
Furfurylation of wood produces nontoxic woods, suitable for internal and external
applications that demand high performance and good aesthetic appearance such as
playgrounds, floors, cladding and so on.

FOL has also been used in reinforced carbon—carbon composite materials, devel-
oped to protect the shuttle around its nose and wing leading edge from extremely high
and cold temperatures (-121-1,649 °C) encountered during the reentry of shuttles into
space. NASA created the US space shuttle orbiter thermal protection system [62]. In
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this system, after pyrolysis and rough trimming of graphite fabric, the polymer resin is
converted into carbon, which is then impregnated with FOL. With further pyrolysis,
the density of this material is increased leading to improved mechanical properties.

1.3.2 Furoic acid

Furoic acid is the first down-line oxidation derivative of furfural (Figure 1.4, orange
circle). It is a versatile starting material for the synthesis of pharmaceutical, agricul-
tural and industrial chemicals. Furoic acid is extensively converted to furoyl chloride,
used in the production of drugs and insecticides. The furan ring is an important phar-
macophore in modern drug discovery.

Furan-2,5-dicarboxylic acid, an important renewable building block that can
substitute for terephthalic acid in the production of polyesters, is produced from
furoic acid.

1.3.3 Furan

Furan is also deployed as a chemical intermediate and solvent is a family of organic
compounds of the heterocyclic aromatic series, characterized by a five-membered
aromatic ring, consisting of four CH, groups and one oxygen atom (Figure 1.4,
green circle). Furan resins, having excellent chemical and heat transfer resistances,
have a wide range of applications as foundry sand binders, chemically resistant ce-
ments and as laminates in chemical plants [63]. Furthermore, user-friendly furan
resin systems have been developed for a variety of composite applications in the
automotive and building industries as the interior of aircraft cabins, internal fittings
for buildings and rail carriages [63, 64].

1.3.4 Tetrahydrofurfuryl alcohol (THFA)

THFA is a widely used precursor in the production of specialty chemicals (Figure 1.4,
blue circle). It is also employed as a catalyst binder for new pebblebed reactors [65]. In
this case, 5-chloromethyl furfural can be synthesized to prothrin, a synthetic pyrethroid
insecticide.

1.3.5 Tetrahydrofuran (THF)

When furfural is hydrogenated, THF is formed (Figure 1.4, yellow circle). This deriv-
ative of furfural is a very important commercial solvent used as the starting material
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in the production of nylon and polytetramethylene ether glycols (spandex) by poly-
merizing THF. Polyester is a synthetic polymer made of purified terephthalic acid.
Polytetramethylene ether glycol or poly-THF is a polymer, used in the manufac-
ture of spandex fiber (e.g., Invista-Lycra®) and polyurethanes. Currently, they are
produced from crude-oil-derived chemicals. However, the synthesis of its green equiv-
alent can be achieved via furfural, furan, THF or polytetramethylene ether glycols.

1.3.6 Methyltetrahydrofuran (2-MTHF) and 2-methylfuran (MF)

The aldol condensation of furfural and acetone followed by hydrogenation leads to
the production of high yields of liquid alkanes, which are used as transportation
fuels [66]. Furfural can be converted by hydrogenation to 2-MF and 2-MTHF, which
are used as gasoline additives (Figure 1.4, red circle).

2-MTHF has the potential application for green fuel production in the so-called
P-series, developed in USA [67], which are blends of ethanol, butanol and 2-MTHF
with higher alkanes, and are used to solve the cold start issues of pure ethanol fuels.
Pertaining to second-generation biofuel [59, 68, 69], 2-MTHF has several advantages,
such as high energy density compared to those of ethanol and gasoline, a lower
heating value, which resembles that of gasoline and is higher than that of ethanol
[70], so it is also considered as a platform chemical for the near future. On the other
hand, MF is also often used as solvent and as feedstock for the production of antima-
larial drugs (chloroquine), methylfurfural and nitrogen and sulfur heterocycles.

1.4 Substitution of oil refineries products:
Biorefinery concept

As we have seen throughout the chapter, biomass has a quite complex composition,
and so previous separation treatments are necessary in the main groups of compo-
nents. The subsequent treatment and processing of these substances gives rise to a
whole range of products. Therefore, the need arises for an installation in which this
type of operations can be carried out, where biomass is used as a renewable source
of energy, chemical products and biofuels, thus giving rise to the concept of
biorefinery.

The definition of biorefinery is becoming increasingly important in the area of
new sustainable technologies. There are several definitions of biorefinery, being rel-
evant the one formulated by the International Energy Agency (IEA) Bioenergy, asso-
ciated with the sustainable treatment of biomass for the production of bioproducts
and bioenergy: a biorefinery is based on a set of processes that use biological sour-
ces or raw materials renewable to produce a product or final products, so that the
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amount of waste is minimal, and through which each component of the process is
converted or used in a way that increases its value, thus improving the sustainabil-
ity of the plant [71].

So, IEA Bioenergy has developed the following definition for biorefinery:
“Biorefinery is the sustainable processing of biomass into a spectrum of marketable
products and energy.”

IEA Bioenergy is an organization setup in 1978 by the IEA, with the aim of im-
proving cooperation and information exchange between countries that have national
programs in bioenergy research, development and deployment. IEA Bioenergy’s vi-
sion is to achieve a substantial bioenergy contribution to future global energy de-
mands by accelerating the production and use of environmentally sound, socially
accepted and cost-competitive bioenergy on a sustainable basis, thus providing in-
creased security of supply while reducing GHG emissions from energy use. The major
objective is to assess the worldwide position and potential of the biorefinery concept,
and to gather new insights that will indicate the possibilities for new competitive,
sustainable, safe and eco-efficient processing routes for the simultaneous manufac-
ture of transportation biofuels, added value chemicals, power and heat and materials
from biomass. Therefore, the definition of biorefinery is analogous to that of a con-
ventional oil refinery, with the difference that biomass is used as a raw material in-
stead of oil, in such a way that GHG emissions are reduced (Figure 1.5) [72].

