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Catalytic Production of Liquid Hydrocarbon

Transportation Fuels

Juan Carlos Serrano-Ruiz and James A. Dumesic

Abstract Lignocellulosic biomass resources are abundant worldwide and have the

potential to displace petroleum in the production of liquid fuels for the transporta-

tion sector of our society. Bioethanol, the dominant biofuel used today, suffers

from low energy density and high solubility in water, properties that are undesir-

able for transportation fuels. The production, from lignocellulosic sources, of

liquid hydrocarbon fuels that are chemically similar to those currently used in

the transportation sector is a promising alternative to overcome the limitations of

bioethanol. The transformation of highly functionalized biomass into oxygen-free

liquid fuels can be carried out by gasification, pyrolysis, and aqueous-phase

processing, as outlined in this chapter, with particular emphasis on the catalytic

aspects of these processes.
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Ppm Parts per million

Syngas Synthesis gas

WGS Water–gas shift

2.1 Introduction

Fossil fuels (i.e., coal, natural gas, and petroleum) currently represent the primary

source of energy for our modern society. According to the most recent statistics

available, in 2008 these nonrenewable resources supplied about 85% of the total

energy consumed in the USA [1] and almost 80% of the energy produced in the

European Union [2]. This lower use of fossil fuels in the European Union is

compensated by more extensive use of nuclear energy, since renewable energy

accounted for the same fraction (8%) in both industrialized regions. The energy

produced by fossil fuels is unevenly distributed among the different sectors (i.e.,

residential, commercial, industrial, transportation, and electrical power) of society.

Thus, while coal supplies more than 50% of the energy for electricity production and

natural gas prevails in the residential and commercial sectors, petroleum accounts

for essentially all (96%) of the transportation energy [3]. On the other hand,

renewable sources supply less than 10% of the energy to any single sector, with the

transportation being the sector with the lowest contribution in this respect (2%). This

contribution is expected to increase rapidly within the next few years. Thus, according

to projections by the International Energy Agency, the world biofuel production will

increase from 1.9 million of barrels per day (mbd) in 2010 to 5.9 mbd by 2030, which

represents 6.3% of the world conventional fuel production [4].

The energy consumption data outlined above indicate that fossil fuels dominate

the current global energy system. However, there are several important issues

inherently associated with the usage of these nonrenewable resources. The first

concern is related with availability. Fossil fuel reserves are finite and the current

consumption rate increases yearly to meet the growing demand of industrialized

countries and rapid development of emerging economies. In this respect, the US

Energy Information Administration projects a 35% increase in the world energy

consumption over the next 20 years [4], and recent analyses of proven reserves

versus consumption rates indicate that oil, natural gas, and coal will be depleted

within the next 40, 60, and 120 years, respectively [5]. The second important issue

is environmental. The consumption of fossil fuels leads to net emissions of CO2 into

the atmosphere, contributing to global warming and the climatic issues [6]. Recent

studies show that the burning of fossil fuels for energy production is responsible

for 70% of the global warming problem [7]. The third important issue is derived

from the geographical distribution of fossil fuel reserves. It is estimated that 60%

of world proven oil reserves and 41% of natural gas supplies are situated in

Middle-East countries, whereas USA, Russia, and China monopolize the 60% of

the world recoverable coal reserves [4]. This uneven distribution of reserves can

lead to political, economic, and security issues worldwide.
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To address the above important concerns, governments, through aggressive

directives [8, 9], are stimulating society to use renewable sources of energy (e.g.,

solar, wind, hydroelectric, geothermal, and biomass) to progressively displace oil,

coal, and natural gas from the energy production system. Unlike fossil fuels,

renewable resources are abundant and well distributed around the world. Addition-

ally, they allow the development of zero-carbon or carbon-neutral technologies,

thus contributing to mitigation of global warming effects.

In the same way that fossil fuels have different contributions to the various

energy sectors of society, renewable technologies will also be implemented selec-

tively in society. Recent studies indicate that solar, wind, geothermal, and hydro-

electric power will be used to generate heat and electricity in stationary power

applications, allowing the eventual substitution of coal and natural gas [10, 11]. On

the other hand, biomass has been proposed as the only sustainable source of organic

carbon currently available on earth [12] and thus, this resource is best suited as a

potential substitute for petroleum for the production of fuels and chemicals [13, 14].

The petrochemical industry currently consumes a large fraction of the crude oil to

generate liquid hydrocarbon fuels, whereas a minor fraction is used for chemicals

production. Consequently, for biomass to effectively replace petroleum, new

technologies for the production of liquid fuels from this resource, the so-called

biofuels, are necessary. Unlike petroleum-based fuels, biofuels are conceptually

carbon neutral, since CO2 produced during fuel combustion is consumed by

subsequent biomass regrowth [15]. However, CO2 evolved during production and

transportation of the biofuel must also be taken into consideration. Additionally, the

large-scale production of biofuels can strengthen economies by reducing the

dependence on the strong fluctuations in the price of the oil [16] and by creating

new well-paid jobs in different sectors such as agricultural, forest management, and

oil industries [7].

The liquid biofuels used most widely today for transport are ethanol and

biodiesel. Ethanol is the predominant biomass-derived fuel at the present time,

accounting for 90% of the total biofuel usage [17]. It is produced by anaerobic

fermentation of corn and sugar cane-derived sugars, and only two countries (USA

and Brazil) are responsible for 90% of the world production. The fermentation

process produces a dilute aqueous solution of ethanol and thus, an expensive

energy-consuming distillation step is necessary to completely remove water from

the mixture. For ethanol to be used as a fuel in current spark ignition engines, only

low-concentration (5–15%) blends with gasoline (i.e., E5–E15) are tolerated, and

additional engine upgrades are required for ethanol-rich mixtures (E85). Utilization

of edible biomass for its production, high miscibility with water, and the lower

energy density compared to gasoline are also important limitations for the imple-

mentation of ethanol as a transportation fuel.

Biodiesel is a mixture of long-chain alkyl esters, typically derived from vegeta-

ble oils. It is produced by chemically combining the oil with an alcohol (such as

methanol) in the presence of a basic catalyst, in a process known as transesteri-

fication. Glycerol, in the form of concentrated aqueous solutions, is the primary

coproduct of biodiesel production and, as described below (Sect. 2.2.3), important
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catalytic routes for the upgrading of this waste stream have already been developed.

Similar to ethanol, biodiesel usage is currently limited to low-concentration blends

with conventional diesel fuel (B5, B20), since pure biodiesel (B100) can cause

rubber and other components in the engine or fuel lines to fail [17]. Additionally,

the need for fossil fuel-derived methanol has led to research for utilization of

renewable bioethanol as an esterification agent.

