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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 Old 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. I. Funez, C. García, 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 CaCl2/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.
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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, TiO2 and Al2O3)
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-Barceló et al. from Madrid (Spain) in collaboration with the group of
Rodríguez-Castellón 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-Barceló,
E. Asedegbega-Nieto, E. Rodríguez-Aguado, J.A. Cecilia, A. Infantes-Molina,
E. Rodríguez-Castellón.

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 CO2 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.
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Inmaculada Funez, Cristina García, 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
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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].

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

Energy solar

PHOTOSYNTHESIS

Agricultural
and forest
waste
Energy crops 

Animal waste
Industrial,
agricultural and
forest waste

Biomass

Urban solid
waste
Urban
wastewater

Figure 1.1: Different sources of biomass production.
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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”).

Due to distinct differences of structure and reactivity of cellulose, hemicelluloses
and lignin, they have to be processed under different reaction conditions [10].

Lignocellulosic
biomass

Lignin
15–20%

Hemicellulose
25–35%

Cellulose
40–50%
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Figure 1.2: Schematic structure of Lignocellulose components.
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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 × 1,012 tons of the annual biomass production. The cellulose macromolecule is
composed of D-glucose monomer units connected to each other via β-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 Iα, Iβ, II, IIII, IIIII, IVI

and IVII. Celluloses Iα and Iβ 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 Iα and Iβ 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.

4 Inmaculada Funez et al.



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, β-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

1 Furfural derivatives from agricultural and agri-food wastes 5



[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]:
1. 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

6 Inmaculada Funez et al.



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−1 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

OHOH
D-Xylose

–3H2O

HO

HO

OH

Acid hydrolysis

Acid catalysis

Furfural

Hemicellulose

OH

HO
OH

OH

O

O
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O
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Figure 1.3: Conversion of hemicellulose to furfural by acid catalysis.

1 Furfural derivatives from agricultural and agri-food wastes 7



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 CH2 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].

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

Heat/
Electricity

Biofuels

Biomaterials/
BioproductsBiorefinery

Biomass

CO2

End of life of the biomaterials

Ashes
Recycling

Figure 1.5: Sustainable technology of an integrated biorefinery.
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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

1 Furfural derivatives from agricultural and agri-food wastes 15



Gr
as

se
s

Or
ga

ni
c j

ui
ce

Sy
ng

as

Bi
om

et
ha

ne

Bi
oe

th
an

ol
Gl

yc
er

in

Fo
od

Bi
od

ie
se

l

Sy
nt

he
tic

s b
io

fu
el

s
(FT

,D
M

E.
..)

Po
ly

m
er

s
an

d 
re

si
ns El

ec
tri

ci
ty

&
 h

ea
t

An
im

al
fe

ed
s

Bi
om

at
er

ia
ls

Fe
rt

ili
ze

r

Ch
em

ic
al

s 
an

d
bu

ild
in

gs
 b

lo
ck

s

BI
O–

H 2

Bl
og

as

C6
 s

ug
ar

s

El
ec

tri
ci

ty
&

 h
ea

t

Py
ro

ly
tic

liq
ui

d

Li
gn

in

Hi
dr

ol
ys

is

Gr
al

s
St

ra
w

St
ra

w
Pr

et
re

at

Py
ro

ly
si

s
HT

U

Pr
es

s

St
ar

ch
s

cr
op

s
Su

ga
r

cr
op

s
Li

gn
oc

el
lu

lo
si

c
cr

op
s

Li
gn

oc
el

lu
lo

si
c

re
si

du
es

M
ar

in
e

bi
om

as
s

Oi
l-b

as
ed

re
si

du
es

Oi
l c

ro
ps

Or
ga

ni
c r

es
id

ue
s

an
d 

ot
he

rs

C5
 s

ug
ar

s

Oi
l

Le
ge

nd

Ga
si

fic
at

io
n

Ch
em

ic
al

re
ac

tio
n

An
ae

ro
bi

c
di

ge
st

io
n

H 2

Fi
gu

re
1.
6
:C

on
ne

ct
io
n
be

tw
ee

n
in
di
vi
du

al
bi
or
ef
in
er
ie
s
ac
co

rd
in
g
to

th
e
cl
as

si
fi
ca
ti
on

of
IE
A
.R

ep
ro
du

ce
d
w
it
h

pe
rm

is
si
on

fr
om

[7
4]
.

16 Inmaculada Funez et al.



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-
value functional compounds, such as polyphenols, essential oils and vitamins [82, 83].

Table 1.1: Classification of the main platforms within an integrated biorefinery.

Platform
biorefinery

Raw material Obtention process Products

Biogas Mixes CH and CO Anaerobic digestion
Volatile carboxylic acids,
fertilizers, hydrogen

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

Oleochemical Vegetable oil, acids and
fatty esters and glycerol

Grinding, pressing,
filtering, extraction,
refining

Biodiesel, acids and fatty
esters, fatty alcohols,
diols, epichlorohydrin,
glycerol

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

Fractionation, grinding,
delignification,
hydrolysis, gasification

,-Furandicarboxylic acid
(FDA), acetic acid, formic
acid, levulinic acid, C
and C sugars, diols,
furfural,
hydroxymethylfurfural
(HMF), synthesis gas, γ-
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, ,-butanediol,
isopropanol, aspartic acid,
glutamic acid, fermentable
sugars, CO, acetone,
xanthan, vitamins,
unicellular protein, furan,
HMF, MTHF, THF, enzymes,
,-butadiene, Isoprene,
xylene, γ-valerolactone,
polyethylenefuranoate,
sorbitol, xylitol, mannitol,
bioethanol, biokerosene
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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 HCl 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 CO2 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=O) 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 liq-
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 η-aldehyde config-
uration to the η-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 H2 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–O 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 SiO2-supported Ni–Fe alloys [116, 121]. Results proved
that the addition of Fe suppressed the decarbonylation activity of Ni while promot-
ing C=O 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 Mo2C 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 α-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–ZrO2 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,
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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 CH3CH(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.

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

Acctaldehyde(CH3CHO)

Petrochemical resources Renewable resources

Fermantable carbohydrates

Fermanted brothLactonitrile (CH3CHOHCN)

Only racemic dl-lactic acid

(a) Chemical synthesis (b) Microbial fermentation

Optically pure l(+)- or d(–)-lactic acid

Addition of
HCN and catalyst

Desirable due to

Pretreatment (acid hydrolysis
and/or enzymatic saccharification)

Microbial fermentation

Recovery and purificationHydolysis by
H2SO4

(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].
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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).

Gelatinization

Direct LA
production

Fermentation with
amylolytic LAB or

LA producing fungi

Liquefied carbon source

Hydrolysate containing
glucose

To moist inert support
and solid state

fermentation using
LAB

Simultaneous
liquefaction,

saccharification
and fermentation
Fermentation with

LAB or LA
producing fungi

Traditional
fermentation

using LAB

Saccharifying
enzymes

Saccharifying
Enzymes and

inoculum

Simultaneous
liquefaction,

saccharification
and fermentation
Fermentation with

LAB

Liquefied carbon source

Gelatinization
and liquefaction

Gelatinization
and liquefaction

Gelatinization
and liquefaction

Biomass (renewable resources)

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 l-
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 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 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 (Tm) 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 Tm).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 L10) 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:

C6H12O6 + 2NaOH ! 2 CH3CHOHCOO
−ð ÞNa+ + 2H2O (2:1)

CH3CHOHCOO−ð ÞNa+ +H2O ! CH3CHOHCOOH + NaOH (2:2)
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CH3CHOHCOOH+CH3OH ! CH3CHOHCOOCH3 +H2O (2:3)

CH3CHOHCOOCH3 +H2O ! CH3CHOHCOOH+CH3OH (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 H2SO4 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:

CH3CHO+HCN ! CH3CHOHCN (2:5)

CH3CHOHCN+ 2H2O+ 1=2H2SO4 ! CH3CHOHCOOH+ 1=2ðNH4Þ2SO4 (2:6)

CH3CHOHCOOH+CH3OH ! CH3CHOHCOOCH3 +H2O (2:7)

CH3CHOHCOOCH3 +H2O ! CH3CHOHCOOH+CH3OH (2:8)

Table 2.1: The material efficiency of biotechnological lactic acid production.

Raw
material

Initial
Fermentable
Sugar (g/L)

Process Product, G/L/
LA purity, W/W

Yield
(g/g)

Ref.

Whole-
wheat
flour

.±. Fermentation by Lactococcus lactis
subslactis, electrodialysis
Batch fermentation by
Enterococcus faecalis RKY

./>% . []

Lime-
treated
wheat
straw

. Fermentation by Bacillus
coagulans

./>% . []

Oat flour .
(glucose)

Fermentation by Rhizopus oryzae ./>% . []

Barley
flour



(glucose)
Batch fermentation by
Enterococcus faecalis RKY

/% . []

Glucose  Fermentation by Lactobacillus
casei

./>% . []
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With a 95% yield of LA, 0.515 kg acetaldehyde, 0.300 kg hydrogen cyanide and
0.573 kg sulfuric acid are used for the production of 1 kg LA. An E-factor of 1.29 and a
material efficiency of 75% can be calculated. This is in accordance with Sheldon [23],
who reported an E-factor of 1–5 for bulk chemicals. Process like hydrolysis is 81%
atom efficient [24].

2.2.3.3 Energy efficiency and total energy input

For the calculation of the total energy input, the data of the BREW project [25] on a
cradle-to-factory-gate basis were used. For the calculation of the energy efficiency, the
calorific value (higher heating value) of LA (16.56 GJ/ton) was used. For the biotechno-
logical process, the sum of energy input to convert wheat starch into dextrose (D-
glucose) is 9.4 GJ/ton of LA and energy input required for LA production is 26.3 GJ/ton
[26]. However, the information of energy use due to dextrose processing indifferent bi-
oproduction steps of LA has not been published. Thus, the LA production from one
existing plant was applied by distributing the energy efficiency in the process opera-
tion as follows:12 GJ/ton of LA for the hydrolysis and fermentation, 2 GJ/ton of LA for
the separation and 6 GJ/ton of LA for the recovery. The total energy input for the bio-
based process is 35.7 GJ/ton and the energy efficiency is 47%. This is within 17% of the
30.4 GJ/ton estimated by Bohlmann in LCA of PLA production [27]. In the latest cradle-
to-polymer-factory-gate life-cycle inventory data for Ingeo PLA (Nature Works LLC
product started in 2009) total nonrenewable energy used for LA production system is
calculated to be 20.57 GJ/ton In geo [28].

For the chemical synthesis, 9 GJ/ton of LA for the hydrolysis, 14 GJ/ton of LA
for the esterification, 6 GJ/ton of LA for the distillation and 7 GJ/ton of LA for the
recovery have been taken [29]. The total energy input for the chemical process is
52 GJ/ton and the energy efficiency is 32%.

2.2.3.4 Land use

For wheat-derived starch we base our model calculation on BREW Project report
[25]. Wheat crop yield 5.1 ton/ha was taken from FAOSTAT (2013) [30]. LA yield
0.64 ton/ton wheat was calculated from the literature [22]. Therefore, 1.56 ton of
wheat are needed as the input for the 1 ton of LA. To receive such amount of wheat
requires 0.31 ha of land. The extraction of starch from wheat results in by-products
from milling, gluten and pulp. If wholesome wheat is used, these by-products can be
sold at current market prices and to substitute reference feed products. After account-
ing for these by-products, the net input of wheat is 1.06 ton. To receive such amount of
wheat, 0.21 ha of land is required. For comparison, in the BREW Project [25] a land use
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for different LA biotechnological processes from maize starch was reported between
0.15 and 0.22 ha/ton of LA. For the chemical process, the land use is set at 0 ha/ton.

2.2.3.5 Total costs

The total costs of the fermentative 70% LA production from wheat biomass were cal-
culated according to the methodology used by Akerberg and Zacchi [22]. They reported
a total capital investment of 3.8 × 106 USD for an LA plant of 4 × 103 ton/year, that is,
950 USD/ton. The capital costs for the biotechnological process are calculated as 20%
of the total capital investment and are 190 USD/ton. It should be mentioned that the
capital costs will get reduced at higher production capacity. Operational costs are
830 USD/ton and include costs of labor, process water, power, steam, wheat biomass,
enzymes, sodium hydroxide, ultrafiltration and electrodialysis membranes. The total
costs for the fermentative LA production from wheat biomass are then 1020 USD/ton
(1.020 USD/kg). Economical evaluation of LA production costs showed that the opera-
tional costs contribute about 77% of the total costs. Costs of raw materials (26%), fer-
mentation (34%), electrodialysis (27%) and hydrolysis (12%) are the major operational
costs. The cost of enzyme mixture dominates the operational costs in the hydrolysis
step and the cost of sodium hydroxide in the fermentation step. The recovery step
(electrodialysis and evaporator), representing about 40% of the investment costs, fol-
lowed by fermentation step (28%), is the main contributors to the capital costs. The
capital costs do not influence the total costs to any large degree and the variation in
these costs will not affect the total production costs as much as the wheat price and
other operational costs. As to compare with the integrated process for production and
purification of 50% food grade LA from whey, which was economically evaluated by
Gonzalez et al. [3], the annual costs of 1.25 USD/kg for 50% LA were calculated. It was
observed that the highest contribution of the investment costs correspond to the con-
centration step, representing 40% of the total capital costs, whereas the fermentation
step requires the highest operating costs (47% of the total operating cost). The total
costs for the petrochemical process of LA production are the sum of the raw material
costs and the capital costs. Based on an acetaldehyde, hydrogen cyanide and sulfuric
acid price of 1,001 USD/ton, 1,320 USD/ton and 90 USD/ton (www.ICIS.com), respec-
tively, and a material efficiency of 95%, the raw material costs for the petrochemical
process of LA production are 942 USD/ton. The capital costs are estimated as 30% of
the raw material costs or 283 USD/ton. The total costs for the petrochemical process
are 1,225 USD/ton (1.225 USD/kg).

Currently, the commercial prices of food grade LA range between 1.38 USD/kg
(for 50% purity) and 1.54–1.76 USD/kg (for 88% purity). Technical grade LA with 88%
purity has been priced as much as 1.58–1.87 USD/kg (www.ICIS.com). According to
the Wee et al. [1], on an industrial scale, the production costs of LA will be targeted to
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less than 0.8 USD/kg, because the selling price of PLA should decrease roughly by
half from its present price of 2.2 USD/kg. An overview of the sustainability metrics for
LA is shown in Table 2.2 for the fermentative and chemical processes.

The obtained metrics demonstrated that the biotechnological process for wheat
biomass conversion into LA gave an energy efficiency higher by 47% than that by
the chemical route and lower total costs for the production by approximately
17%. Although the mass efficiency of the biotechnological production of LA was
found to be 36% lower than the chemical process, the E-factor of biobased LA
demonstrates the low quantity of waste that is produced. Thus, the majority of
the big LA manufacturing industries like Musashino Chemical Laboratory, Ltd.
(Japan), Corbion Purac (The Netherlands), Nature Works LLC (USA), Galactic
(Belgium) and so on have switched over to a fermentation-based technology.
Musashino Chemical (China) Co., Ltd. is engaged in the exploitation and innova-
tion of LA industry by combining the latest biofermentation technique and ad-
vanced refinement technique. Corbion Purac, the world’s largest supplier of LA,
has built a plant in Thailand to produce LA from cane sugar or tapioca starch.
Fermentation-derived LA mixtures typically consist of 99.5% of the L-isomer and
0.5% of the D-isomer giving the best crystalline melting point (Tm), which is a
very important criterion for improving PLA processability by in bioplastics pro-
duction. Chemical synthesis from petrochemical resources always results in a ra-
cemic mixture (50/50) of L(+)- and D(−)-LA, which is a major disadvantage of this
approach. Conversely, LA fermentation offers an advantage in terms of the utili-
zation of renewable carbohydrate biomass, low production temperature, low en-
ergy consumption and the production of optically highly pure LA by selecting an
appropriate strains of microorganisms. The biotechnological production of LA
has received a significant amount of interest recently, since it offers an alterna-
tive to environmental pollution caused by the petrochemical industry and the
limited supply of petrochemical resources. Significant advantage over chemical
synthesis is that biotechnological production can use cheap raw materials, such

Table 2.2: The comparison of the sustainability metrics for the biotechnological and chemical
processes of lactic acid.

Process Mass efficiency (%) E-factor Energy
efficiency (%)

Land use
(ha/ton)

Total costs
(USD/ton)

Biotechnological  .  .a−.b 

Chemical  .   

aBy-products are used for gluten and feed production.
bBy-products cannot be used for feed production; wheat grains are damaged by fungi.
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as renewable carbohydrate biomass. However, there are still several issues that
need to be addressed to produce LA biotechnologically within the targeted cost,
such as the development of high-performance LA-producing microorganisms and
the lowering of the costs of raw materials and fermentation processes.

2.3 Intensification of a fermentation process
for the production of lactic acid

Nutrient concentration in the medium is one of the important factors affecting the
growth of microorganisms. LAB usually requires complex nutrients (peptones,
yeast extracts, vitamins). To achieve maximum LA yields and productivity, all sug-
ars from lignocellulose materials must be utilized. Therefore, the evaluation of the
effect of LAB enzymatic activities and their effect on the saccharification process is
an essential subject for the intensification of the bio-processes. The endoxylanase
and α-amylase activities in wheat bran (WB) media excreted by selected LAB
(L. sakei, P. pentosaceus and P. acidilactici) during 48 h of fermentation have been
analyzed (Figure 2.3).

Lactobacillus sakei excreted the highest amylase activity (up to 255.6 and 198 AU g−1)
after 24 and 48 h of fermentation, respectively, whereas the amylase activity of
P. pentosaceus and P. acidilactici was lower by 50.2% and 22.2%, and by 19.5% and
18%, respectively, after 24 and 48 h of fermentation. The highest endoxylanase ac-
tivities were excreted by P. acidilactici (84.1 and 66 XUg−1) after 24 h and 48 h of
fermentation, respectively, followed by P. pentosaceus KTU05-9 (71 and 63 XU g−1).

0

(a) (b)

Am
yl

as
e 

ac
tiv

ity
 (A

U 
g–1

)

Xy
ln

aa
se

 a
ct

iv
ity

 (X
U 

g–1
)

0

20

40

60

80

100

Ls Pp9 Pa Ls Pp9 Pa

24 h 48 h24 h 48 h

50

100

150

250

200

Figure 2.3: Amylase (a) and xylanase (b) activities of L. sakei (Ls), P. pentosaceus (Pp9) and
P. acidilactici (Pa) strains in the wheat bran medium after 24 and 48 h fermentation.
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The lowest endoxylanase activity in the WB medium was excreted by L. sakei (23 and
29 XUg−1). Saccharide analysis showed a significant (P < 0.05) increase in carbohy-
drates level probably due to the increase in microbial amylase activity. After 24 h fer-
mentation of WB with L. sakei, P. pentosaceus and P. acidilactici, the maltose
concentration in the fermentation medium was increased by 85%, 55% and 78%,
respectively (Figure 2.4a) compared to the initial value (0.99 mg g−1).

According to the HPLC analysis, fructose was not consumed initially by LAB. The
concentration of fructose was measured by 38.5% and 60% higher in samples fer-
mented with L. sakei and P. acidilactici, respectively, compared to the initial value
(2.4 mg g−1). Glucose concentrations measured in the fermented WB samples were
lower from 32% to 50% compared to initial value (2.5 mg g−1). The sharp decrease in
glucose content at the end of fermentation could be due to utilization of glucose by
the microorganisms. Similar to glucose, fructose content significantly (P < 0.05) de-
creased at the end of fermentation. Similar results were reported by Khetarpaul and
Chauhan [31], indicating that the increase or the decrease in reducing sugars during
LA fermentation of pearl millet could be attributed to the action of microflora.
Maltose content decreased very rapidly during fermentation, indicating that maltose
is preferentially metabolized by the microorganisms. Similar findings were reported
during the traditional process of converting pearl millet into fermented gruel [32].
Lactobacillus sakei KTU05-6, P. pentosaceus KTU05-9 and P. acidilactici KTU05-7
should be taken into consideration as starter cultures. Efficient amylolysis could be
taken as a main criterion of strain selection, whereas partial starch hydrolysis can
be performed by endogenous microflora provided a pregelatinization step [33].

The evaluation of the effect of enzyme treatment on the saccharification process
is an essential subject for the intensification of the fermentation process, and for this
purpose WB biomass as model system has been taken in consideration. An extensive

7

Re
du

ci
ng

 s
ug

ar
s(

m
g 

g–1
)

Re
du

ci
ng

 s
ug

ar
s(

m
g 

g–1
)

(a) (b)

WB WB
Ls LsPp9 Pp9Pa

Fermented WB Fermented WB

MaltoseMaltose Fructose
Fructose Glucose
Glucose Xylose

Arabinose

Pa

40

3

             

5

30

25

20

15

10

6
5
4
3
2
1
0
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before and after 24 h fermentation. LAB: L. sakei (Ls), P. pentosaceus (Pp9) and P. acidilactici (Pa).

42 Grazina Juodeikiene et al.



monosaccharides target analysis by HPLS-MS after degradation using commercial en-
zymes such as broad spectrum carbohydrase preparation Depol 692L selected from
previous studies was performed in the study. The following tendency in the perspec-
tive of the selected enzyme for WB treatment was noticed. Application of Depol 692L
for polysaccharide hydrolysis allowed the 13.6-fold and on average 15.4-fold increase
of the maltose, fructose and glucose concentrations compared to the raw material
(Table 2.3), thus increasing the consumption of glucose and fructose during fermenta-
tion with LAB up to 52–60% and 37–53%, respectively. Consumption of other simple
saccharides such as xylose and arabinose during lactic fermentation was from 25.8%
to 37.9% and from 16.4% to 28.7%, respectively (Figure 2.4b).

The application of commercial enzymes and LAB evolving required enzyme activi-
ties indicates the following tendency in the perspective of the biomass enzymatic
pretreatment and fermentative LA production [9, 10]. As was confirmed by an exten-
sive monosaccharide target analysis, the 15-fold increase in maltose, fructose and
glucose concentrations can be fixed after the WB polysaccharide enzymatic pre-
treatment by commercial hemicellulose. Thus, the increase up to 60, 38 and 29% in
consumption of glucose, xylose and arabinose (Figure 2.4a), respectively, could be
reached during fermentation by LAB [9, 10]. Consumption of other simple saccha-
rides such as xylose and arabinose during lactic fermentation was from 25.8% to
37.9% and from 16.4% to 28.7%, respectively (Figure 2.4b).

The maximum L-LA concentration and yield of 86 g kg−1 and 1.45 g−1, respec-
tively, could be achieved after the bioconversion of WB using enzymatic hydrolysis
in combination with 48 h fermentation by P. pentosaceus KTU05-9 strain [9]. It is a
challenge to confirm that other carbon sources (e.g., enzymatically pretreated ligno-
cellulosic brans, DGS and molasse) are suitable media for LAB cultivation [34].

The whey pretreatment with commercial β-galactosidase could increase the lac-
tose hydrolysis up to 36%, thereby resulting the L-LA production up to 28 g L−1 using
Pediococcus acidilactici KTU05-7 strain for the 48 h fermentation [10]. Furthermore,
the performed study revealed the tested LAB to display β-galactosidase activity sig-
nificantly (P < 0.05) dependent on the fermentation time (Figure 2.5).

Table 2.3: Chemical composition (g 100 g−1 d.w.) of agroinustrial by-products.

Materials Dry matter Protein Starch Total carbohydrates Total sugars

Wheat bran
DGS
BSG
Lupin

. ± .
. ± .
. ± .
. ± .

. ± .
. ± .
. ± .
. ± .

. ± .
. ± .
. ± .

. ± .

. ± .
. ± .
. ± .
. ± .

. ± .
. ± .

–
. ± .

DGS – spent distiller’s grain with solids, BSG – Brewer’s spent grain, d.w. – dry weight.
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The highest β-galactosidase activity of L. bulgaricus (180 U/mL), followed by the
Pp9 and P. acidilactici (on average 133 U/mL) and Pp10 (118 U/mL) was measured
after 24 h cultivation in the whey medium. The maximum β-galactosidase activity
excreted the Pp9 (57 U/mL) after 48 h of growth; however, the β-galactosidase ac-
tivities of tested LAB were found lower on average by 65% than that of L. bulgaricus,
which could be defined as a starter culture able to produce the highest yield of
β-galactosidase (128 U/mL) in dairy medium. The longer incubation decreased the
β-galactosidase activity of tested strains approximately by 66.2% (Figure 2.2).

Efficient lactose consumption could be taken as the main criterion of strain se-
lection, because in a lactose-rich waste matrix it is expected to increase the avail-
ability of energy sources to contribute to a rapid pH decrease [35]. Therefore, the
P. pentosaceus KTU05-9 and P. acidilactici KTU05-7 should be taken into account as
the cultures that can be applied for the whey lactose fermentation.

With reference to the results, lactose consumption could reach the same level
approximately at 15th- and 16th h in hydrolyzed whey as compared to nontreated
samples; therefore, lactose hydrolysis prior to the lacto-fermentation could reduce
the fermentation time. In the literature, WB pretreatment using acid hydrolysis
(80 °C; 20 h) showed a better performance than that without treatment, especially
for L-LA yield (0.99 g g−1) [36]. Maximum L-LA concentration (33 g L−1) was reached
employing barley bran hydrolyzates after dilute acid hydrolysis [37]. Also, the L-LA
content of 9 g L−1 was obtained from soybean straw enzymatic hydrolyzate at 30 °C
when using Lactobacillus casei for the 54 h fermentation [38]. The tested antimicro-
bial LAB strains could be selected by excreted specific enzymatic activity dependent
on the composition of fermentation medium and fermentation time.

The fermentation of whey with the selected LAB might affect the saccharification
process close to the one displayed within the applied commercial β-glucosidase [10].
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Figure 2.5: β-Galactosidase activity of LAB after 24 and 48 h of cultivation in whey medium. LAB:
Pa – P. acidilactici; Pp8, Pp9, Pp10 – P. pentosaceus strains; L. bulgaricus.
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Moreover, according to the Matijević et al. [39], hydrolysis of whey lactose allows to
reduce the fermentation time and increase the viable cell count of bacteria. The
higher level of lactose hydrolysis initiates the higher LA productivity; however, the
faster pH-value change in the hydrolyzed whey could cause the lower LAB β-
galactosidase activity [40]. While the LAB producing bacteriocins are not sensitive
for enzymatic treatment used for saccharification of substrate [41], it confirms the
outlook of the LAB application for different bioprocesses including the saccharifica-
tion of fermentation medium.

2.4 Advantage of the use of lactic acid tolerant lab
strains for the increasing the efficiency of LA
production

A constant important objective during industrial production of LA is the cost reduction
not only searching for cheap raw materials but also using of low-cost fermentation pro-
cesses. Typical LAB fermentation processes are carried out at a minimum pH of 5–5.5,
which is much higher than pKa-value of LA (i.e., 3.78), considering that the LA produc-
tion requires of neutralizing process. Acid neutralization with traditional reagent
CaCO3 at amounts between 10 and 25% (w/v) usually is applied in industry, mainly to
make the processing easier and cheaper [42, 43]. On the other hand, the LA extraction
process is complicated because of the resulting high salt content; thus, low pH signifi-
cantly reduces the consumption of neutralizing agent in the fermentation stage and
subsequent formation of gypsum in the product recovery stage. Microorganisms that
have the capability to ferment raw materials rapidly and provide a high yield of re-
quired stereospecific LA under low-pH and high-temperature conditions are industri-
ally desirable. Currently, research on LA production from cheese whey is being
conducted on the reduction of hazardous waste, because for microbial fermentation,
less sensitive and low pH LAB strains could be applied. LAB strains used in this work
have been isolated from rye flour sourdoughs, where the pH could range from 3.2 to
4.2. The object of this experiment was to analyze the effect of neutralization using
CaCO3 on LA yields during cheese whey fermentation by the tested LAB. Figure 2.6
presents the pH values in fermented by different LAB hydrolyzed whey with the addi-
tion of CaCO3 (2, 4 and 6%, w/v). The maximum decrease in the pH has been detected
in whey samples without CaCO3 (Figure 2.6).

Neutralization in all cases lowered the decrease in the pH to a different degree
depending on the LAB used could be seen from Table 2.4, the D/L ratio depended on
LAB strain used; however, the significant effect (P < 0.05) of lactose enzymatic hy-
drolysis on the reduction of the D(−)-LA content was found. The use of hydrolyzed
whey as a fermentation medium reduced the D/L ratio from 0.38 to 0.42 (Pp10 and
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Pp9, respectively) (Table 2.4). Lactose hydrolysis prior to the fermentation did not
influenced the ability of the P. acidilactici and L. bulgaricus to produce pure product.