Biomass i =
Biomaterials/
% j%; Biorefinery Bioproducts

{3 \L/—Tshes : " q
T Recycling

g

End of life of the biomaterials

Figure 1.5: Sustainable technology of an integrated biorefinery.

Apart from this, another objective of such a bio-economy based on a significantly
increased use of biomass for energy and materials is to replace conventional crude
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oil-based processes or products, respectively, by ones based on renewable biogenic
resources characterized by a significantly lower effect on global climate.

Taking into account all the above, we must consider some important aspects
when talking about biorefineries:

— A main driver for the establishment of biorefineries is the sustainability aspect.
All biorefineries should be assessed for the entire value chain on their environ-
mental, economic and social sustainability covering the whole life cycle
(construction—operation—dismantling).

— A biorefinery is the integral upstream, midstream and downstream processing
of biomass into a range of products.

— A biorefinery can use all kinds of biomass from forestry, agriculture, aquacul-
ture and residues from industry and households including wood, agricultural
crops, organic residues (both plant and animal derived), forest residues and
aquatic biomass (algae and seaweeds).

— A biorefinery should produce a spectrum of marketable products and energy.
The products can be both intermediates and final products, and include food,
feed, materials and chemicals, whereas energy includes fuels, power and/or
heat. The volume and prices of present and forecasted products should be mar-
ket competitive.

1.4.1 Classification of biorefineries

The concept of biorefinery has evolved over time, since initially these were facilities
that processed a single type of raw material, which was subjected to a process and
a single product was obtained (first generation biorefineries). Subsequently, they
began to develop biorefineries similar to the previous ones, but which allowed ob-
taining different products depending on different external factors, such as demand
or price (second-generation biorefineries). Currently, although they are in research
and development, the trend is toward the implementation of biorefineries that pro-
cess different types of raw materials, which undergo different transformation pro-
cesses and generate a wide variety of products (third-generation biorefineries), so
that they can become comparable to conventional refineries [73]. In this way, future
applications of biomass will be based on a single facility, called integrated biorefi-
nery, where all the fractions and byproducts of biomass will be used to produce en-
ergy (electricity, heat), biofuels, chemical bioproducts and biomaterials. This will
increase the profitability of the use of biomass as a raw material and will achieve
greater flexibility in the face of possible market fluctuations.

The number of different types of biorefineries is currently in continuous growth,
so giving a general classification is complicated. Recently, the IEA has developed a
fairly complete classification, so that each biorefinery can be classified according to
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four main variables: platforms, products (energy and bio-based materials and chem-
icals), raw materials and processes [74].

The platforms (e.g., sugars C5/C6, synthesis gas, biogas) are intermediates that
can connect different biorefinery systems and their processes, although they can also
be a final product itself. The number of platforms involved is an indication of the
complexity of the system. The two groups of biorefinery products are energy (e.g., bio-
ethanol, biodiesel, synthetic biofuels) and products (e.g., chemicals, materials, food
and feed). The two main groups of raw materials are “energy crops” from agriculture
(e.g., starch crops, short-rotation forestry) and “biomass residues” from agriculture,
forestry, trade and industry (e.g., straw, bark), wood chips from forest residues, used
cooking oils and waste streams from biomass processing. In the classification system,
a differentiation was made between four main conversion processes, which include
biochemical, thermochemical, chemical and mechanical processes [75].

Within the thermochemical process, there are two main ways to convert bio-
mass into energy and chemical products. The first is gasification, which consists of
maintaining the biomass at high temperature (> 700 °C) with low oxygen levels to
produce syngas, which can be used directly as a stationary biofuel or can be a
chemical intermediate (platform) for the production of fuels (FT fuels, dimethyl
ether, ethanol, isobutene) or chemicals (alcohols, organic acids, ammonia, metha-
nol and so on). The second thermochemical way to convert biomass is pyrolysis,
which uses intermediate temperatures (300-600 °C) in the absence of oxygen to
convert the raw material into liquid pyrolytic oil (or bio-oil), solid carbon and gas-
like light gases of synthesis [76, 77].

On the other hand, biochemical processes occur at lower temperatures and
have lower reaction rates. The most common types of biochemical processes are fer-
mentation and anaerobic digestion. The fermentation uses micro-organisms and/or
enzymes to convert a fermentable substrate into recoverable products (usually alco-
hols or organic acids). The main final product of these processes is biogas, which
can be used as a substitute for natural gas [78].

Mechanical processes are processes that do not change the state or composition
of the biomass, but only make a reduction in size or a separation of the components
of the raw material. In a biorefinery route, they are usually applied first. The separa-
tion processes involve the separation of the substrate into its components, while
extraction methods extract and concentrate valuable compounds from a volumi-
nous and nonhomogeneous substrate [79]. Lignocellulosic pretreatment methods
(e.g., the division of lignocellulosic biomass into cellulose, hemicellulose and lig-
nin) fall into this category, even if part of the hemicellulose is also hydrolyzed to
individual sugars [80].

As for the chemical processes, they are those that carry a change in the chemi-
cal structure of the molecule when reacting with other substances. Hydrolysis and
transesterification are the most common in biomass conversion, but this group also
includes the broad class of chemical reactions in which a change in the molecular
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formula occurs. Hydrolysis uses acids, alkalis or enzymes to depolymerize polysac-
charides and proteins into their component sugars or chemical derivatives [80],
while transesterification is a chemical process by which vegetable oils can be con-
verted into methyl or ethyl esters of fatty acids, being currently the most common
method to produce biodiesel.

By combining the four main variables in which we can classify a biorefinery,
the different configurations of existing biorefineries can be described in a consistent
manner (Figure 1.6).

Because some processes are suitable for more than one platform, some are in-
terconnected, thus combining two or more types of biorefineries, so allowing fossil
resources to be replaced more efficiently, to obtain energy, materials and chemical
products.