The transportation sector of society requires fuels that burn cleanly and have

high energy densities for efficient storage at ambient conditions. These criteria are

best fulfilled by petroleum-derived liquid hydrocarbon fuels, and infrastructure for

the use of these fuels (e.g., engines, fueling stations, distribution networks, petro-

chemical processes) is already developed for these molecules. The effective and

rapid implementation of ethanol and biodiesel has benefitted from this infrastruc-

ture, because these biofuels fit, although with several limitations, into the current

hydrocarbon-based transportation system. The main limitations of ethanol and

biodiesel alkyl esters as transportation fuels (e.g., need for low-concentration

blends, lower energy density, miscibility with water in the case of ethanol) are,

ultimately, derived from the different chemical composition of these molecules

compared to hydrocarbon fuels. Thus, instead of using biomass to produce

oxygenated fuels with new compositions, an attractive alternative to overcome

these limitations would be to utilize biomass to generate liquid fuels chemically

similar to those being used today, which are derived from oil [18]. When compared

with ethanol, the production of hydrocarbon fuels from biomass has many impor-

tant advantages, as outlined below:

(a) Compatibility with existing energy infrastructure. Renewable hydrocarbon

fuels would be essentially the same as those currently obtained from petroleum,

except that they are made from biomass. Therefore, it would not be necessary to

modify existing infrastructure for their implementation in the transportation

sector. Additionally, the processes for the production of hydrocarbon

biofuels could be coupled with the fuel production systems of existing and

well-developed petroleum refineries.

(b) High-heating value. The heating value (i.e., the heat released when a known

quantity of fuel is burned under specific conditions) is an important quality of a

fuel that finally determines the gas mileage of the vehicle. The oxygen content

of the fuel negatively affects this parameter. For example, ethanol has only 66%

of the heating value of gasoline and thus, cars running on ethanol-rich mixtures

like E85 get a 30% lower gas mileage [19]. Biomass-based hydrocarbon fuels,

in contrast, offer equivalent energy content and gas mileage performance to

fuels derived from petroleum.

(c) Hydrophobicity. Fuels that do not absorb water are highly desirable. The

addition of oxygenates to regular gasoline, however, increases the water

solubility of the mixture. In the case of ethanol/gasoline blends, water contami-

nation can trigger a phase separation of both components which is an important

concern especially in cooler climates. The hydrophobic character of biomass-

derived hydrocarbons eliminates this problem since these molecules are
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immiscible in water. Additionally, the ability of hydrocarbons to spontaneously

separate from water is also beneficial in that it eliminates the need for an

expensive energy-consuming distillation step required in the ethanol purifica-

tion process.

(d) Smaller reactors. The low energy density of biomass compared to fossil fuels is

an intrinsic constraint of this resource. Thus, to process it into energy and fuels,

a large amount of biomass will be required, leading to high cost (and probably

use of fossil fuels) for transporting it from the biomass source to the processing

location [20, 21]. Unlike ethanol, biomass-based hydrocarbon fuels can be

produced at high temperatures and using concentrated water solutions [13],

which allows for faster conversion reactions and smaller reactors. Thus, instead

of having large central processing locations such as those required for ethanol

production, these small units could be placed close to the biomass source,

thereby avoiding transport of biomass over long distances. It has been

suggested that this small-scale, geographically localized distribution of the

biofuels industry would additionally benefit rural economies and reduce the

vulnerability of infrastructure [15].

One of the main concerns when producing biofuels at large scale is the utiliza-

tion of edible biomass as feedstocks (e.g., sugars, starches, and vegetable oils).

Important moral and ethical questions arise because this practice creates a compe-

tition with food for land use. These issues have driven researchers around the world

to develop technologies to process nonedible biomass (lignocellulosic biomass),

thereby permitting sustainable production of a new generation of fuels (so-called

second generation of fuels) without affecting food supplies. In this respect, ligno-

cellulosic biomass is abundant [22] and can be grown faster and at lower price than

food crops [23]. Lignocellulosic biomass consists of three major components

(Fig. 2.1): cellulose, hemicellulose, and lignin [24, 25]. Cellulose is a linear

polymer of glucose, connected linearly by b-1,4-glycoside linkages, that typically
comprises about 40–50% of a given lignocellulosic source. As shown in Fig. 2.1,

this arrangement allows a high degree of hydrogen bonding between different

cellulose chains that confers this material with high stability and resistance to

chemical attack [26], high crystallinity, and low surface area. Unlike cellulose,

hemicellulose is amorphous and possesses a heterogeneous composition, since it is

formed by polymers of five different C5 and C6 sugars. It surrounds the cellulose

fibers and typically accounts for 20–30% of the total mass of a lignocellulose

source. Lignin is a complex three-dimensional polymer of propyl–phenol groups

bound together by ether and carbon–carbon bonds. It provides structural rigidity by

holding the fibers of polysaccharides together. It is typically found in woody

biomass and usually comprises 15–25% of lignocellulose depending on the source.

Two aspects currently limit the implementation of lignocellulose as a feedstock

for transportation fuels: recalcitrance and complexity. The structure of lignocellu-

lose, with lignin offering an extra protection to cellulose and hemicellulose, is

naturally designed to provide stability and resistance to external attack. In contrast,

edible biomass such as starch consists of glucose polymers with a linkages that
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make the polymer highly amorphous and, consequently, more readily deconstructed

into monomers [27]. This chemical structure of edible biomass allows simple and

economic processing to take place. For example, while corn-derived ethanol can be

generated at 0.6–0.8 $/liter of gasoline equivalent (lge), recent economic studies

indicate that the use of lignocellulose for ethanol production would increase the

cost to the level of 1.0$/lge [28]. Accordingly, research is being conducted world-

wide on how to decrease recalcitrance of lignocellulosic biomass [29–31] in order

to develop cost-competitive technologies for the generation of liquid fuels from

nonedible sources. This latter aspect has been identified by experts as the key

bottleneck for the large-scale implementation of lignocellulose-derived biofuel

industry [32].

The structural and chemical complexity of lignocellulosic biomass suggests that

a combination of different processes may be utilized to maximize yields. The most

promising methodology used today for biomass processing resembles that used for

oil in petroleum refineries, and involves the conversion of lignocellulosic

feedstocks into simpler fractions that are subsequently converted into a variety of

useful products. These transformations would be carried out in a facility, denoted as

a biorefinery, that integrates biomass conversion processes and equipment to

produce fuels, power, and chemicals from this resource [33–35]. Current

technologies for conversion of lignocellulosic biomass into liquid hydrocarbon

fuels involve three major primary routes: gasification, pyrolysis, and hydrolysis

(Fig. 2.2), and they are described in separate sections of this chapter. The first

technology (Sect. 2.2.1) allows biomass transformation into synthesis gas (syngas),
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Fig. 2.1 Structure of lignocellulosic biomass and their components. Adapted from [47]
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a valuable mixture of CO and H2 which serves as a precursor of liquid hydrocarbon

fuels. The second path (Sect. 2.2.2) converts solid biomass into a liquid fraction

known as bio-oil, which can be further upgraded to gasoline and diesel components.