These results are in an agreement with the literature data presented: that by
choosing LAB strain an optically pure product can be obtained [44]. Panesar et al.
[45] reported the L-LA production from whey using Lactobacillus casei. Krischke,
Schroder, and Trosch [46] also used Lactobacillus casei for whey fermentation. In
all cases the pH was maintained between 4.7 and 5.2 during 24 h of fermentation,
and between 4.4 and 5.1 during the next 24 h (Figure 2.5).
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Figure 2.6: The pH profile of whey fermentation by P. pentosaceus KTU05-8 (a), P. pentosaceus
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The results confirmed that lactose was more utilized for LA fermentation in the
samples with CaCO3 (data not shown). This occurrence could be explained by the
fact that CaCO3 transformed LA into Ca-lactate during the fermentation. Ca-lactate
reduces the inhibition of LA fermentation, which appears by produced LA [47]. In
this way, only a part of LA stayed dissolved in whey and only that part was mea-
sured [48]. In the presence of CaCO3 lower acidity of medium was achieved from the
24th hour to the end of fermentation.

The addition of CaCO3 in all cases was effective (P < 0.05) on the LA yields dur-
ing fermentation of cheese whey, increasing the total LA as well as L(+)-LA contents
(Table 2.5).

The yield of LA obtained during utilization of enzyme hydrolyzed cheese whey
at acid neutralization conditions by L. bulgaricus was 1.16 g LA/g lactose with pro-
ductivity of 1.19 g/(L·h), while in the case of tested Pediococci the LA yield and pro-
ductivity were between 0.69 and 1.15 g LA/g lactose and between 0.71 and 1.17 g
LA/(L·h), respectively.

Amounts of CaCO3 required for acid neutralization to optimize LA productiv-
ity depended on LAB strain used for whey fermentation (Table 2.5). The most tol-
erant to acidic medium were Pp9 and P. acidilactici strains; the addition of even
2% (w/v) CaCO3 was sufficient to achieve the higher LA yields and productivity
from the 24th hour to the end of fermentation, while larger quantities of neutral-
izing reagent (6%, w/v) influenced more efficient LA production by the Pp8 and
Pp10 (Table 2.5).

It was found that production of the more appreciated LA isomer was influenced
by the fermentation time and the pH of medium. The effect of neutralization on the
D(–)-LA formation in whey medium was ambiguous: the increase in CaCO3 concen-
tration influenced the increase in the D/L ratio in with Pp8 and P. acidilactici
fermented whey samples, and the decrease in D/L ratio in with Pp10 and Pp9 fer-
mented samples. However, the significant (P < 0.05) increase in the D/L ratio during
longer fermentation (48 h) was obtained (Table 2.5). According to the results, the
maximum L(+)-LA contents were produced by P. acidilactici and Pp9 at pH 4.4, by
Pp8 and Pp10 at pH 4.7–4.8, while the pH 5.1 was optimal for D(−)-LA production
by L. bulgaricus (Figure 2.6). In the literature, the optimal pH for LA production
varies between 5.0 and 7.0. A pH below 5.7 was only optimal for Lactobacillus
strains, which are known to tolerate lower pH than Lactococci [49, 4].

A constant important objective during industrial production of LA is to reduce
costs not only searching for cheap raw materials but also using of low-cost fermen-
tation processes. Neutralization of LA fermentation with traditional agent CaCO3 at
amounts of 10–25% (w/v) usually is applied in industry, mainly to make the proc-
essing easier and cheaper [42, 43]. The low concentration of neutralizing agent,
herewith the low content of calcium lactate, did not reduce the growth of fermenta-
tion microorganisms [43], and also allows to obtain the higher LA concentration
and the maximum productivity [48].
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The obtained results confirm the peculiarity of different LAB strains to tolerate
acid medium and promising development of new microorganisms for LA production
[50]. The high LA yields (1.13–1.14 g/g lactose) and tolerance of low pH conditions
indicate a great potential for the use of P. acidilactici KTU05-7 and P. pentosaceus
KTU05-9 strains for industrial applications. The major advantage within the present
investigations is the possibility to increase the effectiveness of fermentative LA pro-
duction from whey reducing the costs of enzyme in the hydrolysis step, and neutral-
izing reagent in the fermentation step using acid tolerant LA bacteria strains with
high β-galactosidase activity in all cases.

2.5 L(+)-lactic acid and D(−)-lactic acid separation
and purification from lacto fermented dairy
wastes

LA purification is one of the most costly steps of the production process [51, 52]. A
combined process of nanofiltration (NF) and reverse osmosis (RO) was applied to
separate and concentrate LA after fermentation. The concentrations of LA isomers
obtained in the final products (permeate after NF and retentate after RO) are listed
in Table 2.6.

The higher lactose retention (89 ± 1%) was obtained by the NF of the broth fer-
mented with Pa compared to Lb (lactose retention was 85 ± 1%). The LA content in
the permeate after the NF reached 55.5 g/L for P. acidilactici (Pa) with total volume of
94 L and 54.9 g/L for L. bulgaricus (Lb) with a total volume of 105 L. A fourfold (Pa)
and threefold (Lb) increase in LA concentration was obtained in the retentate after
the concentration by the RO. After the membrane filtration, the same tendency of LA
isomers distribution was observed as it was after 48 h of LAB fermentation: a higher
content of LLA was obtained in WP fermented by P. acidilactici (D/L ratio 0.3). In the
case of L. bulgaricus fermented WP, a greater content of DLA was determined in NF
permeate and RO retentate with D/L ratios 5.8 and 5.6, respectively. The complexity of
the medium, affecting the NF separation conditions, has been observed by comparing
visually the fermentation broth, obtained after fermentations using different LAB
strains. Protein aggregates were formed in broth fermented with Lb, while protein ag-
gregation did not occur in broth fermented with Pa. Therefore, due to the biomass
and other nondissolved compounds in the fermented broth, a covering layer was
formed on the membrane surface, or even in some cases inside the membrane pores.
This causes an attenuation of the membrane flux shortly after the filtration starts and
needed to be filtered before being transferred to the NF.

A study on the proteolytic action of LAB allowed to provide useful information
on the relationship between the flocculation process in the fermented broth and
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enzymatic activity of LAB strains. Proteins can be broken down by enzyme hydroly-
sis into small peptide molecules and amino acids. This positive effect of Pa, pos-
sessing the proteolytic activity (0.3 PU/mL), might be due to the solubilization of
the precipitated proteins during the long fermentation leading to the antifouling ef-
fect in fermented broth, while Lb did not show these activities. The undenaturated
protein content could decrease with the increase in acidity of medium (pH 4.6–4.8),
indicating the effect of P. acidilactici strain in a more intensive denaturation of
whey proteins during fermentation.

Current research was focused on the evaluation of performance criteria of mem-
brane filtration (permeate flux, transmembrane pressure (TMP) and volumetric con-
centration factor) using different LAB strains for L(+)-LA acid and D(−)-LA production
(Table 2.7).

After the separation and concentration operations had begun, the flux strongly
decreases within 60–70 min (NF) and 15–20 min (RO). The following changes have
been noted within the application of the different LAB strains for WP fermentation:
the lower decrease (by 66.7%) in the permeate flux during the NF was reached in
the Pa sample; during concentration stage (RO), the decrease in permeate flux was
lower (by 41.4%) in the Lb sample. Permeate flux can decrease with time due to

Table 2.6: The influence of nanofiltration and reverse osmosis on the lactic acid isomers and
lactose content (g/L) in permeate and retentate.

Process P. acidilactici KTU- L. bulgaricus

Nanofiltration

Quantity of retentate, L  

LLA, g/L . ± .b . ± .a

DLA, g/L . ± .a . ± .b

Lactose, g/L . ± .a . ± .a

Quantity of permeate, L  

LLA, g/L . ± .b . ± .a

DLA, g/L . ± .a . ± .b

Lactose, g/L . ± .a . ± .a

Reverse osmosis

Quantity of retentate, L . 

LLA, g/L . ± .b . ± .a

DLA, g/L . ± .a . ± .b

Quantity of permeate, L . 

LLA, g/L . ± .b . ± .a

DLA, g/L . ± .a . ± .b

All data are means followed by standard deviations (n = 3); means within a row with different
superscript letters are significantly different (P < 0.05); NF – nanofiltration, RO – reverse osmosis,
LLA – L(+)- lactic acid isomer, DLA – D(–)-lactic acid isomer.
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membrane fouling and concentration polarization [53, 54]. Membrane surface and
pore clogging by small molecules is one of the reasons for fouling [55]. Cake layer
formation by sludge particle deposition is the most common reason for the flux de-
cline. When the equilibrium between the formation and the washing away of the
covering layer was established, the permeability settled at a steady state. TMP var-
ied during NF within the range of 12.75–20.25 bar and during RO from 9.25 to 16.25
bar. When filtration and concentration of with Pa and Lb fermented WP is carried out
at the same TMP [12.75 bar (NF); 14.25 (RO)], a permeate flux of 37.33 Lm−2 h (NF, Lb);
38.67 Lm−2 h (RO, Pa) was obtained with a higher permeate flow 0.28 m3 h−1 (NF, Lb);
0.29 m3 h−1 (RO, Pa), because the covering layer is reduced by a better flush effect
and is not as thick as by a lower flow velocity. The development of an effective
method of LA separation and purification from a fermentation broth is essential for
economic viability. Membrane-based processes have a broad application in dairy in-
dustry and are used for dairy wastewater treatment and production of high-purity LA
[56 –59]. Several membrane separation steps are combined together to design specific
schemes of LA production for industrial use. Furthermore, membrane-based pro-
cesses allow to eliminate many stages and chemicals used in traditional LA produc-
tion [60].

The findings of the research suggest that a combined process of NF and RO is an
efficient method for LA recovery form fermentation broth, while P. acidilactici KTU05-7
strain has a potential to improve the biotechnological production and recovery of LA.

Table 2.7: The influence of fermented with different LAB strain whey permeate on membrane
filtration parameters.

Samples Time (h:min) Qp TMP VCF J

Nanofiltration

P. acidilactici KTU- : . . . .
: . . . .
: . . . .

L. bulgaricus : . . . .
: . . . .
: . . . .

Reverse osmosis

P. acidilactici KTU- : . . . .
: . . . .

L. bulgaricus : . . . .
: . . . .
: . . . .

Qp – permeate flow (m3h−1); TMP – transmembrane pressure (bar); VCF – volumetric concentration
factor; J – permeate flux (Lm−2h−1).
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2.6 Conclusions

Microorganisms, isolated from acidic spontaneous fermented cereal media, should be
taken into consideration as starter cultures for agroindustrial by-products as well as
dairy waste bioconversion to the LA. They demonstrate a longer microbial viability
during the fermentation and also allow obtaining the higher concentrations of LA and
the maximum productivity. Regular important objective of industrial LA production is
the reduction of the cost of neutralizing reagent and avoid environmental problems
encountered as a result of the gypsum formation. However, there is still a big need to
produce the LA biotechnologically at the lowest costs not only by using cheap raw
materials but also by improving the biomass pretreatment process to increase the
availability of sugars by microorganisms. To accomplish this task, very promising
achievements could be reached by evaluating the enzymatic activities excreting by
particular LAB strain in the fermentation medium and based on the obtained results
adjust the deficient activities of commercial enzymes. Economical evaluation of costs
of the fermentative LA production showed that the operational costs that consist of
raw materials, fermentation, electrodialysis and hydrolysis costs contribute about 77%
of the total costs [61]. Thus, the combination of enzymatic pretreatment with selected
acid tolerant antimicrobial organisms evolving enzyme systems appears to be promis-
ing for increasing the economic efficiency of fermentative LA production.
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Rodrigo Briones, Kokkarachedu Varaprasad

3 Biomass and biowastes: renewable
resources for biodegradable materials
in advanced applications

3.1 Introduction

Marine algae are photosynthetic organisms that are low-cost and safe renewable re-
sources for several applications. Marine algae are classified into two forms such as
microalgae (small-sized algae) and macroalgae (seaweeds) [1]. Macroalgaes (sea-
weeds) are one of the critical biomass that is available in many coastal areas of differ-
ent countries worldwide [2, 3]. The cell wall of macroalgae generally has alginic acid,
cellulose and polysaccharides [4]. The cellulose in the macroalgae can be hydrolyzed
to produce sugars and ethanol. However, they are a source of many polysaccharides
as agar, fucoidan, agarose, carrageenan as well as alginate [5]. According to their
color, they are classified into brown, green and red algae. Among them, brown algae
are an excellent source of extraction of alginate (alginic acid) polymers with better
physicochemical properties.

Alginate or algin is a linear anionic polysaccharide polymer of β-(1–4)-D-
mannuronic (M) and α-L-gluronic acid (G) and is naturally available in the cell wall of
seaweed. These uronic acids can be arranged in heteropolymeric (MG) blocks that have
a nearly equal proportion of the monomers and homopolymeric (MM and GG) blocks
[6, 7]. The M/G fraction ratio and their structure have a substantial effect on the proper-
ties of alginate [8]. The quality of alginate mainly depends on the source of algal spe-
cies. However, alginate and their derivate polymers can be able to create gelling and
increase the swelling properties of the biomaterials and as an emulsifier (stabilizer).
These characteristics made them accessible in several kinds of industrial applications
such as food, textile, pharmaceutical, cosmetics, paper coatings, adhesives, dyes, gels,
explosives, biomedical and environmental technological applications [6, 8, 9].

This chapter describes the alginate extraction from macroalgae and the recent
development of biodegradable alginate films, gels and hydrogels for advanced
applications.

3.2 Extraction of alginate from brown macroalgae
(seaweeds)

Alginates are present in the cell wall of the brown macroalgae, which are insoluble
salts of alginic acid. To enhancing the alginate applicability, it was extracted from
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the macroalgae in the form of water-soluble sodium alginate [10]. Generally, alginate
is extracted from the macroalgae via acid method, calcium method and CaCl2–HCl
method (Figure 3.1). In this process, a biomass obtained from the seacoast of the ma-
rine. The collected biomass was washed with water to remove impurities. Then, the
macroalgae samples are dried and cut into small pieces. The resulting pieces were
used for extraction of alginic acid.

3.2.1 Acid method [11–14]

The known amount of dried small macroalgae pieces were soaked for 12 or 24 h in
the known percentage of formaldehyde solution to remove the color of macroalgae,
then washed with distilled water and added to a known amount of diluted acid (HCl
or H2SO4) to remove soluble phenolic compounds and impurities. Acid-treated sea-
weed gives colorless and increases viscosity product, due to a reduced level of pheno-
lic compounds [15]. The obtained product was rewashed with distilled water to
eliminate acid excess, after that the solution was filtered, and the known amount
of sodium carbonate solution was added up to pH 11. The resulting product was
dissolved in the sodium carbonate (Na2CO3) solution at room temperature. In this
solution, solvent or solvent mixture (Isopropanol, ethanol, water) was added to get

Marine algae (biomass)

Microalgae

Green algae Red algae

Acid method

Alginate polymer

CaCl2 method CaCl2 and acid
method

Advanced biomedical, energy and industrial
(bioplastics) applications

Brown algae

Extraction of process

Macroalgae

Washed, cleaned and grained biomass

Figure 3.1: Schematic diagram of alginate extraction from marine algae.
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precipitation of alginic acid (collide). The obtained precipitation material was re-
washed with solvents (Isopropanol, ethanol) to get pure alginate. Then, it was filtered
and dried to use further.

3.2.2 CaCl2 method [11, 15]

In this process, the known amount of seaweed was suspended in the known amount
of calcium dichloride (CaCl2) to remove phenolic compounds for 7–24 h. After that, it
was treated with the known amount of formaldehyde for 1–12 h to cross-link phenolic
compounds. Furthermore, the resulting samples were washed with distilled water
and known amount of sodium carbonate (Na2CO3) solution is added for 5–48 h. The
solution was filtered and precipitated in solvents and dried for the further use.

3.2.3 CaCl2 and acid method

Chee et al. [9] used the cold method and hot method for the extraction of alginic
acid. In the cold process, the known amount of seaweed was soaked in known
amount of aqueous CaCl2 at room temperature. Furthermore, it was washed with
distilled water and stored in HCl for 1 h and again washed with distilled water.
To this, the known amount of Na2CO3 was added and kept for 24 h and then
250 mL of water was added. This viscous mixture was obtained via centrifuga-
tion. Na-alginate extracted was precipitated by adding an ethanol/water mixture.
Finally, the resulting alginate was rewashed with ethanol and dried in a vacuum
oven. Similar processes were used in the hot method, except that the storing
time was 3 h at 50 °C.

3.3 Characterizations of alginate

Functional groups of alginate were identified from the Fourier transform infrared
spectroscopy [13, 16]. Nuclear magnetic resonance spectroscopy is used to know the
(uronic acid block) structure in the alginates, which gives M/G ratio for the alginate
extracted from the seaweeds [13]. The purification degree of alginate polymer was
characterized via fluorescence spectroscopy [13, 17]. Intrinsic viscosity (hydrody-
namic volume) of the alginate polymer was measured by employing viscometer
[7, 9, 17]. Intrinsic viscosity is mainly dependent on the molar mass, composition
and sequence of M and G residues and ionic strength [18]. Rheological behavior is
an essential parameter for the food and medical industries. These properties were
calculated using rheometer [7, 18].
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3.4 Applications

Pure alginates of biomass were used for industrial uses due to their ability to form
several biomaterials such as films, gels and hydrogels.

3.4.1 Biodegradable films

During the last few decades, smart films were developed from the macroalgae-
based natural polymers for several applications due to their renewable and
abundant sources [19]. These materials are alternatives for the nonbiodegradable
plastic packing materials. The use of natural polymers in packaging applications
can reduce waste disposal since they are biodegradable, renewable and biocom-
patible. But synthetic plastics cannot decompose naturally and they create envi-
ronmental problems [20]. Therefore, natural polymer-based films have been
used as packaging materials because of their eco-friendly nature. Alginate is one
of the biodegradable polymers obtained from the macroalgae and it has been
used in the preparation of biodegradable films [21]. According to the literature,
alginate films are used to extend the shelf life of foods by preventing moisture
loss, oxidative rancidity and microbial spoilage [22]. Kim et al. have reported the
alginate extraction from Sargassum fulvellum [20]. The obtained alginate was
used in the preparation of biodegradable films. Similarly, Kok and Wong ex-
tracted alginate from Malaysian Sargassum polycystum C. Agardh (marine sea-
weeds), and they used that alginate for the development of flexible film [23].
Li et al. developed chitosan-alginate films through layer-by-layer assembly and
ferulic acid as an effective cross-linker. This film exhibited good mechanical and
hydrophobic properties [24]. Yang et al. prepared alginate composite films with
high strength and they are used for food packaging application [25]. In this
study, ammonium persulfate was used as an initiator to form a grafting between
alginate and methacrylate polymer to enhance the mechanical property of films.
Lately, antimicrobial alginate films were developed from using antimicrobial en-
zymes via sonication process. In this process, they achieved better films [26].
Abou Okeil et al. have prepared new topical bioactive alginate films for the
wound dressing applications [27]. In this film, they added sulfadiazine alone and
silver nanoparticles to enhance the antibacterial activity. However, alginate and
alginate derivative biomaterials and nanocomposites exhibited strong antibacte-
rial activity against several bacterias [28]. Table 3.1 explains the new alginate
polymer-based films and their applications in advanced fields.
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3.4.2 Alginate gels and hydrogels

Alginate is a water-soluble polymer and it can increase the viscosity of water due to
its functional (GG block) groups. This hydrophilic viscous liquid phase is called as a
gel. In addition, alginate polymer in an acidic medium gives a strong H-bond net-
work. This phenomenon makes them more popular in several applications, espe-
cially in foods (jams and jellies). In addition, alginate polymers are used as
additives and as a stabilizing agent in pharmaceutical industries. However, in bio-
medical field, it is used for controlled drug release, cell encapsulation, scaffold liga-
ment and tendon tissue engineering.

Hydrogels are a three-dimensional (3D) network of hydrophilic polymer materials
that are composed of natural and synthetic materials [8, 39]. Hydrogels can hold a
large amount of water or biological fluids [40]. Water or biological fluid holding ca-
pacity is based on the functional properties of raw materials for hydrogels. Alginate
polymer (macroalgae-based polymer) has been used for the preparation of hydro-
philic hydrogels to achieve a cell adhesion, biocompatible, biodegradable and tissue-
like properties for advanced applications [41]. In addition, hydrogel swelling and
pore property can be regulated by using alginate polymer. Emami et al. reported the
formation of hydrogels network is controlled by the aldehyde groups of alginate or
low-molecular-weight ratio of oxidized alginate [42]. However, based on hydrogel

Table 3.1: Alginate polymer-based biodegradable films and applications.

Materials for films Applications References

Alginate, glycerol, glucurono-
xylooligosaccharides and antioxidant
extracts

Bioactive packaging []

Cellulose, alginate Packaging []

Alginate and collagen Bone []

Bioactive glass and alginate Bone regeneration []

Alginate, chitosan, silver nanoparticles Antibacterial []

Alginate and carboxymethyl cellulose Wound dressing []

Porous Co–Ni and alginate Drug delivery []

Calcium and alginate Harvest water wave energy []

Alginate, calcium chloride and
graphene oxide

Industrial applications: heterogeneous
catalysis, tissue engineering odontology
and biodegradable packaging

[]

Alginate and glycerin Water resistant []
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properties they can be used in their respective applications. Lately, Park et al. explain
that alginate hydrogels are promising materials for the removal of heavy metal ions
due to their effective functionals (carboxylic acid of alginate) [43]. Magnetic hydrogel
beads were developed from using alginate and nanocellulose to the controlled deliv-
ery of drugs. According to the literature, most of the alginate hydrogels were stable at
acidic condition due to their functional (carboxylic) groups [44]. Due to this phenom-
enon, hydrogels are used in limited fields. To enhance the alginate hydrogel applica-
bility in various fields, they have been prepared with other suitable polymers for
respective applications. All these studies explained the use of alginate polymer and
its main role with other materials to form a hydrogel in biomedical application.
Table 3.2 shows the alginate polymer-based materials and their applications.

3.4.3 Recent applications

Alginate is a biocompatible, biodegradable, nanotoxic and gelling biopolymer that
can be used in cosmetic, therapeutic, medical, agricultural and environmental tech-
nology and in several industrial applications [53]. However, alginate has been used
for the development of innovative biomaterials. Alginate can provide an excellent
network with inorganic hybrid materials via a covalent coupling [54]. Due to its cou-
pling, hybrid materials gain excellent mechanical strength, which is used in the
bone and cartilage regeneration applications. It can be used as a polyelectrolyte ad-
ditive, especially increasing the physical and chemical strength of paper in paper in-
dustries [55]. Alginate in the form of aerogels with nonwoven PET can resist a
significant amount of heat, and has higher mechanical strength. Hence, this makes

Table 3.2: Alginate polymer-based hydrogels and their applications.

Materials for hydrogel Applications References

Alginate, collagen and hydroxyapatite Bone tissue engineering []

Alginate and poly(vinyl alcohol) Agriculture []

Alginate and nanocellulose D printing []

Alginate and cellulose nanofibers Energy storage []

Alginate, gelatin and cellulose nanocyrstals Cartilage []

Alginate, poly (N-isopropylacrylamide) and clay Wastewater treatment []

Alginate and poly (N-isopropylacrylamide) Drug delivery []

Alginate and gum arabic Wound healing []

Methacrylated alginate and dialdehyde Lung disease/cancer []
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them popular in thermal clothing applications [56]. Alginate aerogels can be used not
only to increase the mechanical strength of materials and stabilization of nanomate-
rials, and it can also be used to remove toxic materials from waste systems [57]. It can
create an excellent polyelectrolyte complexation (charge) with chitosan, which can
inhibit the growth of bacteria effectively [58]. Alginate-based polymeric materials sig-
nificantly interacted with organic and inorganic materials [59–61]. This phenomenon
can offer preparation for novel biomedical materials to control medical applications.
However, alginate in its salt form has good medical value and economic concerns.
Therefore, it has been used for controlled releasing of drugs in therapeutic applica-
tions in biomedical field [62].

Alginate biopolymer has been recently used for the preparation of antimicrobial
textiles due to its physicochemical characteristic of alginates such as gelling, high
biocompatibility and easy modification [63]. In addition, it has good tissue compati-
bility. For this reason, it has been used in the biomedical field to coating, and sta-
bilizes the nanoparticles with cellulose fibers [64]. However, alginate has emerged
as an excellent material for antibacterial finishing of textiles [63].

Alginate is an unbranched anionic polysaccharide and can easily dissolve in
aqueous solutions at room temperature without organic solutions, which can create a
porous structure to biomaterials (3D) at mild conditions. The creation of porous struc-
ture is essential for a few medical applications. Because of its porous structures, scaf-
folds can hold cells, proteins and drugs and can deliver in a controlled manner [65,
66]. However, alginate plays a vital role in the preparation of 3D scaffolds in bone
tissue engineering [65]. Recently, Taira et al. have reported on the electrochemical
printing of calcium alginate/gelatin hydrogels [67]. Moreover, the importance of cal-
cium alginate in 3D printing and its function with Ca2+. Also, alginates have been
used in the preparation of 3D tissue-like hydrogels to enhance their applicability in
various sectors such as advanced tissue engineering, cancer and drug delivery appli-
cations [42, 68–71]. Alginate oligosaccharides are used to promote root and seeding
growth of plants in agricultural applications [71, 72]. Still, in the future bioplastics
could be achieved utilising low-cost renewable and accessible biomass by simplistic
economical and sustainable methods (such as solvolytic liquefaction of biomass
using polyhydric alcohols to obtain bio-polyols) in order to improve polymer process-
ing for obtained effective biodegradable materials for real use applications [73–75].

3.5 Conclusions

Marine algae (brown biomass) are important sources to obtain alginate biopolymers.
The impact of alginate polymer uses in several fields is significantly increased due to
its biocompatibility, cell adhesion and biomaterial formation. It has been extracted
from brown algae via acid, CaCl2 and acid/CaCl2 method. Hence, alginate polymer is a
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potential one for the development of several biomaterials for advanced applications,
for all intents and purposes, for the development of biodegradable films, gels and hy-
drogels for packaging, biomedical, energy and environmental technology applications.
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4 Supported metal catalysts for the
sustainable upgrading of renewable
biomass to value-added fine chemicals
and fuels

4.1 The reactivity of supported metals

4.1.1 General characteristics of the metals

4.1.1.1 Individual metals

According to the Sabatier principle, a catalytic reaction requires a surface hosting
the substrate at a specific site that allows the formation of unstable surface inter-
mediates from the respective reactants. Such a process supposes a specific chemical
bonding of these to the catalyst surface. For the particular case of the metals, this
process is further controlled by additional factors such as (i) the dependence on the
chemical identity and physical state of the metal and (ii) the effect of the chemical
structure of the substrate and its reactivity, and the types of product it can give.

The development of high-surface-area metal catalysts in which all properties
are well stabilized is a prerequisite to achieve a high catalytic efficiency. To do this,
their morphology can be tuned from large crystalline particles to thin films, porous
materials or finely divided materials such as (i) nanoparticles (NPs); (ii) clusters or
even (iii) single atoms. It has also been shown that the same material can have dif-
ferent scaling relations depending on the surface considered. For example, the
(111), (100) and stepped (211) metal surfaces obey different adsorbate and transi-
tion-state scaling relations [1, 2]. However, metal catalysis with isolate atoms is not
possible and the deposition of the metals onto supports is leading to a partial trans-
fer of electrons that changes their state in oxidized species.

The definition of the metal catalyst considers that the element should be domi-
nantly in the zero oxidation state. The elements that fulfill this condition are Fe, Co,
Ni, Cu, Ru, Rh, Pd, Ag, Ir, Pt and Au. In such a state, under normal conditions, differ-
ently to semimetals, they may exhibit larger coordination numbers as 12 [3]. The coor-
dination number, the atomic ratio and the electronic properties of the surface atoms
are influenced by the position in the periodic table. Thus while in the First Series iron,
cobalt and nickel have almost the same bond lengths, in the later Series the minimum
bond length is shown at ruthenium and iridium. Differences are also in the electronic
properties of these elements. Gold is the most electronegative metal, and may form
salt-like compounds with very electropositive elements (e.g., Cs+Au−) [4].
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An active site can be defined as an atom or a collection of catalyst surface
atoms that directly participate in a catalytic cycle, through chemical bond breaking
and formation, and the neighboring atoms that could influence the energetics of
these processes [5]. Nørskov et al. [6] reported consistent first-principles quantum
mechanical calculation results confirming the specificity of the different metal ele-
ments in catalysis. As mentioned earlier, for the real metal catalysts the particle
size can change from below 1 nm till microns. In the last case, it approaches a mas-
sive metal behavior. For these structures, the electronic states of transition metal
surfaces are separated into the sp-bands and the d-bands, where the sp-bands origi-
nate from the metal valence s and p atomic orbitals that interact to form broad over-
lapping bands. The coupling to the metal d electrons can roughly be viewed as a
two-level coupling [7] (Figure 4.1).

Since all transition metals have similar half-filled broad s-bands, the energy associ-
ated with chemisorption of different molecules can be assumed to have a constant
contribution for all metals. Hence, the adsorption energy difference from one metal
to the next is determined by the interaction with the metal d-states [8]. According to
the d-band model [9] since the coupling strength between the renormalized state
and the d-states is weak, to a first approximation, variations in the binding energy
only depend on the position of the d-states relative to the Fermi level.