Thus, of all the variables existing within a biorefinery, the most important clas-
sification is the one that is made according to the different platforms, which are
considered the basic pillars for the classification of biorefineries, as listed in
Table 1.1.

The biomass demand for food, feed, materials and energy will significantly in-
crease in the future due to growing world population. As a sustainable expansion
of cultivation areas is only possible to a very limited extent, it is necessary to opti-
mize the entire biomass utilization. Biorefinery concepts in which a wide variety of
biomasses are completely converted to different marketable products with minimal
energy input without generating waste offer appropriate solutions. In developing
such concepts, however, the already existing structures and existing biomass con-
version facilities should be taken into account and included.

1.5 The use of agricultural wastes to high added
value products

Agriculture wastes are very challenging nowadays and there are many available in
our environment every day. Green chemicals and bio-based products should derive
from a wide range of agro-bioenergy coproducts and agricultural residues; there-
fore, the main challenge for big players and stakeholders is to transform complex,
heterogeneous and disposable biomasses into really valuable and marketable high
value-added products in place of fossil sources alone. These organic residuals in-
clude mainly raw feedstocks that are finely converted into many high value-added
products.

The largest portion of plant-based waste is from the nongrain part of crops, such as
wheat straw, rice straw and corn stover. The high availability and relatively stable com-
position of these agricultural byproducts make them promising feedstocks in large-
scale industrial biorefineries [81]. The second largest food waste is from the beverage
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Table 1.1: Classification of the main platforms within an integrated biorefinery.

Platform Raw material Obtention process Products
biorefinery
. . - . Volatile carboxylic acids,

Biogas Mixes CH, and CO, Anaerobic digestion fertilizers, hydri)gen

Syngas Mixture of CO and H, Gasification Biofuels and/or
chemicals: FT diesel,
dimethylether, bioethanol,
ethylene, propylene,
butadiene, acetic acid,
CO,, gases C1-C5,
hydrogen

Oleochemical Vegetable oil, acids and  Grinding, pressing, Biodiesel, acids and fatty

fatty esters and glycerol

filtering, extraction,
refining

esters, fatty alcohols,
diols, epichlorohydrin,
glycerol

Lignocellulosic

Lignocellulosic crops,
agricultural, harvesting
and forest residues,
industrial and urban
waste

Fractionation, grinding,
delignification,
hydrolysis, gasification

2,5-Furandicarboxylic acid
(FDA), acetic acid, formic
acid, levulinic acid, C5
and C6 sugars, diols,
furfural,
hydroxymethylfurfural
(HMF), synthesis gas, y-
valerolactone

Sugars

Algae, alcoholic crops,
industrial and urban
waste, lignocellulosic
crops

Extraction, grinding,
pressing, drying/
dehydration, liquefaction,
pyrolysis, hydrolysis,
refining, fermentation and
enzymatic hydrolysis

FDA, citric acid, furoic
acid, Lactic acid, fevulinic
acid, malic acid, pyruvic
acid, propanol, furfuryl
alcohol, 2,3-butanediol,
isopropanol, aspartic acid,
glutamic acid, fermentable
sugars, CO2, acetone,
xanthan, vitamins,
unicellular protein, furan,
HMF, MTHF, THF, enzymes,
1,3-butadiene, Isoprene,
xylene, y-valerolactone,
polyethylenefuranoate,
sorbitol, xylitol, mannitol,
bioethanol, biokerosene

industry, which generates a large amount of pomace, such as grape pomace and apple
pomace. Besides plant fibers, the pomace contains considerable quantities of high-
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As we have seen throughout the chapter, cellulose can be used to produce bio-
fuels, organic acids and nanocellulose materials; hemicellulose can be degraded to
xylose, and then xylite and furfural, which are valuable chemical products and lig-
nin is used as natural binder and adhesives. Besides structural compounds, other
reserves rich in plant-derived waste including sugars, proteins and oils and phyto-
chemicals also show potential for various applications.

Fruit and vegetable wastes are generated by agriculture, postharvest grading
and mass discarded by consumers in industrialized regions such as North America,
Europe and parts of Asia. Currently, most of them are used as low-value animal
feed and only a small portion of the wastes is used as feedstock for the extraction of
phytochemicals, soluble and insoluble dietary fibers [84]. Proteins in plant-derived
waste with well-balanced essential amino acids can be introduced to food to en-
hance sensory and functional properties. For example, soy protein has been used in
imitation cheese, soy milk and whipped toppings [85]. Phytochemicals, such as pol-
yphenols and carotenoids, have been related to health promoting effects including
lowering cholesterol and lipid oxidation [86]. Besides health promoting effects, the
addition of these antioxidant compounds into food matrices can extend their shelf
life and delay the formation of off-flavors of food products and rancidity [85].
Vegetable oils in plant-derived waste can be used to derive sugar-based surfactants
(e.g., alkyl polyglucosides) with low toxicity and good detergent properties com-
pared to traditional surfactants derived from fossil oil [87].

On the other hand, citrus fruits are among the most abundant crops worldwide,
with about 121 million tons produced annually [88]. The industrial utilization of
these citrus fruits for juice production results in large quantities of waste. Citrus
wastes include peels, pulps and seeds, which represent about 50% of the fruit
weight [89]. Citrus wastes are good sources for sugars, oils, polyphenols, enzymes,
vitamins and minerals. Therefore, there is huge potential of the integrated utiliza-
tion of citrus wastes to produce multiple high value products. For example,
Pourbafrani et al. developed an integrated process using citrus waste to obtain mul-
tiple value-added products: D-limonene, ethanol, pectin and biogas [90].

Grape is the world’s second largest fruit crop with an annual production of
more than 60 million tons. About 80% of grapes are used to produce wine, which is
one of the most important alcoholic beverages in the world, with an increasing de-
mand to 25 billion liters [85]. Winery wastes can be divided into four categories:
grape stalks, grape pomace (marc), wine lees and waste water. Many components
such as dietary fibers, polyphenols, grape seed oil and tartrates can be separated
from winery waste [85].