Finally, the third route involves the hydrolysis of biomass to produce sugars and

valuable intermediates that, as described in Sect. 2.2.3, can be catalytically

processed in the aqueous phase to the full range of liquid hydrocarbon fuels

including gasoline, diesel, and jet fuels.

2.2 Catalytic Routes for the Production of Liquid Hydrocarbon

Transportation Fuels from Lignocellulosic Biomass

Solid biomass is converted by gasification and pyrolysis approaches to gas and

liquid fractions, respectively, which are subsequently upgraded to the final fuel

products. Gasification and pyrolysis are pure thermochemical routes, that is, bio-

mass decomposition is carried out by increasing temperature and/or pressure under

controlled atmosphere in the absence of catalysts, which are used downstream for

syngas and bio-oil upgrading processes. Aqueous-phase processing of biomass

derivatives, in contrast, involves a series of catalytic reactions to selectively convert

water-soluble sugars (or molecules derived from these sugars) into liquid hydrocar-

bon fuels. A previous lignocellulose pretreatment (to break the lignin protection)

and hydrolysis (to depolymerize cellulose and hemicellulose fractions) steps are

necessary to generate the aqueous feeds used in this approach.

Fig. 2.2 Schematic representation of the different routes for the conversion of lignocellulosic

biomass into liquid hydrocarbon transportation fuels
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2.2.1 Biomass to Liquids

The biomass to liquids (BTL) route refers, similar to coal to liquids (CTL) or gas to

liquids (GTL) technologies, to biomass conversion into liquid hydrocarbon fuels by

the integration of two different processes: biomass gasification to syngas (H2/CO)

and subsequent Fischer–Tropsch synthesis (FTS) to hydrocarbon fuels. Individu-

ally, both technologies are relatively well developed. Biomass gasification

resembles coal gasification, and FTS is an industrial process first developed in the

early 1900s and is used extensively in countries like South Africa to produce liquid

hydrocarbon fuels. The challenges of BTL arise when efficient integration of both

technologies is required. Thus, the utilization of biomass for the production of

syngas in substitution of classical feeds such as coal or natural gas introduces new

difficulties that are outlined in this section.

Gasification is defined as a thermal degradation in the presence of an externally

supplied oxygen-containing agent (e.g., air, steam, oxygen). By controlling the

reaction atmosphere, biomass can be partially combusted to produce a high-heating

value gaseous stream composed of CO, H2, CO2, CH4, and N2 (producer gas), or to

generate mixtures enriched in CO and H2 (syngas) [36]. While producer gas is

generated with air as the oxidizing agent and is typically combusted to produce

electricity and heat, syngas streams are produced when pure oxygen is used as the

oxidizing agent and these streams are preferred as chemical feedstocks for fuels and

chemicals. This latter route is the focus of this section.

Gasification of biomass to syngas is favored at high temperatures (e.g.,

1,100–1,300 K) because the decomposition of carbohydrates to CO and H2 is an

endothermic reaction [37]. However, at such harsh conditions the control over the

gas composition from the gasifier is difficult and depends on diverse factors such as

biomass source and particle size, gasification conditions, and gasifier design. As

indicated above, co-feeding oxygen below the stoichiometric regime allows

mixtures enriched in CO and H2 to be achieved by favoring partial oxidation

reactions [24]. Biomass particle size is also an important factor affecting both

gasification rate and gas stream composition. In order to maximize the amount of

syngas in the outlet, the particle size of feedstocks should be small enough (lower

than 1-mm diameter) for complete and efficient gasification to occur [38]. Regard-

ing the gasifier type, the patent literature contains a large variety of designs

depending on bed configurations (fixed or fluidized), feeding approaches (updraft,

downdraft, or direct entrained), working pressure (atmospheric or pressurized), and

heat supply (direct or indirect) [39]. Research indicates that direct air-blown

gasifiers operated at atmospheric pressure are not suitable for BTL applications

since the gas stream is obtained highly diluted in inert nitrogen. In contrast, direct

entrained gasifiers allow processing at high pressures (10–60 bars), high

temperatures (1,500–1,800 K), and short residence times, conditions that favor

syngas production [40].

The main issue when biomass gasification is integrated with FTS is the gas

cleaning between reactors. The gaseous stream obtained from the gasifier contains,
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apart from CO and H2, a number of contaminants that need to be removed before

reaching the Fischer–Tropsch unit, which is highly sensitive to impurities. Tars

(high molecular weight hydrocarbons produced by incomplete gasification of

biomass) represent the main issue in any gasification technology [39]. They con-

dense in the gasifier or in downstream processing equipment, causing blockages of

pipelines and troublesome operations. The amount of tar can be reduced by proper

choice of gasification conditions and reactor design [41], or by adding solid

catalysts based on Pt, Ru, and Ni in the gasifier to assist in the gasification of

heavy hydrocarbons [42–45]. Lignocellulosic biomass typically contains a variety

of minor components such as proteins rich in sulfur and inorganic materials based

on phosphorous, potassium, and halogens. Thus, the gas stream produced from

biomass gasification carries alkali, HCl, NH3, and volatile sulfur compounds that

can corrode turbines used for electricity generation or, in the case of BTL technol-

ogy, can poison the catalysts used in the Fischer–Tropsch downstream unit. Fur-

thermore, the gasification stream, especially when small particle size is used as a

feedstock, contains fine particles that can cause blockages and can clog filters.

For the reasons outlined above, BTL technologies must include a gas condition-

ing unit between the gasifier and the Fischer–Tropsch reactor. Sufficient gas

cleaning has been noted as a key point for the development of effective BTL

processes [46]. Because the cleaning includes a number of different contaminants

(tars, particles, chemicals, etc.) which have to be removed to the ppm level [21], this

unit typically comprises multiple steps and advanced technologies [47] that con-

tribute significantly to the complexity and cost of the BTL plant. Another require-

ment in the gas composition for the Fischer–Tropsch units is related to the CO/H2

molar ratio. Fischer–Tropsch processes to hydrocarbon fuels usually require syngas

with a H2/CO ratio close to 2 [48, 49], and, due to the high oxygen content of

biomass, typical streams delivered from this resource contain a H2/CO ratio of

about 0.5 [50]. This ratio can be adjusted via water–gas shift (WGS) reactions,

where CO reacts with steam to produce CO2 and H2:

COþ H2O ! CO2 þ H2 (2.1)

This adjustment can be carried out in an additional WGS reactor between the

gasifier and the Fischer–Tropsch unit or, alternatively, can be achieved without

additional reactors by co-feeding extra water along with the biomass in the gasifier.

This latter alternative, however, negatively affects the thermal efficiency of the

gasification process.