For metal surfaces the electrons are available at the Fermi level, and the filling
is given by the position of the antibonding states relative to this energy level.
Accordingly, variations in bond and activation energies occur from one transition
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Coupling to sp Coupling to d

Figure 4.1: Schematic illustration of the change in local electronic structure at an oxygen atom
upon adsorption on simple and transition/noble metal surfaces. First, the sharp atomic states of
the gas phase are broadened into resonances and shifted down due to the interaction with the
metal sp states. Next, these renormalized states interact with the narrow d bands at the transition
and noble metal surfaces, forming covalent bonding and antibonding states below and above the
initial adsorbate and surface states. The coupling to the metal d electrons can roughly be viewed
as a two-level coupling. With accepted courtesy from [7].
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metal to the next. The differences in the electronic properties of these metals be-
come more important for small particle sizes as indicated by studies reported by the
same group [7]. They show clear differences between a continuous band structure
of highly delocalized electrons for large clusters (>2 nm) and the more discrete en-
ergy levels for smaller clusters (Figure 4.2) [6]. Depending on the nature of the
metal, the variation of the adsorption energy on the NPs may follow even a linear
dependence as a function of the number of the constituent atoms [10].

Oxidation is an important reaction also for the biomass valorization. In this context,
the simple d-band model also permeates understanding the trends in the variation
of the adsorption energy. For example, adsorption energy profiles calculated as a
function of the distance of an O atom above the surface shows that O binds most
strongly on the metals to the left in the transition metal series and stronger to the
3d than to the 4d and 5d metals in a good concordance with experimental findings
(Figure 4.3) [7]. Accordingly, Ru binds O much stronger than Pd and Ag, while Au
shows a binding energy per O atom, which is less than that in the O2 molecule. For
Ag, its surface is just able to dissociate O2 exothermically, whereas Cu forms quite
strong bonds with O.

Figure 4.4 depicts the calculated metal d-projected densities of states (DOS) for
the same metal surfaces together with the O 2p-projected DOS in the adsorbed state.

Pt(111)

Pt309

Pt147
1.6 nm

Pt155 1.2 nm
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Energy (ev)
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Inf
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Figure 4.2: Calculated s-projected density of states (DOS) for a number of platinum clusters in the
cuboctahedron structure in comparison with the calculated s-projected DOS for Pt(111). With
accepted courtesy from [6].
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The antibonding states for O on Ru are less filled than on Rh, Pd and Ag, confirming
that the bonding becomes weaker when moving from left to right in the periodic table.
The filling in turn depends on the energy of the antibonding state relative to the Fermi
level, the distribution of metal d-states relative to the Fermi level, the energy of the O
2p state (after interaction with the metal sp-states, which is approximately the same for
all transition metals) and the strength of the O2p and metal d coupling [6]. Au is inert
with respect to oxygen. Filled d-bands generate the weakest oxygen binding since
both bonding and antibonding adsorbate–metal states are filled and, accordingly, the
interaction with the metal d-states is entirely repulsive. That is the reason Ag and Cu
are more reactive.

The ability of noble metals to form bonds with H, C and O is governed by these
electronic properties. Usually, noble metals, and especially gold, generate weak
bonds. The formation of a new compound leads to the disruption of the metal–
metal bonds and is controlled by the cohesive energy of the metal. Indeed, such a
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their position in the periodic table). The highest coordination surface site was chosen for the
adsorption in all cases. All energies are calculated relative to the energy of O2 in the gas phase,
shown as dotted lines in the plots. Adapted from [7].
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behavior makes Pt more “noble” than Cu although its surfaces are less reactive
than those of platinum [11].

The variation of the surface structure corresponds to changes in the number of
the metal neighbors or the coordination number of the surface metal atoms and, for
a given type of transition metal, to changes in the bandwidth of the d-DOS and of
the d-band center. Since the transition state energy defines the “chemisorption en-
ergy” of an activated molecule, the arguments behind the d-band are also applica-
ble to the interactions in the transition state and in consequence the correlations
between the d-band center and transition state energies exist as for chemisorption
energies [6].

Low coordination numbers of a surface atom are associated with a loss in the elec-
tronic overlap between the atoms in the vicinity and create a narrower local d-DOS
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Figure 4.4: The DOS projected onto the d-states of the surface atoms (red) and (dark gray) and
oxygen 2p-projected DOS for O adsorbed on the same surfaces (blue). The formation of bonding
and antibonding states below and above the metal d-states is clearly seen. The O 2p-projected
DOS shows the weight of a given state on the O2p state. The antibonding states that have more
metal d character therefore appear weaker than the bonding states that are more O 2p-like for all
metals except those cases (Ag, Au), where the d-states are as low in energy as the O 2p-like states.
Dashed lines indicate the Fermi level. With courtesy from [6].
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distribution. The consequence is an upshift in the d-band center, which, according to
the d-band model, results in a more reactive surface. Taking as an example Pt, for the
(111) surface atoms have a coordination number of 9, while for the more open (100)
and (110) surfaces, the coordination number decreases to 8 and 7, respectively [12].
Steps and kinks in surfaces and edges and corners on NPs have even lower coordina-
tion numbers, from 7 to as low as 5. As a result, the close-packed (111) surface binds
CO weaker than the step and kink Pt atoms on the (211) and (532) surfaces by more
than 0.5 eV.

4.1.1.2 Bi- and multimetallic particles (Au–Pd, Pd–Cu, Au–Ni and so on)

The formation of nanoparticle alloys can significantly enhance the catalytic activity
and selectivity [13–16]. The reason for this action is that the formation of multimetal-
lic particles by alloying or sandwiching changes furthers the electronic properties
with a direct effect upon the catalytic behavior. For sandwiching, Kitchin et al. [17]
considered the Pt(111) surface and a series of different 3dmetals that have been sand-
wiched between the first and second layers. The aim was to search for the effect of
the subsurface layer of atoms on the reactivity of a Pt(111) overlayer (Figure 4.5).
Theoretical studies indicated that the interaction between Pt and a second different
metal is similar to a ligand effect leading to a shift down of the d-band center that
generates changes in the O and H adsorption energies that correspond to weaker
bonds (Figure 4.5A). Exception makes Au and Ag. This process is accompanied by
changes in the bandwidth due to the hybridization between the d-states of the Pt
atoms in the surface and the electronic states in the second layer (Figure 4.5B). The
same calculations indicate the additional contribution of strain effects caused by the
condition to adapt to the lattice constant of the host metal. These are also related to a
shift in the d-band center, the energetic position of which is crucial for determining
the physical and chemical properties of the surface, and are reflected in the change
in reactivity of the overlayer relative to the pure metal. A comprehensive picture of
the sandwiching effect is shown in Figure 4.6 [18].

Alloying allows a more advanced interaction between the metals destroying the
order existing in well-organized surfaces. It provides an another route for changing
the electronic properties of metals as demonstrated for the Ni–Au system from den-
sity functional theory (DFT) calculations coupled with in situ STM investigations [19].
In a very good concordance with the catalytic behavior, they offered proofs of how
the energetic barrier depends on the number of Au neighbors.

Figure 4.7 compares metals, alloys and metal-interfaced alloys tested in the elec-
trochemical oxygen reduction reaction [5]. The volcano-like dependence on the OH
adsorption energy differentiates between materials to the left where the adsorbates
are strongly binded (poisoning adsorbates) and those to the right of which adsorb
weakly (these materials are limited by their ability to activate O2). This quantitative

76 Simona M. Coman and Vasile I. Parvulescu



V Cr
(A)

1

0.5
H2

Nd

9.35 Pt/Ti/Pt

Pt/V/Pt

Pt/Cr/Pt

Pt/Mn/Pt

Pt/Fe/Pt

Pt/Co/Pt

Pt/Ni/Pt

Pt/Pt

9.32

9.30

9.29

9.29

9.30

9.31

9.26

O2

0

–0.5

–1

Di
ss

oc
ia

tiv
e 

ad
so

rp
tio

n 
en

er
gy

 (e
V)

De
ns

ity
 o

f s
ta

te
s 

(a
rb

itr
ar

y 
un

its
)

–1.5

–2
–3.2 –3 –2.8

d–Band center (eV)
–2.6 –2.4

Mn Fe Co Ni

30

(B)

20

10

0
–10 –5

E–EF (eV)
0 5

Pt
Subsurface metal

Figure 4.5: (A) Trends in dissociative adsorption energies for H2 and O2 on Pt(111) slabs containing
subsurface 3d metals. (B) Calculated surface d-band DOS for subsurface-3d-metal-containing Pt
slabs. The number of d-electrons/surface atom is shown for each band. With accepted courtesy
from [17].

Figure 4.6: Calculated shifts in the d-band centers for a number of overlayer structures [18].
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relationship demonstrates a quite complex pattern in which alloy nanoparticles and
interfaces between different metal facets or metal–alloy faces may contribute to a
rate enhancement compared to single metal NPs.

4.1.2 Carrier characteristics

4.1.2.1 Nanometal particles supported on oxides

The real heterogeneous catalysts involving metals are more complex structures typi-
cally consisting of a catalytically active component that might be a metal, an alloy or a
more complex metallic phase and an additional active component that might be an
oxide or another compound, and a support (i.e., carrier) phase that is a high-surface-
area material onto which the above NPs are anchored. The additional component may
have the role to activate the metallic phase or to catalyze itself a sequence of the total
reaction. Thus, it may act as an electronic or structural promoter. For the first case, an
electronic interaction is typical induced for the systems generating the as-named
strong metal-support interaction (SMSI), that is, by reducible oxides as TiO2, Nb2O5,
CeO2, ZnO, SnO2 and so on [20]. As vibrational spectroscopy demonstrated, this effect
is caused by an initial flattening of the metal NPs on reduced oxide supports accompa-
nied by an overgrowth of the metal surface by partially reduced oxide species. Finally,
reduced moieties of the support migrate onto the metal leading with the formation of

Figure 4.7: Experimentally measured rate enhancement of ORR (ratio to the rate on pure Pt(111)) as
a function of DFT-calculated OH binding energies on various (111) surfaces: (○) different pure metal
surfaces, (□) Pt monolayer on pure metal surfaces, (∇∇) Pt monolayer on alloy surfaces, (Δ) Cu/Pt
near surface alloys, characterized by varying Cu content in the first subsurface layer of a Pt(111)
crystal. With courtesy from [5].
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an oxide over layer where it may persist in this form or undergo an additional reduc-
tion and alloy formation [21]. The structural promoter can also affect the surface struc-
ture by introducing bulk defects that anchor surface defects such as steps that have a
high activity.

The interaction between the active metal and the support also determines the
shape of the catalyst particle. A weak interaction means that the NP will have a
form that is essentially unperturbed by the support. If the interaction is stronger,
the interface area will tend to be larger to gain more of the interaction energy, and
a truncated particle shape results. Besides the Ostwald ripening other processes as-
sociated with metal surface diffusion are also responsible for the NP size growth.
For example, in addition to the deterioration in metal dispersion, carbon supports
can show chemical instability leading to a partial degradation in the proximity of
the NPs in both reducing and oxidizing environments [22].

Typical supports for metals with less electronic influence are metal oxides (Al2O3,
SiO2, etc.) and carbons, which can be prepared in a stable, porous form. However, in
the absence of these influences, the stability of the supported metal NPs is limited.
These cases require the presence of additional textural promoters. They are compounds
able to preserve the nanoparticles in the form these are deposited on the support, thus
avoiding further sintering. Obviously, the textural promoters are oxides like K2O, MgO,
CaO, SrO or BaO prone to generate salts with already existing oxides. As an effect,
these basic oxides become stored on the metal surfaces [23]. In this way, the migration
of the metal active species is limited under reductive conditions and the catalysts sta-
bility improved. Examples of these catalysts are Fe- and Ru-based catalysts.

The use of basic oxides (MgO, CaO, SrO and BaO) also ensures a higher stability
of the metal NPs under temperature oxidative conditions. However, this process is
controlled by the nature of the noble metal. Hence, Pt/MgO is more stable than Pt/γ-
Al2O3 as a result of hindering the sintering by MgO compared to γ-Al2O3, where Pt
particles as large as 30 nm were formed on the air-aged Pt/γ-Al2O3 catalyst. An expla-
nation of this behavior considered the formation of Mg2PtO4 compounds during the
air aging process [24]. On the contrary, magnesium is ineffective for the production of
iridates. However, other group IIA-oxides as Ca, Sr or Ba can do this. Like for plati-
num, the oxidative stabilization is consistent with the formation of an immobile sur-
face iridate via the reaction of a mobile, molecular iridium oxide species [25].
Noteworthy, the process is reversible, and the surface platinates and iridates are
readily reduced to metal and the corresponding group IIA-oxide. However, under cer-
tain conditions, this process has its limitations. For instance, it has been reported
that the oxidation and reduction can be useful for re-dispersion, provided (i) the
metal can be oxidized under the conditions used; (ii) reduction can occur without
sintering (i.e., sintering temperature is higher than the temperature for metal oxide
decomposition) [26]. Oxidation/reduction cycles may also induce a re-dispersion,
where the variation in metal–metal distances in the metal oxide surface layer and
those in the unoxidized metal cause induced metal strain energy.
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The acidic supports may act in a quite similar way with basic supports generating
bifunctional catalysts. For example, supports like alumina may catalyze reactions in
successive or separate sequences, and aromatization of alkanes represents a relevant
example. For a long time it has been considered that this reaction is the result of a
concerted participation of the acidic sites of the support and of the metallic sites.
However, Pines and Nogueira [27] have shown that it may be catalyzed by “non-
acidic” platinum–alumina. More recently, it has been demonstrated that the neces-
sary condition for the realization of this aromatization requires the presence of highly
dispersed platinum, and “hard” Lewis acid sites of that are not of the support but
induced by its acidity. This Lewis acidity corresponds to ionic Pt forms generated dur-
ing the synthesis of catalysts and result from strong interaction of the precursor of
the active hydrogen hexachloroplatinate precursor with alumina surface defects (Al3+,
hard Lewis acid sites) during the course of reduction with hydrogen [28].

The support can also effectively participate only at the interface with the metal,
where they generate new sites with different chemical properties than of the parent
phases. Besides the effect of the control of the particle size, this is considered as
another reason for which gold particles supported on TiO2 exhibit catalytic proper-
ties different from those of unsupported gold [29].

4.1.3 Factors affecting the activity of metal/support catalysts

4.1.3.1 Metal dispersion and its particle size

Except very few examples most of the heterogeneous metal catalysts are used in a
highly dispersed state on either inert (monofunctional catalysts) or active (bi- or
multifunctional catalysts) supports [30]. The dispersion of the metal affords a large
proportion of available metal atoms for the catalytic reaction, and therefore both
dispersion and the mean size of the metal particles are important parameters for
the characterization of the catalyst. For the practical applications, dispersion (D) is
used to calculate the activity of the catalyst per surface metal atom (TOF), while the
mean size (d) to evaluate geometric and electronic effects on activity and selectivity
of the catalysts [31].

Obviously, these properties are quantified based on the chemisorption meas-
urements. In one of the first attempts, for a given small crystallite shape (crystallite
size d < 100 Å), Farin and Avnir [32] proposed the following formula (eq. (4.1)) that
correlates with the two parameters:

D = k
dð3−DCÞ (4:1)

where d is the crystallite diameter, DC is a “chemisorption dimension” and k is a
constant; DC > 2 (for XM = 1, XM is the mean chemisorption stoichiometry) reflects

80 Simona M. Coman and Vasile I. Parvulescu



the fractal surface roughness caused by the fact that the size of the metal atom is
comparable with the size of small crystallites. DC and k are constants specific to a
given crystallite shape. For large crystallites (d > 100 Å), DC is close to 2 (for XM = 1).

However, there are factors that affect both the metal dispersion and its particle
size and chemisorption measurements with direct implications on the catalytic behav-
ior of the metal-supported catalysts [31]. They include (i) the crystallite-support binding
effect, which may cause blocking of a number of surface metal atoms, rendering them
inaccessible to the interaction with the reactants; (ii) the effect of imperfect crystallites
(for the case of a large spectrum of particle sizes, the effect of imperfections is less im-
portant in catalytic practice due to the fact that it is considered in terms of average
values); (iii) SMSI may cause changes in the shape of metal particles; (iv) partial metal
poisoning as a result of covering of metal particles by products of chemical reactions
occurring between a metal and a support; and (v) changes in the stoichiometry of
chemisorption XM with metal particle size, connected to the size-dependent geometric
and electronic effects, occurring for small metal particles.

4.1.3.2 Surface area and pore size distribution

The increase in the surface area of a support may favor the increase in the disper-
sion of the metal catalyst with direct influence upon the increase in the catalytic
productivity. It is now well accepted that nanostructures have higher surface areas
than do conventional materials. High surface areas can be attained either by fabri-
cating small particles or clusters, where the surface-to-volume ratio of each particle
is high, or by creating materials where the void surface area (pores) is high com-
pared to the amount of bulk support material. First category includes materials
such as highly dispersed supported metal catalysts, while micro- and mesoporous
(nanometer-pored) materials such as zeolites, high-surface-area inorganic oxides,
porous carbons and amorphous silicas represent the second one [33].

The use of the micro- and mesoporous materials may offer a second very impor-
tant advantage for catalysis, that is, the control of the selectivity. Such a control is
also known as the shape-selective catalysis. Reaction selectivity is imparted by re-
stricting the entry channel to the internal zeolite structure to molecular diameters
that are smaller than the diameter of some potential reactants and products, requir-
ing product formation to occur in a shape-selective manner [34, 35]. Following this
strategy they developed synthetic methods that allow a precise control of the metal
particle size (NPs in the 1.7–9.0 nm range) and tuning of the pore diameter for a
quit large variety of supports. The concept is also including ligated molecular metal
clusters, deposition of bare size-selected metal clusters from the gas phase and ad-
sorption of metal complexes followed by treatment to form clusters [36, 37].

However, using conventional deposition methods (such as wet impregnation
and ion exchange), the location of metal species cannot always be controlled and
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the stability of metal clusters can be a limitation for their applications in heteroge-
neous catalysis at higher temperatures [38]. To avoid this, Corma et al. [38] pro-
posed the generation of single Pt atoms and Pt clusters with exceptionally high
thermal stability by stabilizing subnanometric Pt species during the growth of a
two-dimensional MCM-22 zeolite into three dimensions. The procedure also pre-
served the size-selective catalysis (Figure 4.8). The strategy can be extended as well
to other metals [39].

In addition to the confined molecules, the physicochemical properties of the metal
NPs confined in a nanospace can also be modified by the confinement effect [40, 41].
The spatial restriction of metal NPs within a nanosized space can inhibit their sinter-
ing, aggregation, detachment and poisoning, thus prolonging activity. The modified
electronic structures of the NPs induced by confinement can influence their catalytic
performances, as redox reactions involve electron transfer between reactants and cat-
alysts. Nanocatalysts confined in oxide nanotubes also exhibit electronic interactions
between the NPs and oxide nanotubes [38, 41].

Procedures for the modification of mesopores affording the deposition of bi- and
multimetallic catalytic systems have been largely investigated [42]. They include the
use of nanobimetallic colloidal particles and organically modified aminosilicate and
various solvents [43, 44]. It was also confirmed that the deposition of these NPs sig-
nificantly improves to exhibit a protecting effect of the surface functionality [45, 46].

The properties of other oxides were also valorized by exploiting their surface
area and pore size distribution. Due to its unique redox properties, ceria is an oxide
with a range of applications. These were expanded by the combination of Pt or Rh
with the 3D architecture of a ceria-based material resulting in NPs of 3–4 nm, most of
them located inside the pores [47]. Atomic layer deposition is another technique that
can provide a controllable method to fabricate confined catalysts [41]. Using this
technique, confined Cu NPs were prepared by reducing CuO nanowires coated with
Al2O3 or TiO2, confined Cu and Au NPs were prepared starting from the corresponding

Figure 4.8: Schematic illustration of the evolution of individual Pt atoms and Pt clusters
encapsulated in MCM-22 during the high-temperature oxidation–reduction treatments [38].
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metal nanowires, and also multiple interfaces (Ni/Al2O3 and Pt/TiO2) (Figure 4.9) in a
confined nanospace and spatially separated Pt and CoOx cocatalysts [48, 49].

4.1.3.3 Redox properties of metals

The ability of transition metals to exist in more than one stable oxidation state makes
them suitable catalysts for various reactions. This property becomes relevant in the
moment they become coupled with an oxide system. For example, the redox proper-
ties of active Cu, Ni and Co in the case of promoted Mo catalysts are explained by the
fact that the addition of these metals affects the reducibility of the Mo6+ species,
which results in a shift of the H2 consumption to a lower temperature [50]. This behav-
ior has been related to the presence of active Cu+/Cu0 and Mo5+/Mo4+ redox species.
For the glycerol dehydration the redox properties of the Mo species play an important
role in the product distribution, which leads to allyl alcohol production with de-
creased hydroxyacetone yield.

Besides typical catalyzed metal reactions (hydrogenation and oxidation), the
metals are also able to catalyze other reactions involving redox processes in which
the presence of a promoter is not compulsory. Among these, coupling C–C and C–N
reactions are currently very important [51]. However, even in this case metal/metal
cooperation like Cu/Pd Sonogashira coupling could improve the catalytic perfor-
mance [52].

Figure 4.9: Schematic illustration of the synthesis procedure of the confined tandem catalyst with
both Ni/Al2O3 and Pt/TiO2 interfaces (Al/Ni−Pt/Ti) and semisectional views of the confined
catalysts with single interfaces (Al/Ni−Ti and Al−Pt/Ti). Reproduced with permission from Ref. [41].
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4.1.3.4 Metal–metal interactions in the case of bimetallic catalysts

Besides the redox-type interaction, literature reported a long debate on the role of
the supported alloy in catalysis, and the interest was mainly focused on noble met-
als in combination with Ag or Au. Among these, bimetallic heterogeneous Pd cata-
lysts have elicited a large interest because of their superior selectivity and their
resistance to deactivation, which has been observed in several processes of practi-
cal importance [53–55]. On the other hand, gold by itself, supported on SiO2, Al2O3

or MgO, shows a rather low catalytic activity [56] but its addition to Pd was found to
lead to an enhanced catalytic activity, which has been interpreted in terms of geo-
metric or electronic effects [57].

However, these systems do not contain alloy particles. In addition, there was
strong evidence that the addition of Au to Pd results in a marked decrease in the
dispersion of the bimetallic catalyst systems [58, 59]. Real bimetallic alloys can only
be prepared following the pre-prepared colloidal alloy particles strategy [60], fol-
lowed by the so-called precursor concept [61]. Using this route, the colloids can be
homogeneously dispersed on solid supports. However, the deposition of Pd–Au col-
loids onto SiO2 did not produce an enhancement compared to Pd alone. The only
positive effect of alloying was the increase in the stability [62].

The support also affects the interaction inside the metallic alloy. Thus, chemi-
sorption and catalytic activity measurements show that the degree of metal–metal
interaction in reduced Rh–Au bimetallic catalysts depends on the oxide used as a
support (SiO2 > TiO2 > A12O3). The differences in the degree of interaction are related
to differences in the mobility of the metal precursor(s) on the oxide surfaces [63].

4.1.3.5 Morphology of support

The role of the support in modifying NP properties has been recognized from some
time when Tauster introduced the concept of the SMSI [20]. Latter, this was treated
in terms of charge transfer either to or from the NPs where the particle size itself
may be governed by the interaction with the support [64, 65].

More recently, for Pd/Al2O3 and Pd/TiO2 it has been demonstrated based on scan-
ning tunneling microscopy measurements that any NP–support system is the influence
of the support morphology as well [66, 67]. It was thus shown that supported metal
NPs may exhibit properties differing from those of their single-crystal counterparts.
Except the quantum size effects, SMSIs and some interplay between facets, these stud-
ies indicate that the support morphology can also have a decisive role in the NP prop-
erties. This effect was confirmed by CO chemisorption measurements.
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4.2 Biomass upgrading reactions

4.2.1 Lignocellulose fragments upgrading reactions

Lignocellulose is a biomass polymer typically composed of cellulose, hemicellulose
and lignin. Figure 4.10 gives a schematic representation of the catalytic reductive
fractionation of lignocellulose producing these components [68]. Further valoriza-
tion obviously considers these fragments and this is the reason for which the dis-
cussion will be separately focused on these three components.

4.2.1.1 Cellulose upgrading

Cellulose is a polymer of glucose linked by β-1,4-glycosidic bonds, and glucose is a
potential precursor to useful chemicals such as bioethanol and plastics [69–72]. The
cellulose valorization supposes a first reaction of hydrolysis to glucose monomers,
which are subjected to upgrading via various selective reactions. In this respect, het-
erogeneous catalytic systems have already been demonstrated a series of advantages
that overcome the drawbacks of the previous homogeneous-based technologies [73].
Hydrolytic hydrogenation of cellulose may provide a first shortcut in this process driv-
ing the fragmentation of cellulose directly to hexitols (Scheme 4.1) [74].

Hydrolytic hydrogenation of cellulose requires a bifunctional system in which
metal-supported catalysts cooperate with an acidic species [75–80]. However, kinetic
studies indicated that the metals can promote both hydrolysis and hydrogenation
steps [81, 82]. The protons can be in situ generated via the dissociative adsorption of
molecular hydrogen on the hydrogenating metal (i.e., Ru, Pt, Pd) and the reversible
spillover of atomic H species to the support surface, as a source of acidity for the ini-
tial step of cellulose hydrolysis [76]. Also, at reaction temperatures (>200°C), the acid-
ity needed for the initial cellulose hydrolysis may be provided by the hydronium ions
generated under the subcritical water conditions applied [83]. This has been con-
firmed, for instance, for Ru/CMK-3 catalyst, which afforded the hydrolysis of cellulose
to glucose via oligosaccharides in hot compressed water without adding any acid cat-
alysts [84]. The use of acidic supports also catalyzes the hydrolysis step. Besides acti-
vated carbon materials in this quality may serve Al2O3 [85], heteropolyacids (HPA)
[86] and various zeolites [87–89]. Sulfonated materials have also been mentioned but
their stability has not been demonstrated.

The catalysts with larger mean sizes of Ru particles and abundant acidic sites
exhibit better sorbitol yields, while those with smaller Ru particles and less acidic
sites favor the formation of 3-β-D-glucopyranosyl-D-glucitol [90]. Cellobiose is first
converted on these catalysts to 3-β-D-glucopyranosyl-D-glucitol via the hydrogenoly-
sis, and then sorbitol was formed through the cleavage of β-1,4-glycosidic bond in
3-β-D-glucopyranosyl-D-glucitol (Scheme 4.2, route A). The catalyst with smaller Ru
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particles favored the first step but was disadvantageous to the second step due to
less acidity.

The combination of ruthenium with supports presenting various functionalities
changes the selectivity of the process. Thus, the combination of HPA or AC-H2WO4

with metallic Ru NPs generates composite materials that are able to catalyze the hy-
drolysis of cellulose, in combination with C–C bond cleavage, and several hydrogena-
tion steps, in cooperative association. While HPAs or AC-H2WO4 are efficient catalysts
in the cellulose transformation into sugar intermediates and, subsequently, for the
selective cleavage of the C–C bonds in these sugars, Ru/C catalyzes the hydrogena-
tion reactions [86–91]. A similar behavior exerts a more simple catalyst, namely,
nickel-promoted tungsten carbide (Ni-WCx/C). It is more selective and in consequence
affords the formation of ethylene glycol (EG) in a large extent (Scheme 4.2, route B)
[92]. This catalyst is also effective for 1,2-PG production if the catalytic property of the
tungsten species is modulated suitably to generate Lewis acid sites: for instance, by
an interaction between tungsten and the support [92–94].

However, the one-pot catalytic conversion of cellulose is a complex reaction net-
work, comprising hydrolysis, retro-aldol condensation, hydrogenation, isomerization,
dehydrogenation, thermal side reactions and so on. Following this long trajectory, in
addition to EG and 1,2-PG, a variety of byproducts such as sorbitol, mannitol, erythri-
tol, 1,2-butanediol and glycerol may be coproduced [91].

The production of sorbitol from levoglucosan (1,6-anhydro-β-D-glucopyranose)
and cellobiose, two sugars present in pyrolysis liquids, can be enhanced by using a
mesoporous carbon-supported Ru catalyst [95]. Thus, Ru/CMK-3 shows superior cat-
alytic performance compared to commercial Ru/C catalysts. In addition, CMK-3 con-
tains considerable amounts of strong acid sites with beneficial effect upon the
hydrogenolysis reactions.
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Scheme 4.2: Direct transformation of cellobiose to sorbitol and mannitol (route A) and ethylene
glycol and polyols (route B). Adapted from Refs. [78, 90, 92].
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The shortcut attempt to upgrade cellulose can also be achieved via the oxida-
tion reactions onto the metal catalysts. As an example, gold NPs loaded on nitric
acid-pretreated carbon nanotubes are efficient for the selective oxidation of cellobi-
ose by molecular oxygen directly to gluconic acid in aqueous medium without a pH
control yielding gluconic acid in 80% [96].