— Grape stalks as the wastes of vineyards are composed of high concentrations of
lignin, cellulose and hemicellulose, which, if fractionated, can be an excellent
renewable carbon source. In this sense, Amendola et al. applied autohydrolysis
pretreatment on grape stalks followed by a noncatalyzed ethanol organosolv ex-
traction of the solid residue [91]. Ethanol was used to precipitate hemicellulose
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in the autohydrolysis liquor, while acid was used to precipitate lignin from both
autohydrolysis liquor and organosolv liquid.

— Grape pomace, the main solid waste generated during wine making consists
about 50% skin, 25% seed and 25% stem [82]. Grape pomace contains large
amounts of polyphenols, lipid, proteins, fiber and minerals [92].

— The biorefinery concept was also applied on wine lees, which are the residues
obtained at the bottom of tanks after wine fermentation, during storage, or after
centrifuge or filtration of wine [93]. In the study of Dimou et al. wine lees were
centrifuged, and the liquid part was distilled to get ethanol. For the solid part,
organosolv extraction was applied to recover antioxidants, and the residual
solid was treated with HCI to solubilize tartaric acid. Finally, the solid residue
after tartaric acid extraction and the ethanol free liquid part were combined as
the feedstock for enzymatic lysis of yeast cells to generate nutrients for further
poly(3-hydroxybutyrate) production by aerobic fermentation [94].

Likewise, since apple pomace contains valuable compounds such as carbohy-
drates, pectin and polyphenols, there is an increasing global trend toward the effi-
cient utilization of apple pomace. Approximately 25-30% of the apples are used
to produce juice, and the leftover of juice extraction (apple pomace) is normally
used as animal feed or compost [83, 95]. Recently, Yates et al. used apple pomace
to produce various value-added compounds including sugars, polyphenols, pectin
and biomaterials, which can be used as biocompatible scaffolds in tissue engi-
neering [8].

The tomato is another agricultural waste used to obtain high added value prod-
ucts. Millions tons of tomato are processed every year to produce tomato juice,
paste and concentrate [96]. During processing, about 4% of the total processed to-
matoes are produced as byproducts, including tomato peels and seeds, which are
rich in sugars, polyphenols, proteins, oils and organic acids [97]. Kehili et al. used
supercritical CO, technology to extract carotenoids inside the oil fraction of tomato
peels and seeds. The residue obtained was used to extract protein by alkali solubili-
zation and acid precipitation. After that, the protein-free residue was treated by hot
water to hydrolyze cellulose and hemicellulose to monomer and oligomer sugars
[96].

Cereal grains, the most important sources of calories for the majority of the
world’s population, have been the primary food source for human since thousands
of years ago [98]. Among different cereals, wheat is the major crop in Europe, North
America and Oceania and Industrialized Asia. However, in low-income regions
such as densely populated region of South and Southeast Asia, rice is the major
crop [99].

About 21% of the global food supply depends on wheat, and the production is
still increasing to meet the growing demand [100]. During harvesting, wastes such
as wheat straw are left on the field. Other byproducts such as wheat bran, germ and
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parts of the endosperm are generated during wheat milling [101]. Wheat straw
mainly consists of cellulose, hemicellulose and lignin. Kaparaju et al. used wheat
straw to produce bioethanol, biohydrogen and methane based on the biorefinery
concept [102].

On the other hand, rice is an important staple crop for more than half of the
world’s population. The global production of rice is about 671 million tons per year
[103]. Wastes such as rice straw and rice husk are generated during rice harvesting
and processing, and both of them contain a large amount of cellulose, hemicellu-
lose and lignin, which can be good resources for the production of value-added
chemicals and biofuels.

In 2015, the world production of corn was estimated at 1,026 million tons, with
the US, China and Brazil the leading countries in production [104]. The main com-
ponents in corn are starch, protein, fiber and oil; therefore, corn is traditionally
used as human food or animal feed. During the last 10 years, corn has been increas-
ingly used as feedstock to produce a renewable biofuel, ethanol. Dry grind fermen-
tation is the most popular process used for converting corn to ethanol. The
unfermentable residues, including protein, fiber, and oil are collected and dried as
distiller’s dried grains with solubles (DDGS) [105]. DDGS has been long-time used as
a source of carbohydrates, protein and oil for animal feed. However, the increase in
DDGS production is expected to drive its value down; thus, there is a great interest
to use DDGS as a starting raw material for the production of commodities, platform
molecules or specialty chemicals. One approach is to convert fibers, mainly cellu-
lose and hemicellulose, to sugars for ethanol production. Bals et al. applied ammo-
nia fiber expansion process to pretreat DDGS, followed by enzymatic hydrolysis to
produce sugars, such as glucose, for ethanol fermentation [106].

As to the oil crop wastes, about 6-20% of the wastes are generated during agri-
cultural production, followed by postharvest and processing processes [99]. For ex-
ample, after oil extraction, a large amount of oil pressed cakes remains, which
contain substantial quantities of protein, minerals, residual oil and other nutrients.
These compounds can be recovered and reused in the food industry [107].

The production of olive oil generates approximately four times more wastes
than the commercial oil, which is a heavy burden for the industry as well as the en-
vironment. Among the wastes generated during olive oil production, olive mill
waste is the one that has drawn attention to many researchers. Schievano et al. have
proposed an integrated biorefinery concept for the utilization of olive mill waste to
produce polyphenols, mono/polyunsaturated fatty acids and biofuels [108].

Particularly, the rapeseed plant is normally used for the production of vegeta-
ble oil for human consumption, animal feed and biodiesel synthesis [109]. After
oil extraction and biodiesel production, other byproducts such as rapeseed cake
and glycerol waste are generated. For example, Luo et al. used rapeseed straw
along with cake and glycerol obtained after biodiesel production to produce sev-
eral biofuels [110].
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By last, as to the roots and tubers, potatoes are the major crops in Europe,
North America, Oceania and Industrialized Asia [99]. The dominating wastes
(20% of the total waste) in these areas are produced during agricultural period.
Processing of potatoes is conducted mainly for chips, which generates solid
wastes including peels or cull potatoes. These solid wastes are usually composed
of starch, fiber, polyphenols and minerals [107]. The nutrients rich in potato
wastes can be valorized in an integrated process. For example, Chintagunta et al.
incubated potato peels and mash with Aspergillus niger and Saccharomyces cere-
visiae to obtain ethanol [111].

