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Preface

Catalytic processes in multiple steps are typically required in the selective conver-
sion of biomass derivatives into value-added chemicals and biofuels. Much effort 
has been made in the past decades toward the integration of different types of cata-
lytic transformations with a bifunctional catalyst to improve reaction efficiency, 
enhance product selectivity, and promote specific reaction pathways. This text pro-
vides state-of-the-art reviews, current research, prospects, and challenges of pro-
duction of platform chemicals (e.g., hexose, 5-hydroxymethylfurfural, 
2,5-furandicarboxylic acid, furfural, and levulinic acid) and liquid biofuels (e.g., 
biodiesel, 2,5-dimethylfuran, 2-methylfuran, and γ-valerolactone) from sustainable 
biomass resources with cooperative catalytic processes that include heterogeneous 
bifunctional chemocatalysis (acid-base, Brønsted-Lewis acid, and metal-acid) and 
combined bio-/chemo-catalytic routes. Fundamentals of bifunctional catalysis and 
catalysts, characterization reaction mechanism/pathways, methods for heteroge-
neous catalysts, the impact of catalyst design on the reactivity, and catalytic process 
integration are introduced. The application of biomass-derived compounds for the 
synthesis of commodity chemicals and liquid transportation fuels via various cata-
lytic routes is also covered.

This book is the eighth book of the series entitled “Biofuels and Biorefineries,” 
and it contains 12 chapters contributed by leading experts in the field. The text is 
arranged into four key areas:

Part I: Fundamentals (Chaps. 1 and 2)
Part II: Bifunctional Chemocatalysis (Chaps. 3, 4, 5, 6, 7, 8 and 9)
Part III: Production of Biodiesel (Chaps. 10 and 11)
Part IV: Chemoenzymatic Catalysis (Chap. 12)

Chapter 1 presents a brief introduction on the fundamentals of bifunctional 
catalysis to understand some of the specific roles in designing catalytic materials 
and a perspective outlook on bifunctional catalytic pathways for biomass transfor-
mations. Chapter 2 provides an introduction to characterization methods for het-
erogeneous catalysts for the general reader and an overview on the fundamentals of 
the solid acid, metal, and metal-acid bifunctional catalysts for cellulose conversion. 
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Chapter 3 focuses on the application of Brønsted-Lewis bifunctional catalysts for 
efficient biomass conversion and emerging sustainable biorefining processes. 
Chapter 4 describes the pathways of biofuel production from lignocellulosic bio-
mass and the processes involved in transforming lignocellulosic biomass to biosyn-
gas, the research activities on converting syngas into biofuels over bifunctional 
Fischer-Tropsch synthesis catalysts, and some of the selectivity control strategies 
that can be adopted with bifunctional catalysts. Chapter 5 illustrates the effect of 
catalyst functions on product selectivity in the reductive conversion of furfurals in 
aqueous solutions using heterogeneous catalysts along with some studies on homo-
geneous catalysts. Chapter 6 reviews key strategies used to convert biomass into 
polyols, with special emphasis on the emerging processes aimed to valorize bio-
mass through a cascade approach. Chapter 7 introduces the impact of catalyst 
design on the activity and the selectivity to lactic acid transformation with particular 
attention to the production of specific and important products such as γ-valerolactone 
and valeric fuels. Chapter 8 provides state-of-the-art overview on furanic biofuel 
production from biomass with a brief description of the 2,5-dimethylfuran and 
2-methylfuran production process. Chapter 9 provides an overview on the recent 
achievements made with bifunctional catalysts for the upgrading of biomass-derived 
furans via selective hydrogenation, selective oxidation, Diels-Alder reaction, and 
others, as well as accompanying reaction pathways and plausible reaction mecha-
nisms. Chapter 10 describes the synthesis of biodiesel via simultaneous transesteri-
fication and esterification catalyzed by mixed metal oxides, acidic ionic liquids, 
carbon-based solid acids, magnetic solid acids, and hybrid solid acids, the advan-
tages of heterogeneous catalytic reaction systems, and the guidance on improving 
the performance of heterogeneous acid catalyst for biodiesel production. Chapter 
11 introduces the continuous production of biodiesel fuel from sunflower oil, noned-
ible oil, and waste oil in a fixed-bed multiphase reactor packed with bifunctional 
heterogeneous catalyst. Chapter 12 highlights a series of combined bio-/chemo- 
catalytic routes that have the potential to facilitate the transition away from petro-
leum feedstock and toward sustainable and environmentally benign feeds.