However, most of the researches follow the upgrading of the platform molecules,
that is, intermediates resulted in the primary transformation of cellulose/glucose.
Accordingly, several efficient and green routes of cellulose to different chemicals or
intermediates, such as monomeric sugars [97], polyols [92, 98–100], 5-hydroxymethyl-
furfural (5-HMF) [101] and organic acids [102], have been explored in recent years.
These platform molecules could be produced with high activities and selectivities.

4.2.1.1.1 Hydrogenation of glucose/xylose
Comparative hydrogenation of C6 (glucose) and C5 (xylose) sugars over Pt/Al2O3, Pt/
HT and physical mixture of Pt/Al2O3 and HT indicated better performances in terms
of both the yield and selectivity for the physical mixture. For glucose, besides the C6-
alcohols, the formation of C5-sugar alcohol (xylitol), EG, 1,2-propanediol (1,2-PDO),
glycerol, gluconic acid and levulinic acid (LA) has been observed (Scheme 4.3) [103].
For xylose, xylitol was the dominant hydrogenation product, while arabitol, glycerol
and xylonic acid were produced only in small amounts (Scheme 4.3) [103].

In the same process, Ni, Ru and Pt-SnOx-based catalysts exhibit high activity for hy-
drogenation of the glucose intermediate to hexitols with improved selectivity,
which would otherwise undergo degradation [85, 87, 100, 104–107]. By taking ad-
vantage of the basicity of SnOx species, the direct conversion of cellulose to acetol
on Pt-SnOx/Al2O3 and Ni-SnOx/Al2O3 catalysts was achieved [100]. A selective syn-
thesis of sorbitol, EG and propylene glycol in the cellulose reaction was also
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Scheme 4.3: Hydrogenation of glucose and xylose over Pt-based catalysts [103].
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reported by tuning the structure of WO3 domains and acid-basicity of the underly-
ing supports, and particularly in the presence of basic carbon, the dominant forma-
tion of propylene glycol [98].

Metal alloys have also been evaluated for hydrogenation of D-glucose under aque-
ous phase condition. However, the reports are contradictory. For the specific case of Ni
and Co, the results indicated that the Ni–Co nanoalloy is more active than the single
metal nanocatalysts showing comparable activity and selectivity with that of Pd/C cat-
alyst [108]. Metallic Ni in the nanoalloy is more negatively charged, which is favorable
for improving the catalytic activity. However, recycling induces a slight aggregation,
crystallization and surface oxidation. An enhancement was also reported for the
Raney-type catalysts after promoting with Mo and Cr/Fe. However, both Fe and Ni in
these catalysts gave leaching [109]. This behavior is very different from that of Ru
which does not leach.

4.2.1.1.2 Multistep transformation of glucose
A one-pot conversion of monosaccharides (fructose and glucose) into 2,5-dime-
thylfuran (2,5-DMF) has been demonstrated over a multifunctional catalyst ob-
tained by loading Pd on a Zr-based metal–organic framework (UiO-66) that is
deposited on sulfonated graphene oxide (Pd/UiO-66@SGO). The Brønsted acidity
associated with UiO-66@SGO activates the fructose dehydration to form 5-HMF,
while the Pd NPs further convert 5-HMF to 2,5-DMF by hydrogenolysis and hydro-
genation (Scheme 4.4) [110].

Biocatalysis and chemocatalysis conducted in multistep one-pot chemoenzy-
matic syntheses were recently considered revealing the importance of compatibility
issues [111]. Owing to differences in optimal pH, temperature, atmosphere and sub-
strate and catalyst interactions often do not allow both types of catalysis to work in
tandem. Therefore, an important requirement to achieve an efficient and “real”
one-pot hybrid system is to find suitable conditions and catalysts to enable reac-
tions to proceed simultaneously. More robust enzymes and active and selective cat-
alysts in the aqueous phase are prerequisite conditions. To achieve this goal,
glucose was first fully hydrogenated to sorbitol by a conventional heterogeneous
catalyst [112]. Then, sorbitol was subsequently selectively dehydrogenated to fruc-
tose by using a sorbitol dehydrogenase.

4.2.1.1.3 Hydrogenation and hydrogen transfer reduction of furfural and
hydroxymethyl furfural

With an annual production close to 300 kTA, furfural is currently a commodity chemi-
cal, and the technology for its production is largely established [113]. Further, hydro-
genation of furfural and hydroxymethyl furfural is obviously catalyzed using
heterogeneous metal-based (i.e., Pd, Ru, Pt, Cu) catalysts supported on carbon, alu-
mina or silica [114–118]. However, on these catalysts, under the reaction conditions,
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besides the formation of condensation byproducts hydrogenation can be accompanied
by secondary reactions such as hydrogenolysis of C–O bond, decarbonylation or hydro-
genation of the furan ring [119]. This disadvantage can be diminished transferring the
hydrogenation to a hydrogen transfer reaction using bimetallic Co–Ru/C catalysts [120].
The required Lewis acidity for this reaction is provided by the large number of surface
defects associated with the oxygen vacancies generated by Co2+ species.

4.2.1.1.4 Hydrogenation of levulinic acid
LA has been recognized early in 1956 as a potential platform molecule [121], where
several transformations require catalytic hydrogenation (Scheme 4.5). Basically,
they involve two separate routes: (i) production of γ-valerolactone (GVL) either di-
rectly or via γ-angelica lactone or (ii) production of 5-methyl-2-pyrolidinone via an
amination/hydrogenation reaction.

Hydrogenation of LA to GVL may occur on several supported metals, where the
effect of both components is very important. The first candidate was nickel [121], which
in a series of noble metal-free heterogeneous catalysts (Ni, Co, Cu and Fe) exhibits the
best performances [122]. Its association with an oxophilic metal oxide (Ni–MoOx) co-
loaded carbon (C) improved the catalytic behavior due to a structure–activity relation-
ship generated by the copresence of metallic Ni0 species and partially reduced MoO2.

OH

OH
Glucose

OH
Isomerization Hydrogenation

Hydrogenolysis

H3 process

C–C cleavage

Dehydration

OH

H+

OH

OH OH
O O O

O

O
O

OHO
HO

HO

3H2O

H2
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HO
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Scheme 4.4: Reaction pathways for glucose conversion to 2,5-dimethylfuran. (1) Fructose;
(2) 5-hydroxymethylfurfural (5-HMF); (3) 5-methylfurfural (5-MFA); (4) 2,5-bis(hydroxymethyl)-furan
(2,5-BHMF); (5) 5-methyl-furanmethanol (5-MFM); (6) 2,5-dimethylfuran (2,5-DMF); (7) 2,5-
dimethyltetrahydrofuran (2,5-DMTHF); (8) furfural (FA). The H3 process indicates hydrogenolysis/
hydrogenation/hydrogenolysis. With courtesy from Ref. [110].

4 Supported metal catalysts for the sustainable upgrading of renewable biomass 91



Le
vu

lin
ic

 a
ci

d

CH
3

CH
3

CH
3

HC
CH

3
HC

C

C
C

O
O

CH
3

C
C

O
CH

3
HC

C
O

C
O

O
O

O O
O

HO

CH
2

CH
2

CH
2

RN
H 2

RN
H 2

+ H 2 Ni

CH
3

CH
CH

2
CH

2
CH

2

OH
OH

CH
2

CH
2

H 2

H 2
H 2

H 2
–H

2O

H 2 Cu
-C

r
Ni

H 2C

CH
3

C
C

O
HC

N

N
CN

R
N R

N R

CH
2

H 2C

CH
3

H 2
C

C
O

HC
C

O
Ni

CH
2

H 2C

CH
3

CH
2

H 2C

HC
HC

CH

H 2C
CH

2

CH
2

H 2C
CO

OH

Ps
eu

do
-le

vu
lin

ic
 a

ci
d

5-
Cy

an
o-

5-
m

et
hy

l-
2-

py
rr

ol
id

in
on

e
5-

M
et

hy
l-

2-
py

rr
ol

id
in

on
e

5-
M

et
hy

l-
2-

py
rr

ol
id

in
on

e

al
ph

a-
An

ge
lic

a 
la

ct
on

e
be

ta
-

An
ge

lic
a 

la
ct

on
e

1,
 4

-P
en

ta
ne

di
ol

Pt
/Z

SM
-5

Pt
/Z

SM
-5

OH

O

OH

OR

Va
le

ric
 a

ci
d

CO
O

OO
C

O

O

Va
le

ro
la

ct
on

e
M

et
hy

lte
tra

hy
dr

of
ur

an (

(

be
ta

-
An

ge
lic

a 
la

ct
on

e
Pt

/Z
S

Pt
/ZO

O

Pe
nt

en
oi

c a
ci

d

S
ch

em
e
4.
5:

Le
vu

lin
ic
ac
id

as
a
pl
at
fo
rm

m
ol
ec
ul
e
fo
r
se

ve
ra
lh

yd
ro
ge

na
ti
on

re
ac
ti
on

s.
A
da

pt
ed

fr
om

Re
f.
[1
21
].

92 Simona M. Coman and Vasile I. Parvulescu



NiZrAl-LDH on the hierarchical three-dimensional Ni foam substrate prepared through
a homogeneous nucleation mechanism also catalyzed this reaction [123].

Noble metals are more efficient in this reaction and, among various candidates,
Pt/TiO2 [124] and Ru/C [125] catalysts led to very good results. The addition of nickel
[125] or tin [126] to Ru enhances its stability versus the time of stream. Other recent
studies considering model mesoporous supported dendrimer-derived Ru and Pt cat-
alysts evidenced the role of the particle size of these metals [127] Pd and Rh are also
active; however, alloying Pt or Pd with other noble metals did not deliver measur-
able improvements. The nature of the precursor also affects the morphologic and
structural properties of the noble metal catalysts as demonstrated for ruthenium
using a series of precursors (RuCl3, RuNO(NO3)3, Ru(NH3)6Cl3) [128]. Other influenc-
ing factors include the ratio of various charged and noncharged Ru species, or the
presence of minor amounts of residues from the catalyst precursors.

The effect of the morphology and size of the catalysts in the selective hydrogena-
tion of LA to GVL has also been investigated for unsupported molybdenum carbide
(β-Mo2C) [129]. Depending on the synthesis route, the morphology of the resulting
β-Mo2C was different. The β-Mo2 1D nanostructures presented a relatively higher ac-
tivity than the others, which has been associated with the more exposed active sites.

Optically active GVL was also synthesized by the enantioselective hydrogena-
tions of LA and its esters. A tartaric acid–NaBr-modified nickel catalyst produced
the optically active GVL with a 60% enantiomeric excess (ee), and almost quantita-
tive conversion and chemoselectivity (Scheme 4.6) [130].
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Levulinic acid

O

O
OR

OH
OR

(R)-Alkyl-4-hydroxypentanoate

(R)-4-Hydroxypentanoic acid
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O +

R: -CH3, -CH2CH3,
-(CH2)2CH3,
-(CH2)3CH3,

(R, R)-TA–

modified Ni

H2

O

O
OR

OH
OR H2O

O
O

O +
(R, R)-TA–

modified Ni

H2

Scheme 4.6: The synthesis of the optically active GVL by the enantioselective hydrogenations of
levulinic acid and its esters [130].
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4.2.1.1.5 Hydrogenation of lactic acid
Hydrogenation of lactic acid shows potential synthetic routes to 1,2-PDO which al-
ready has multiple applications: (i) as a building block for unsaturated polyester res-
ins, which are combined with for instance polystyrene and a filler into thermoset
composite materials, or for polyethers used in urethane foams, and (ii) as antifreeze
over solvent for food processing to a softening agent in skin care products [131].
However, this hydrogenation reaction has a very long history, dating back to 1926
and deals with the conversion of ethyl lactate with metallic sodium to 1,2-PDO. Then,
the heterogeneous hydrogenation of the same substrate was achieved with nickel-
Raney. The hydrogenation of LA to 1,2-PDO in the gas phase has also been reported
using various Cu-based catalysts [132]. However, the reduction of the free acid in the
liquid phase is much more challenging due to the low reactivity of the carboxylic
acid group [133, 134]. It started with Re black and Ru [135, 136] in various organic sol-
vents and continued with the hydrogenation of aqueous lactic acid using Ru/C cata-
lyst [137]. The activity of Ru can be promoted by Re, Sn or Mo to enable the selective
hydrogenation of carboxylic acids and their esters [138, 139]. However, this impaired
the activity [140]. Differently, for the bimetallic catalysts the addition of Pd and Au
slightly enhanced the performance of Ru/TiO2. The influence of the support has also
been evaluated using various materials (Al2O3, SiO2, TiO2 or CeO2). For this series, cat-
alytic tests revealed that TiO2 yields the best Ru catalysts [140]. In the case of carbon,
inelastic neutron scattering correlated with the properties of the ruthenium deposited
onto the carbons by wet impregnation or sol-immobilization [141]. The provenience of
the carbon supports corresponds to different surface hydrogen groups that finally in-
fluence the reduction degree of ruthenium. While for hydrogenation butanone to
2-butanol this had an important influence, the different Ru speciation did not sig-
nificantly affect the rates of lactic acid hydrogenation.

4.2.1.1.6 Hydrogenolysis of 5-HMF, 2,5-dihydroxymethylfuran and derivatives
Compounds such as 2,5-DMF and also 2-methylfuran (2-MF) represent suitable po-
tential liquid fuel for the transportation sector and may diminish the reliance on
petroleum. With this scope, 5-HMF and 2,5-dihydroxymethylfuran (2,5-HMF) pro-
duced from fructose may serve as abundant renewable biomass resources [116].
Thus, to produce DMF and 2-MF, HMF and 2,5-HMF are exposed to a hydrogenolysis
step that is carried out in an aqueous solution containing HCl and NaCl. By conse-
quence, the catalyst should be resistant against chloride and the carbon-supported
ruthenium catalyst fulfills this exigency. However, it performs hydrogenation lead-
ing to 2,5-dihydroxy-methyltetrahydrofuran. The addition of copper to this catalyst
(CuRu/C) alleviates this disadvantage affording hydrogenolysis behavior combined
with ruthenium-like chlorine resistance.

Hydrogenolysis of LA (Scheme 4.7) represents in fact the hydrogenolysis of 5-meth-
yltetrahydrofuran-2-ol and 1,4-pentadiol produced from its hydrogenation and
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accompanied the hydrogenolysis of glycerol. The entire chain is catalyzed by Ru/C cat-
alysts and facilitated by the acidity induced by LA [142].

4.2.1.1.7 Hydrogenolysis of polyols
Hydrogenolysis of sorbitol and other available polyols to EG and PDO is an important
application because it can avoid intermediate steps in the valorization of biomass to
these products. Several reports already confirmed the feasibility of this approach, all
of these emphasize the importance of the presence of a strong basic component.
Thus, in the presence of CaO, Ru/carbon nanofiber catalyzes this reaction to EG, PDO
and glycerol [143], Ce-promoted Ni/Al2O3 catalysts to EG and PDO [144], Cu–SiO2 af-
fords the xylitol hydrogenolysis to PDO [145, 146] while Ni/C provided a combined se-
lectivity to EG, PDO and glycerol [147]. With BaO Ni2P/C led a good selectivity in the
hydrogenolysis of xylitol to EG and PDO under relatively mild reaction conditions [148]
and with MgO Ni catalyzed the sorbitol hydrogenolysis to the same products [149].

Insights in the reaction mechanism of hydrogenolysis of polyols were achieved
from investigation of nine polyol stereoisomers ranging from three (glycerol), to four
(erythritol), to five [adonitol (ribitol), D-xylitol, D-arabitol] and six [D-sorbitol, D-manni-
tol, dulcitol (galactitol), D-threitol] over a Ru–C catalyst [150]. They confirmed that the
hydrogenolysis of polyols to form EG and PDO undergoes multiple steps [151–154]
(Scheme 4.8), where the rate-limiting step is the catalytic dehydrogenation leading to
an aldehyde or ketone [154]. However, the presence or role of 3-keto and 4-keto inter-
mediates had a negligible effect on the hydrogenolysis of polyols when compared with
aldehyde intermediates, which meant the primary hydroxyl groups were more readily
dehydrogenated than the internal hydroxyl groups. Under basic conditions, the alde-
hyde or ketone suffers a C–C scission via the retro-aldol mechanism or a C–O scission
by dehydration producing unsaturated bonds, which are subsequently hydrogenated
by the metal catalyst [150]. Retro-aldol scission of internal C–C bonds was confirmed
to occur by the tetritol product distribution from hexitols.

Further studies using a Ru catalyst with and without sulfur modification con-
firmed two parallel routes in this process, where the terminal C–C scission product
distribution of higher polyols is an important step. The molecule sterics or adsorp-
tion phenomena involving the Ru surface or Ca2+ ions are affecting the rate-limiting
dehydrogenation step involved with hydrogenolysis of higher polyols [150].

The support is not innocent in this reaction. Supported Ru clusters efficiently
catalyzed the selective hydrogenolysis of sorbitol to EG and PDO in the presence of
Ca(OH)2. However, Ru/C was more selective to these two target glycols than Ru cat-
alysts Al2O3, ZrO2 and TiO2 with similar Ru particle sizes (~2 nm). The reaction pa-
rameters, including the amount of Ca(OH)2, H2 pressure and temperature, strongly
influenced the activity and selectivity of Ru/C, which reflects the bifunctional re-
quirements of the sorbitol hydrogenolysis that involves the competitive Ru- and
base-catalyzed reactions of ketose or aldose intermediates, derived primarily from
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sorbitol dehydrogenation. Kinetic isotopic studies with different deuterated sorbi-
tols confirmed that such sorbitol dehydrogenation step preceded by preferential ac-
tivation of its C(5)-H bond on the Ru surfaces. Erythro sequences of the vicinal
hydroxyl groups adjacent to the primary carbons in the hexitol molecules, com-
pared to threo sequences, tended to facilitate the hydrogenolysis reaction and the
formation of C3 products over C2 products, most likely as a result of the effects of
the different sequences of the hydroxyl groups on the adsorption and C–H bond ac-
tivation of hexitols on Ru (Scheme 4.8) [155].

Cracking reactions can convert glycerol into light olefins using solid acid cata-
lysts. However, the selectivity of this reaction is reduced since carbon oxides are also
produced and the acid catalyst easily deactivates. Therefore, the hydrogenolysis re-
duces these drawbacks. Hence, single-step glycerol hydrogenolysis to 1,2-PDO and
1,3-propanediol (1,3-PDO) is considered one of the most promising routes for glycerol
utilization because the current manufacture pathways (chlorohydrin process and hy-
droperoxide process) to 1,2-PDO are not environmental benign enough [156]. A recent
technoeconomic and environmental assessment comparing the conventional indus-
trial process for propylene glycol production, which uses petroleum-based propylene
oxide as feedstock against different hydrogenolysis routes based on biodiesel glyc-
erol, using process modeling and optimization tools reveals that there are process al-
ternatives based on biodiesel glycerol that outperform the current propylene glycol
production scheme simultaneously in profit and environmental impact [157].

The source of glycerol could be either hexitols produced from the valorization
of cellulose or biodiesel. Consequently, in the last case, such a utilization of glyc-
erol represents a route for reducing the cost of biodiesel production [158]. The reac-
tion can even proceed further with the production of light olefins.

Carbon-supported noble metal catalysts in aqueous phase hydrogenolysis of hex-
itols afford only epimerization and cascade decarbonylation reactions with high se-
lectivities to C5 and C4 alditols, and light alkanes at full conversion [159]. Therefore,
the catalysts reported for the hydrogenolysis of polyols commonly utilized noble met-
als such as Pt, Pd, Rh and Au [160–162] or nonnoble (Cu, Ni, Co) metals and various
supports as semiconductors (ZnO, TiO2, Cr2O3), base (MgO, nonacidic (SiO2) and
weak (Al2O3) or strong (different zeolites, sulfated zirconia, polyoxometalates) acid
materials [162–164]. However, the Pt-sulfated ZrO2 catalyst is only selective in organic
medium, which suffers from huge energy consumption to evaporate water from
crude glycerol. Noble metals were also used in combination with nonnoble metals
(using semiconductor or week acid materials) or promoted with oxophilic species
(Re, Mo and W) when merely silica has been utilized as support [165]. The prepara-
tion of these catalysts included a wide type of methodologies such as impregnation,
adsorption, ion-exchange, sol–gel, coprecipitation and solid fusion. Also, experi-
ments have been carried out in the presence of homogeneous bases such as LiOH,
NaOH, KOH, Li2CO3, Na2CO3 and K2CO3 [166].
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The role of the oxophilic species like ReOx in improving the selectivity to 1,3-PDO
was associated with the acidity of the -OH groups present on its surface, which are
capable of activating glycerol [167]. This has been confirmed for Ir–ReOx/SiO2 and
Rh–ReOx/SiO2 catalysts that were tested for the hydrogenolysis of glycerol [168, 169].
However, the Re-modified noble metal catalysts necessitate sulfuric acid as the addi-
tive in most cases, which is plagued by corrosiveness to the reactor and unfriendli-
ness to the environment [169, 170]. Therefore, the use of tungsten is much preferred.

Then, the role of the support in connection to this interaction was well demon-
strated using three aluminum oxide materials (commercial γ-Al2O3, lab-synthesized
γ-Al2O3 and pseudo-γ-AlO(OH) and a HZSM-5 zeolite) as supports of the bicompo-
nent Pt–WOx catalysts [171]. The tungsten surface density and the intimate contact
between Pt and WOx resulted to be key parameters. Tungsten surface density con-
trols the formation of polytungstates, that is, the only species able to produce the
weak Brønsted acidity that is required to selectively produce 1,3-PDO. The compari-
son between the HZSM-5 and the Al2O3 supports demonstrated that an increment
on the medium Brønsted acidity is detrimental for the selective 1,3-PDO formation,
as it promotes the reactions that yield 1-propanol and propane [171]. On the other
side, the increase in the dispersion of Pt led to larger glycerol conversions and pro-
moted the hydrogenolysis routes that lead to 1,2- and 1,3-PDO similarly. Finally, in-
creasing the Pt metal content significantly favored the hydrogenolysis route leading
to 1,3-PDO. It ensures a more intimate contact between Pt and WOx prompting the
hydrogenation to 1,3-PDO (Scheme 4.9).

The advantage of the pseudo-AlO(OH) support results from a high concentration of
hydroxy groups that allows the incorporation of larger W loadings leading to higher
dispersions, which avoid the emergence of the undesired WO3 NPs [171, 172]. The
catalytic performances in the selective production of 1,3-PDO on the Pt/W–SBA-15
catalysts were attributed to a similar effect. The tungsten species was identified as
the isolated WO4 with Lewis acidity. During the reaction, the synergy between the
Pt NPs and WO4 in the H2 atmosphere leads to the in situ generation of the hydrided
WO4 by spillover H atoms from Pt to WOx, which functions as the highly selective
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Scheme 4.9: Reaction mechanism proposed for the glycerol hydrogenolysis to 1,3-PDO. With
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center for glycerol hydrogenolysis to 1,3-PDO [173]. In situ spectroscopic investiga-
tions suggested a triple role of tungsten oxide in this reaction, acting as (i) a strong
anchoring site for the primary hydroxy group(s) of glycerol, (ii) a supplier of pro-
tons and (iii) a stabilizer of the secondary carbocation [171].

The influence of the type of acidity upon the selectivity of hydrogenolysis of poly-
ols has also been confirmed by the investigation of acid-modified Co-Al2O3 catalysts
prepared by the addition of B, Ce, Zr and HPA (HSiW, HPW, HPMo) [175]. Besides the
increase in the acid strength, the acidity also increased the Co dispersion on the cata-
lytic surface, which facilitated the hydrogenolysis of glycerol. Then, the modification of
Co-Al with B, Ce or Zr species increased the Lewis acidity that enhanced the selectivity
to 1,2-PDO. The introduction of HPAs increased the selectivity of 1,3-PDO, which is at-
tributed to the existence of Brønsted acid sites on the modified Co–Al catalysts.

The selectivity to 1,2-PDO or 1,3-PDO can be tuned by a simple procedure. Thus,
the addition of Au to a highly dispersed Pt/WOx decreases the original surface
Lewis-acid sites but greatly increases its in situ-generated Brønsted-acid sites with
the assistance of H2 through the formation of frustrated Lewis pairs [176]. These in
situ formed and spatially separated pairs of H+ and H− function as the active sites
in the glycerol conversion to 1,3-PDO.

The influence of the oxophilic species in the hydrogenolysis of glycerol has also
been confirmed for nonnoble metals [177]. Ni and Cu mono- and bimetallic catalysts
modified with various types of oxophilic oxides MOx (M = Mo, V, W and Re) were
tested for hydrogenolysis of glycidol, as an alternative route to hydrogenolysis of
glycerol to obtain 1,3-PDO. As for the noble metals the presence of these species af-
fected the dispersion and reducibility of the NiO particles, and the strength and
amount of the acid sites. In this series, Re showed the highest activity, high PDOs
selectivity and the highest 1,3-PrD/1,2-PrD ratio. The presence of vanadium and mo-
lybdenum modifiers made the reduction of NiO more difficult. Also, the reducibility
of NiO got harder when the amount of metal loading was lower.

For Cu/ZnO catalysts the glycerol hydrogenolysis yield is associated with mod-
erate or high Cu content that corresponds to a close contact between Cu and ZnO,
while the deactivation corresponds to the changes in the Cu species during the re-
action. Fouling of the Cu species by hydrocarbonaceous deposits and the oxidation
of Cu metal produced during the first run are not the most relevant deactivation
causes. But copper sintering, a process facilitated by the strong Zn leaching, is the
cause of deactivation with the highest impact [178].

Pd alloy has very similar valence electron density as Cu, and it shows advanced
catalytic performance in some catalysis reactions where Cu-based catalysts are re-
quired [179].

ZnPd alloy catalysts were suggested to have better stability than Cu, especially
in the aqueous solution under harsh conditions [180] and these properties were as-
sociated with the performances of ZnPd/ZnO–Al2O3 catalysts for hydrogenolysis of
glycerol to 1,2-PDO. The calcination temperature determined the distribution and
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migration of different Al (A(IV), Al(V) and Al(VI)) in ZnPd/ZnO–Al2O3, and hence af-
fected the particle sizes of ZnPd, reduction of ZnO, oxygen vacancy density and the
catalytic activity and stability [181]. The presence of the Zn2+ (from ZnO) donors
may also avoid the leaching of Zn from the alloy and contributes to in situ forma-
tion/preservation of active PdZn alloy layers onto the support [182].

Very important from the practical point of view, some of these catalysts pre-
served the efficiency when they were evaluated for polyol hydrogenolysis in a con-
tinuous reactor [183, 184].

4.2.1.2 Lignin upgrading

Despite its heterogeneous complex structure, the use of lignin as feedstock for the pro-
duction of chemicals become more important. However, it is critical for the viability of
this approach to valorize lignin alongside polysaccharides. About 90% of lignin is ob-
tained as a “lignin oil,” comprising mainly of phenolic monomers like 4-n-propyl-
guaiacol (PG) and 4-n-propylsyringol, next to dimers and small oligomers [185]. The
composition of the cocktail is influenced by both the extraction and fragmentation
procedures. Most lignin-transforming processes generate a variety of different prod-
ucts, in which propyl alkyls are degraded by the cleavage of C–C bonds (Figure 4.11).
Hydrogenolysis or transfer hydrogenolysis conditions lead to a complicated mixture
of saturated naphthenes and aromatics [186] than the oxidative reaction [187].

4.2.1.2.1 Hydrolysis reaction
The utilization of this cocktail for the production of commodities like polyurethanes
and polyesters benefits from a high hydroxyl content [188]. Since hydrogenolysis of
C–Obonds is a metal-dependent process, the control of the OH contents may likely
be accomplished by an appropriate choice of the metal catalyst. For example, Pd,
when compared to Ru, has a lower activity to alcohol hydrogenolysis that affords a
higher selectivity toward hydroxyl-rich lignin monomers [189, 190]. The suggested
pathway for the Pd-catalyzed reductive hydrolysis of aryl ethers proposes an initial
partial hydrogenation of the arene ring to enol ether intermediates that are highly sus-
ceptible to water attack. This pathway contrasts the often postulated acid-catalyzed
ether cleavage pathway, which does not require H2 [191]. It is also distinct from metal-
mediated direct ether cleavage (without direct H2 participation) followed by recombina-
tion of the fragments with surface HC and COH radicals from water dissociation at the
metal surface. The assumed reason for why Pd is better than Ni or Pt in this reaction is
related to the activity of this metal to catalyze hydrogen addition to C=C bonds [191].