Therefore, the recovery of valuable compounds from agricultural wastes is an
important challenge for the field-related scientists. Conversely, its commercial
implementation is a complex approach depending on several parameters to be
considered.

1.6 Catalytic transformation of biomass
into furfural derivatives

The catalytic conversion of lignocellulosic biomass into biochemicals and fuels is of
great significance. Therefore, the separate and efficient conversion of cellulose, hemi-
cellulose and lignin is of great interest.

As we have seen in Section 1.3, in a biorefinery we distinguish between four main
groups of raw material conversion processes: thermochemical, biochemical, chemical
and mechanical processes. From some of these processes can be obtained some deriv-
atives of furfural, such as FOL, furan and MF of which we have spoken previously
(Figure 1.4).

Furfural can be produced by acid-catalyzed dehydration of xylose obtained
from hemicelluloses. However, furfural presents an obstacle for catalytic upgrading
processes: first of all, the number of carbons in a furfural molecule after deoxygen-
ation is too low to be added with gasoline; and secondly, furfural is thermally un-
stable and rapidly polymerizes forming humins. Furfural is highly reactive under
typical biomass processing conditions and even at room temperature. This rapid po-
lymerization complicates the condensation approach since the furfural will have al-
ready polymerized.

1.6.1 Furfural hydrogenation to furfuryl alcohol (FOL)
Furfural holds two useful functional groups, a carbonyl and a conjugated furan ring,

making its role as a versatile building block for various applications. The carbonyl
(C=0) group of the furfural ring can be reduced leading to FOL (Figure 1.4, pink circle),
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which is the main hydrogenation product obtained from furfural [112]. The industrial
production of FOL is performed by selective hydrogenation of furfural in the gas or lig-
uid phase using Cu-Cr catalysts. Chromium causes serious environmental problems
due to its high toxicity. As a consequence of the high toxicity of chromium, experimen-
tal and theoretical methods have been studied for the selective hydrogenation of furfu-
ral over a variety of environmentally acceptable metal catalysts (Cu, Pd, Pt, Co and Zn)
leading to different reaction pathways [113-115]. Among those reaction mechanisms
proposed, Cu-based catalysts and group VIII metal catalysts are the most widely ac-
cepted. In addition, the hydrogenation of C=C bonds in the furan ring of furfural can
produce tetrahydrofurfural (THF) and THFA. Since the furan ring is stable, metals with
strong affinities for C=C bonds allow furfural to adsorb parallel to the metal surface,
facilitating the saturation of the ring [116].

In another report, vapor phase furfural hydrogenation studies were performed
on a series of silica-supported monodisperse Pt nanoparticle catalysts where the ex-
tent of decarbonylation and hydrogenation of carbonyl group was highly depen-
dent on the size and shape of Pt NPs [117]. Small particles were found to
predominantly give furan as major product (via decarbonylation) while larger sized
particles yielded both furan and FOL (carbonyl hydrogenation product). Octahedral
particles were found to be highly selective toward FOL, while cube-shaped particles
produced an equal amount of furan and FOL.

1.6.2 Furfural decarbonylation to furan

Experimental and theoretical studies have shown when the reaction temperature in-
creases, the preferred binding mode of furfural changes from the n-aldehyde config-
uration to the n-acyl configuration, leading to the formation of furan via
decarbonylation (Figure 1.4, green circle) [116]. Different catalysts have been inves-
tigated for this reaction, including supported noble metal catalysts and mixed
metal oxides based on nonnoble metals such as Zn-Fe, Zn—-Fe-Mn, Zn-Cr and so
on. Pd has been identified as the more selective catalyst for furfural decarbonyla-
tion, at high temperature and H, pressure, while catalysts with oxophilic sites have
been shown to stabilize the metal oxygen bond more strongly and hinder the forma-
tion of surface acyl species, leading to decreased selectivity of decarbonylation
products [118, 119]. Although Pd catalysts are more active than other catalysts, the
yield of furan decreases sharply with time on stream. Among the various possible
reasons for the observed deactivation, the most commonly proposed is carbon de-
position, which could be due to side reactions, such as condensation and/or decom-
position of furfural. The change of oxidation state and the sintering of the particles
can also promote deactivation. The further hydrogenation of C=C bonds in the
furan ring can produce THF, which has been widely used as a solvent and interme-
diate for chemical production [116].
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1.6.3 Furfural conversion to methylfuran (MF)

From the point of view of fuel production, either hydrogenation or decarbonylation
is desirable. While the hydrogenation does not remove O, decarbonylation loses C
in the process. More interestingly, 2-MF (Figure 1.4, red circle) is desirable since it
not only has intrinsically good fuel properties (high octane number, RON = 131, low
water solubility, 7 g/L) but also can be considered an archetypical product of the
desired reaction paths in bio-oil upgrading [120]. 2-MF is produced from the hydro-
genolysis of the C-0 bond of FOL. Sitthisa et al. have shown that the combination
of metals with oxophilic sites can facilitate the selective cleavage of this bond, for
example, through the use of SiO,-supported Ni-Fe alloys [116, 121]. Results proved
that the addition of Fe suppressed the decarbonylation activity of Ni while promot-
ing C=0 hydrogenation (at low temperatures) and C-O hydrogenolysis (at high tem-
peratures). Furfural could then be readily hydrogenated to FOL and subsequently
hydrogenolyzed to 2-MF. The strong interaction between O (from the carbonyl
group) and the oxyphilic Fe atoms supports a preferential hydrogenolysis reaction
on the bimetallic alloy. In another study, 2-MF was obtained in the vapor phase hy-
drodeoxygenation (HDO) of furfural using Mo,C catalysts at low temperature (150 °
C) and ambient pressure [122].