The text should be of interest to students, researchers, academicians, and indus-
trialists who are working in the areas of catalysis, catalyst design, renewable energy, 
environmental and chemical sciences, engineering, resource development, biomass 
processing, sustainability, materials, biofuels, and chemical industries.

Nanjing, China Zhen Fang
Sendai, Japan Richard L. Smith Jr.
Nanjing, China Hu Li

Preface
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Chapter 1
Fundamentals of Bifunctional Catalysis 
for Transforming Biomass-Related 
Compounds into Chemicals and Biofuels

Hu Li, Xiao Kong, Zhen Fang, and Richard L. Smith Jr.

Abstract Multi-step catalytic processes are generally required in chemoselective 
conversion of biomass derivatives into chemical products. Integration of different 
types of transformations into a single catalytic system with a bifunctional catalyst 
can be used to improve reaction efficiency, enhance product selectivity and to pro-
mote specific reaction pathways. In this chapter, the fundamentals of bifunctional 
catalysis are introduced to understand some of the specific roles in designing cata-
lytic materials for biomass transformations. Acid- mediated hydrolysis of polysac-
charides to mono- and oligosaccharides in combination with successive isomerization 
is one of the effective strategies for valorization of sugar- containing solutions, 
wherein the type of acid catalyst (i.e., Lewis and Brønsted acids) can be used to 
control product distribution. Catalytic production and upgrading of furanic com-
pounds (e.g., 5-hydroxymethylfurfural, 2,5-furandicarboxylic acid, and 2,5-dimeth-
ylfuran) with bifunctional materials via corresponding tandem reaction pathways is 
another effective strategy. Emphasis can be placed on the synthesis of organic acids 
(e.g., levulinic acid and lactic acid) from carbohydrates through either anaerobic or 
aerobic oxidation, integrated with preprocessing reactions. This chapter provides an 
overview of bifunctional catalytic systems and a perspective outlook on bifunc-
tional catalytic pathways for biomass transformations.

H. Li • Z. Fang (*)
College of Engineering, Nanjing Agricultural University,  
Nanjing, Jiangsu, China
e-mail: zhenfang@njau.edu.cn

X. Kong
Biomass Group, College of Engineering, Nanjing Agricultural University,  
Nanjing, Jiangsu, China 

R.L. Smith Jr.
Graduate School of Environmental Studies, Research Center of Supercritical Fluid 
Technology, Tohoku University, Sendai, Japan

mailto:zhenfang@njau.edu.cn
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1.1  Bifunctional Catalysis

In comparison with monofunctional catalytic systems, bifunctional catalysts with 
Brønsted/Lewis acid, acid-base, or metal-containing acid/base sites have been dem-
onstrated to exhibit remarkably high performance in both gas-phase (e.g., syn-gas 
to hydrocarbons or alcohols) and liquid-phase (e.g., aqueous-organic) conversions 
[1–7]. Bifunctional catalysis may be in use, more commonly than is generally rec-
ognized, because a certain number of monofunctional catalysts are most likely 
bifunctional in nature [8]. For instance, the surfaces of transition metal oxides (e.g., 
MoO2 and Cr2O3) have been found to possess both types of hydrogenation- 
dehydrogenation and acidic sites, implying that the apparently single-site catalysts 
possibly have bifunctional activities, in spite of their relatively lower activity than 
their tailor-designed two-site counterparts [8].