4 Supported metal catalysts for the sustainable upgrading of renewable biomass 101



Li
gn

in
 is

ol
at

io
n

De
po

ly
m

er
iz

at
io

n

OH

OH

O
O

OH
O

O

OH
OH

O
O

OH
O

O
OH

O
O

OH
O

O
OH

O
O OH

O
O

OH
O

O

O
O

OH
O

O

OH
O

O

HO
HO

HO

HO

OH
O

O HO

OH
O

O

OH
O

O

OH
O

O

OH
O

O

OH
O

O
HO

HO

HO

HO

HO
HO

On
e 

st
ep

:
Ca

ta
ly

tic
 re

du
ct

iv
e

fra
ct

io
na

tio
n

Li
gn

oc
el

lu
lo

se
bi

om
as

s
OH

OH

Ni/SiO2-Al2O3

Al
ky

la
te

d
cy

cl
oh

ex
an

ol
s

Up
 to

 8
5%

yi
el

d
OH

O
N H

O
Pr

ec
ur

co
rs

 fo
r n

ew
po

ly
es

te
rs

 a
nd

 p
ol

ya
m

in
es

HO
O

O
OH

OH

Ru/C

Pd/C
O

O

O
O

O

Fi
gu

re
4.
11
:M

on
om

er
ic
pr
od

uc
ts

of
th
e
fr
ag

m
en

ta
ti
on

of
lig

ni
n.

A
da

pt
ed

fr
om

Re
f.
[1
8
5]
.

102 Simona M. Coman and Vasile I. Parvulescu



4.2.1.2.2 Demethoxylation
Further, the processing of these hydroxyl-containing monomers may also require metal
catalysts. 4-n-Propylcyclohexanol (PCol) is a precursor for novel polymer building
blocks that can be produced via the reductive demethoxylation of PG. This reaction
can be carried out in hexadecane liquid phase over commercial hydrogenation cata-
lysts like 5 wt% Ru/C, 5 wt% Pd/C or 5 wt% Ni/SiO2–Al2O3 at temperatures ranging
from 200 to 300 °C under hydrogen atmosphere [192]. Mechanistic investigations sug-
gested that the favored route is PG hydrodemethoxylation to 4-n-propylphenol, fol-
lowed by its hydrogenation to PCol as this does not involve stable intermediates.
However, the selectivity of the reaction might be affected by the formation of side prod-
ucts as 4-n-propyl-2-methoxycyclohexanol. Catalytic conversion of guaiacol, 4-methyl-
and 4-ethylguaiacol in comparable circumstances occurred with similarly high yields
of the corresponding cyclohexanols.

4.2.1.2.3 Hydroformilation
The hydroformylation of naturally occurring olefins such as eugenol, safrole, estragole
or anethole, all readily available from lignin-biomass, is another important and useful
synthetic tool to obtain oxygenated products relevant in the flavor, food and pharmacy
industries. Usually, such reactions are performed in homogeneous conditions using
water-soluble Rh-based organometallic catalysts [193]. However, promising results in
this reaction were also achieved under biphasic media using heterogeneous complex-
ated rhodium catalysts over 3-(mercapto)propyl- and 3-(1-thioureido)propyl-functional-
ized silica gel [194].

4.2.1.2.4 Hydrogenation
Muconic acid can be converted into numerous downstream products, including
adipic acid, which is the most commercially important dicarboxylic acid [195].
Functional conjugated muconate fragments are versatile building blocks in organic
synthesis [196, 197]. Adipic acid has a market volume of 2.6 million tons per year with
an annual demand growth forecast of 3–3.5% globally [198]. It has uses as a polymer
precursor for nylon, plasticizers, lubricants and polyester polyols. However, the con-
ventional adipic acid production involving nitric acid oxidation of benzene is highly
damaging to the environment. As an alternative, the metabolic engineering may pro-
vide intermediates that can be further upgraded in a heterogeneous catalytic process.
It is also the case of the cis, cis-muconic acid, which after a subsequent hydrogena-
tion can afford adipic acid (Scheme 4.10). Pd/C was identified as a highly active cata-
lyst for this reaction hydrogenation, where both the conversion and the selectivity
are higher than 97% (TOFs of 23–30 s–1) [199].

4 Supported metal catalysts for the sustainable upgrading of renewable biomass 103



In the presence of various alcohols, both Pd/C and Pt/C catalysts can also catalyze
the esterification/trans-esterification of muconic acid/muconic acid esters [200, 201].
For small reaction times onto the commercial 5% Pd/C, the hydrogenation can also be
stopped at the 2-hexenedioic acid, where the dominant isomer is the trans (2E)-2-hex-
enedioic acid (Scheme 4.11) [202].

Aqueous phase catalytic upgrading of eugenol to hydrocarbons has been
achieved on a combination of Pd/C with zeolite catalysts (H-ZSM-5) in the presence
of H2 [203]. Hydrogenation of the C=C, C=O and aromatic ring, and isomerization are
catalyzed by Pd, while the presence of the zeolite affords the dealkylation, hydroly-
sis and dehydration steps (Scheme 4.12). However, the role of the solvent is impor-
tant and it accommodates with the catalyst. Working with nickel catalysts, it was
found that Ni/C is more efficient in these reactions in water than in n-hexane, while
on Ni/HZSM-5 oxygen-containing functional groups could be removed from the aro-
matic ring completely in n-hexane [205]. These results also revealed that Brønsted
acid sites show superior advantages over Lewis acid in the dehydration of 4-propyl-
cyclohexanol.

Nitrogen-enriched highly mesoporous carbons were adapted as a proper sup-
port for the fabrication of well-dispersed Pd catalysts for the transfer hydrogenation
of vanillin in the water phase with formic acid as the hydrogen donor. They afford a
total vanillin conversion with 2-methoxy-4-methylphenol as the sole product [208].
Its behavior has been associated with the electron-deficient Pd (Pdδ+) percentage
that is affected by the N species, and the strong Pd–N interaction that generates the
coexistence of Pdδ+ and metallic Pd (Pd0). These result in a Pd/NMC as a novel bi-
functional nanocatalyst for both formic acid dehydrogenation and vanillin hydro-
genation. The Pd/NMC catalyst also demonstrates enhanced acid resistance in acid
media and adsorption of substrates.

Adipic acid

(2Z )-2-Hexenedioic acid

OH

OH

O

HO

O
OH

O

O

HO
OH

O

HO

O

O

HO

O

(2E )-2-Hexenedioic acidt, t-Muconic acid

Scheme 4.10: Hydrogenation/esterification of muconic acid [199].

104 Simona M. Coman and Vasile I. Parvulescu



4.3 Concluding remarks

The ability of noble metals to form bonds with H, C and O is governed by their elec-
tronic properties. Also, the formation of multimetallic particles further changes the
electronic properties, with a direct effect upon the catalytic behavior.

The real metal-based heterogeneous catalysts are more complex structures con-
sisting of an anchored catalytically active component (e.g., metal, alloy or metallic
phase – oxide mixture) onto a support phase that is a high surface area material.

Literature reports have largely evidenced the strong capabilities of the metal-
based solid catalysts for the biomass transformation to chemicals. The high versatil-
ity of these materials, which can combine different metals with different dispersions
and redox properties with supports with different surface areas, pore distribution
and morphologies, makes them ideal for chemical valorization of the lignocellulosic
biomass. Adjusting the chemical and physical structure it is possible to orientate
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the catalytic reaction to the desired one (depolymerization, hydrolysis, hydrogena-
tion, dehydration, isomerization, etc.).

Apart from these considerations, the evolution of the metal/support catalysts
for the biomass upgrading must be in agreement with the principles of green chem-
istry. One of these principles is the efficient utilization of raw materials; thus, the
catalysts should be designed for the deconstruction of residual lignocellulosic bio-
mass in order to avoid any competition with the food supply. This is a very chal-
lenging task since the use of the residual biomass in more realistic conditions
should make face to strong deactivating species such as sulfur- and nitrogen-con-
taining compounds. Despite this, the success on using metal/support catalysts for
this purpose would also contribute in the decrease of the CO2 footprint.
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5 State-of-the-art in biomass fast pyrolysis
using acidic catalysts: direct comparison
between microporous zeolites, mesoporous
aluminosilicates and hierarchical zeolites

Abstract: In this chapter, a direct comparison of the performance of the most repre-
sentative conventional microporous zeolites, amorphous mesoporous aluminosili-
cates and hierarchical (meso/macroporous) zeolites in catalytic fast pyrolysis (CFP) of
biomass is presented, based on experiments performed under the same conditions in
a bench scale fixed bed (down flow) reactor. Furthermore, a comprehensive overview
of the state-of-the-art on biomass CFP with these types of catalysts is also included,
aiming to highlight the most representative previously reported results. On the basis
of both the experimental and literature data, it was shown/verified that biomass CFP
with acidic micro/meso/macroporous materials can be effectively utilized for tuning
the composition and properties of the bio-oil, depending on its targeted final use as
source of chemicals (phenolics, aromatics), as fuel additive (aromatics) or as bio-
crude for downstream hydrodeoxygenation toward hydrocarbon fuels.

5.1 Overview of state-of-the-art

The ever-growing world energy demand, in combination with the dependency on finite
energy resources and concerns over energy security and environmental issues, has
spurred research into alternative energy resources. Recently, the extreme weather phe-
nomena observed around the globe have led nations to sign an agreement known
as the Paris Agreement, whose central aim is to limit the global temperature rise below
2 °C above preindustrial levels in this century, and to promote actions for further re-
duction of the global temperature increase to 1.5 °C [1]. Renewable energy sources
have a key role to play in meeting long-term climate and sustainability goals, and ex-
cellent progress has already been made in the electricity sector. However, electricity is
only a small portion of the world energy demand and progress in the heat and trans-
port sectors is needed as well. Biomass derived solid, liquid and gaseous fuels will
have significant contributions in these two sectors in the near future (2018–2023) [2].
The use of electric vehicles has grown in the recent years, but there is still a need for
renewable fuels in the aviation, maritime and heavy freight sectors where biofuels are
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the only practical alternative [3]. First-generation biofuels already contribute to the en-
ergy mix of the transport sector; however, there are several limitations and concerns
associated with their production, most importantly their competition with the food sup-
ply chain. Advanced biofuels mitigate those concerns as they are derived from resi-
dues, wastes or dedicated high-yield nonfood energy crops. Recently, the European
Commission proposed a cap of 3.8% on the energy share of first-generation biofuels in
the transportation sector by 2030 and a target of 6.8% by the same year for the energy
share of advanced biofuels and renewable electricity [4].

Lignocellulose is a nonedible form of biomass that is abundant, low-cost and
can be used for the production of advanced biofuels. One of the most promising
technologies to convert biomass into liquid, solid and gas fuels or fuel precursors is
fast pyrolysis (FP). During FP, biomass is heated at very high heating rates under
inert atmosphere and atmospheric pressure. Under these conditions, biomass is ther-
mally decomposed to smaller fragments and the produced pyrolysis vapors are rapidly
quenched to form mainly a liquid product known as bio-oil (or biomass pyrolysis oil).
Bio-oil is a mixture of oxygenated compounds derived from the thermal decomposition
of the three structural components of biomass, i.e. cellulose, hemicellulose and lignin.
The oxygenates in bio-oil are responsible for a series of adverse properties that render
bio-oil a low-quality product which is unstable under storage and transportation condi-
tions and it is difficult to upgrade via downstream processes. In order to produce a
higher-quality product, catalytic fast pyrolysis (CFP) has been developed. This process
is very similar to FP, with the difference that the pyrolysis vapors come in contact with
a solid catalyst before they are quenched. The catalytic reactions that take place re-
move oxygen from the pyrolysis vapors in the form of CO, CO2 and H2O and as such, a
less oxygenated and more stable liquid product (catalytic bio-oil) is produced. This can
be achieved either “in situ,” that is, the biomass and the catalysts are mixed together
forming a single bed in the reactor, or “ex situ or in two stage” when the produced
thermal-FP vapors are driven through a separate catalytic bed (preferably in a separate
reactor for better control of the upgrading temperature, which could be lower than the
temperature in the pyrolysis reactor) [5]. In this latter case, deactivation of the acidic
catalysts by deposition of the alkali or alkaline earth metals present in biomass can be
avoided [6]. Catalytic bio-oil is an intermediate product that can be used as a source of
renewable high value-added chemicals and/or be upgraded to drop-in biofuels via
downstream processes such as hydrodeoxygenation or coprocessing with petroleum
feeds in fluid catalytic cracking processes, using existing refinery infrastructure [7].
Depending on the catalyst used and its properties, the yield of catalytic bio-oil and the
deoxygenation degree can be optimized, while specific high value-added products,
such as benzene, toluene and xylene hydrocarbons (BTX) can be produced.

So far, a wide range of catalysts have been evaluated for their performance in the
CFP of biomass, mostly in the microscale (i.e., Py/GC-MS systems), but also in bench-
and pilot-scale reactors. These include acidic, basic and bifunctional catalysts, micro-
porous zeolites, mesoporous aluminosilicates, hierarchical mesoporous zeolites,
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mixed metal oxides and others. A recent extensive literature review on this subject has
been published by Iliopoulou et al. [8]. Zeolites are microporous acidic catalysts that
are widely used in oil refineries for the cracking of hydrocarbon molecules in heavy oil
fractions to produce lighter products. Since similar reaction mechanisms apply in the
pyrolysis/cracking of lignocellulose oligomers, zeolites have been also used for bio-
mass CFP. The most commonly utilized catalyst for biomass CFP is the ZSM-5 zeolite,
which has been found in many studies to be very effective for the reduction of heavy
compounds in the bio-oil and for the deoxygenation of intermediates in the pyrolysis
vapors, leading to the production of a catalytic bio-oil with reduced oxygen content
[9–14]. ZSM-5 is also known to be very effective for the conversion of oxygenates in the
pyrolysis vapors into desirable aromatic hydrocarbons [12–14, 15–25]. This has been
attributed to the combined effect of ZSM-5’s relatively strong Brønsted acidity and the
unique medium-size channel-like microporous structure, which favor the formation
of monoaromatic hydrocarbons (MAH) (Figure 5.1) via Diels Alder reactions of furan
intermediates or classical cyclization-aromatization of small alkanes (i.e., ethylene,
propylene) [5, 8, 22, 24, 26–29], while at the same time restricting, in some cases, the
undesirable coke formation [21, 26, 29]. A schematic overview of the generally ac-
cepted reaction pathways for the production of aromatics in biomass CFP by ZSM-5
zeolites is shown in Figure 5.2 [30].

While ZSM-5’s acidity and unique microporous structure offer these beneficial effects
to its performance in biomass CFP, these same properties are also responsible for some
limitations of this catalyst. High acidity has been observed to result in faster catalyst
deactivation due to a more pronounced formation of coke [31, 32] and in selectivity
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Figure 5.1: Yield of aromatic hydrocarbons from the catalytic pyrolysis of glucose with different
zeolite catalysts as a function of their average pore diameter. (Reproduced from Ref. [26] with
permission from Elsevier).
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shift from MAH to polycyclic aromatic hydrocarbons (PAH) [25, 28]. Moreover, a part
of the pyrolysis vapors is composed of large intermediate fragments which cannot
enter the zeolite micropore network, where most of the active sites are located. As a
result, these intermediates can only be cracked on the external surface of the zeolite
and, therefore, a significant portion of the internal surface of the zeolite crystals re-
mains underutilized. Moreover, the diffusion of the initially formed MAHs or other
monomers, such as alkyl-phenols, from the interior of the ZSM-5 crystal toward its
external surface and eventually to the product stream is also hindered, thus favoring
secondary cracking, (de)alkylation and condensation reactions that lead to the for-
mation of larger products (PAHs, phenolic oligomers) and coke, which block the
pores and active acid sites of the zeolites.

In general, the deactivation of zeolitic catalysts, mainly of ZSM-5, in the so-called
in situ CFP, that is, when the biomass and the catalyst particles are mixed and fed
together in the pyrolysis reactor, is attributed: (a) to pore blocking and masking of
acid sites by formed coke (reversible deactivation), (b) to partial framework dealumi-
nation of the zeolite (due to the hydrothermal conditions in the pyrolysis reactor or
during regeneration/burning of the coke) which leads to Brønsted acidity loss and (c)
to accumulative ash deposition that also blocks the pores and acid sites [33, 34]. A
recent study on the effect of alkali metals (i.e., potassium) deposition on ZSM-5 zeo-
lite has shown that it can effectively change the selectivity of the pyrolysis products
towards alkyl phenols and methyl furan instead of aromatics that are favored by the
highly acidic parent ZSM-5 zeolite [35]. In the more recently studied ex situ CFP, that
is, where the biomass was initially thermally pyrolyzed and the produced vapors
passed/reacted over a separate catalytic bed, ash accumulation on the catalyst was
avoided and the only means of deactivation was coking [6].

Considering the above, mesoporous aluminosilicates, such as MCM-41 (Mobil
Composition of Matter), SBA-15 (Santa Barbara Amorphous) and MSU (Michigan
State University) materials, have also attracted attention for biomass CFP due to their
milder acidity and larger pores, which can facilitate the accessibility of pyrolysis
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Figure 5.2: Simplified pathway showing conversion and deoxygenation of primary pyrolysis vapors to
aromatic hydrocarbons. (Reproduced from Ref. [30] with permission from American Chemical Society.).
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intermediates towards the active sites and the faster diffusion of catalytic products.
These types of materials have been shown to be very active catalysts in biomass CFP
and to promote the formation of acids and furans from biomass biopolymers [19, 36,
37], as well as the overall reduction of oxygenates in the catalytic bio-oil [19, 38–40].
They have been also found to promote the formation of light phenolic compounds [36,
38, 40, 41]. However, due to the lack of strong acidity and of a shape-selective micro-
pore structure, their efficiency toward MAH formation is moderate [18, 36, 40], espe-
cially when compared to zeolites [18, 24, 42] (see Figure 5.3).

More recently, zeolites with high external surface area (nanosized zeolites) or with a
secondary meso/macropore network (hierarchical zeolites) have also attracted atten-
tion in biomass CFP [43]. These types of materials combine the benefits of enhanced
accessibility to the active acid sites and easier diffusion of the catalytic products with
the benefits of shape-selective micropore structure and strong acidity of the zeolite
crystals. As such, they are expected to be more active than conventional zeolites,
while maintaining or enhancing the yields of deoxygenated liquid products such as
MAH. However, inconsistent results have been reported so far in the literature.
Hierarchical zeolites synthesized with mesoporogen surfactants were reported to be
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Figure 5.3: The effect of ZSM-5 on the production of aromatic hydrocarbons from the catalytic
pyrolysis cassava rhizome in comparison with an Al-MSU-F, an Al-MCM-41 catalyst, an alumina-
stabilized ceria catalyst and noncatalytic pyrolysis. (Reproduced from Ref. [18] with permission
from Elsevier.).
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more active than conventional zeolites [44–46] and to promote the formation of aro-
matic hydrocarbons [44, 46, 47], but were also found to be more prone towards cok-
ing [29, 47]. Other groups have reported reduced acidity and aromatic hydrocarbon
formation with this type of materials [29, 48] and only comparable activity to that of
conventional microporous zeolites [47]. Hierarchical zeolites by postsynthesis treat-
ment methods (i.e., desilication/dealumination) have also been tested in biomass
CFP. Depending on the severity of the treatment, increased activity [49, 50] and aro-
matic hydrocarbon formation [51–54] have been reported, despite the reduced acidity
in most cases [50–52]. Reduced catalytic coke formation was also reported [49, 51,
53], while, on the other hand, other groups have reported increased acidity [53] and
coke formation [52].

Many efforts to mitigate the coking tendency, still maintaining the benefits of
enhanced accessibility and acidity of mesoporous zeolites, have been based on the
incorporation of metals/metal oxides, such as Zr, Ga, Mg, Zn, Sn, Cu, Ni and so on.
It has been reported that highly dispersed ZrO2 (in nano- or meso-ZSM-5 zeolites) ef-
fectively decreased the extent of secondary reactions, such as severe cracking and
coke formation, and promoted the conversion of the oligomers formed initially by
lignocellulose pyrolysis providing a high-quality partially deoxygenated bio-oil
(high mass and energy yields); however, the yields of nonoxygenated aromatics
were lower compared to those obtained by the parent nano/meso-zeolites [55].
Slightly increased aromatics and decreased coke were obtained by Ga-modified
MSU-MFI mesoporous zeolites [56]. Hierarchical cerium-incorporated (in the zeolitic
framework) MFI zeolite catalysts were also investigated, exhibiting less coke and in-
creased CO production in glucose FP, while shifting the selectivity in bio-oil compo-
nents from classical BTX aromatics (with parent meso-MFI) to valuable oxygenated
chemicals (furans, ketones, aldehydes) [48].

MgO-modified hierarchical zeolites exhibited relatively high deoxygenation ac-
tivity via different reaction pathways, such as ketonization and condensation, com-
pared to those catalyzed by zeolitic strong Brønsted acid sites, that is, dehydration,
cracking and aromatization [57–59]. The reactivity of MgO via its basic surface prop-
erties in biomass CFP and the ability to enhance deoxygenation of bio-oil via keto-
nization and condensation reactions has been clearly demonstrated previously [60,
61]. It was also suggested that the Lewis acid sites, formed by insertion of Mg at ion-
exchange sites of the hierarchical ZSM-5 zeolites could favor ketonization reactions of
acids with aldehydes to produce ketones [58]. A slightly lower deoxygenation rate was
obtained with Cu-loaded zeolites, attributing the enhanced production of CO to the in-
creased decarbonylation of acids to aldehydes over the Cu exchanged cations. A simi-
lar deoxygenation mechanism via decarbonylation and decarboxylation reactions on
the Lewis acid sites was suggested for the Ni and Sn-ZSM-5 hierarchical zeolite cata-
lysts. However, with all metal-exchanged hierarchical ZSM-5 zeolites, the production
of aromatics was decreased due to the lower amount of Brønsted acid sites
(Figure 5.4). In all the above studies of metal-modified hierarchical zeolites, the major
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effects identified were attributed to the tuning/suppression of zeolitic Brønsted acidity,
the incorporation and related reactivity of Lewis acid sites due to the metal oxides, as
well as of basic sites (especially with MgO). Similar effects were observed by the incor-
poration of transition or noble metals in conventional microporous zeolites or amor-
phous mesoporous aluminosilicates (see recent reviews [5, 8] and papers within).

In the following sections, a direct comparison of the performance of the most
representative conventional microporous zeolites, amorphous mesoporous alumi-
nosilicates and hierarchical (meso/macroporous) zeolites in CFP of biomass is pre-
sented, based on experiments performed under the same conditions in a bench
scale fixed bed (down flow) reactor.

5.2 Direct comparison of the most representative
conventional microporous zeolites, amorphous
mesoporous aluminosilicates and hierarchical
zeolites in catalytic fast pyrolysis of biomass

5.2.1 Characterization of biomass feedstock

The biomass used for the FP experiments was beech wood sawdust (Lignocel, HBS
150–500) with an average particle size of 150–500 μm. The main characteristics

Figure 5.4: Variation of the formation of aromatics in the upgrading of woody biomass pyrolysis
vapors with various metal-exchanged meso-ZSM-5 catalysts. (Reproduced from Ref. [58] with
permission from American Chemical Society.).
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(elemental analysis, ash, inorganics and humidity content, extractives and main
structural components, higher heating value) of the biomass feedstock are listed
in Table 5.1.

5.2.2 Catalysts and their main characteristics

The catalysts that were compared in biomass FP can be classified as conventional
microporous zeolites, amorphous mesoporous aluminosilicates and hierarchical
micro/meso/macroporous zeolites. A comprehensive description of their physico-
chemical characteristics and representative properties is provided in Table 5.2,
while more detailed characterization data can be found in previous relevant publi-
cations [5, 8, 13, 27, 28, 34, 38, 41, 50, 62–68].

Table 5.1: Physicochemical characteristics of Lignocel
(beech wood sawdust).

Lignocel, HBS –

Carbon (wt.%) .

Hydrogen (wt.%) .

Oxygen (wt.%) .

Ash (wt.%) .

Humidity (wt.%) .

Extractives (wt.%) .

Lignin (wt.%) (acid insoluble) .

Lignin (wt.%) (acid soluble) .

Cellulose (wt.%) .

Hemicellulose (wt.%) .

Higher heating value (MJ/kg) .

K (ppm) 

Na (ppm) 

Mg (ppm) 

Fe (ppm) 

Al (ppm) 

Ca (ppm) 
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Table 5.2: The catalysts used in catalytic biomass FP.

Catalyst code/name Material type Characteristics

Microporous zeolites

ZSM- (., .,
.)

ZSM- zeolite
(MFI structure)

Si/Al = ., ., ./strong acid sites and
high Brønsted/Lewis (B/L) acid sites ratio
(especially for Si/Al = .)

Silicalite Silicalite-type zeolite
(MFI structure)

Si/Al > /few acid sites due to aluminum
“impurities” in the zeolite synthesis procedure

ZSM- (dil.) ZSM- zeolite, diluted
with silica-alumina
(% zeolite),
formulated in
microsphere
morphology

Similar characteristics with the “pure” crystalline
ZSM- zeolites, “diluted” with silica-alumina at
about  wt.% zeolite, plus the characteristics of
typical mesoporous, mildly acidic silica-alumina. It
has also been subjected to pyrolysis –
regeneration cycles in a fluidized bed FP reactor
with catalyst recirculation

H-Y (.) Zeolite Y
(faujasite)

Si/Al = ./weak/medium and less strong acid
sites, high B/L ratio

USY () Ultra-stable zeolite Y
(faujasite)

Si/Al = /medium-strong acid sites, low B/L ratio
(> )

Beta (., .) Beta-type zeolite Si/Al = ., . /medium-strong acid sites, low
B/L ratio (> )

Mordenite () Mordenite-type zeolite Si/Al =  / medium-strong acid sites, high B/L
ratio

Ferrierite () Ferrierite-type zeolite Si/Al =  / medium-strong acid sites, high B/L
ratio

Amorphous mesoporous (alumino)silicates

MCM- Mesoporous silica
material

High surface area, ordered network of tubular
mesopores ( nm) in hexagonal array, negligible
acidity

Al-MCM- () Mesoporous
aluminosilicate
material

Si/Al = , high surface area, ordered network of
tubular mesopores ( nm) in hexagonal array,
relatively low number of weak-medium acid sites,
low B/L ratio (< )

Al-MCM- () Mesoporous
aluminosilicate
material

Si/Al = , high surface area, ordered network of
tubular mesopores ( nm) in hexagonal array,
relatively low number of weak-medium acid sites,
low B/L ratio (< )
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Table 5.2 (continued)

Catalyst code/name Material type Characteristics

Al-MCM- ()-
nano

Mesoporous
aluminosilicate
material with very small
particles which add
additional high external
surface area

Si/Al = , high surface area, ordered network of
tubular mesopores ( nm) in hexagonal array, high
external surface area, relatively low number of
weak-medium acid sites, low B/L ratio (< )

SBA- Mesoporous silica
material

High surface area, ordered network of tubular
mesopores ( nm) in hexagonal array, negligible
acidity

Al-SBA- () Mesoporous
aluminosilicate
material

Si/Al = , high surface area, ordered network of
tubular mesopores ( nm) in hexagonal array,
relatively low number of weak-medium acid sites,
low B/L ratio (< )

MSU-J Mesoporous silica
material

High surface area, D network of wormhole-like
mesopores with narrow pore size distribution
(. nm)

Al-MSU-J () Mesoporous
aluminosilicate
material

Si/Al = , high surface area, D network of
wormhole-like mesopores with narrow pore size
distribution (. nm), relatively low number of
weak-medium acid sites, low B/L ratio (< )

γ-AlO Aluminum oxide Mesoporous alumina with moderate/ lower
surface area compared to those of the ordered
aluminosilicate materials, relatively wide pore size
distribution (– nm), only Lewis acid sites

ASA () Amorphous silica-
alumina

Mesoporous silica-alumina with moderate/low
surface area compared to those of the ordered
aluminosilicate materials, relatively wide pore size
distribution ( nm), low number of weak-medium
acid sites and low B/L ratio (< )

Hierarchical micro/meso/macroporous zeolite materials

MesoZSM-(.) ZSM- Zeolite with
intracrystal
mesoporous . nm,
prepared with classical
hydrothermal synthesis
of ZSM- using in
addition the
appropriate
mesoporogen
templates

Zeolite ZSM- with strong Brønsted acid sites,
higher surface area with small intreacrystal
mesopores (.. nm), lower micropore and higher
mesopore volume compared to those of
conventional microporous ZSM-, high B/L ratio
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5.2.3 Bench-scale fixed bed downflow reactor for the biomass
pyrolysis experiments

The biomass pyrolysis experiments were carried out in a lab-scale fixed bed down-
flow reactor, made of stainless steel 316 and equipped with a three zone furnace. A
schematic representation of the pyrolysis unit is shown in Figure 5.5. In a typical run,
1.5 g of biomass and 0.3–0.7 g catalyst were inserted in the hot reactor zone with the
aid of a piston and heated at 500 °C coming in contact with a hot glass wool layer.
Afterward, the produced pyrolysis vapors were driven through the catalytic bed
(placed below the hot glass wool layer) with the aid of a constant nitrogen gas flow.
Then, the produced vapors were removed from the reactor and condensed in a glass
trap, immersed in a bath at −17 °C for the recovery of bio-oil. The noncondensable
vapors were removed from the trap and collected in a gas collection system.