1.6.4 Other furfural conversions

Two effective methods to extend the carbon chain length for furfural upgrading to
fuels are the aldol condensations and hydroxyalkylation—alkylation (HAA) reac-
tions. Furfural can undergo aldol condensation with external carbonyl containing
molecules having an a-hydrogen (e.g., ketones) in the presence of a base or an acid
catalyst. Further hydrogenation of aldol products can produce high-quality longer-
chain alkanes. Barrett et al. developed a sequential aldol condensation and hydro-
genation strategy for furfural upgrading in the aqueous phase using a bifunctional
Pd/MgO-ZrO, catalyst [123]. The cross aldol condensation of furfural with acetone
results in water-insoluble monomer and dimer products, which are subsequently
hydrogenated to give products with high overall carbon yields (>80%). On the other
hand, HAA combined with HDO is a comparatively promising route for the synthe-
sis of renewable high-quality diesel or jet fuel. Taking advantage of this combined
process, 2-MF can be used in the Sylvan diesel process where it serves as starting
material [124, 125], which consists of two consecutive steps, HAA and HDO. Further
implementation of HAA-HDO was reported by Zhang et al. where different types of
resins (such as, Nafion, Amberlyst, etc.) were utilized to couple 2-MF and furfural
[126, 127], where the Nafion-212 resin demonstrated the highest activity and
stability.
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2 Biorefinery approach for the utilization
of dairy by-products and lignocellulosic
biomass to lactic acid

Bioproduction of optically pure lactic acid (LA) has roused interest in the recent years
due to its potential application in a wide range of fields, and there is a significant in-
terest to further development of sustainable and cost-effective process. However, the
efficient utilization of agro-industrial wastes for LA production still causes consider-
able challenges. The biotechnological LA production within the targeted cost still re-
quired the development of high-performance LA-producing microorganisms and the
lowering of the costs of raw materials and fermentation process. Cheap biomass, such
as starchy and cellulosic agricultural residues or by-products from the food industry,
has a potential for the cost-effective production of LA, but raw materials also should
have a high production rate and yield without by-product formation and the ability to
be fermented with low pretreatment [1]. However, the LA made by fermentation route
refers optically active, consequently a suitable microorganism could selectively pro-
duce dextro (levo)-rotation enantiomers, and the greatest demand is for the L-LA iso-
mer [2]. Targeted conversion of starchy substrates to LA can be performed using the
amylolytic microorganisms [3]. Fungi species from Rhizopus, such as Rhizopus oryzae
and Rhizopus arrhizus, excrete amylolytic activity that enables to convert starch di-
rectly into L-LA in the presence of oxygen [4]. However, LA-producing microorgan-
isms, including the fungus R. oryzae, have low productivity depending on the low
reaction rate caused by mass transfer limitation [5]. Most of the world’s commercial L
(+)-LA is produced by the fermentation of carbohydrates using homolactic microbes
such as a variety of modified or developed strains of the genus Lactobacilli [6, 7]. This
can be considered to be an advantage, since the productivity of the industrial process
may become independent of oxygen supply.

Nowadays, the development of sustainable processes requires the efficient ex-
ploitation of food-processing residues and maximization of the value derived from
such waste source. In this field, the dairy industry by-products (e.g., whey, whey
permeate) received considerable attention as a suitable carbon source, since they
are substrates that do not require extensive purification, and can be the most appro-
priate option for the production of biodegradable polymers as well as for many
other applications. While the efficient lactose consumption depends on the differ-
ent factors affecting the LAB growth in the fermentation medium, the selection of
LAB strain without complex nutritional requirements and pH regulation is one of
the most important factors influencing LA production rate [8]. Our recent studies,

https://doi.org/10.1515/9783110538151-002
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related to the development of a cost-effective and sustainable process, focus on an
application of novel acid tolerant microorganisms evolving different enzyme activi-
ties on the efficient LA stereoisomers production from different cereal-based food
residues and dairy by-products, including enzymatic hydrolysis and acid neutrali-
zation [9, 10].

2.1 Introduction

Lactic acid (LA) or 2-hydroxypropionic acid or CH;CH(OH)COOH, is the simplest
hydroxylcarboxylic acid with an asymmetrical carbon atom. LA exists in two op-
tically active isomeric forms: L(+)-LA and D(-)-LA [11]. LA is classified as GRAS
(generally recognized as safe) for use as a food additive by the US Food and Drug
Administration, but D(-)-LA is at times harmful to human metabolism and can re-
sult in acidosis and decalcification. LA, as a platform chemical, and its salts have
a long history of commercial uses and applications [12]. It is used in the food and
beverage sector as a preservative and pH-adjusting agent, and in the chemical in-
dustry as a starting material in the production of polylactic acid (PLA) polymer
and new “green” solvents, for example, ethyl lactate. LA has many pharmaceuti-
cal and cosmetic applications and formulations in topical ointments, lotions, an-
tiacne solutions, humectants, parenteral solutions and dialysis applications, such
as anticarries agent. Calcium lactate can be used for calcium-deficiency therapy
and as anticarries agent. PLA is a biodegradable polymer that has medical appli-
cations such as sutures, orthopedic implants, controlled drug release and so on.
PLA thermoplastic properties approach those of petroleum-derived plastics. PLA
with a low degree of polymerization can help in controlled release or degradable
mulch films for large-scale agricultural applications. LA can also be used for the
production of propylene oxide (via the formation of propylene glycol), which has
an important role in the production of polyurethanes. Another high-volume deriv-
ative from LA is acrylic acid. This is the primary building block for the formation
of acrylate polymers, which have numerous applications, for example, in surface
coatings and adhesives. The LA market is currently at a watershed with the com-
mercial reality of PLA polymers and lactate esters. LA global demand was ex-
pected to grow at a compound annual growth rate of 22% through 2005-2015.
Growth in PLA bioplastics market is the driving demand for LA in industrial appli-
cations [13]. The application spectrum of PLAs is expanding due to their opportu-
nities to replace various fossil-based polymers. The life-cycle assessment (LCA)
studies show that PLA biopolymers result in significantly lower emissions of
greenhouse gasses, and less use of material resources and nonrenewable energy,
compared to fossil-based polymers [14, 15]. Major LA producers are Corbion Purac
(The Netherlands), Galactic (Belgium), Nature Works LLC (USA) and several
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Chinese companies [16]. LA and its products, for example, lactide, could be pro-
duced through fermentation processes as well as through synthetic routes. In re-
cent years, the amount of LA obtained by chemical route decreased due to several
reasons. One of them is that synthetic LA made from petrochemical feedstocks is
optically inactive, that is, a racemic mixture. Another problem is environmental
pollution and the limited supply of petrochemical resources [17]. Contrary, LA
made biochemically by fermentation is optically active and suitable organisms
can selectively produce levo- or dextro-rotation antiomers. In addition, LA can es-
terify itself providing a mixture of esters in equilibrium with acid and oligomers
are present. Therefore, there is a significant interest to further enhance and de-
velop such complexes to produce chemical intermediates and polymers through
sustainable manufacturing to compete cost effectively with those derived from
petrochemical sources [18].