To mimic enzymatic catalysts, materials can be designed with functionalities 
(e.g., metal centers, basic and acidic sites, nucleophiles, hydrogen bond donors/
accepter groups) that are spartially organized around active sites to promote effi-
cient transformations [9]. Some reported heterogeneous catalysts have unprece-
dented performance unattainable with homogeneous catalysts [9]. Typically, the 
cooperation between the active sites or groups (T1/T2 as in Fig. 1.1) of a bifunc-
tional material surface in catalyzing a reaction with two substrates (S1/S2 as in 
Fig. 1.1) can be divided into four different modes (Fig. 1.1) that possibly include 
dual activation (A), sequential activation (B), self activation (C), and multiple point 
transition state stabilization (D) [9, 10]. All of these strategies have been adopted as 
references for the design of synthetic catalysts that are able to take full advantage of 
multifunctional cooperation in catalytic processes [9].

From the point of view of organic chemistry, bifunctional catalysis is defined as 
both nucleo- and electrophilic substrates being separately activated by discrete 
active sites present on a single catalytic material (Fig. 1.2a) [11]. In line with bifunc-
tional catalysis, both cascade and double activation catalysis may be present, 

Fig. 1.1 Cooperative modes between active sites or groups (T1/T2) of a bifunctional catalyst in 
the activation of two substrates (S1/S2) (Adapted with permission from Ref. [9], Copyright © 2008 
Royal Society of Chemistry) (A) Dual activation, (B) Sequential activation, (C) Self activation, (D) 
Multiple point transition state stabilization

H. Li et al.
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wherein two or more catalysts activate the identical substrate sequentially or in a 
concerted manner, respectively (Fig. 1.2 b–c). On the contrary, the nucleo- and elec-
trophilic substrates may be concurrently activated by two or multiple separate cata-
lysts such that synergistic catalysis occurs (Fig. 1.2d). In this chapter, acid-participated 
bifunctional catalytic hydrolysis of polysaccharides to mono- and oligosaccharides 
will be introduced. The key step of glucose isomerization involved in the valoriza-
tion of sugar-containing solutions mediated by dual functional groups is depicted. 
Further, discussion is made on application of the techniques to the production of 
biofuranic platform molecules (e.g., 5-hydroxymethylfurfural and furfural) and the 
upgrading of these compounds to oxygenated and hydrogenated furans (e.g., 
2,5-furandicarboxylic acid and 2,5-dimethylfuran) tandem reaction pathways. 
Finally, the synthesis of organic acids (e.g., levulinic acid and lactic acid) from car-
bohydrates is introduced through either anaerobic or aerobic oxidation via bifunc-
tional catalysis.

1.2  Hydrolysis of Oligo- and Polysaccharides

Simple sugars hydrolyzed from biomass over chemical and enzymatic catalysts 
have been used to study the production of liquid/gas fuels (e.g., ethanol, butanol, 
hydrogen, and methane) or formation of chemical products (e.g., organic acids, 
furanic/aromatic compounds, and polyols), as illustrated in Fig. 1.3 [12, 13]. In the 

Fig. 1.2 Schematic representation of bifunctional catalysis (Adapted with permission from Ref. 
[11], Copyright © 2014 Royal Society of Chemistry) (A) Bifunctional catalysis, (B) Cascade catal-
ysis, (C) Double activation catalysis, (D) Synergistic catalysis
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conversion of oligo- and polysaccharides (e.g., cellobiose and cellulose) into mono-
saccharides such as glucose via hydrolysis, homogeneous chemical catalysts gener-
ally show good activity, but they require harsh reaction conditions (> 180 °C), and 
have recycle and waste treatment issues especially for when mineral acids (e.g., 
H2SO4, H3PO4 and HNO3) are used. Enzymes, on the other hand, have good selec-
tivity but are generally inefficient, expensive and are susceptible to impurities [14]. 
In this regard, the use of solid acids or supported catalysts that are stable and recov-
erable could address the issues inherent in both homogeneous catalysts and enzyme 
catalysts to promote hydrolysis reactions that are selective and efficient that can be 
performed at mild conditions without environmental wastes.