After the syngas has been cleaned and “shifted,” it is introduced into the FTS

reactor, the last unit of the BTL process. FTS is a well-known industrial process to

produce alkanes (CnHn) from syngas using Co-, Fe-, or Ru-based catalysts [49]:

COþ 2H2 ! ð1=nÞCnHn þ H2O (2.2)

The WGS reaction also takes place over Fischer–Tropsch catalysts (especially

those based on Fe) allowing the eventual adjustment of the H2/CO ratio in the same
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synthesis bed. One of the main limitations of Fischer–Tropsch technologies is the

lack of selectivity in the final alkane product, with broad distributions that can range

from C1 to C50. The Anderson–Schulz–Flory (ASF) polymerization model, which

governs the alkane chain growth probability, indicates that neither gasoline nor

diesel fuels can be produced selectively without generating a large amount of

undesired products [47]. In order to overcome this limitation, indirect routes

involving the initial production on heavy hydrocarbons (waxes) and subsequent

controlled hydrocracking of these heavy compounds to gasoline and diesel [51],

and utilization of active materials for cracking and isomerization such as ZSM-5 as

supports of Co and Fe catalysts to produce gasoline components [52] are currently

used for selective FTS reactions.

Current BTL activities are at research, development, and demonstration stages.

One small demonstration plant in the Netherlands to produce diesel fuel from

woody biomass [53], and a more recent plant to produce 15,000 tons per year of

liquid fuels from multiple lignocellulosic feedstocks in Germany [54] are the most

promising BTL projects at the present time. A challenge for the commercialization

of BTL technology is the cost of producing the fuel, negatively affected by the

complexity of the process. Thus, this route is only economical on the large scale,

requiring the use of large centralized facilities with the corresponding expense of

transporting the low energy density biomass. The coproduction, along with hydro-

carbon fuels, of higher value chemicals like methanol [55] and hydrogen [56, 57]

from biomass-derived syngas is an alternative to improve the economics of the BTL

process.

2.2.2 Biomass Pyrolysis Integrated with Upgrading Processes

When biomass is treated under inert atmosphere at temperatures ranging

648–800 K it forms gaseous products which condense, forming a dark viscous

liquid commonly known as bio-oil. This liquid consists of a complex mixture of

more than 400 highly oxygenated compounds, including acids, alcohols, aldehydes,

esters, ketones, aromatic compounds, polymeric carbohydrates, and lignin

fragments [58, 59]. The control over the final composition of the bio-oil is difficult,

since it is affected by a large number of factors such as feedstock type (wood,

agricultural wastes, forest wastes), reaction conditions (temperature, pressure,

residence time of vapors), reactor design, alkali content of feedstock, particle

size, and storage conditions [60]. In a typical pyrolysis process, bio-oil contains

about 25 wt% water (contributed by the water in the initial biomass feedstock and

from the conversion process) and 10 wt% of suspended char which is separated for

subsequent utilization of the bio-liquid.

Similar to gasification, a key advantage of pyrolysis is that it allows conversion

of all the organic matter in lignocellulosic biomass, including the highly resistant

lignin portion. Furthermore, a large fraction of biomass energy (up to 70%) is

retained in the bio-oil [47] allowing strategies to concentrate the energy of biomass
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in a liquid that can be more easily handled and transported. Unlike BTL, pyrolysis is

simple and only requires one single reactor, which favors cost-effective conversions

on small scale, allowing the use of small portable pyrolysis units easily distributed

close to the biomass source [15]. Thus, several small facilities (10–100 tons of

biomass per day) are currently in commercial operation in the USA, Canada, and

the Netherlands [61]. Bio-oils are currently used as boiler fuels for stationary power

and heat production, as well as for chemical production.

There are important barriers for the utilization of bio-oils as transportation fuels.

As indicated above, pyrolysis oils are complex mixtures of oxygenated compounds,

which confer this liquid with low energy density (typically 50% of conventional

hydrocarbon fuels), low volatility, and low stability, characteristics that are unde-

sirable for transportation liquid fuels. Additionally, their high acidity (pH � 2.5),

viscosity, and water content could cause storage and engine issues. Therefore, bio-

oils must be pretreated if they are to be used as transportation fuels. Thus, the main

routes for upgrading bio-oils are described in the next sections.

2.2.2.1 Hydrodeoxygenation

The pyrolysis process does not involve deep chemical transformations in the

feedstock and, consequently, the composition of the organic liquid resembles

that of biomass rather than hydrocarbon fuels. Therefore, in the same way as

petroleum feedstocks are refined to adjust their composition to that of conven-

tional fuels, bio-oils must be chemically transformed to provide these liquids with

characteristics of hydrocarbon fuels such as high energy density, volatility, and

thermal stability. These changes can be accomplished through more extensive

removal of oxygen, in contrast with removal of sulfur and nitrogen during refining

of petroleum. One of the possibilities to reduce the oxygen content in bio-oils

involves the utilization of hydrogen at elevated pressures and moderate

temperatures in a process called hydrodeoxygenation [62, 63]. The hydrogenation

of bio-oil components is typically carried out over sulfided CoMo- and

NiMo-based catalysts, which are widely used for sulfur and nitrogen removal in

the petrochemical industry. Precious metals like Pt and Ru have also been used for

this purpose, although their high cost and low tolerance to sulfur impurities

typically present in bio-oils are serious limitations for their commercial imple-

mentation. As a result of hydroprocessing, the oxygenated compounds in bio-oils

are completely reduced and oxygen is removed in the form of water, which

appears in the reactor as a separate phase. The resulting organic layer possesses

hydrocarbon-like properties such as low viscosity, high stability, and high heating

value required for fuel applications.

The hydrodeoxygenation of bio-oils has a number of drawbacks that must be

addressed to make the process economically feasible. First, hydrodeoxygenation

requires the consumption of high amounts of hydrogen, which is typically produced

from fossil fuels. This limitation could be overcome by developing strategies to

produce hydrogen from lignocellulosic biomass. In this approach, a fraction of the
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biomass would be utilized to produce renewable hydrogen, which would be

subsequently used for bio-oil deoxygenation. Several technologies for production

of hydrogen are currently available and could be utilized for hydrodeoxygenation,

including gasification-WGS routes (described in the previous section), steam

reforming of water-soluble fractions of bio-oils [64], and aqueous-phase reforming

(APR) of biomass-derived sugars [65, 66]. The second important issue of

hydrodeoxygenation is derived from the complex composition of the bio-liquid,

which includes a large number of compounds (e.g., acids, ketones, aldehydes,

alcohols, aromatics) with very different reactivities toward hydrogenation. One of

the challenges of this process is, thus, the control over the extent of hydrogenation.

The objective is selectively remove oxygen versus hydrogenation of aromatic

compounds (derived from lignin and useful as a gasoline components) to avoid

unnecessary hydrogen consumption. Finally, the use of high hydrogen pressures

(typically above 100 bars) for complete deoxygenation of bio-oils negatively

affects the economics of the process by increasing the operational costs.