2.2 Production of lactic acid

For the production of LA, there are two manufacturing methods with industrial impor-
tance: (a) chemical synthesis and (b) microbial fermentation. Figure 2.1 shows main
production steps as well as the advantages and disadvantages of these technologies.

Petrochemical resources Renewable resources
Pretreatment (acid hydrolysis
and/or enzymatic saccharification)
Acctaldehyde(CH;CHO) Fermantable carbohydrates
Addition of . . .
HCN and catalyst Microbial fermentation
Lactonitrile (CH;CHOHCN) Fermanted broth
Hydolysis by U
l H,S0, Recovery and purification
Only racemic pL-lactic acid | | Optically pure L(+)- or b(-)-lactic acid
(@) Chemical synthesis (b) Microbial fermentation
| Desirable due to T

(i) recent environmental issues
(ii) limited nature of petrochemical resources

Figure 2.1: Overview of the two manufacturing methods of lactic acid: (a) chemical synthesis and
(b) microbial fermentation [12].

According to the Wee et al. [12], microbial fermentation has the biggest advan-
tage because an optically pure LA can be obtained by choosing a suitable strain

printed on 2/13/2023 12:59 AMvia . All use subject to https://ww.ebsco.confterns-of -use



34 =—— Grazina)uodeikiene et al.

of microorganism, whereas chemical synthesis always results in a mixture of dif-
ferent LA isomers.

2.2.1 Biotechnological approach of LA production from
agro-industrial and dairy by-products

Bioproduction of optically pure LA has roused interest in the recent years due to its
potential application in a wide range of fields, and there is a significant interest to
further development of sustainable and cost-effective process. However, the effi-
cient utilization of agro-industrial wastes for LA production still causes consider-
able challenges. The biotechnological LA production within the targeted cost still
required the development of high-performance LA-producing microorganisms and
the lowering of the costs of raw materials and fermentation process.

LA can be produced from cheap biomass, such starchy and lignocellulosic agri-
culture residues or by-products from the food industry, obtained after simultaneous
gelatinization and liquefaction or gelatinization, liquefaction and saccharification
steps or by direct conversion by amylolytic LA-producing microorganisms or by the
simultaneous hydrolysis and fermentation by adding enzymes and inoculum to-
gether (Figure 2.2).

Biomass (renewable resources)

l

- - - v

Gelatinization Gelatinization Gelatinization Gelatinization
and liquefaction and liquefaction and liquefaction

Direct LA Liquefied carbon source

ducti
procluction l Saccharifying

enzymes

Fermentation with
amylolytic LAB or

LA producing fungi Hydrolysate containing

glucose

Traditional To moist inert support
fermentation and solid state
using LAB fermentation using

LAB

L ! 1

Liquefied carbon source

Simultaneous
liquefaction,
saccharification
and fermentation
Fermentation with
LAB

Saccharifying
Enzymes and
inoculum

Simultaneous
liquefaction,
saccharification
and fermentation
Fermentation with
LAB or LA
producing fungi

Figure 2.2: Different processes for lactic acid fermentation using renewable starchy or

lignocellulosic resources [19].
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Although the LA made by fermentation route refers optically active, conse-
quently a suitable microorganism could selectively produce dextro (levo)-rotation
enantiomers, and the greatest demand is for the L-LA isomer [2]. Targeted conver-
sion of starchy substrates to LA can be performed using the amylolytic microor-
ganisms [3]. Fungi species from Rhizopus, such as Rhizopus oryzae and Rhizopus
arrhizus, excrete amylolytic activity that enables to convert starch directly into 1-
LA in the presence of oxygen [4]. However, LA-producing microorganisms, includ-
ing the fungus R. oryzae, have low productivity depending on the low reaction
rate caused by mass transfer limitation [5]. Most of the world’s commercial I-LA is
produced by the fermentation of carbohydrates using homolactic microbes such
as a variety of modified or developed strains of the genus Lactobacilli [6, 7]. This
can be considered to be an advantage, since the productivity of the industrial pro-
cess may become independent of oxygen supply. Nowadays, the development of
sustainable processes requires the efficient exploitation of food-processing resi-
dues and maximization of the value derived from such waste source. In this field,
the dairy industry by-products (e.g., whey, whey permeate (WP)) received consid-
erable attention as a suitable carbon source, since they are substrates that do not
require extensive purification, and can be the most appropriate option for the pro-
duction of biodegradable polymers as well as for many other applications.