During condensation of the biomass pyrolysis vapors, three phases were formed: a
liquid organic phase, a liquid aqueous phase and solid deposits on the trap walls. For
the efficient collection of whole bio-oil, ethyl acetate was used as homogenizing agent.
The amount of the produced bio-oil was determined by weighting the trap before and
after the experiment, while the amount of the solid products (biomass residues and
coke deposits on catalyst) was determined by direct weighing. The volume of gaseous
products was measured by the liquid displacement method.

Table 5.2 (continued)

Catalyst code/name Material type Characteristics

MesoZSM-(.) ZSM- Zeolite with
intracrystal mesoporous
. nm, prepared with
classical hydrothermal
synthesis of ZSM-
using in addition the
appropriate
mesoporogen templates

Similar with MesoZSM-(.), with larger
mesopores (. nm), enhanced mesoporosity and
decreased microporosity

ZSM- (nano) ZSM- zeolite with
small crystal/particles
and very high external
surface area

ZSM- zeolite with small crystallites/particles that
provide high external surface area, similar acid
properties with those of the conventional ZSM-
zeolite, but with more exposed/accessible acid
sites (due to the high external surface area)

ZSM- (%cr.) ZSM- zeolite with very
low crystallinity (%)
and high external
surface area

Aluminosilicate material with low crystallinity of
ZSM- type, relatively small particles which add
high external surface area, low amount of weak
acid sites, almost similar to silica-alumina
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The elemental composition (carbon, hydrogen, oxygen) of the bio-oil was deter-
mined with a LECO-800 LECO Corporation elemental analyzer and the water content
via Karl–Fischer analysis. The organic phase was separated from the aqueous phase
with dichloromethane and analyzed by gas chromatography-mass spectrometry (GC-
MS) in an Agilent 7890A/5975C (electron energy 70 eV, emission 300 V, helium flow
rate 0.7 cm3/min, column HP-5MS 30 m × 0.25 mm ID × 0.25 m) system. The NIST 05
library was used for the identification of the compounds.

The gaseous products were analyzed by gas chromatography in an HP 5890
Series II chromatograph, equipped with four columns (precolumn: OV-101, col-
umns: Porapak N, Molecular Sieve 5A and Rt-Qplot 30 m × 0.53 mm ID) and two
detectors (TCD and FID).

The amount of the produced solids was determined by weighting the reactor
before and after the reaction.

5.2.4 Product yields and bio-oil composition

The following representative results from the biomass FP tests are provided below, in
order to present a direct comparison of the performance of the various catalyst types:
– Products yields (wt.% on biomass): total gases, total liquids (bio-oil), aqueous

phase of bio-oil, organic phase of bio-oil, solids (unconverted biomass and
char, plus reaction coke for the catalytic experiments)

– Gas yields (wt.% on biomass): CO, CO2, H2 and hydrocarbons C1–C6.
– Oxygen amount (wt.% on organic phase of bio-oil) based on the amount of or-

ganic phase of bio-oil.
– Composition of bio-oil organic phase (% relative intensity of GC-MS peaks). The

compounds were categorized in the following groups: aromatics with one aro-
matic ring (AR), aliphatic hydrocarbons (AL), phenolics (PH), furans (FUR),
acids (AC), esters (EST), alcohols (ALC), ethers (ETH), aldehydes (ALD), ketones
(ΚΕΤ), polycyclic aromatic hydrocarbons (PAH), sugars (SUG), nitrogen com-
pounds (NIT) and unidentified (UN).

Depending on their effect on bio-oil properties, as well as on the aimed use of bio-oil
(i.e., as deoxygenated fuel or bio-crude for the production of hydrocarbon fuels, or as
source of nonoxygenated aromatics, or as source of various oxygenated chemicals
such phenolics, ketones, furans, etc.), the identified compounds can also be classi-
fied as “desirable” or “undesirable.” Ketones, aldehydes and higher molecular weight
oligomers are considered responsible for the bio-oil aging and polymerization during
its storage and transport. High content of organic acids makes the bio-oil corrosive to
common metals and hinders its potential use as fuel. Furthermore, acids can catalyze
polymerization reactions, decreasing further the stability of the bio-oil. PAHs are car-
cinogenic and, consequently, environmentally undesirable. Esters, ethers and oxygen
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containing compounds in general decrease the heating value of bio-oil. As a conse-
quence, all the above compounds are considered to be undesirable, especially when
the bio-oil will be used in energy/fuel production applications. On the other hand,
phenolics and furans are considered as high value-added chemicals and higher
yields could increase the sustainability of the process. The presence of aromatic and
aliphatic hydrocarbons and alcohols is preferred toward the production of biofuels.

The catalytic results described in the following sections are categorized per cat-
alyst group in order to identify any trends and effects by systematic variation of
their properties.

5.2.4.1 Catalytic fast pyrolysis (CFP) of biomass over conventional microporous
zeolites

The results of noncatalytic (silica sand) and CFP of biomass over conventional micro-
porous zeolites (first group of Table 5.2) are listed in Table 5.3 and in Figures 5.6 and
5.7. The noncatalytic pyrolysis resulted in 59 wt.% bio-oil (37.5 wt.% organic phase
and 21.5 wt.% water), 17.8 wt.% non-condensable gases and 23.2 wt.% solids (char and

Table 5.3: Product yields for the catalytic pyrolysis of beech wood (wt.% on dry biomass) over
conventional microporous zeolites.

Bio-oil Water Organic
fraction

Solids Gases CO CO CH C= C= Total
C–C

Silica sand . . . . . . . . . . .

ZSM- (.) . . . . . . . . . . .

ZSM- () . . . . . . . . . . .

ZSM- () . . . . . . . . . . .

Silicalite . . . . . . . . . . .

ZSM- (dil.) . . . . . . . . . . .

H-Y . . . . . . . . . . .

USY . . . . . . . . . . .

Beta (.) . . . . . . . . . . .

Beta (.) . . . . . . . . . . .

Mordenite () . . . . . . . . . . .

Ferrierite () . . . . . . . . . . .

H2 yield was below <0.1 wt.%; ethane and propane yields were ≤ 0.3 wt.%; solids: unconverted
biomass and char, plus reaction coke for the catalytic experiments.
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Figure 5.6: Composition analysis (% GC-MS peak area) of the bio-oil organic phase produced from
the catalytic pyrolysis of beech wood over conventional microporous zeolites.
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Figure 5.7: Oxygen content of the organic phase as a function of organic fraction yield over
conventional microporous zeolites.
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coke). Beta zeolite with relatively high aluminum content (i.e., Si/Al = 12.5) was the
most active in the conversion of bio-oil, that is, biomass pyrolysis vapors initially
formed and converted in situ (in the same reactor, over the catalyst bed), toward gas-
eous and solid (coke) products. The organic phase of bio-oil was reduced from
37.5 wt.% in the noncatalytic experiment to 5.4 wt.% with Beta(12.5), exhibiting also
the highest increase of solids (due to coke formation) among all zeolite catalysts
tested as well as very high yield of gases. Similar activity was obtained by ZSM-5(40)
zeolite (e.g., organic phase of bio-oil at 5.5 wt.%), which exhibited lower coking ten-
dency but higher gases production compared to Beta(12.5). The water content of bio-
oil with ZSM-5(40) was also the highest one obtained. Comparing the two zeolitic
microporous structures, at similar low Si/Al ratios, that is, Beta(12.5) versus ZSM-5
(11.5), it can be seen that the former zeolite is much more reactive, possibly due to
the slightly larger micropore size of the Beta structure. However, at higher Si/Al ratio,
that is, Beta(37.5) versus ZSM-5(40), ZSM-5 is more reactive than Beta, driving the
products toward gases instead of coke. This can be attributed to the previously identi-
fied relatively high strength of the Brønsted acid sites of ZSM-5 zeolites with Si/Al
ratio higher than ca. 25, especially those with Si/Al of ~40 [62, 65]. Silicalite zeolite
exhibited some reactivity, due to the traces of aluminum that usually exist in this
zeolite and offer few but relatively strong Brønsted acid sites [28, 69, 70]. Similar
moderate activity was also observed for the diluted/equilibrium ZSM-5 zeolite, ZSM-5
(dil.), since its activity is significantly reduced compared to fresh, purely crystalline
zeolite [27, 33, 34, 66]. The activity of Mordenite(10) and Ferrierite(10) in converting
bio-oil was also moderate (Ferrierite was the less active among all zeolites tested),
despite having relatively high aluminum content and number of Brønsted acid sites.
Zeolite Y, and especially USY that possesses fewer but stronger Brønsted acid sites
than H-Y zeolite, showed increased reactivity, but still not as high as that of Beta and
ZSM-5 zeolites. Both the parent Y and USY zeolites also exhibit increased tendency
toward coke formation. With regard to gas composition, all zeolites led to significant
increase of CO, compared to the noncatalytic experiment, with minor increase of CO2;
this being indicative of enhanced deoxygenation via decarbonylation (and dehydra-
tion due to the increased water fraction) instead of decarboxylation, in accordance
with previous studies [5, 8, 60]. Zeolite ZSM-5 was also more selective toward the pro-
duction of light alkenes (ethylene and propylene), while the rest of zeolites favored
the formation of methane [5, 8, 28].

With regard to the composition of the organic phase of bio-oil (Figure 5.6), non-
catalytic pyrolysis produced mainly phenolics (alkoxy- and alkyl-phenols from the
thermal decomposition of lignin [62]), acids (mainly acetic acid from the acetyl groups
in biomass) and ketones. ZSM-5 zeolites, especially those with Si/Al = 25 and 40, were
very selective toward monoaromatic compounds, accompanied by the decrease of
acids and ketones, minor decrease of phenolics and moderate formation of PAHs,
mainly naphthalenes. This is a typical behavior of “fresh” pure ZSM-5 zeolite owing to
its strong Brønsted acidity and unique tubular micropores with medium size (i.e.,
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~5.5 Å) [5, 8, 27, 28, 34, 60, 62, 64]. Obviously, only the dimers/monomers present in
the biomass pyrolysis vapors with appropriate size can enter the micropores of ZSM-5
and benefit from its strong acidity and space confinement for the formation of mono-
aromatics, as well as naphthalenes to some extent. Silicalite and ZSM-5(dil.) showed
similar trends with the fresh pure ZSM-5 zeolites, but to a smaller extent due to their
reduced acidity. However, ZSM-5(dil.) was very selective toward phenolics, as it pos-
sesses enough acidity strength (also resulting from the amorphous silica-alumina ma-
trix) to crack oxygenated dimers/oligomers, but not capable to induce further deep
deoxygenation of phenolics and/or aromatization of light alkanes and furans to-
wards aromatics. None of the rest of the conventional microporous zeolites, some
of them having larger micropores compared to those of ZSM-5 and high number of
Brønsted acid sites, favored the formation of monoaromatics. Monoaromatics are
most probably formed with USY, Beta(12.5) and Beta(37.5) but are further con-
verted to PAHs, due to their slightly larger micropores compared to those of ZSM-
5. Acids and ketones are also reduced with these zeolites, while phenolics are
kept at relatively high concentration. On the other hand, H-Y leads to low concen-
tration of both monoaromatics and PAHs, lower acids and ketones and substantial
increase of phenolics compared to noncatalytic pyrolysis. This relative distribu-
tion of products could be attributed to the high number of Brønsted acid sites of
moderate strength and the relatively bigger micropores compared to the other zeo-
lites. Mordenite had a minor effect on the composition of bio-oil, inducing all the
above changes but to a small extent while Ferrierite exhibited a clear preference
for the formation of phenolics (the highest concentration amongst all zeolites
tested) with very low monoaromatics and PAHs.

The correlation of oxygen content of the organic phase of bio-oil with the
yield of the organic phase is graphically depicted in Figure 5.7 for all zeolites
tested and for the noncatalytic experiments. Interestingly, an almost linear corre-
lation is revealed, which does not encounters for the various zeolites having dif-
ferent porous, acidic and catalytic properties in biomass pyrolysis, as shown
above. Only one zeolite clearly deviated from this correlation: the zeolite ZSM-5
(40) that was one of the two (the other one being Beta(12.5)) most active zeolites
in converting thermal bio-oil, and was also one of the two (the other one being
ZSM-5(25)) most selective toward the formation of monoaromatics. Zeolite ZSM-5
(40) exhibited significant reduction of oxygen (to about 5 wt.%) but for organic
phase yield of just 5–6 wt.%.

5.2.4.2 Catalytic fast pyrolysis (CFP) of biomass over amorphous mesoporous
aluminosilicates

The results for this group of catalysts (2nd group of Table 5.2) are shown in
Table 5.4 and in Figures 5.8 and 5.9. The mesoporous (alumino)silicate materials,
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Table 5.4: Product yields for the catalytic pyrolysis of beech wood (wt.% on dry biomass) over
amorphous mesoporous aluminosilicates.

Bio-oil Water Organic
fraction

Solids Gases CO CO CH C= C= Total
C–C

Silica sand . . . . . . . . . . .

MCM- . . . . . . . . . . .

Al-MCM-() . . . . . . . . . . .

Al-MCM-() . . . . . . . . . . .

Al-MCM-()-
nano

. . . . . . . . . . .

SBA- . . . . . . . . . . .

Al-SBA-() . . . . . . . . . . .

MSU-J . . . . . . . . . . .

Al-MSU-J() . . . . . . . . . . .

γ-AlO . . . . . . . . . . .
ASA . . . . . . . . . . .

H2 yields were <0.1 wt.%; ethane yields were ≤ 0.4 wt.% and propane yields were <0.1 wt.%; solids:
unconverted biomass and char, plus reaction coke for the catalytic experiments.

Figure 5.8: Composition analysis (% GC-MS peak area) of the bio-oil organic phase produced from
the catalytic pyrolysis of beech wood over amorphous mesoporous aluminosilicates.
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despite having fewer and weaker acid sites compared to zeolites, as well as of
higher Lewis to Brønsted ratio, were capable of converting the organic phase of
bio-oil with simultaneous increase of water, solids and gases (Table 5.4). Even the
pure mesoporous silica (MCM-41, SBA-15, MSU-J) materials showed some activity,
that is, organic phase yield was reduced by up to 30% compared to the noncata-
lytic experiment, due to the high surface area that enhanced thermal pyrolysis re-
actions and/or dehydration of intermediate pyrolysis products [68]; the possible
reactivity of the surface hydroxyl groups of these silicas could also play a role. By
introducing acidity to the mesoporous materials they became more active, with
those containing more aluminum (i.e., having more acid sites) converting the or-
ganic phase to higher extent. The organic phase with Al-MCM-41(20) was as low
as 8.6 wt.% (e.g., this value was 5.5 wt.% for the highly reactive ZSM-5(40) zeo-
lite), while that for Al-MCM-41(50) being 12.3 wt.%. An additional increase of reac-
tivity was provided by the small particles of Al-MCM-41(50)-nano, having both
intraparticle mesoporosity and very high external area, leading to the lowest or-
ganic phase yield for the mesoporous materials tested of 6.4 wt.%. Comparing the
different mesoporous structures of MCM-41 (small tubular mesopores in hexago-
nal arrangement), SBA-15 (larger tubular mesopores in hexagonal arrangement)
and MSU-J (3D wormhole-like mesopores with sizes similar to SBA-15), no signifi-
cant variation and effect could be identified on their reactivity for converting the
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Figure 5.9: Oxygen content of the organic phase as a function of organic fraction yield over
amorphous mesoporous aluminosilicates.
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organic bio-oil to gases and coke. With regard to the solids (char and reaction
coke) and gases, it can be seen that all mesoporous aluminosilicates favor the for-
mation of coke instead of gases, similar to the highly reactive Beta(12.5) zeolite,
and in contrast to the also highly reactive H-ZSM-5(40) zeolite. As far as the gas
composition is concerned, the increase of CO is not as pronounced as with the ze-
olitic catalysts and CO2 is in general slightly higher with the mesoporous materi-
als, thus indicating a relative enhancement of the decarboxylation mechanism,
still decarbonylation being the prominent one. Methane was produced to similar
values as those for zeolites, but mesoporous materials were not selective toward
light alkenes (i.e., ethylene and propylene), as these are typical intermediates/
products of cracking reactions over zeolites with relatively strong acidity.

With regard to the composition of the organic phase of bio-oil (Figure 5.8), all the
pure silica mesoporous materials were inactive toward monoaromatics and PAHs for-
mation, as it was expected being nonacidic. On the other hand, all the mesoporous
aluminosilicates produced some monoaromatics and PAHs, with the more selective to-
ward monoaromatics being γ-Al2O3 (~14% of GC-MS chromatogram area). It is interest-
ing to note that only the ZSM-5 zeolites (with Si/Al ratio of 25 and 40) were more
selective toward monoaromatics (~33% of GC-MS chromatogram area), whereas all the
rest of the zeolites exhibited similar or even lower selectivity toward these compounds
compared to the mesoporous aluminosilicates. Acids and ketones were in general re-
duced by the mesoporous aluminosilicates (except some cases), while phenolics were
at similar levels or increased with respect to the noncatalytic experiment, in accor-
dance with previous works [68].

The oxygen content of the organic phase of the bio-oil is well correlated with the
organic fraction yield for all the mesoporous materials tested (Figure 5.9), in accor-
dance with the behavior of zeolitic catalysts, with the exception of γ-Al2O3 which
deviated from the mean curve (almost linear) and resulted in more pronounced deox-
ygenation of bio-oil. This result can be also related with the unexpected (since it con-
tains only Lewis acid sites) high selectivity of γ-Al2O3 toward monoaromatics.

5.2.4.3 Catalytic fast pyrolysis (CFP) of biomass over hierarchical zeolites

The results for the hierarchical micro/meso/macroporous zeolites (third group of
Table 5.2) are shown in Table 5.5 and in Figures 5.10–5.13. The catalysts tested com-
prised of two mesoporous ZSM-5 zeolites with intracrystal mesopores with an average
size of 2.2 nm and 5.2 nm, respectively, one nanosized crystalline ZSM-5 zeolite with
high external area, and one partially crystalline (only 3% crystallinity) ZSM-5-based
material also exhibiting relatively small particles and high external area. For compari-
son reasons, the highly active ZSM-5(40) zeolite was also included, but being evalu-
ated at lower catalyst/biomass mass ratio (1/5) compared to the experiments presented
in Section 5.2.4.1 (1/3). The catalyst/biomass ratio was kept relatively lower for all
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Table 5.5: Product yields for the catalytic pyrolysis of beech wood (wt.% on dry biomass) over
hybrid micro/mesoporous zeolite materials.

Bio-oil Water Organic
fraction

Solids Gases CO CO CH C= C= Total
C–C

Silica Sand . . . . . . . . . . .

ZSM- (dil.)() . . . . . . . . . . .

ZSM- () . . . . . . . . . . .

MesoZSM-
(.)

. . . . . . . . . . .

MesoZSM-
(.)

. . . . . . . . . . .

ZSM- (nano) . . . . . . . . . . .

ZSM- (% cr.) . . . . . . . . . . .

(1)The amount of catalysts tested was 0.3 g, except of ZSM-5(dil.) that was 0.5 g.H2 yields were
<0.1 wt.%; ethane yields were ~0.2 wt.% and propane yields were <0.1 wt.%; solids: unconverted
biomass and char, plus reaction coke for the catalytic experiments.

Figure 5.10: Composition analysis (% GC-MS peak area) of the bio-oil organic phase produced from
the catalytic pyrolysis of beech wood over hybrid micro/mesoporous zeolite materials.
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catalysts in this set of experiments, in order to mediate the conversion of bio-oil and
detect any possible effects of meso/macroporosity of the hierarchical ZSM-5 zeolites,
taking into account the three hierarchical ZSM-5 zeolites and the conventional ZSM-5
(40) zeolite have similar acidic properties. Indeed, all three crystalline hierarchical
ZSM-5 zeolites, the two mesoporous with intracrystal mesopores and the nanosized
sample, exhibited significantly higher conversion of the organic phase of the bio-oil,
compared to the conventional ZSM-5 zeolite (Table 5.5), that is, from 37.5 wt.% in the
noncatalytic experiment to 23.2 wt.% with ZSM-5(40), 13.9 wt.% for MesoZSM-5(2.2),
12.0 wt.% for MesoZSM-5(5.2) and 13.5 wt.% for ZSM-5(nano). It appears that both the
higher accessibility of the internal acid sites provided by the intracrystal mesopores as
well as the higher abundance of external sites due to high external area can facilitate
the conversion of dimer/oligomer intermediates in the biomass pyrolysis vapors, com-
pared to the conventional microporous ZSM-5 zeolite. Water (in bio-oil), gases and sol-
ids (due to coke on catalyst) with the hierarchical zeolites follow the classical
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increasing trend as for microporous ZSM-5 zeolites. However, a closer look at the data
of Tables 5.3 and 5.5 reveals that the three hierarchical zeolites have a higher tendency
to form coke compared to the conventional ZMS-5(40) zeolite. For example, even at
pronounced conversion level of bio-oil (i.e., 5.5 wt.% organic phase) with ZSM-5(40),
the solid products were only 26.5 wt.% (Table 5.3), while at moderate conversion of
bio-oil (~ 12–14 wt.% organic phase) with the hierarchical zeolites, the solid products
were much higher, that is, 26.6 – 28.9 wt.% (Table 5.5). The partially/low crystallinity
ZSM-5-based sample exhibited limited reactivity in converting bio-oil, even lower than
that of the diluted/equilibrium ZSM-5(dil.) catalyst, due to its very low acidity, despite
its high external area.
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With regard to gas composition, the hierarchical ZSM-5 zeolites led to a signifi-
cant increase of CO, compared to the noncatalytic experiment, with minor increase
of CO2, similar to the behavior of the conventional ZSM-5(40) zeolite. On the other
hand, they were not so selective toward light alkenes (ethylene and propylene) but
favored C4–C6 production (compare data of Tables 5.3 and 5.5 for ZSM-5 zeolites, at
similar yield of organic phase of bio-oil). The analysis of the organic phase of bio-
oils showed that the three hierarchical zeolites induced higher formation of mono-
aromatics compared to ZSM-5(40). However, it should be noted that the degree of
bio-oil deoxygenation/conversion is almost double with the former zeolites. At simi-
lar yields of organic bio-oil, that is, ~14 wt.% with ZSM-5(25), the concentration of
monoaromatics for the conventional ZSM-5 zeolite was about 30%, compared to
that of the hierarchical zeolites, for example, ~ 20% (compare data between
Tables 5.3 and 5.5, and between Figures 5.6 and 5.10). Interestingly, PAHs were al-
most half (~10%) with the hierarchical zeolites, at similar bio-oil yield, possibly due
to the enhanced condensation and polymerization reactions on these zeolites to-
ward the formation of coke. The concentration of phenolics was not affected by hi-
erarchical zeolites, while the highest selectivity to phenolics was provided by the
two low acidity samples, that is, ZSM-5(dil.) and ZSM-5(3% cr.).

A better overview of the effect of catalyst/biomass ratio and degree of organic
phase conversion on products yields and selectivity by the conventional microporous
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ZSM-5(40) zeolite and two mesoporous ZSM-5 zeolites, with 2.2 nm and 4.4 nm intra-
crystal mesopores (similar sample to the one with 5.2 nm mesopores), can be seen in
Figures 5.11 and 5.12. The trends in product yield changes with increasing cat/biomass
ratio are similar for both ZSM-5(40) and the mesoporous ZSM-5(4.4), with a clear differ-
ence in the yield of coke-on-catalyst, which is by ca. 5 wt.% higher with the mesopo-
rous zeolite (Figure 5.11). Furthermore, it can be seen (Figure 5.12) that the coke
formation tendency for the mesoporous ZSM-5(2.2) zeolite, with the smaller mesopores,
is similar (slightly higher) with that of the microporous ZSM-5(40) zeolite. An interest-
ing observation is that the coke formation of MesoZSM-5(4.4) decreases as catalyst
loading increases (i.e., at lower yields of organic bio-oil), indicating that a part of coke-
on-catalyst at low conversion degrees could be attributed to sorbed/trapped biomass
pyrolysis oligomers within the mesopores and not to reaction coke formed via aromari-
zation and condensation reactions. As far as the selectivity toward monoaromatics is
concerned, it can be seen that at moderate organic bio-oil yields it is similar for ZSM-5
(40) and MesoZSM-5(2.2) but increases in favor of the former zeolite at lower yields
(Figure 5.12), that is, increased degrees of bio-oil conversion, due probably to their
further condensation toward coke over the mesoporous zeolite. For this reason,
MesoZSM-5(4.4) with the larger mesopores is less selective toward monoaromatics over
the whole range of organic bio-oil yield.

Similar to all the conventional zeolites and most of the amorphous mesoporous
aluminosilicates, the correlation of oxygen content of the organic phase of bio-oil with
the yield of the organic phase for all the hierarchical zeolites, including the low acidity
ones, is depicted by an almost linear curve (Figure 5.13).

5.3 Conclusions and outlook

The catalytic biomass FP results presented in this chapter, having derived from a
systematic study of a wide range of conventional microporous zeolites, amorphous
mesoporous aluminosilicates and hierarchical micro/meso/macroporous zeolites,
under the same experimental conditions and reactor set up, verified the scattered
data available in the literature and further provided new insight and understanding
of the catalyst properties–performance relationships.

The microporous zeolites ZSM-5 and Beta were the most active in the in situ (i.e.,
single reactor, dual bed configuration) conversion of the organic fraction of bio-oil to-
ward water (in the bio-oil), gases and coke, with a significant effect of their Si/Al ratio.
However, due to the unique strong Brønsted acidity and tubular micropore structure of
ZSM-5, this zeolite was very selective toward monoaromatics (i.e., benzene, toluene,
xylene) in contrast to Beta zeolite that favored the formation of PAHs and coke on cata-
lyst, possibly due to its slightly bigger micropores and/or the presence of higher rela-
tive amount of Lewis acid sites (their effect on condensation–polymerization reactions
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of pyrolysis intermediates needs to be further investigated). A diluted/partially deacti-
vated ZSM-5 zeolite catalyst with reduced acidity, which may representative of the
equilibrium state of a continuous CFP process with alternating steps of pyrolysis and
regeneration, exhibited very low aromatization capability but provided high selectiv-
ity to phenolics. The rest of the typical microporous zeolites, that is, H-Y, USY,
Mordenite and Ferrierite, showed very low selectivity to monoaromatics and increased
concentration of phenolics. All microporous zeolites induced a significant increase in
the yields of CO compared to CO2, thus verifying that their enhanced deoxygenation
activity occurs mainly via decarbonylation (and dehydration due to the increased
water fraction) instead of decarboxylation, which is the most preferred pathway.
Zeolite ZSM-5 was also more selective toward the production of light alkenes (ethyl-
ene and propylene) compared to the rest of the zeolites, thus supporting the mecha-
nism of cyclization, dehydrogenation and aromatization of small alkenes on ZMS-5
toward monoaromatics, in addition to other proposed pathways, that is, via Diels–
Alder reactions between furans and alkenes.

Despite their weak acidity, being of Brønsted and Lewis type, all the amorphous-
ordered mesoporous aluminosilicates studied (e.g., Al-MCM-41, Al-SBA-15, Al-MSU-J)
exhibited remarkable activity for the conversion of organic bio-oil toward water, gases
and coke, at similar catalyst-to-biomass ratio as with the strongly acidic zeolites. The
highest reactivity was achieved by an Al-MCM-41 material, with very small particles
(nanoparticles), which, in addition to the typical intraparticle mesoporosity, possesses
high external area. Although they produced some monoaromatics, the mesoporous
aluminosilicates were highly selective toward phenolics. With regard to gas composi-
tion, CO increase was not as pronounced as with zeolites, and light alkenes (i.e., ethyl-
ene and propylene) were also reduced, thus verifying that these two effects are
associated with reaction pathways that are catalyzed only by strong zeolitic acidity.

It was clearly shown that hierarchical ZSM-5 zeolites, with relatively small in-
tracrystal mesopores (2.2 – 5.2 nm) prepared by direct templated hydrothermal syn-
thesis, as well as nanocrystalline ZSM-5 zeolite with high external area, were more
reactive than the most active conventional microporous zeolite ZSM-5(40), when
compared at relatively low catalyst-to-biomass ratio and moderate degrees of or-
ganic oil conversion. At these conditions, they were also much more selective to-
ward monoaromatics, thus verifying the beneficial role of meso/macropores in
ZSM-5. However, at increased degrees of organic bio-oil conversion, associated with
higher catalyst to biomass ratios, the microporous ZSM-5(40) was more selective to-
ward monoaromatics, as the hierarchical zeolites exhibited increased coke forma-
tion; this was especially true for the mesoporous ZSM-5 zeolite with the bigger
mesopores and the nano-sized zeolite.