2.2.2.2 Zeolite Upgrading

An alternative route to achieve deoxygenation of bio-oils without using hydrogen is

based on the catalytic cracking approach used in petroleum refining, and it involves

the processing of the bio-liquid over acidic zeolites at atmospheric pressure and

moderate temperatures [67–69]. As a result of this treatment, the oxygenates in

bio-oil are converted, with modest yields, into a mixture of aromatic and aliphatic

hydrocarbons, while oxygen is eliminated in the form of CO, CO2, and water

through a complicated set of reactions including dehydration, cracking, and aroma-

tization. The distribution of aromatic and aliphatic hydrocarbons obtained is a

function of the acidity and porous structure of the catalysts employed. Thus,

while H-ZSM5 maximizes the aromatic to aliphatic ratio, amorphous

silica–alumina achieves mostly aliphatic hydrocarbons. When compared with

hydrodeoxygenation, zeolite upgrading offers significant processing and economic

advantages, since no hydrogen is required and the reaction can be carried out at

atmospheric pressure and moderate temperatures (623–773 K). Importantly, these

temperatures are similar to those used in the production of bio-oil, which allows the

integration of pyrolysis and zeolite upgrading in a single reactor [70]. The useful-

ness of zeolite upgrading is limited by two important aspects: the poor hydrocarbon

yield and deactivation issues. The low hydrocarbon yield is caused by the large

fraction of the organic carbon present in the bio-liquid (40–60 wt%) that is lost to

the gas phase (in the form of light olefins, CO, and CO2) and is deposited over the

zeolite as coke. This coke deposition produces deactivation of the catalyst, although

the initial activity can be recovered by burning off the carbonaceous material.

Additionally, irreversible deactivation is observed, because zeolite structures

undergo de-alumination at the water contents typically found in bio-oils and

produced in situ through dehydration reactions.
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2.2.2.3 Ketonization of Bio-oils

The main challenge associated with bio-oil upgrading is to achieve efficient deox-

ygenation while minimizing the consumption of hydrogen. In particular, the use of

hydrogen during bio-oil upgrading allows clean processing without excessive coke

formation, but, at the same time, its high cost increases the expense of the process.

On the other hand, bio-oils typically contain a significant quantity (up to 30 wt%) of

carboxylic acids [71], which provides these liquids with high acidity and corrosive-

ness. Furthermore, the high reactivity of acids leads to instability of the bio-oil.

These undesired properties, along with the high amount of hydrogen consumed by

carboxylic acids during hydrodeoxygenation to hydrocarbons, suggest that it would

be desirable to develop techniques for effective removal of acidity from bio-oils. In

this respect, an interesting route to process the acidic fraction of bio-oils without

utilizing hydrogen involves catalytic ketonic decarboxylation or ketonization [72].

By means of this reaction, two molecules of carboxylic acids are condensed into a

larger ketone (2n�1 carbon atoms) with the release of stoichiometric amounts of

CO2 and water:

2CH3ðCH2ÞnCOOH ! CH3ðCH2ÞnCO(CH2ÞnCH3 þ CO2 þ H2O (2.3)

This reaction is typically catalyzed by inorganic oxides such as CeO2, TiO2,

Al2O3, and ZrO2 at moderate temperatures (573–773 K) and atmospheric pressure

[73, 74]. Ketonization could find application for catalytic upgrading of bio-oils for

several reasons. First, carboxylic acids present in the bio-oil can be selectively

removed [75] (without affecting the rest of compounds) and transformed into a

more hydrophobic, larger ketone at temperatures and pressures typically used in

pyrolysis. Second, this transformation takes place with the simultaneous reduction

of the oxygen content of the acid (in the form of water and CO2) and without using

hydrogen. Consequently, a pretreatment of the bio-oil over a ketonization bed could

serve to reduce acidity and oxygen content, thereby reducing hydrogen consump-

tion and leaving bio-oil more amenable for subsequent hydrodeoxygenation

processing. Third, ketonization can be also applied to other compounds typically

present in bio-oils like esters [76, 77], which are formed by reaction between acids

and alcohols [78]. Finally, unlike zeolite upgrading, this reaction can be efficiently

performed in the presence of moderate amounts of water [79], as typically found in

bio-oils.

2.2.3 Aqueous-Phase Processing of Biomass Derivatives

As outlined earlier in this chapter, lignocellulosic biomass is composed of three

units: cellulose, hemicellulose, and lignin. The first two units are polymers of C5

and C6 sugars which can be deconstructed by enzymatic or acid hydrolysis to yield
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aqueous solutions of carbohydrates. However, to allow efficient depolymerization

of cellulose and hemicellulose, the lignin protection must be previously broken or

weakened. Several approaches, including chemical and physical treatments, have

been developed for this purpose [29], and the effects of these pretreatments on the

morphology and structure of biomass have been recently studied [31].

The aqueous solution of carbohydrates obtained after hydrolysis can then serve

as a feedstock for the production of fuels like ethanol or, alternatively, can be used

to produce a set of useful chemical derivatives through chemical and biological

routes [80]. As outlined in this section, sugars, as well as some important chemicals

derived from them, can also be catalytically processed in the aqueous phase to

produce liquid alkanes chemically similar to those currently used in the transportation

sector. Unlike the other two major routes for the conversion of lignocellulosic

biomass to hydrocarbon fuels (i.e., gasification and pyrolysis), the aqueous-phase

processing of biomass-derived compounds is carried out at mild temperatures, which

potentially allows for better control of the catalytic chemistry and, with it, the

possibility of achieving specific and well-defined liquid hydrocarbon fuels from

biomass with high yields. However, the biomass must be previously treated to

prepare the aqueous feeds for subsequent catalytic processing and, lignin fraction,

once separated, cannot be utilized in this route. These factors represent disadvantages

with respect to gasification and pyrolysis, which are designed to operate with raw

biomass feedstocks including cellulose, hemicellulose, and lignin components.

Unlike petroleum feedstocks, biomass derivatives contain a high level of func-

tionality (e.g., –OH, –C¼O and –COOH groups). This chemical composition

clearly determines the catalytic strategies used to upgrade these biomass-derived

molecules into liquid hydrocarbon fuels. On one hand, the high oxygen content of

these biomolecules has two important consequences: these molecules possess high

chemical reactivity (with a natural tendency to decompose with temperature) and, in

view of their high solubility in water, they will be typically be obtained from

biomass in the form of aqueous solutions. These characteristics suggest that aque-

ous-phase processing at mild temperatures could be an effective approach for the

catalytic treatment of these resources. Unfortunately, the chemical composition of

the biomass derivatives, which is quite different from that of the targeted compounds

(e.g., liquid alkanes), necessitates deep chemical transformations that typically

require multiple processing steps. Consequently, various types of reactions are

required, including dehydration, isomerization, C–C coupling, reforming, hydrogen-

ation, and hydrogenolysis. Some of these reactions are especially useful to achieve

the requisite deoxygenation of the biomass derivative (e.g., dehydration,

hydrogenation, and hydrogenolysis) whereas other reactions (e.g., those of C–C

coupling) allow adjustments in the molecular weight of the final hydrocarbon fuel.