2.2.2 Chemical synthesis

The chemical synthesis of LA can be divided into two stages: first stage is a catalytic
reaction of acetaldehyde with hydrogencyanide in the liquid phase under atmo-
spheric conditions to produce lactonitrile (acetaldehyde cyanohydrin), which acts
as an intermediate. The lactonitrile intermediate is then isolated and purified by
distillation. The next stage is a hydrolysis step catalyzed by sulfuric and/or hydro-
chloric acid at 100 °C, producing a crude LA and ammonium salt (sulfate or chlo-
ride) as a by-product. In order to produce pure LA (purification stage), the crude LA
is esterified with methanol in the presence of an acid or basic catalysis and then
purified by distillation. The methyl lactate ester (a valuable product in its own
right) is hydrolyzed under acidic conditions to LA and methanol (which is recycled).
Obtained LA is purified by distillation (steaming) to yield high-purity LA. First stage
of the LA synthesis is an efficient step with an atom utilization of 100%, while
the second stage has a lower atom utilization of around 60%. Esterification and hy-
drolysis are both efficient processes. The chemically synthesized LA gives the race-
mic mixture (50% D(-) and 50% L(+)), which does not guarantee the best crystalline
melting point (T,,) for PLA production. The most widely used method for improving
PLA processability is based on melting point depression by the random incorpo-
ration of small amounts of lactide enantiomers of opposite configuration into the
polymer (i.e., mixtures of poly-D(-) and poly-L(+) give the best T,,).The commercial
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process for LA chemical synthesis uses by-products like acetaldehyde from other in-
dustries. Hydrogencyanide is added to acetaldehyde in liquid phase in the presence
of a base catalyst under high pressure when lactonitrile is produced [20, 21]. Two
companies Musashino Chemical Laboratory Ltd. (Japan) and Sterling Chemicals Inc.
(USA) are using this technology. The process is often dependent on other by-product
industries and considered expensive where petroleum-based raw material is the
major cost-contributor [20].

2.2.3 Green metrics for sustainability of biobased lactic acid
production versus chemical synthesis

2.2.3.1 Green metrics of sustainability

For the metrics of sustainability of high optical purity LA, different production routes
(biotechnological and chemical) have been taken into consideration for material effi-
ciency evaluation and economic value-added analysis. The biotechnological produc-
tion of 70% purity LA from wheat biomass was investigated by using a process that
consists of the following steps. The wheat starch is enzymatically hydrolyzed to glu-
cose in two steps: liquefaction and saccharification. The fermentable sugars are con-
verted to LA in the fermentation step, using components from the wheat biomass as
nutrients. The wheat residues and LA bacteria (L. plantarum 110) are removed by
centrifugation and the proteins as well as the enzymes are removed by ultrafiltration
after fermentation. The fermentation step is performed at a controlled pH, producing
mainly lactate. Using water-splitting electrodialysis, the lactate is converted to LA,
and sodium hydroxide is produced as a by-product. LA is concentrated by evapora-
tion of water below atmospheric pressure [22]. The selected chemical synthesis
method is the reaction of acetaldehyde with hydrogen cyanide, followed by the hy-
drolysis of the resulting lactonitrile. Crude lactonitrile is then purified by distillation
and subsequently hydrolyzed to LA by hydrochloric acid or sulfuric acid [20].

2.2.3.2 Material efficiency and E-factor

The results of material efficiency for the biobased LA production have been selected
from different publications (Table 2.1).
It can be described by following steps:

C¢H1206 +2NaOH — 2(CH3CHOHCOO ™ )Na™ +2H,0 (2.1)
(CH3;CHOHCOO ™ )Na* +H,0 — CH3CHOHCOOH + NaOH (2.2)
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Table 2.1: The material efficiency of biotechnological lactic acid production.

Raw Initial Process Product, G/L/ Yield Ref.
material Fermentable LA purity, W/W (g/g)
Sugar (g/L)
Whole- 87.0x1.1 Fermentation by Lactococcus lactis 73.1/570% 0.64 [24]
wheat subslactis, electrodialysis
flour Batch fermentation by
Enterococcus faecalis RKY1
Lime- 50.2 Fermentation by Bacillus 40.7/>70% 0.81 [25]
treated coagulans
wheat
straw
Oat flour 116.5 Fermentation by Rhizopus oryzae 51.7/>70% 0.68 [26]
(glucose)
Barley 130 Batch fermentation by 36/85% 0.94 [27]
flour (glucose) Enterococcus faecalis RKY1
Glucose 150 Fermentation by Lactobacillus 12.5/570% 0.75 [28]
casei
CH;CHOHCOOH + CH30H — CH3CHOHCOOCH; + H,0 2.3)
CH;CHOHCOOCH; + H,O — CH3CHOHCOOH + CH;0H (2.4)

Assuming that LA is the only product (and the other products are waste), an E-factor
of 3.26 can be calculated that leads to a material efficiency of 48%. By an esterification
step different potentially useful chemicals such as lactate ester can be produced from
LA. If more products from the fermentation broth can be used, the material efficiency
increases (68%). The process for chemical synthesis is based on lactonitrile. Hydrogen
cyanide is added to acetaldehyde in the presence of a base to produce lactonitrile (1).
This reaction occurs in liquid phase at high atmospheric pressures. The crude lactoni-
trile is recovered and purified by distillation. It is then hydrolyzed to LA, either by con-
centrated HCl or by H,SO, to produce the corresponding ammonium salt and LA (2).
LA is then esterified with methanol to produce methyl lactate (3), which is removed
and purified by distillation and hydrolyzed by water under acid catalyst to produce LA
and the methanol (4), which is recycled. The chemical synthesis method produces a
racemic mixture of LA. This process is represented by the following reactions:

CH;CHO+HCN — CH;CHOHCN (2.5)

CH;CHOHCN +2H,0 +1/2H,S0, — CH;CHOHCOOH +1/2(NH,),S0,  (2.6)
CH;CHOHCOOH + CH;0H — CH;CHOHCOOCH; + H,0 2.7
CH;CHOHCOOCH; + H,0 — CH;CHOHCOOH + CH;0H (2.8)

p