Based on the literature review and the systematic comparative data provided in
this chapter, it is clear that biomass CFP with acidic micro/meso/macroporous ma-
terials can be effectively utilized for tuning the composition and properties of the
bio-oil, depending on its targeted final use. It can range from a bio-oil enriched
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with phenolics for use in relevant applications of polymers and resin production to
a highly deoxygenated and aromatic bio-oil for further use as BTX chemicals source
or as additive in aviation fuels. Alternatively, a mildly deoxygenated bio-oil by
using the appropriate acidic catalyst can serve as a bio-crude for the downstream
hydrodeoxygenation toward hydrocarbon fuels. However, in the case of high, al-
most complete deoxygenation, the yield of organic bio-oil is very low, not exceeding
ca. 5–10 wt.% of the initial dry biomass. This is inevitable if one considers that a
typical content of oxygen in lignocellulosic biomass is about 40–50 wt.% and that
deoxygenation pathways only via dehydration (and not via decarbonylation and de-
carboxylation) seem difficult to occur. It was shown that an almost linear correla-
tion exists between the oxygen content in the organic phase of bio-oil with the yield
of organic bio-oil, for all different acidic catalysts tested, with the exception of the
conventional microporous ZSM-5 zeolite with Si/Al of 40, which exhibited an en-
hanced deoxygenation activity compared to all the rest of the catalysts. With regard
to the latest developments on using hierarchical zeolites, careful control of the in-
tracrystal meso/macroporosity and the related acidity, that is, the acid sites located
on the meso/macropores surface, is of paramount importance for increasing con-
version of intermediate pyrolysis oligomers and production of monoaromatics and
for suppressing polymerization reactions and coke formation.
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6 Advances in the application of transition
metal phosphide catalysts for
hydrodeoxygenation reactions of bio-oil
from biomass pyrolysis

6.1 Introduction

Transition metal phosphides (TMPs) have a broad range of technological applications
[1, 2], partly due to the wide variety of structures and physicochemical properties ac-
cessible by combining phosphorus and a transition metal with different stoichiome-
tries. They are represented by the general formula MxPy and their compositions extend
from phosphorus-rich (x < y) to metal-rich (x > y) phosphides [1–11].

The ability of phosphorus to form homonuclear bonds as polyphosphide net-
works (only exceeded by carbon) offers infinite synthetical and structural possibili-
ties for phosphorus-rich TMPs [5, 6, 12], specially characterized by their properties as
semiconductors with small band gap [2]. However, the high reactivity of polyphos-
phides gives rise to low thermal and chemical stabilities, limiting the scope of their
applications, the most common of which is anode materials for Li-ion batteries [1].
On the contrary, TMPs with high metal/phosphorus ratios (≥1) possess a pronounced
metal–metal bonding, which provides them with intermediate properties between
oxides and metals [8]. Thus, they offer high chemical, thermal and mechanical sta-
bilities, as well as good heat and electrical conductivity [1, 2]. These properties make
them potentially suitable as solid catalysts [7–9], among other applications such as
coatings for corrosion or oxidation resistance and waterproof materials [13, 14]. With
respect to catalysis applications, transition metal-rich phosphides have been found
especially active in reactions involving the transference of hydrogen [3, 8, 9], which
along with their relatively high tolerance to sulfur and nitrogen convert these mate-
rials to unique hydrotreating catalysts [8, 9].

As part of hydroprocessing technology for oil refining, catalytic hydrotreating
processes, such as hydrogenation and hydrogenolysis reactions, use hydrogen to
remove unsaturated species and heteroatoms from oil components, respectively.

Hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) are the main hy-
drogenolysis reactions to remove sulfur and nitrogen, respectively. These are em-
ployed for crude-derived oils that are additionally upgraded with hydrogenation
reactions to reduce the content in aromatic compounds, the latter ones responsible
for CO2 emissions.
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Increasingly demanding restrictions in SOx, NOx and CO2 emissions from fuel
combustion, along with the progressively decreasing quality of fossil fuels as a con-
sequence of their depletion, are the most encouraging reasons behind seeking en-
hanced catalytic behaviors for these hydroprocessing reactions. One of the main
drawbacks is the deactivation of conventional catalysts induced by sulfur species
contained in the crude oils. Furthermore, for the specific case of HDS, the presence
of nitrogen compounds, as well as the main reaction product H2S itself, induces re-
action inhibition [7, 15]. In this sense, TMPs are found to be especially convenient
as they are active and stable under HDS conditions [7, 16].

On the other hand, hydrodeoxygenation (HDO) to remove oxygen content is the
most required hydroprocessing treatment to upgrade biomass-derived oils (bio-oils),
where the sulfur and nitrogen contents are negligible but the presence of oxygen-con-
taining compounds is considerably high (20–50 wt%) [17]. Bio-oil, also named as bio-
crude or pyrolysis oil, is obtained by thermal biomass decomposition in the absence of
oxygen [18]. This process is called pyrolysis and is considered the most promising ther-
mochemical method for direct liquefaction of biomass to produce liquid biofuels [19,
20]. Production of biofuels from biomass has attracted a special attention from both
industrial and research sectors over the last decades, among the number of alternative
energy sources approached as a response to the prospective threat of fossil fuels short-
age. The origin of fossil fuels, derived from organic material transformed by both bio-
logical and geological processes, is responsible for their exhaustible finite nature
which makes them unable to fulfill in perpetuity the increasing world energy demand.
Moreover, combustion processes of fossil fuels bring about pollution and unsustain-
able development, producing nowadays the majority of CO2 emissions in the Earth’s
atmosphere, which is responsible for global warming. On the contrary, biofuels are en-
ergy-enriched chemicals derived from organic materials exclusively obtained from bio-
logical processes. Hence, energy production by combustion of biofuels from plant-
derived biomass is considered to be carbon neutral, since the CO2 released is equiva-
lent to that captured by photosynthesis during the lifetime of the plant at issue.
Indeed, most of biomass energy actually originates from solar energy which is ab-
sorbed by plants to capture and transform CO2 into organic matter, being the only re-
newable energy source that is naturally and effectively stored. Accordingly, the biofuel
nature is inherent to their unique characteristics such as renewable energy source, bio-
degradable, low toxicity, diversity and with a location availability easy to control (un-
like the fossil fuels linkage to geopolitical instability), which can be potentially time
bound unlimited with the appropriate management [21–23]. Nevertheless, removing
the high oxygen content in bio-oils is essential to produce high-quality hydrocarbon
fuels, since the presence of oxygen-containing compounds provides nonvolatility, cor-
rosiveness, chemical and thermal instabilities, and a strong tendency to repolymerize
under air exposure [24].

In view of the exposed background, the aim of this chapter is to offer a compre-
hensive vision of the HDO reaction and representative catalytic systems addressed
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to upgrade bio-oils toward the biofuel status, with an emphasis on the most rele-
vant advances and insights obtained by employing ultimate transition metal-rich
phosphide catalysts.

6.2 Hydrodeoxygenation of bio-oils

In general, HDO is a hydrotreating process to remove oxygen, as a heteroatom con-
tained in organic compounds, by hydrogenolysis [25]. The reaction consists in the
cleavage of the bonds between the oxygen and the rest of the molecule by means of
molecular hydrogen, giving rise to the elimination of the oxygen heteroatom in the
form of water and the organic leftover reduced with hydrogen. Deoxygenation and
hydrogenation reactions might take place in separated steps, although the process
might be simplified in one-step reaction, as follows:

R2O+ 2H2 ! H2O+ 2RH (6:1)

Considering the nature of this process, HDO appears to be very convenient for the
production of biofuels. This is not only in terms of obtaining low oxygen content
mixtures of hydrocarbons, but also to reduce the amount of aromatic compounds.

Biofuels compatible with existing transportation fuels and thereby with current
combustion engines are the final aim of using biomass as a renewable energy re-
source. However, biomass consists of oxygen-rich compounds such as sugars or lip-
ids, among others. Consequently, the thermal decomposition of those precursors in
the absence of oxygen (pyrolysis) results in a mixture of oxygenated aromatic and
aliphatic compounds forming the corresponding derived bio-oil [26–28]. Although
removal of oxygen and aromaticity is essential to obtain suitable biofuels, the com-
plex composition of bio-oils makes their upgrading a challenge not only restricted
to HDO reactions. Indeed, HDO is just one from a set of catalytic methods employed
as a part of the upgrading process, including physical and other chemical methods
[26]. Those methods will not be discussed here. Notwithstanding, the concept gives
a clearer idea of bio-oil complexity which helps to explain that most of the HDO
studies use model compounds contained in bio-oils, rather than actual pyrolysis of
oil samples at lab scale [29, 30]. Phenol, guaiacol, anisole, 2-methyltetrahydrofuran
(2-MTHF) and dibenzofuran (DBF) are the bio-oil model molecules mostly employed
in HDO studies of TMPs (Figure 6.1).

The purpose consists in simplifying the system to allow better understanding of
HDO reaction networks and mechanisms, needed for the rational design of HDO
catalysts with predefined and enhanced catalytic behavior [31].

Model molecules for HDO studies are mostly selected as a representative for the
main active compounds responsible for the bio-oil instability. Aromatic compounds
have high energy density and represent almost about the 30% of bio-oil composition.
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From these, phenolic compounds are considered as the primary cause for the catalyst
deactivation by coke formation. Thus, phenol, anisole and guaiacol are the most
studied model molecules as a representative of aromatic monomers with simple
structure, methoxyl group or two kinds of C–O groups (hydroxyl and methoxyl), re-
spectively. On the other hand, phenolic dimers are especially selected as model aro-
matic dimers to investigate the cleavage of typical linkages in pyrolytic lignin, which
accounts 25–30 wt% of bio-oil as a water-insoluble fraction responsible for viscosity
in addition to instability [26, 32]. Finally, furans, carboxylic acids, alcohols and car-
bohydrates are also among the classes of model compounds selected as common
products in biomass pyrolysis [26].

6.3 Conventional catalysts for HDO

The nature of HDO is shared by HDS and HDN, all three hydrogenolysis reactions to
remove oxygen, sulfur and nitrogen heteroatoms, respectively, from organic com-
pounds. These reactions are part of the catalytic hydrotreating process convention-
ally used for crude oil refining. However, due to the meaningless oxygen content in
fossil-derived oils compared with that of sulfur and nitrogen, HDS and HDN have
been by far much more studied than HDO during the fossil fuels pioneer age. Later,
when the interest in bio-oils started up, accompanied by the need for reducing their
oxygen content, HDO began to get relevance.
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Figure 6.1: Chemical structure of the most studied bio-oil
model molecules.
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It is coherent that conventional hydrotreating catalysts for crude oil refining,
mostly studied in HDS and HDN reactions, were the first ones to be investigated for
HDO upgrading of bio-oils derived from biomass pyrolysis. Among these catalysts,
transition metal sulfide systems have been the most effective in petroleum refining and
the first ones employed in upgrading pyrolysis of bio-oil [15, 29, 33]. Actually, phenol,
guaiacol, 2,3-dihydrobenzofuran or anisole are among the main model molecules that
have been used for HDO studies on sulfide systems [26] (Figure 6.1). Especially relevant
are supported sulfide nickel–molybdenum or cobalt–molybdenum catalysts, using Mo
as an active component, and Co or Ni as a promoter [33–36]. In the case of Ni, the max-
imum synergy was observed at a Ni/(Mo + Ni) molar ratio of 0.3 [33].

With respect to the support, γ-Al2O3 was initially investigated, although studies
using CoMo sulfides supported on mesoporous silicates showed comparatively a
much higher catalytic activity [36]. Indeed, the catalytic performance of transition
metal sulfides was found to be strongly influenced by the support morphology,
among other properties. For CoMo sulfides, the most effective catalytic behavior
was displayed on the cubic mesoporous silica support SBA-16 [36]. Beyond CoMo
and NiMo systems, a number of sulfide catalysts suitable for the HDO of biomass-
derived oils have been investigated so far, most of which are discussed in a recent
review by Pawelec and Garcia Fierro [37]. In general, it is important to point out
that transition metal sulfide catalysts experience sulfur leaching during the HDO
reaction, causing severe carbon deposition on the catalyst surface. This fact, to-
gether with the negligible content of sulfur in bio-oil, demands the addition of a
sulfur source like H2S to the feed stream in order to keep the sulfide form and so the
catalytic activity. Nevertheless, prevention of coke deposition is still a challenge
limiting the use of these catalysts for HDO of bio-oils.

Nanostructured noble metals, such as Pt, Pd, Rh and Ru, represent another cat-
alytic system exhibiting, in general, high activity for hydrotreating pyrolysis oil by
HDO reactions [26, 38–43]. In particular Pt, Pd and Rh supported on zirconia have
been reported to present catalytic activities higher than conventional CoMo sulfides
supported on alumina [38], with the least carbon deposition observed for Rh, and
the highest activity achieved with Pd.

In general, regardless of the support, it is also important to highlight the capac-
ity of Pt on oxygen removal from pyrolysis oil, which is found to be more effective
than NiMo and CoMo sulfide catalysts under the same HDO conditions [26].

Beyond the pure metal, synergy effects have been reported in HDO reactions by
modifying the noble metal with phases of different nature. As a case in point, TiO2

was found to suppress the sintering of Pd nanoparticles supported on SiO2, as well as
to improve the deoxygenation activity for HDO of guaiacol as a model bio-oil mole-
cule [42]. Moreover, enhancement of H-spillover processes during HDO reactions on
the surface of Pd-based catalysts has been described by using solid acid supports
consisting of a mixture of alumina and the acid form of zeolite Y (HY) [43]. At this
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point, it must be reminded that HY is the classic example of a solid acid extensively
used as a catalyst in the crude oil industry since 1970 [44, 45]. In the same vein, en-
hanced HDO performance has been obtained using bifunctional catalysts combining
Pt and the acid form of Zeolite Beta (H-Beta) as an active support [39, 40].

On the other hand, nanostructured metallic systems based on a nonnoble
transition metal also present appropriate catalytic properties for upgrading bio-oil
by HDO hydrotreating reaction [18, 46–49]. Among the nonnoble transition metals
investigated, Ni has proved by far to provide the best catalytic performance,
which has been demonstrated to be radically affected by the nature and properties
of the support, as similarly observed for noble metals. In that sense, oxides appear
as the most adequate supports for metal Ni catalysts used in HDO of bio-oil model
molecules [18, 46, 47]. Especially good performance for HDO of phenol has been
reported on Ni using ZrO2 as a support. Comparatively, meaningless activity was
obtained with Ni supported on amorphous carbon (AC) at similar conditions [46].
However, a negative effect of carbonaceous supports on the HDO catalytic perfor-
mance of Ni cannot be generalized, since up to 100% conversion of a different
model molecule (guaiacol) has been reported using Ni supported on carbon nano-
tubes [49].

The oxide form of Ni has also been studied for HDO purposes [50]. In fact, ox-
ides, carbides and nitrides of transition metals, in general, have been investigated
as HDO catalysts, as well as phosphides that represent the main purpose of this
chapter and will be discussed next in a separated section.

Despite Ni oxides, Mo oxides have also been significantly assessed for HDO pur-
poses, alone or combined with other oxides [50, 51].

It is important to highlight the capability of transition metal carbides to exceed
the catalytic activity of Pt-group metals (PGMs) for hydrogenation and dehydrogena-
tion reactions [52]. Especially relevant are Mo and W carbides, which have been the
most studied for HDO reactions [17, 53]. Carbon from the carbide seems to induce an
enhancement in the surface reactivity of the transition metal, which at least in the
case of W and Mo has been reported to approach that displayed by PGMs [54].
Indeed, high conversion values have been reported for HDO of model bio-oil mole-
cules using W and Mo carbides [55–57]. However, formation of oxygenate species on
the catalyst surface has been claimed to substantially prevent hydrogenation, leading
to high selectivity toward aromatic compounds instead of forming the most conve-
nient saturated hydrocarbons. In that sense, W shows stronger oxygen affinity and
thus forms a stronger W–O bond when compared with Mo [57].

Regarding the interest in the nitrides of transition metals, it arises from their
bifunctionality created by the coexistence of acid and basic sites as a result of the
significant difference in the electronegativity between the nitrogen and the metal.
Although nitrides are scarcely studied, some interesting results, especially on Mo
nitride catalysts, can be found [58, 59].
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6.4 Transition metal phosphides for HDO

The product selectivity obtained with transition metal-rich phosphides in HDO re-
actions resembles that of conventional sulfidic catalysts. In fact, transition metal-
rich phosphides have structural aspects and properties in common with sulfide
forms, as well as with carbides and nitrides [15, 26, 60]. However, the phosphide
catalysts generally exhibit a catalytic activity higher than that found for equiva-
lent HDO reactions using transition metal sulfides, carbides or nitrides as cata-
lysts. Beyond the similarities shared by those transition metal-based compounds,
the phosphide systems have structural singularities, which bestow them unique
catalytic reactivity among other properties. On the one hand, unlike what hap-
pens in carbide and nitride structures, the comparatively larger size of the phos-
phorus atom does not allow an octahedral structure for the coordination of six
metal atoms around itself, but rather a trigonal prismatic coordination instead
(Figure 6.2). The latter structure favors more isolation for the nonmetallic atom,
which results in poor P–P interactions into a lattice where metal–metal lengths
are found within metallic and covalent bond ranges. Thus, metal-rich TMPs are
majorly governed by the arrangement of metal atoms, which can reach up to nine
metal ligands around the phosphorus in a tricapped trigonal prismatic coordina-
tion (Figure 6.2).

Metal–metal interactions gain increasingly relevance as the metal/phosphorus ratio
increases in the global lattice, leading to higher electron delocalization in the metal
sublattice of the phosphide. On the other hand, similar trigonal prismatic coordina-
tion is displayed as well by transition metal sulfides. Nevertheless, the triangular
prism units are arranged forming layers in sulfides, while in phosphides those
building blocks can grow in all directions forming three-dimensional structures
(Figure 6.3).

Octahedral Trigonal prismatic Tricapped trigonal prismatic

Figure 6.2: Three-dimensional representation of octahedral and trigonal prismatic geometries of
sixfold coordination, and tricapped trigonal prismatic of ninefold coordination.
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The versatile arrangement of triangular prism building blocks results in differ-
ent structures of TMPs with a large variety of metal–metal bonds. The surface expo-
sure of metal atoms is especially favored on TMP structures, as active corner and
edge sites, which allows greater access for the fluid phase reactants of the catalytic
reaction compared to other catalyst structures.

6.4.1 Nickel phosphide catalysts for HDO

In general, nickel phosphide catalysts, especially those based on Ni2P, have been
reported to be the monometallic TMP system presenting the best catalytic activities
and stability for HDO reactions in the valorization of lignocellulosic biomass [61, 62]
and the synthesis of green diesel [63–65]. The Ni2P system appears as the least af-
fected by changes in H2/feed ratio for HDO reactions compared to other TMPs under
equivalent reaction conditions [61]. These aspects have encouraged the major num-
ber of investigations on the application of TMPs in HDO reactions to focus in Ni2P
phase.

As already justifiably discussed, most of the HDO studies use model samples
consisting of only one type of bio-oil representative O-containing molecule.
Nevertheless, the effectivity for oxygen content reduction of actual bio-oil samples
over Ni2P-based catalysts has also been assessed [66–68]. In this respect, reduc-
tions of oxygen content to about half compared to the original levels in pyrolysis
bio-oil samples have been reported using Ni2P catalysts, with catalytic activities,
at moderate temperatures (300–350 °C) under atmospheric H2 pressure, exceeding
those of nanostructured metal-based catalysts such as Ni/SiO2 or Pd/C, and other
commercial catalysts for fluid catalytic cracking [68]. In that sense, the presence
of phosphorus in Ni–P catalysts has been confirmed to enhance the deoxygen-
ation activity over the cracking activity, the latter leading to lighter hydrocarbons.
Cracking activity is practically suppressed on Ni2P, while comparatively favored

Figure 6.3: Three-dimensional representations of general structures for TMP phases with a
phosphorus:metal stoichiometry of 1:1, displaying different trigonal prism arrangements.
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in nanostructured Ni metal catalysts [68, 69]. Beyond HDO and hydrogenation re-
actions, decarbonylation and hydrolysis have also been experimentally confirmed
to occur during bio-oil upgrading employing Ni2P-based catalysts [68].

Furthermore, the superior catalytic behavior of Ni2P phase has been related
to the intrinsic greater presence of P–OH species that is suggested to prevent
metal phase oxidation, in turn acting as Brønsted acid sites that can easily
react with O-containing species. Moreover, P–OH surface species can also act as
H-donors to carry out hydrogenation reactions [3, 8, 9], while spillover species
would be responsible for cleaning the surface of carbon deposits avoiding deac-
tivation. Anyway, slight deactivation gradually increasing with reaction time has
been observed by coke formation on the surface of SiO2-supported Ni2P catalysts
for HDO of real bio-oil streams [68].

In the same vein, greater amount of surface H-active species was found to be
responsible for the enhanced stability of bimetallic Ni1.8M0.2P-based catalysts pro-
moted with noble metals (M = Rh, Ru or Ir) and their catalytic activity in HDO reac-
tions [70]. HDO conversions of DBF obtained at 300 °C and 30 bar of H2 pressure are
comparatively displayed in Figure 6.4 for SiO2-supported catalysts based on pure
Ni2P, doped with noble metal and pure noble metals.
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Figure 6.4: Comparative HDO conversion of dibenzofuran on pure noble metal catalysts (right), and
pure Ni2P or doped with noble metals (left): Ni1.8M0.2P (M = Pt, Ru, Ir, Rh). All catalysts supported
on SiO2 with 5 wt% metal loading. Reaction temperature at 300 °C and 3 bar H2 pressure.
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The promoter effect of these noble metals seemed to favor a higher presence
of surface Ni sites, which is associated with an increase in Ni sites with square
pyramidal coordination on the catalyst surface [70]. At this point it should be
mentioned that there are two different Ni sites present in the structure of a Ni2P
phase (Figure 6.5), named as Ni(1) and Ni(2), with coordination number 4 in tetra-
hedral geometry and coordination number 5 in square pyramidal geometry, re-
spectively [71].

The catalytic activity for hydrogenation processes in Ni2P systems has been re-
ported to be strongly correlated with the surface density of Ni(2) sites [7, 72].
Surface Ni(2) sites are favored on decreasing the Ni2P crystallite size and are intrin-
sically linked to a greater presence of phosphorus on the surface due to the higher
coordination number of those sites compared with the tetrahedral geometry of Ni(1)
ones [7]. The outermost phosphorus is capable of forming P–OH surface groups,
which provide Brønsted acid sites able to activate O-containing compounds as well
as surface hydrogen species that help to minimize deactivation by coke formation
[73]. Further, the presence of hydrogen on the surface of TMPs is also associated
with a higher resistance against catalyst deactivation by oxidation of the active
Ni2P phase [70].

Unlike the synergy found between the above-mentioned noble metals and
the Ni2P phase [70, 74], the doping with Pt under comparable conditions gave
rise to a drop in the Ni-surface exposure and consequently a poor HDO catalytic
activity was obtained [70]. The highest activity appeared for the Ni1.8Rh0.2P cata-
lyst with 88% HDO conversion at 225 °C could be increased to 99% at 300 °C,
while pure Ni2P or Rh catalysts showed 80% and 59%, respectively, for the latter
temperature [70].

As a case in point, smaller Ni2P clusters are reported to be formed on SiO2

compared with using ZrO2 and Al2O3 supports due to the stronger interaction be-
tween the phosphorus precursor and an acid support, requiring higher reduction

a
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2 1
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Figure 6.5: Unit cell of Ni2P structure with a couple of tetrahedral Ni(1) and square pyramidal Ni(2)
coordination, highlighted in green and blue, respectively.
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temperature [75]. The smaller Ni2P cluster leads to a higher activity in H-transfer
processes for the SiO2-supported catalysts [76]. Accordingly, although the initial
trend of intrinsic activity dependent on the support, measured for atmospheric
HDO of guaiacol as a model molecule, was Ni2P/SiO2 < Ni2P/Al2O3 < Ni2P/ZrO2,
after the first hour of onstream reaction, the situation turned over. Henceforth,
the higher activity was obtained on the Ni2P/SiO2 catalyst which was suggested to
be due to a low coke accumulation on the SiO2-supported catalysts, as well as to a
better maintenance of a fully phosphide state favored by a phosphorus excess
most likely acting as a reservoir for replenishment of the Ni2P active phase.
Despite the value of absolute catalytic activity, the influence of the support on the
catalyst performance of the active phase has proved to exhibit an important role
in the HDO pathway, significantly influencing the selectivity. Thus, depending on
the properties of the support, different reaction pathways are favored, conse-
quently providing distinct distribution of products [76, 77]. As a representative ex-
ample, it is worth to mention the formation of benzene as a major product in HDO
of the model molecule anisole using Ce2O as Ni2P support. The high selectivity to
the aromatic product was related to the support-induced electron enrichment of
Niδ+ surface sites that favored the easy desorption of the deoxygenated product
(benzene) once formed over the active phase surface. Unlikely, the addition of
Ti2O to obtain a mixed Ti2O–Ce2O substrate used to support Ni2P, triggered the
shrink for the electron density of Ni surface sites, which together with the espe-
cially acidic functionality of the support, promoted benzene hydrogenation to
give rise to the corresponding saturated alkane cyclohexane as a major product.
Regardless of these differences, both substrates were demonstrated to provide the
adsorption sites for anisole molecules, thus improving the catalytic performance
compared with unsupported Ni2P catalysts [77]. Different reaction routes were
also reported to be favored in HDO of guaiacol using Ni2P supported on ZrO2,
Al2O3 or SiO2 [76]. Among them, SiO2 was found to promote the most desired direct
deoxygenation. Considering the additional advantages discussed earlier, it is not
a coincidence that Si2O is used as a support by default in most of the studies on
the parameters influencing the HDO catalytic performance of Ni2P. Nevertheless,
substrates other than Si2O have been reported to present additional benefits for
the HDO catalytic behavior of Ni2P, for example, using ZSM-5 as support was
proved to provide removal of oxygen with higher oil yield compared with SiO2

under equivalent reaction conditions [68]. Additionally, the nature of the model
bio-oil molecule must be also taken into account to consider the eventual effect of
the support. As a case in point, deoxygenation of m-cresol was described to be
enhanced on Ni2P using zirconia as a support compared with silica, due to a more
favored adsorption undergone by m-cresol over the oxophilic Zr3+/Zr4+ sites [78].

The dispersion of the Ni2P catalyst on the SiO2 has also been reported by Hsu
and Lin [79]. They pointed out that the use of mesoporous silica as SBA-15 increases
the dispersion of the Ni2P particles in comparison with a fumed silica, which is
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directly related to the catalytic activity in the HDO of 4-methylguaiacol [79]. In this
way, the incorporation of citric acid in the synthetic step generates an internal com-
plex with the Ni2+ species, which favors the dispersion of the metallic species after
their calcination and subsequent reduction [80].

The effect of employing phosphate, phosphite or even hypophosphite species
as phosphorus precursors on the catalytic activity of resulting SiO2-supported Ni2P
catalysts has been studied in detail [81, 82]. The standard phosphate method used
Ni(II) nitrate and (NH4)2HPO4, while Ni(OH)2 and H3PO3 were employed for the
phosphite method. Selectivity and turnover frequency did not change regardless of
the method. However, the total conversion was higher for the catalyst derived from
the phosphate, while the opposite was found for the conversion to HDO products,
with an 81% versus the 85% reached on the phosphite-derived catalyst, at 275 °C
and 1 atm. Moreover, the catalysts obtained from the phosphite showed around
23% higher surface area (ca. 220 m2 g−1) and required a reduction temperature of
30 °C below that of the corresponding phosphate-derived ones.

Employing the improved method based on phosphite precursor, the effect of Ni
loading (from 2.5 to 10 wt%) in SiO2-supported Ni2P catalysts as well as the influ-
ence of the nominal P/Ni ratio in the synthesis for a constant intermediate load of
Ni (5 wt%), were studied for HDO of DBF [83]. Increasingly Ni loadings brought
about an enhanced HDO conversion until the sample with 7.5 wt% from which
higher Ni content led to lower catalytic activity. However, the HDO of the furfural
requires higher active phase content, obtaining the highest conversion values when
the Ni2P-based catalyst displays a 15 wt% of Ni. This is attributed to the fact that
furfural molecule is highly reactive and tends to form higher proportion of carbona-
ceous deposits, which causes a severe deactivation of the catalyst along the time
onstream [84].

The presence of phosphorus species in the nickel phosphide catalysts causes a
drastic decrease in the specific surface area and in the pore volume [83–85].
However, the surface density of acid sites (Brønsted and Lewis), considered as the
active sites for hydrogenolysis and hydrogenation processes in HDO reaction [86],
increased either with greater Ni loadings or higher P/Ni synthesis ratios. These re-
sults were consistent with previous works (Table 6.1), assigning the presence of
acid sites in the final catalysts to either phosphate or phosphite species incom-
pletely reduced [87, 88] or Ni species undergoing high electron transfer to phospho-
rus [86].

On the other hand, better dispersion of the active Ni2P phase, with smaller parti-
cle size, was induced by lower Ni loading on the SiO2 support, as well as by excess of
phosphorus in synthesis, that is, high P/Ni ratios. Indeed, a phosphorus excess has
been reported to favor the formation of the Ni(HPO3H)2 precursor for the Ni2P active
phase formation. Furthermore, while the SiO2-supported Ni2P catalyst prepared with
P/Ni molar ratio of 1 undergoes a gradual deactivation from the second hour during
the HDO test, those prepared with phosphorus excess (P/Ni ratios of 2–3) displayed
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high stability with no deactivation for the time tested (12 h) at 300 °C below
4·104 ppm of reactant feed concentration.