Some of the most relevant biomass-derived molecules are discussed in the next

subsections. They have been selected in view of their potential to produce liquid

hydrocarbon fuels by means of aqueous-phase catalytic processing. Glycerol

(Sect. 2.2.3.1) was selected because, as indicated in the Introduction, it is a waste

stream of the important and growing biodiesel industry which, in addition, can be

produced by bacterial fermentation of sugars [81]. Hydroxymethylfurfural (HMF)
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is an important product of the dehydration of glucose and fructose, and it has been

extensively studied as important intermediate for production of polymers [80],

solvents [82], and fuel additives [83]. As outlined in Sect. 2.2.3.2, HMF can also

serve as a platform molecule for the production of liquid hydrocarbon fuels suitable

for diesel and jet fuel applications. Instead of using sugars to produce secondary

products like glycerol and HMF, these molecules can be used directly as feeds for

the production of liquid hydrocarbon fuels through a two-step cascade catalytic

approach involving reforming and C–C coupling reactions. This important route,

which allows flexible production of hydrocarbon fuels with different compositions

for gasoline, diesel, and jet fuel, is the focus of Sect. 2.2.3.3. Deoxygenation of

biomass to hydrocarbon fuels is a complicated process that should ideally be carried

out with minimal utilization of external hydrogen to make the bio-process econom-

ically feasible and cost competitive with current petroleum-based technologies

[84]. Thus, the development of catalytic routes for the production of hydrocarbon

fuels from biomass without (or with minimal) hydrogen consumption is highly

desirable, and recent advances in this respect are described in Sect. 2.2.3.4.

2.2.3.1 Glycerol Conversion Integrated with Fischer–Tropsch Synthesis

Glycerol (1,2,3-propanetriol) is a high boiling point (563 K), water-soluble hygro-

scopic compound. Glycerol contains three hydroxyl groups which are responsible

for its physical properties and, additionally, provide this molecule with high

versatility and high chemical reactivity. Thus, oxidation [85], dehydration [86,

87], reduction [88], hydrogenolysis [89, 90], acetalization [91], and etherification

[92] reactions can be performed over this molecule to produce valuable chemicals.

Since the development of the biodiesel industry, the upgrading of glycerol into

useful products has caught the attention of researchers around the world [88]. The

reason for this interest is that significant amounts of glycerol (e.g., 100 kg of glycerol

per ton of biodiesel [93]), in the form of concentrated aqueous solutions, are

produced daily in biodiesel facilities and will be available in the market. Addition-

ally, glycerol can also be obtained as a by-product of the conversion of lignocellu-

lose into ethanol, which is expected to be an important industry in the near future

[94]. Even though glycerol currently has a large number of applications in varied

fields such as cosmetics, pharmaceuticals, foods, and drinks, the overproduction of

biodiesel-derived glycerol exceeds the current demand of this compound for chemi-

cal production and, thus, new technologies for the large-scale usage of this feedstock

will be required. The current production of glycerol has currently reached a plateau

due to competition with food production, although the expected growth of biodiesel

production levels both in Europe and in the USwill stimulate researchers to find new

applications for crude glycerol. One of the possibilities for large-scale consumption

of glycerol would be to utilize glycerol as fuel for the transportation sector. Unfor-

tunately, unlike ethanol, glycerol cannot be directly added to conventional fuels due

to its low solubility in hydrocarbons. Additionally, the high viscosity and instability

(at high temperatures) of this compound strongly discourage its use as an additive in
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combustion engines. Therefore, glycerol must be chemically transformed (e.g.,

deoxygenated) to adjust its properties to those of liquid hydrocarbon fuels. In this

respect, a promising route for glycerol conversion involves the production of syngas

through APR processes [95]:

C3O3H8 ! 3COþ 4H2 (2.4)

This reaction is typically carried out over platinum catalysts due to the ability of

this metal to achieve C–C breaking reactions (leading to CO, H2, and CO2) versus

C–O breaking reactions (leading to light hydrocarbons) [65, 96]. To selectively

produce syngas, WGS processes [reaction (2.1)] must be avoided, for example, by

using inert materials (e.g., carbon) as a catalyst support instead of using oxide

supports that can activate water [95]. A combination of chemical inertness (which

prevents acid-catalyzed polymerization reactions from occurring) and hydro-

phobicity (which provides stability under water environments) are probably respon-

sible for the good stability of carbon catalysts in the aqueous-phase processing of

glycerol to syngas.

The glycerol-derived syngas can subsequently be used for the production of

liquid hydrocarbon fuels and/or chemicals by means of Fischer–Tropsch and

methanol syntheses, respectively. This new route would represent an interesting

alternative for BTL (Sect. 2.2.1) that would overcome many of the limitations of

this complex technology in the production of liquid alkanes from renewable

resources, as outlined below:

(a) In contrast to the high temperatures required for biomass gasification

(1,100–1,300 K), glycerol reforming is typically carried out under relatively

mild temperatures (498–620 K). These temperatures are within the range

employed for FTS [reaction (2.2)] and, consequently, efficient combination of

both processes is possible in a single reactor [97].

(b) Concentrated aqueous solutions of glycerol (as produced in biodiesel facilities)

can be reformed in a single reactor and, thus, there is no need for large biomass

gasifiers and oxygen-production plants required for BTL.Additionally, the syngas

obtained is undiluted and free of impurities, which decreases the capital costs

associated with the expensive gas-cleaning unit (Sect. 2.2.1). Consequently, this

route allows cost-competitive operations at small scale which is, as outlined in

Sect. 2.2.2, advantageous for the processing of distributed biomass resources.

(c) FTS processes suffer from low thermal efficiency [98]. The coupling of the

endothermic glycerol processing to syngas with the exothermic FTS

processing, as shown in reaction (2.5) for the case of octane, result in an

energy-efficient route for the production of liquid hydrocarbon transportation

fuels from a renewable resource.