1.2.1  Brønsted/Lewis Acid Bifunctional Solid Catalysts

In the organosolv process, Schwiderski et al. [15] demonstrated that a Lewis acid 
AlCl3 was able to catalyze both ketol-endiol-tautomerism and dehydration to pro-
duce furfural from beech wood chips, showing comparable and even superior activ-
ity to that of a Brønsted acid such as HCl [15]. For both Lewis and Brønsted acid 
sites, the increase in acidity was found to be favorable for the cleavage of β-1,4- 
glycosidic bonds in cellobiose and in cellulose, thus enhancing their hydrolysis 
[16]. Typically, the distribution of Brønsted and Lewis acid sites on mixed metal 
oxides can be adjusted by simply changing the molar ratio of metal species or cal-
cination temperature of the catalyst. In an in-depth study on the role of WOx clusters 
in WO3/ZrO2 catalysts, it was observed that a high WOx loading resulted in an 
increase in the number of Brønsted acid sites, and prevailed over the number of 
Lewis acid sites of ZrO2 even at calcination temperatures greater than 700 °C [17].

Fig. 1.3 Schematic representation of a catalytic strategy for biomass upgrading (Adapted with 
permission from Ref. [12], Copyright © 2012, Elsevier)

H. Li et al.
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One type of commercially available Brønsted/Lewis acid bifunctionalized cata-
lysts is the H-form zeolites that show moderate activity and stability for hydrolysis 
of hemicellulose and cellulose. H-form zeolites forms that have relatively higher 
acidic (e.g., ferrierite) and hydrophobic sites with high Si/Al ratios have superior 
performance to others for hydrolysis of carbohydrates [18, 19]. With these types of 
catalysts, the polymerization of monosaccharides (e.g., glucose) to humins with 
zeolites is significantly inhibited, which possibly can be attributed to shape- 
selectivity, in comparison with other solid and homogeneous acids (e.g., sulphated 
zirconia and heteropoly acids) [20]. Over H-USY-15 (Si/Al = 15) in water, a moder-
ate yield of xylose and arabinose (56%) with >90% carbon balance is obtained from 
hemicellulose at 170  °C in 1  h [21], while the sulfonated H-USY zeolite gives 
improved yields (ca. 78%) at 140 °C after 9 h [22]. These results highlight the effect 
of Brønsted acid sites and the importance of Lewis acid sites. Meso- and macro-
pores created on zeolites by dealumination (e.g., treated with oxalic acid) promote 
the accessibility of the acid sites to the reactants, thus improving the mass transfer, 
with the yield of total reduced sugars increasing by tenfold [23]. Under microwave 
heating conditions, the hydrolysis of cellulose to glucose gives moderate yields (ca. 
37%) over H-form zeolites, but only requires reaction times on the order of minutes 
(e.g., 8 min) [24]. The integration of bifunctional catalytic materials with auxiliaries 
such as microwave and ultrasound offers yet another approach to improve reaction 
efficiency.

As a biomass-derived polymer that has aromatic monomeric units rather than 
glucose monomeric units, the hydrolytic degradation of lignin into aromatic mono-
mers can also be achieved with well-designed solid acid catalysts based on zeolites 
[25]. For example, H-USY affords 60% yields of monomeric aromatics from lignin 
at 250 °C, further demonstrating the potential of Brønsted/Lewis acid bifunctional 
solids (particularly zeolites) for conversion of biomass-related compounds into 
small components or fractions.