It is important to consider that deactivation of the active Ni2P phase, by means of
surface oxidation, has also been reported to be induced by water, inherently present
in bio-oils and also a by-product in their HDO reactions [29, 30, 86]. In that sense, a
very recent research has shown that Ni2P phase becomes unstable during HDO of
phenolic compounds in aqueous phase under reaction conditions where the water is
mainly present in gaseous state [89]. Thus, on increasing the temperature under reac-
tion conditions, unsupported Ni2P underwent gradual decomposition into a mixture
of Ni5P2 and Ni12P5 structures through the intermediate formation of an amorphous
phase. Prompt access to increasing reaction temperatures favored further surface oxi-
dation and consequent partial formation of Ni(PO3)2 phase. An absolute structural
collapse into a mixture of Ni5P2, Ni12P5 and Ni(PO3)2 phases was reached after
270 min of HDO at 350 °C, which resulted in a complete loss of HDO activity. On the
contrary, proper gradual access to increasing reaction temperatures was proved to
mitigate surface oxidation of nickel phosphides, inducing a major formation of Ni3P
structure at expenses of Ni5P2 and Ni12P5 phases. In addition to be stable under such
reaction conditions, the Ni3P bulk catalyst displayed high catalytic activity for aque-
ous HDO of phenol providing approximately 97% conversion with 80% selectivity to
HDO product (mainly cyclohexane) at 350 °C. Ni3P was also successfully tested for
aqueous HDO of catechol and o-cresol, with approximately 100% and 86% conver-
sion, and approximately 90% and 70% selectivity to HDO products, respectively, at
350 °C. Furthermore, the effectivity of Ni3P for HDO reaction in organic phase (instead
of aqueous) was also proven reaching approximately 100% selectivity to HDO prod-
ucts for HDO of o-cresol in decalin at near 100% conversion versus the 20% conver-
sion obtained for Ni2P under analogous conditions [89].

Table 6.1: Representative studies on parameters affecting HDO performance of SiO2-supported Ni
phosphide catalysts.

Catalyst Parameter Conditions XHDO (%) M.P.S (%) Ref.Model
molecule

T (°C) PH (bar)

NiP
a Phosphate -MTHF   % Pentane (%) []

NiP Phosphite -MTHF   % Pentane (%)

NiP
b Ni load (.%) DBF   % Bicyclohexane (%) []

NiP Ni load (.%) DBF   % Bicyclohexane (%)

NiP
c PGM promoter DBF   % HHDBF (%) []

(Ni.Rh.)P DBF   % BCH (%)

iNiP
d H Pressure Guaiacol   % Benzene (%) []

iNiP Guaiacol   % Cyclohexane (%)

aGHSV = 8,000 h−1; bWHSV = 32 h−1, cNi load 5%, LHSV = 6 h−1, dNi load 5.6%, LHSV = 2 h−1.
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6.4.2 Co, Fe, Mo and W phosphide catalysts for HDO

Cobalt, iron, molybdenum and tungsten are the main transition metals other than
Ni that form phosphides worth to mention as investigated catalysts for HDO of bio-
oils. In general, these catalysts show lower catalytic activity in HDO reactions com-
pared with Ni-based catalysts. Nevertheless, it must be pointed out that quantitative
comparison of the catalytic activity between HDO catalysts is not straightforward,
due to the strong influence, as a result of many factors that are not kept constant
between the different studies. Among these factors is the large number of model
molecules, with even different nature, that can be used, or the different and com-
plex composition when comparing actual bio-oil samples. Other important parame-
ters are the active phase support, already discussed above, or the H2 pressure
employed in the catalytic studies, which can be found varying within a large range,
from atmospheric pressure up to 90 bar. Moreover, the contact time has been
proven to strongly influence either the catalytic conversion or the distribution of
products, with even a different trend depending on the TMP employed as catalysts
[61, 81, 90]. These are just some of the most representative factors affecting the cata-
lytic behavior, which might present, in turn, interdependencies between them.
Most of the times it is not possible to find the impact of a certain parameter studied
for all of the main TMP catalysts. That is not the case for the effect of the phospho-
rus source employed to synthesize the corresponding TMP, which has been re-
ported for at least all the transition metals discussed in this work [81]. Thus, with
exception of Co and W, the synthesis method employing phosphite precursor (phos-
phorus acid reactant) enhances HDO conversion of a model bio-oil molecule (2-MTHF)
over the final TMP catalysts (for Ni, Mo and Fe), compared with the method from phos-
phate precursor (ammonium phosphate reactant). Regardless of the phosphorus pre-
cursor, all these TMP catalysts displayed higher HDO conversion than a commercial
Al2O3-supported Pd catalyst [81].

The P/metal molar ratio introduced in synthesis of TMPs is another parameter
commonly studied, which despite of Ni (already discussed earlier) can also be
found for Fe and Co [91, 92]. For the case of Fe, different stoichiometries of the
final silica-supported iron phosphide, Fe2P, FeP and FeP2, were obtained as set-
ting the initial P/Fe molar ratio to 0.5–1, 2 and 3, respectively. The particle size
and dispersion, as well as the metallic surface exposure and acidity increased
when decreasing the P/Fe ratio, accordingly correlated with the trend displayed
for the HDO conversion of phenol used as model molecule: Fe2P > FeP > FeP2 [91].
On the contrary, the silica-supported Co2P phase was reported as the less active in
HDO of phenol (ca. 20% at 300 °C) compared with CoP2 and CoP phases, both
achieving close to 100% conversion [92]. In this case, the common trend for Ni
and Fe was inverted, and HDO was improved by increasing the amount of P into
the phosphide structure, that is, by decreasing the metallic character of the phos-
phide (Figure 6.6).
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On the other hand, several authors have synthesized bimetallic phosphide-based
catalysts. Among them, the isomorphic substitution of small proportions of Niδ+ spe-
cies by Feδ+ species has caused an improvement of the turnover frequency in the HDO
of methyltetrahydrofuran [93] and phenol [73], which is in agreement with those re-
ported by other authors for HDS reaction [72, 94]. In the same way, NiMoP-based cata-
lysts [86, 95] have been tested in HDO reaction considering the excellent catalytic
behavior of the nickel phosphide and the high dispersion of the MoP catalysts [62, 81].

6.5 Conclusions

In the last decade, TMPs have emerged as an active phase in hydrotreating reac-
tions, and specially in HDO reaction, as an alternative to the traditional catalysts
such as metal sulfides or nanostructured noble metals, which are highly susceptible
to be oxidized along the catalytic process or display low availability and high cost,
respectively.

The highly hydrogenating character of the TMPs together with its resistance to
the deactivation by modification of the active phase or the coke deposition are among
the main qualities supporting the large potential of TMP catalysts for HDO of bio-oils.
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Figure 6.6: Comparative HDO conversion of phenol on Fe and Co TMP series of catalysts consisting
of phases with different P/M stoichiometric ratio. All catalysts supported on SiO2 with 5 wt% metal
loading (Co) or 15 wt% (Fe). Reaction temperature at 300 °C and H2 pressure of 30 and 15 bar, for
Co and Ni catalysts, respectively.
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In spite of the high activity and stability that TMPs have shown in the HDO re-
action, several goals are required to obtain more sustainable catalysts. In this
sense, the most available and so inexpensive transition metal, that is, iron, has
hardly been studied in their phosphide phases for the HDO reaction. Thus, the sci-
entific community must develop effective iron phosphide phases to reduce the cost
on an industrial scale. On the other hand, nowadays, most of the research is carried
out for the HDO reaction of target molecules, which is far from reality. Thus, the
main efforts should be focused on the use of bio-oils as feed or the use of bifunc-
tional catalysts that allow to integrate several catalytic processes in only one step.
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7 Bio-waste and petroleum fractions
coprocessing to fuels

7.1 Introduction

The coprocessing of renewable bio-wastes or solid biomass and fossil resources is a
highly promising way to protect the environment by decreasing the net CO2 emis-
sions. Concretely, petroleum is a fossil resource, which is found in many unstable
territories; the increasing demand and the production of contaminants and green-
house gases forced its coprocessing with other renewable resources [1]. Thus, the co-
processing will not only help to protect the environment but also to improve the
energy strategy in countries with less petroleum, thus lending a hand for supplying
enough feedstock to meet the worldwide crude oil demands [2–5]. In addition, copro-
cessing can be considered as a moderate and an effective way to step-by-step trans-
form a society based on petroleum fuels (and chemicals) to a society based on
renewable fuels, thereby avoiding radical changes such as stopping the production
of petroleum and to use only renewable fuels which are not, by the moment, in
enough amounts for a world which, now a days, is completely dependent of petro-
leum. Moreover, coprocessing the second-generation biofuels instead of the first-
generation biofuels is an advantage. First-generation biofuels cannot be considered
as feedstock for the coprocessing because it implies the processing in refinery of pe-
troleum fraction and a second feedstock together. Furthermore, some disadvantages
of the using of first-generation biofuels, such as the freezing point or the low energy
density due to its oxygen content, favored the catalytic hydroprocessing of bio-based
feedstocks in refineries (Figure 7.1) and so the industrial coprocessing [6].

Bio-waste sources can be easily found and can be used directly (lipids [1, 7],
biomass) or indirectly (bio-oils from the pyrolysis of biomass [1], Fisher Tropsch
paraffins from biomass [8], hydrogen and biogas from biomass or refinery waste
sludge [9]) for the coprocessing in refineries. The most common bio-waste source is
the triglycerides-based materials such as used cooking oils, which have been widely
studied and industrially used for the green diesel production – these processes
being the characteristic technology of oil refineries for by-products utilization [7].
Petroleum fractions used are mostly gas oil fractions [1], which are mainly used for
obtaining diesel or gasoline fractions after the hydrotreatment/hydrocracking of the
feedstock. Moreover, heavy oils such as vacuum residue mixed with biomass or
nonedible triglycerides were also studied [10, 11]. Furthermore, light cycle oil
(which is not a petroleum fraction but a commonly used secondary product from
the fluid catalytic cracking) or kerosene fraction has been coprocessed with trigly-
cerides [12], with the aim of obtaining diesel fuels.
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Some important reviews were written about this topic [1, 13–17], about biofuels
in general [13], coprocessing of renewable feeds in general [6], hydroprocessing of
biomass-derived oils [14], biomass direct uses [15] and hydrocracking of biomass-
derived oils and bio-oils [16] by fluid catalytic cracking [17]. Therefore, this chapter
is centered at the use of wastes from biological origin.

7.2 Types of bio-waste and petroleum fractions
for coprocessing

Nonedible lipids and low-value biomass can be considered as wastes, which are
used as feedstocks for the coprocessing in refineries. Bio-oils are obtained from the
biomass and so they can be selected indirectly as bio-waste feed for the coprocess-
ing. Fisher Tropsch paraffins can be obtained from biomass and then they can be
used directly as an indirect waste-feedstock. The different types of bio-waste and
petroleum fractions used are discussed in the next sections.

7.2.1 Bio-wastes

7.2.1.1 Lipids

Waste bio-feedstock such as cooking or frying oils, animal fat and other residual
oils are being used for the production of transport fuels by coprocessing with petro-
leum fractions. Triglycerides are considered easy-to-convert feedstocks for second-
generation biofuels. Residual oils have to be purified to avoid food residues and

Figure 7.1: Feedstocks scheme for adding to different petroleum fractions.
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mechanical impurities, which could present a problem in flow systems, thereby dam-
aging pumps or blocking pipelines. Other inorganic impurities (including alkali and
alkaline earth metals) could also change the activity or to form inorganic solid depos-
its in the systems [5]. Animal fat can be used from the waste feedstock produced in
slaughterhouses and carcasses of livestock. Furthermore, a high amount of this feed-
stock is considered as nonusable for animal feeding (brown lard), so these materials
are being considered as cheap material for the production of green diesel [18–21].
However, the animal fat can entail some problems such as the metal and phospho-
rous contents, which could affect the catalytic activity during the processing with the
petroleum fraction [20]. Animal fats contain not only triglycerides but also a large
amount of free fatty acids, phosphorus, nitrogen and sulfur and, as for the residual
oils, alkali and alkaline earth metals that can affect the coprocessing activity [20].

7.2.1.2 Solid biomass, (to) bio-oils and (to) Fisher Tropsch paraffins

Normally a solid biomass cannot be used for refinery and due to that it cannot be
used in flow systems. However, it can be processed in batch reactor with the heavier
part (vacuum residue) of the petroleum [10]. Thus, the solid biomass is treated for
the production of bio-oils, which are liquids with a high amount of aromatic com-
pounds. Lignocellulosic biomass is an abundant and a low-cost resource. With fast
pyrolysis, a thermochemical process that is carried out at atmospheric pressure and
intermediate temperature (450–550 °C), the biomass can be converted to liquids
(bio-oils) with yields up to 80 wt.% [17] and then after purification (water, solid resi-
dues) it can be coprocessed in refinery. Fisher Tropsch paraffins (syncrude) feed-
stock is not a bio-waste, but it was obtained by two processes: (i) bio-waste
gasification and (ii) Fisher Tropsch process obtaining stable and nontoxic product
(see equations below) where 50 wt.% of this product can be distilled up to 360 °C.
(i) Bio-waste or low-value biomass gasification:

Að ÞC+H2O $ CO+H2

Bð ÞC+CO2 $ 2CO

Cð ÞCO+H2O $ H2 +CO2

Dð ÞCH4 +H2O $ CO+ 3H2

(ii) Fisher Tropsch process:

Eð ÞCO+ 2n+ 1ð Þ H2 ! CnH2n+ 2 + nH2O alkanesð Þ
Fð Þ nCO+ 2nH2 ! CnH2n + nH2O alkenesð Þ

Then, the light fractions of gasoline and diesel can be directly converted into clean
fuels. However, they will need to remove water-derived compounds previously,
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which are present in emulsion together with paraffins and other upgrading pro-
cesses such as the isomerization. They can be also coprocessed in refinery (they
present in their composition mainly waxes C24+, hot condensate (C12–C24) and cold
condensate (C5–C12) and aqueous products (water, carboxylic acids, alcohols and
dissolved paraffins)) [8, 22]. The distillation residues can be cracked to improve the
light fractions quantity. So, they can be used for coprocessing with heavy refinery
fractions, decreasing the sulfur content of the final product.

7.2.1.3 Biogas

Biogas is produced from anaerobic digestion through industrial waste such as sludge
for producing biogas rich in methane, which is usually used as fuel in refinery [9].
Another possibility for the gas rich in methane can be the methane reforming for ob-
taining hydrogen. However, this process can be considered as no-cost-efficient.

7.2.2 Petroleum fractions

Petroleum is a fossil fuel that was formed from the remains of plants and animals
that died millions of years ago. It is a complex mixture formed mainly by hydrocar-
bons, and when it is distilled under atmospheric or vacuum conditions in the refin-
ery, different distillation fractions are produced as known and published in many
articles, books and so on. In theory, all petroleum fractions could be used for copro-
cessing with bio-wastes. However, the most commonly used petroleum fractions are
vacuum gasoil, atmospheric gasoil (AGO) and also vacuum residue or the indirectly
produced light cycle oil [5, 23–26]. Vacuum gasoil is produced from the distillation
of the atmospheric residue from petroleum under vacuum conditions obtaining
light vacuum gasoil (C25–C35) and heavy vacuum gasoil (C30–C45), which contains
long paraffins, aromatics and other many compounds in lower amounts containing
sulfur, nitrogen and metals depending on the origin of petroleum. The AGO or
straight run gasoil is directly obtained by the distillation of petroleum under atmo-
spheric conditions with a boiling point of 250–350 °C containing mainly paraffins,
aromatics and other sulfur and nitrogen compounds in much lower amounts. The
final residue after atmospheric and vacuum distillation is the vacuum residue,
which is normally used for road construction or for consecutive hydrocracking pro-
cesses for obtaining lighter fractions that can be used for fuels and other com-
pounds. Light cycle oil is widely produced worldwide, resulting from the cracking
of vacuum distillates, atmospheric residues and other high boiling fractions from
the fluid catalytic cracking. It usually contains a high amount of polyaromatics and
sulfur and has high density, and so it has to be hydrotreated normally in coprocess-
ing with other oil fractions.
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7.3 The coprocessing

The coprocessing of bio-waste and petroleum fractions can be performed by many
different routes. The bio-wastes and petroleum fraction can be treated by cohydro-
processing and cohydrocracking. However, because the bio-oils were also treated in
literature [1, 14, 15] and they are not directly bio-waste but their products after the
pyrolysis of biomass, the topic development in this chapter was only dedicated for
direct bio-wastes, concretely for lipids, which were extensively studied as ideal bio-
feedstocks because of their chemical properties, fluid properties and boiling points.
Vacuum residue and solid biomass coprocessing was also studied using Calotropis
procera as petro-crop [10] by thermal cracking, showing an improvement on the
yield to lighter products.

7.3.1 Catalytic cohydroprocessing of bio-wastes with middle
distillates

The catalytic cohydroprocessing of bio-wastes (used cooking oil, animal fat, etc.)
with middle distillates in a hydrotreating unit is a promising route to obtain fuels at
industrial scale because environmental contaminant residues are eliminated, turn-
ing them into high-quality paraffinic biofuels compatible with the present-days
fuels [27]. In addition, the existing refinery infrastructures for hydrotreating could
be used for these purposes by assuming a significant reduction in the operative cost
or investment required to incorporate this technology into refineries. Several stud-
ies have been carried out about the coprocessing of bio-wastes at pilot plant scale,
both with heavy as light gasoils [5]. These results have demonstrated the technical
feasibility of this coprocessing, with the important conclusion that the coprocessing
of triglycerides (5–10 wt.%) does not produce a significant interaction in the normal
activity of the hydrotreating units. The conditions used in that cases were similar to
that used for obtaining pure hydrotreated vegetable oil, which is a biofuel formed
mainly by linear paraffins. It is obtained from the catalytic hydrotreatment of trigly-
cerides at high temperatures and pressures (300–400 °C, 70–80 bar) [18].

Different chemical reactions occur during the catalytic coprocessing of bio-wastes:
(i) the sulfur (HDS – hydrodesulfurization) and nitrogen (HDN – hydrodenitrogenation)
removal from the petroleum feedstock, which means the formation of hydrogen sulfide
or ammonia, respectively, and (ii) the oxygen removal from the triglycerides feedstock.
The deoxygenation reaction of triglycerides occurs following three parallel reactions:
hydrodeoxygenation (HDO), hydrodecarboxylation (HDC) and hydrodecarbonylation
(HDCn), in accordance with the mechanism proposed in Figure 7.2, widely described
and discussed in [28].

During the first part of the mechanism, the triglyceride molecule is completely
saturated by hydrogen, followed by hydrogenolysis of the structure, resulting in
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three molecules of free fatty acids and one molecule of propane. Then, the mecha-
nism continues according the following reactions pathways: HDO reaction, produc-
ing linear paraffins with even number of carbons (in general nC16 or nC18) and two
molecules of water; HDC reaction, resulting in linear paraffins with odd number of
carbons (nC15 or nC17) and one molecule of carbon dioxide and the HDCn reaction,
producing linear paraffins with odd number of carbons (analogous to HDC path-
way), as well as carbon monoxide and water molecules.

The catalyst selectivity during the triglycerides deoxygenation depends on
the operating conditions or catalysts used. In this way, high reaction tempera-
tures (> 350 °C) or high amount of triglycerides in the feedstock (> 10 wt.%) pro-
mote the HDC and HDCn reactions instead the HDO pathway [5]. This fact implies
less hydrogen consumption (6–9 molecules of H2 instead 12 per triglyceride mole-
cule deoxygenated), but higher production of light gases such as CO, CO2 and
propane. On the other hand, the catalysts with nickel or palladium promote the
HDC/HDCn reaction by the rupture of the C–C bonds [29], while the NiMo/Al2O3

and CoMo/Al2O3 catalysts promote the rupture of C–O bonds, promoting the HDO
reactions [30].

As previously commented, the main product of the triglycerides coprocessing is
the linear paraffins in the range of nC15 and nC18 (80–85 wt.%), which could be eas-
ily analyzed and determined in the desulfurized gasoil by a gas chromatography
(GC) analysis or mass spectrometry. These linear paraffins, with a similar boiling
point of diesel range, are incorporated to the desulfurized gasoil, increasing their
content in diesel range compounds. Figure 7.3 shows the derivative boiling point
distribution of different desulfurized gasoil produced during 0 and 20 wt.% of co-
processing of AGO with used frying oil (UFO).

When 20 wt.% of UFO was used for the coprocessing, a significant increment of
linear paraffins occurred, particularly the paraffins with 17 and 18 carbon atoms,
having a boiling point of 302 and 317 °C, respectively. This increment of the paraffin
content gave rise to a significant improve in some physical properties of the pro-
duced desulfurized gasoil, such as density at 15 °C or kinematic viscosity, which ex-
perimented a decrease due the lower density of these paraffins compared to the
other corresponding compounds of the standard desulfurized gasoil [31, 32]. In the

Figure 7.2: Reaction pathways proposed during triglycerides deoxygenation [28].
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same way, these alkanes have high cetane numbers, in the order of 95–105, which
lead to a significant increment of the inflammability or the cetane number of the
gasoil, producing a diesel with better ignition quality [14]. However, an increment
of paraffins content in desulfurized product could negatively affect their low-
temperature properties such as cold filter plugging point, cloud point or pour point,
due the high melting point of the linear paraffins. This effect has been widely de-
scribed in bibliography, which became significant in the case of bio-waste copro-
cessing of more than 10 wt.% [5, 18, 32]. Nevertheless, this effect could be fixed by
additives addition or blending application.

The commercial catalysts used for these processes are generally composed by a
support of alumina (Al2O3), with an active phase formed by a mixture of cobalt and
molybdenum oxides (CoMo/Al2O3) or nickel instead cobalt (NiMo/Al2O3) [33]. The
composition of this active phase depends on the reaction interested to catalyze. In
this sense, CoMo catalyst could be used when HDS high rate is required, and nickel
with molybdenum when HDN high rate is needed. Tungsten is chosen to promote
the hydrocracking reactions, with low activity in CoMo and NiMo catalysts. These
catalysts require a previous sulfidation of their metal oxides supported for obtain-
ing active metal sulfide sites.

The determination of the HDS/HDN rates during this stage is necessary to study
the effect of the triglycerides coprocessing over the activity of the catalysts. In this
sense, it has been demonstrated that during the coprocessing of bio-wastes with
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Figure 7.3: Derivative boiling point distribution of desulfurized gasoil produced during AGO and
AGO/UFO hydrotreatment [5].
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heavy gasoil [34, 35] or AGO [5], there is not a significant decrease of catalysts activ-
ity (HDS/HDN) in a range up to 20 wt.% over NiMo catalyst. This could be explained
by taking into account the fact that the catalyst presents enough actives centers to
allow both reactions (HDS/HDN and deoxygenation), without a mutual inhibition
by competing the actives centers of the catalyst [36].

However, when CoMo/Al2O3 is used, a decrease of its activity has been re-
ported, which could be due the negative effect of the by-products produced during
the coprocessing. An inhibition of CoMo catalyst was observed by the effect of mon-
oxide of carbon, gas produced during the HDCn reaction [37]. In the same way, a
decrease of the activity HDS/HDN was reported by the effect of the dioxide of car-
bon, produced in the HDC reaction [38]. No negative effects have been described for
water during coprocessing [39]. This fact could be due the partial blocking of active
centers or the partial reduction of the sulfide phase in the catalyst surface [40].
Thus, NiMo/Al2O3 conventional catalyst could be more attractive for bio-wastes co-
processing to reduce the possible effects derived from the addition of triglycerides
in the feedstock.

7.3.2 Analysis and evaluation results

To analyze the effects of bio-wastes addition in a hydrotreating process, it is neces-
sary to perform a blank run in the unit. This stage consists of a gasoil processing
using the same conditions as those used during the coprocessing. After reaching
the steady state, it is possible to start the coprocessing, which helps to determine
its effects over the catalyst activity (defined as HDS/HDN), as well as the physical
properties of desulfurized gasoil.

The complete conversion of the triglycerides in paraffins could be verified by
IR-ATR analysis [5]. The absence of specific peaks in the spectra of the liquid prod-
ucts (1,745–1,710 cm−1 for carbonyl functional group, 1,350–1,500 cm−1 for angular
deformation of CH2 and CH3 and 1,159 cm−1 for saturated acyl groups) can confirm
the total deoxygenation of the triglycerides.

7.3.2.1 Yields of products

The yield of the main reaction products, that is, HVO or paraffins, water and light
gases (CO, CO2 and C3H8) can be determined by the mass balances results during
the corresponding coprocessing stage, according to the following equation:

Product yield %ð Þ= Product formed gð Þ
triglycerides in feedstock gð Þ · 100
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where the “product formed” is refers to the amount of that reaction product formed
as a consequence of the triglycerides feedstock coprocessed. On the other hand, the
“triglycerides in the feedstock” correspond just to the amount of the bio-waste
(UCO, animal fat, etc.) used during the coprocessing.

7.3.2.2 Catalysts selectivity

Based on the results of GC analysis, the linear paraffins produced in the desulfur-
ized product could be quantitatively determined. According to this data, the cata-
lysts selectivity could be determined during the triglycerides deoxygenation using
the following equations:

HDO %½ �= nC16 + nC18

nC15 + nC16 + nC17 + nC18
· 100

HDC=HDCn %½ �= nC15 + nC17

nC15 + nC16 + nC17 + nC18
· 100

where nC16 + nC18 and nC15 + nC17 are referred as the linear paraffins formed
(wt.%) following the HDO pathway and HDC/HDCn reactions, respectively.
nC15 + nC16 + nC17 + nC18 is the total paraffins formed during the coprocess-
ing. If HDO ratio is higher than HDC/HDCn, it means that the catalyst, at the
operating conditions used, promote the HDO pathway, with a higher hydro-
gen consumption and water product as the main by-product.

7.3.2.3 Heteroatom removal

The catalyst activity can be analyzed by taking into account the HDS and HDN rates
of the catalyst. This is determined by considering the sulfur or nitrogen content in
the feedstock, the products, as well as the yield of the process, which is defined as
the relationship between the mass of desulfurized gasoil obtained and the corre-
sponding feedstock processed. Thus, the HDS activity of the catalyst can be calcu-
lated according to the following equation:

HDS %½ � ¼ S0 � Sp:η
� �� �

S0
· 100

where S0, Sp and ɳ represent the sulfur content of the feedstock, the sulfur content
of the liquid product (wt-ppm) and the process yield (%), respectively. Analogously,
the HDN activity can be determined according to the following equation:
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HDN %½ � ¼ N0 � Np:η
� �� �

N0
· 100

where N0 and Np represent the nitrogen content of the feedstock and the liquid
product (wt-ppm), respectively. A value close to 100% corresponds to the almost
removal rate of sulfur or nitrogen compounds of the petroleum feedstock used dur-
ing the coprocessing.

7.4 Conclusions and perspectives

Coprocessing is a necessary option for obtaining fuels for decreasing the net final
CO2 production and obtaining more environmental friendly final fuels. Bio-waste is
a good option because of its properties and compatibility of being directly used in
actual refineries, giving time for a progressive transformation from fossil to renew-
able fuels. Although many publications discuss about the great possibilities of
using these materials for the coprocessing, which is a ready-to-use technology, the
refineries are not yet massively using these feedstocks. Nevertheless, according to
European legislation [41] and new expected worldwide legislation about having
more renewable fuels, the industry will be obligated to use this available methodol-
ogy in the near future, and so the best way can be the direct use of the existent
refineries. Bio-waste is a very abundant resource that can be found directly at home
(UFO) or in industry-agriculture (lignocellulosic biomass), and that can be used di-
rectly or indirectly, i.e. to previously process it for obtaining mainly organic com-
pounds to be coprocessed in refinery. Thus, a balanced environment/economy/
legislation has to be taken into account for applying this procedure in the industry.
The most promising procedures are the coprocessing of waste-derived triglycerides
and bio-oils with middle distillates and the less studied procedures are the direct
use of solid bio-waste as petrocrops or other lignocellulosic materials, which unfor-
tunately result in a high amount of nonparaffinic compounds that can be a problem
in the processing for the industry. However, in those cases, the fast pyrolysis for
producing bio-oils, gasification, and so on are the available procedures for prepar-
ing such feeds for refinery.
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Backmatter

Since the beginning of time, societies have been using the resources that nature has
offered for their development. After decades of fast but unsustainable progress based
on the use of fossil resources, and also in order to face current environmental prob-
lems, a scientific effort emerges toward an exhaustive use of biomass and biowastes
produced worldwide from human activities, for the development of necessary renew-
able products (energy, chemicals and materials). This book addresses this issue, from
the use of new biomass resources to its transformation into products through new,
more sustainable and efficient processes.
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