C3O3H8 ! 7

25
C8H18 þ 19

25
CO2 þ 37

25
H2O (2.5)
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2.2.3.2 Dehydration of Sugars: HMF and Furfural Platforms

to Hydrocarbon Fuels

Biomass-derived sugars, obtained from cellulose, hemicellulose, or starches, can be

dehydrated to form furan compounds such as furfural and HMF. These molecules

have a large number of applications as chemical intermediates in the production of

industrial solvents, polymers, and fuel additives. While industrial production of

furfural, based on acid-catalyzed dehydration of C5 sugars, is well developed [99],

HMF generation on large scales is currently limited by the lack of cost-effective

technologies, and two main challenges remain in this respect. The first challenge

deals with the development of processes for effective production of HMF directly

from glucose. In particular, current technologies require a glucose isomerization

step to fructose, because dehydration of fructose to HMF takes place with better

selectivity and higher rates [100, 101]. The second important issue is related to the

control over unwanted side reactions involving the reactant, intermediates, and the

final HMF product. In this latter case, the use of biphasic reactors has shown

promising results, where fructose is dehydrated to HMF in the aqueous phase and

the HMF is subsequently extracted by an organic solvent to avoid further degrada-

tion reactions [102].
Apart from the applications noted above, furfural and HMF form the building

blocks for the production of liquid hydrocarbon transportation fuels from biomass-

derived carbohydrates by means of a cascade process involving dehydration,

hydrogenation, and aldol-condensation reactions [103, 104] (Fig. 2.3). The multi-

step process starts with acid hydrolysis of polysaccharides such as cellulose,

hemicellulose, and starch to produce monosaccharides such as glucose, fructose,

and xylose. These sugars can be further dehydrated in the same acid environment to

form carbonyl-containing furan compounds such as furfural and HMF. In a

subsequent step, these furfural compounds can be converted into larger molecules

through aldol-condensation reactions with carbonyl-containing molecules such as

acetone. Condensation reactions are typically carried out at low temperatures in

polar solvents like water, and are catalyzed by basic solids such as Mg–Al oxides or

homogenous base catalysts such as NaOH. The aldol adducts formed contain a

higher number of carbon atoms and unsaturated C¼C bonds and, consequently,

these compounds display low solubility in water and precipitate out of the aqueous

phase. Alternatively, the aldol condensation can be carried out in a biphasic reactor

where furfural compounds (previously extracted in an organic solvent such as THF)

are contacted with an aqueous phase containing NaOH [104]. This process

represents an improvement, since the aldol adducts are extracted in situ into the

organic phase. Interestingly, the aldol adducts can undergo a second condensation

with initial furfural compounds thereby allowing the production of larger molecules

(Fig. 2.3). The third step of the process involves the hydrogenation of the C¼C and

C¼O bonds of the aldol adducts in the presence of a metal (typically Pd), thereby

increasing the solubility and making large water-soluble organic compounds.

Interestingly, aldol condensation and subsequent hydrogenation steps can be

carried out in a single reactor by using a bifunctional (metal and basic sites) and
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water-stable Pd/MgO–ZrO2 catalyst [105]. In the last step, hydrogenated aldol

adducts are converted into liquid alkanes through aqueous-phase dehydration/

hydrogenation (APD/H) reactions [106]. This process achieves oxygen removal

from the water-soluble adduct by means of continuous cycles of dehydration

and hydrogenation reactions over a bifunctional catalyst (Pt–SiO2–Al2O3)

containing metal and acid sites. This last step is carried out in a four-phase reactor

containing an aqueous solution of adducts, a hydrogen gas inlet stream, a

hexadecane sweep stream, and the solid catalyst [103]. As oxygen is removed

from the hydrogenated adducts in the form of water, they become more hydropho-

bic and the hexadecane sweep stream assists the removal of these species from

the catalysts surface avoiding overreaction to coke. A recent improvement in the

ADP/H step allowed elimination of the hexadecane sweep stream by using water-

stable bifunctional Pt/NbPO4 catalysts [104], in which the niobium-based support

presents superior dehydration activity and stability properties under water

environments [107]. As a result of this improvement, the final products, liquid

hydrocarbon fuels with targeted molecular weights (C9–C15 for HMF and

C8–C13 for furfural), are obtained in the form of a pure organic stream that

spontaneously separates from water and retains about 60% of the carbon of the

initial sugar feed.

Fig. 2.3 Reaction pathways for the conversion of biomass-derived glucose into liquid alkanes via

HMF. Adapted from [103]
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2.2.3.3 Reforming/Reduction of Sugars Over Pt–Re Catalysts

Biomass-derived carbohydrates (obtained from cellulose and hemicellulose) are

typically C5 or C6 molecules with a high oxygen content (C:O stoichiometry of

1:1). This chemical composition contrasts with that of transportation fuels, which

are larger (e.g., C5–C12 for gasoline, C9–C16 for jet fuel, and C10–C20 for diesel

applications) and do not contain oxygen. Consequently, the production of liquid

hydrocarbon fuels from biomass-derived carbohydrates must involve reactions for

oxygen removal (e.g., C–O hydrogenolysis, dehydration, hydrogenation) combined

with C–C bond formation steps (e.g., aldol condensation, ketonization, oligomeri-

zation) to increase molecular weight. To ensure economic feasibility of the process,

this deep chemical transformation should ideally be carried out (a) with minimum

use of hydrogen from an external source and (b) with a limited number of reactors

and purification/separation steps. Several approaches have been proposed to

address these points. First, hydrogen necessary for deoxygenation processes can

be provided by a fraction of the same sugar feedstock, utilizing APR reactions to

produce hydrogen in situ [65], as indicated in the following equation for the case of

glucose:

C6O6H12 þ 6H2O ! 6CO2 þ 12H2 (2.6)

Second, multifunctional catalysts, able to carry out different reactions in the

same reactor, can be used to reduce the complexity of biomass upgrading processes

[108].

Recently, a new technology that combines both approaches (e.g., in situ genera-

tion of hydrogen and use of multifunctional catalysts) has been used to transform

aqueous solutions of sugars and sugar alcohols into liquid hydrocarbon fuels by

means of a simple two-step process [75] (Fig. 2.4). In the first step, sugars and

polyols are partially deoxygenated over a Pt–Re/C catalyst at temperatures near

500 K to yield a mixture of monofunctional hydrocarbons in the C4–C6 range

(including acids, alcohols, ketones, and heterocycles) which are stored in an organic

phase that spontaneously separates from water. The Pt–Re/C catalyst achieves

partial deoxygenation of the sugar feedstock (up to 80% of the oxygen in the initial

sugar is removed) by the proper control of the rates for C–C cleavage (leading to

CO2 and H2) and C–O cleavage (leading to alkanes). The cleavage of C–O is

accomplished by reaction with hydrogen (e.g., hydrogenolysis) and is promoted

by Re [109, 110]. As oxygen is progressively removed from the intermediates in the

form of water, their interaction with the surface of the catalyst becomes weaker,

facilitating desorption and resulting in the formation of acids, alcohols, ketones, and

heterocycles (Fig. 2.4). Interestingly, this process represents an improvement over

pyrolysis (Sect. 2.2.2) since, unlike bio-oils, the monofunctional stream contains a

well-defined mixture of hydrophobic compounds in an organic phase completely

free of water.