1.2.2  Base-Acid Bifunctional Solid Catalysts

The pretreatment of biomass with base (e.g., Ca(OH)2, NaOH and KOH) can be 
used to remove lignin at ambient to 100 °C temperatures, while the remaining poly-
saccharides can be hydrolyzed with acidic or enzymatic catalysts [26]. In an 
improved process, Chandel et al. found that crude lignocelluloses (e.g., sugarcane 
bagasse) consecutively pretreated with dilute H2SO4 and NaOH could surmount the 
structural recalcitrance of the biomass, thus enhancing subsequent cellulase acces-
sibility and hydrolysis efficiency for ethanol production [27]. Likewise, an acid- 
base mixture can be employed to simplify the catalytic steps for one-pot production 
of cellulosic ethanol, without solid/liquid separation, neutralization and detoxifica-
tion (Fig. 1.4) [28]. This process integrates acid-base catalyzed hydrolysis of cel-
lulose and subsequent fermentation of ethanol with in situ produced cellulase into a 
single step. Gratifyingly, the yield of ethanol reached 70.7% from the fermentation 
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of the whole rice straw slurry after 60  h, which was relatively higher than that 
(49.7% yield) obtained by simultaneous saccharification and fermentation (SSF) of 
washed solids of pretreated rice straw (Fig. 1.4) [28]. These results demonstrate 
both the advantages of an integrated process in the production of ethanol from rice 
straw.

The activation of hydrotalcite (HT) with Ca(OH)2 simultaneously increases its 
basicity and acidity from 0.42 and 0.21 mmol/g to 1.76 and 1.17 mmol/g, as mea-
sured by CO2- and NH3-TPD, respectively [29]. The resulting HT-OHCa catalyst 
shows a greatly enhanced glucose yield (39.8%) and selectivity (85.3%) in the 
hydrolysis of ball-milled cellulose, as compared with pristine HT (11.0% yield and 
40.6% selectivity), Ca(OH)2 (10.6% yield and 39.8% selectivity) and reference 
experiments without a catalyst (0.4% yield and 3.5% selectivity) at 150 °C in 24 h 
(Table 1.1). The HT-OHCa catalyst was able to be recycled for at least four times 
(sequentially reused catalysts denoted as HT-OHCa2, HT-OHCa3 and HT-OHCa4), with 
glucose yield and selectivity slightly decreasing to 35.0% and 80.5%, respectively 
(Table 1.1, entries 5–7) [29]. In addition, Ba(OH)2, KOH and NaOH-activated HTs 
were found to show moderate glucose selectivities and yields (Table 1.1, entries 
8–10), further confirming that the catalyst performance was positively correlated 
with the content of both acid and base sites.

1.3  Sugar Isomerization

Enzymes (e.g., glucose isomerase) are commonly active for the isomeric conversion 
of simple monosaccharides. The stability of an enzyme can be increased by immo-
bilization onto solid supportssuch as silica or chitosan [30, 31]. Solid basic and 
acidic chemocatalysts that have comparable reactivity as their homogeneous coun-
terparts and which have favorable reaction times and recycle characteristics have 

Fig. 1.4 Schematic pathway for integrated processing of rice straw with acid-base pretreatment/
enzyme catalysis to produce ethanol (Adapted with permission from Ref. [28], Copyright © 2014 
Royal Society of Chemistry)

H. Li et al.
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been proposed for the selective isomerization of sugars [32, 33]. Solid bases such as 
TiO2, ZrO2 and relevant hybrids normally have low catalytic activity, giving no 
more than 20% yields of fructose in the case of glucose isomerization [34, 35]. 
However, Sn-beta, which typically acts as a Lewis acid, is able to isomerize glucose 
to fructose with high yields of 31% in water at 110 or 140 °C in 30 min or 12 min 
reaction time, respectively [36]. Glucose in the pyranose form partitions into the 
zeolite, followed by ring-opening to the acyclic form over the Lewis acid center and 
isomerizes into fructose in the acyclic form, which finally proceeds to ring closure 
to give the furanose form of fructose (Fig. 1.5) [37].

Besides the Lewis acid center of Sn species being located in the framework of 
BEA zeolite, the adjacent silanol group synergistically promotes the hydride trans-
fer in the glucose-to-fructose isomerization, and allows the single-step reaction to 
proceed with a low activation energy barrier while the epimerization of glucose to 
mannose via a Bilik-type rearrangement is impeded [38]. The proximate hydroxyl 
group is possibly derived from either co-adsorbed water or intrinsic silanol, and the 

Table 1.1 Hydrolysis of cellulose in water with hydrotalcite (HT) and Ca(OH)2activated HT 
(HT-OHCa) or other activated HT forms

Entry Catalyst
Glucose (%) Acid-base content (mmol/g)
Selectivity Yield Basicity Acidity

1 None 3.5 0.4 – –
2 HT 40.6 11.0 0.42 0.21
3 Ca(OH)2 39.8 10.6 Solution pH = 12.84
4 HT-OHCa 85.3 39.8 1.76 1.17
5 HT-OHCa2 83.4 36.6 1.54 1.09
6 HT-OHCa3 82.3 36.0 1.48 1.06
7 HT-OHCa4 80.5 35.0 1.47 1.05
8 HT-OHBa 84.6 38.2 1.57 1.12
9 HT-OHK 72.9 29.6 0.87 0.64
10 HT-OHNa 69.0 27.2 0.75 0.52

Reaction conditions: 0.45  g ball-milled cellulose, 0.5  g catalyst, 150  mL distilled water, and 
150 °C for 24 h reaction time. Values after Ca (2, 3, 4) refer to recycle number
Reprinted with permission from Ref. [29], Copyright © 2011, Elsevier

Fig. 1.5 Schematic illustration of the isomerization of glucose to fructose
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cooperative effect of the Sn center and –OH group compensates the negative charge 
more effectively on the O1 atom of glucose during the rate-controlling step of a 
hydride shift from the C2 carbon to the C1 carbon (transition state (TS) in Fig. 1.6) 
[39, 40]. In the isomerization of glucose to fructose over tungstite (WO3·H2O), 
cooperative action of tungsten species (Lewis acid site) with a neighboring proton 
donor occurs [41]. The conversion of glucose increases when methanol is used as 
solvent instead of water, probably due to the differences in the solvation of the 
hydrophobic pores [42]. However, the epimerization of glucose to mannose as the 
dominant side reaction may take place by either two subsequent 1,2-intramolecular 
hydride transfer steps over Sn-Beta or one 1,2 intramolecular carbon shift step on 
Na-exchanged Sn-Beta in methanol [42]. Gao et al. conducted a series of glucose 
isomerization reactions in subcritical aqueous straight- and branched-chain alco-
hols, and found that primary and secondary alcohols could promote glucose conver-
sion to fructose in high selectivity, while the increase of t-butyl alcohol concentration 
resulted in a decrease of both glucose conversion and fructose yield [43, 44]. In 
addition, the ordered mesoporosity of the Sn-containing zeolite was favorable for 
the isomerization of C5 and C6 sugars (e.g., xylose and glucose) because it improved 
mass transfer and increased reaction rate [45]. Further, even the aldose component 
in the disaccharide could be isomerized to ketose (e.g., lactose-lactulose and 
cellobiose- cellobiulose) over Sn-beta zeolites in water or subcritical aqueous etha-
nol [46, 47]. Unexpectedly, the beta zeolite containing Ti4+centers (Ti-beta) were 

Fig. 1.6 Possible reaction mechanism for the catalytic isomerization of glucose (Glu) to fructose 
(Fru) with partially hydrolyzed (SiO)3Sn-OH site in a BEA-type zeolite framework [39, 40]

H. Li et al.
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found to preferentially catalyze the isomerization of glucose to sorbose through an 
intramolecular C5-C1 rather than C2-C1 hydride-shift [48].