The monofunctional compounds are not completely deoxygenated and they

thus contain functionalities that can be used for subsequent upgrading processes.
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This strategy of partial removal of oxygen from the feed and subsequent upgrading

of intermediates leads to better control of reactivity, and important biomass

derivatives such as lactic acid and levulinic acid have been upgraded to fuels and

chemicals by using this approach [84]. The organic stream of monofunctional

compounds can be converted, through C–C coupling reactions, into targeted liquid

hydrocarbon fuels of different classes (Fig. 2.4). Each type of monofunctional

compound in the organic stream (e.g., alcohols, ketones, acids) can be upgraded

to different hydrocarbons through different C–C coupling reactions (e.g., oligomer-

ization, aldol condensation, and ketonization). For example, the hydrophobic

stream derived from the sugar, previously enriched in alcohol by hydrogenation

of the ketones, can be converted to aromatic compounds (gasoline components) at

atmospheric pressure over an acidic H-ZSM5. Ketones can undergo aldol conden-

sation over a bifunctional Cu/Mg10Al7Ox (where the mixed oxide achieves aldol

condensation and Cu hydrogenates the unsaturated aldol adduct) to yield larger

compounds with low level of branching, as those required for diesel applications

[111]. Finally, as noted in Sect. 2.2.2.3, ketonization can be used to upgrade the

acidic fraction of the hydrophobic stream to larger ketones. This reaction acquires

special importance when the organic stream is rich in carboxylic acids, as is the case

when the feed is glucose [75].

Fig. 2.4 Schematic representation of the reforming/reduction of sugars and polyols over Pt–Re/C

to generate intermediate hydrophobic monofunctionals. The intermediates can be upgraded to

liquid hydrocarbon fuels by means of C–C coupling reactions. Adapted from [75]
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2.2.3.4 Levulinic Acid and g-Valerolactone Platforms to Hydrocarbon Fuels

Levulinic acid (4-oxopentanoic acid) is an important biomass-derived acid that

can be obtained in high yields via acid hydrolysis of cellulosic wastes, such as

paper mill sludge, urban waste paper, and agricultural residues [112]. Additionally,

levulinic acid is considered to be one of the 12 most promising biomass derivatives

in view of its potential to serve as a building block for the development of biorefinery

processes [80]. Levulinic acid contains two functional groups (C¼O and COOH)

which gives this molecule a variety of synthetic transformations [113] to generate

value-added chemicals such as methyltetrahydrofuran (MTHF) (a gasoline additive)

and d-aminolevulinic acid (DALA) (a biodegradable pesticide) [114].

Recently, our group has developed a catalytic route to upgrade concentrated

aqueous solutions of levulinic acid into liquid hydrocarbon fuels (gasoline and

diesel) [115]. The catalytic approach involves dehydration/hydrogenation (to

reduce the oxygen content of the molecule) and ketonization (to increase the

molecular weight) reactions (Fig. 2.5). Interestingly, the use of a bifunctional

(metal and acid sites) Pd/Nb2O5 catalyst allows these reactions to be carried out

with a minimum number of reactors and separation steps. Levulinic acid is first

hydrogenated at low temperatures (e.g., 423 K) to form g-valerolactone (GVL) over
a Ru/C catalyst. This hydrogenation step is requisite to prevent the catalytic route

from passing through high concentrations of angelica lactone, a known coke

Fig. 2.5 Catalytic routes for the production of liquid hydrocarbon fuels from biomass-derived

levulinic acid. Adapted from [84]
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precursor [116] which is produced by dehydration at higher temperatures (e.g.,

573–623 K). Aqueous GVL is subsequently transformed into hydrophobic

pentanoic acid with high yields over Pd/Nb2O5 by means of ring opening (on

acid sites) and hydrogenation reactions at moderate temperatures and pressures.

Remarkably, when the space velocity is sufficiently low, pentanoic acid is upgraded

to 5-nonanone over the same Pd/Nb2O5 bed with a 70% carbon yield, allowing the

direct production of 5-nonanone from GVL in a single reactor [115]. 5-nonanone,

which is obtained in an organic layer that spontaneously separates from water,

serves as a platform molecule for the production of liquid hydrocarbon fuels for

the transportation sector (Fig. 2.5). For example, the organic C9-ketone stream can

be processed (through hydrogenation/dehydration cycles) over a bifunctional

metal–acid catalyst such as Pt/Nb2O5 [104] into linear n-nonane, with excellent

cetane number and lubricity to be used as a diesel blender agent. Alternatively,

5-nonanol, obtained by the hydrogenation of the C9-ketone, can be dehydrated and

isomerized in a single step over an USY zeolite catalyst to produce a mixture of

branched C9 alkenes with the appropriate molecular weight and structure for use in

gasoline after hydrogenation to the corresponding alkanes.

GVL is an interesting biomass derivative that has been proposed to be a potential

gasoline additive [117] as well as a precursor of polymers [118] and fine chemicals

[119]. It is typically produced by catalytic hydrogenation of levulinic acid. This

reduction is normally carried out at low temperatures to avoid GVL over reduction

to MTHF. However, what makes GVL a very interesting biomass feedstock is the

potential to produce it without using any external source of hydrogen. In particular,

as a result of the dehydration of C6 sugars, levulinic acid is produced along with

stoichiometric amounts of formic acid, which can be converted to CO2 and H2 at the

same temperatures used for levulinic acid reduction to GVL. Consequently, formic

acid can be utilized as a renewable source of hydrogen for levulinic acid reduction

to GVL [120].

Recently, a new catalytic route has taken advantage of this important character-

istic of GVL to develop a process that converts aqueous solutions of GVL into

liquid hydrocarbon fuels without the need of an external source of hydrogen [121].

In this process, the GVL feed undergoes decarboxylation at elevated pressures (e.g.,

36 bar) over a silica/alumina catalysts, producing a gas stream composed of butene

isomers and CO2. This gaseous stream is then passed over an acidic catalyst

(H-ZSM5, Amberlyst) that achieves oligomerization of butenes yielding alkenes

with molecular weights suitable for gasoline and jet fuel applications. Prior to

oligomerization, liquid water must be removed from the gas stream in a separator

to achieve effective oligomerization of butene in the second reactor. This technol-

ogy presents important economic and environmental advantages: (a) no external

hydrogen is required in the process, (b) precious metal catalysts are not required,

and (c) a gas stream of pure CO2 is produced at the elevated pressures, thereby

permitting effective utilization of sequestration or capture technologies to mitigate

greenhouse gas emissions.
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2.3 Conclusions

Our society is highly dependent on fossil fuels, which are nonrenewable and

contribute to global warming. The production of liquid hydrocarbon transportation

fuels from nonedible lignocellulosic biomass is an interesting alternative that can

mitigate these issues and overcome many of the limitations of ethanol and biodiesel

as biofuels. Recalcitrance and complexity are the two main barriers for the large-

scale utilization of lignocellulose as a source of liquid hydrocarbon fuels. Several

routes exist for achieving the deep chemical transformations required to convert

biomass into liquid hydrocarbon fuels (e.g., BTL, pyrolysis integrated with

upgrading processing, and aqueous-phase processing of biomass derivatives), and

all of these routes involve the judicious use of heterogeneous catalysts to control the

specifications of the final fuel.
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