By using commercially available zeolites as Brønsted-Lewis acidic catalysts, 
efficient isomerization of glucose to fructose is possible with remarkable yields (up 
to 55%) via a two-step methanol-water process that uses methanol in the initial 
reaction for the isomerization and etherification of glucose to a mixture of fructose 
and methyl fructoside at 120 °C for 1 h (step 1), and that is followed by water addi-
tion in the second step proceeding hydrolysis to regenerate fructose from methyl 
fructoside (step 2) as shown in Fig. 1.7 [49]. In this catalytic process, the isomeriza-
tion of glucose to fructose and trapping of fructose as fructoside in the alcohol are 
catalyzed by Lewis and Brønsted acid sites, respectively [50]. It is found that the 
H-form zeolite (e.g., H-USY) promotes the glucose-to-fructose isomerization via an 
intramolecular hydride-shift rather than through solvent exchange [51]. Likewise, 
catalytic isomerization of xylose to xylulose (up to 47% yield) via the two-step 
methanol-water process, and erythrose to erythrulose (45% yield) in water can be 
realized over the commercial large-pore zeolites such as H-USY-6 (Si/Al = 6) and 
H-beta (Si/Al = 12.5) [52, 53]. In the presence of a single-unit-cell Sn-MFI with 
both Brønsted and Lewis acid sites, a maximum fructose yield of 65% is obtained 
from glucose via an identical two-step process in ethanol and water [54]. The 
 coupling of Lewis and Brønsted acidity with newly developed catalytic routes 
allows an increase in reaction efficiency.

Fig. 1.7 Reaction pathway for converting glucose to fructose in a two-step process (Step 1, in 
R-OH; Step 2, water addition) (Adapted with permission from Ref. [49], Copyright © 2013, 
American Chemical Society)
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1.4  Synthesis of Biofuranic Compounds

In the past decade, a large number of catalytic systems and functional materials 
have been reported that are selective for the transformation of biomass-derived hex-
oses and pentoses into furans such as 5-hydroxymethylfurfural (HMF), furfural, 
2,5-dimethylfuran, γ-valerolactone, 5-ethoxymethylfurfural, 2,5-diformylfuran, 
2,5-furandicarboxylic acid and maleic anhydride via cascade reactions such as 
hydrolysis, dehydration, etherification, hydrogenation and oxidation (Fig. 1.8) [55]. 
These biofuranic compounds have high potential for use in industrial applications. 
In this section, catalytic strategies used for production of furanic products from bio- 
based compounds are briefly discussed.

Lignocellulose

Cellulose Hemicellulose

XyloseGlucose

2,5-Furandicarboxylic acid

2,5-Dimethylfuran

Furfural5-Hydroxymethylfurfural

Fig. 1.8 Schematic routes for producing biofuranic compounds from lignocellulose

H. Li et al.
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1.4.1  Brønsted-Lewis Acid Bifunctional Catalysis

In the dehydration of fructose, either Lewis acid (e.g., AlCl3) or Brønsted acid (e.g., 
HCl, H2SO4 and H3PO4) alone promote formation of HMF with high efficiency 
(20 min), but in only fair yields (< 60%) at moderate reaction conditions (120 °C). 
However, a mixture of Lewis and Brønsted acids (e.g., AlCl3 and H3PO4) in a single 
catalytic system is able to achieve HMF from fructose in yields as high as 92.6% 
under identical reaction condtions [56]. The in situ formed fructose-phosphate- 
AlCl3 complex is proposed as the reason for the enhanced stability of the fructofu-
ranose during the reaction through its shifting of the balance from fructopyranose to 
fructose-phosphate-AlCl3 complex (Fig. 1.9), followed by dehydration over the pro-
tonic acid to give HMF. Binder and Raines showed that glucose, cellulose and even 
untreated corn stover could also be converted into HMF (48–81% yields) at tem-
peratures of 100–140 °C in a single step with CrCl3 and HCl catalysts [57].

For producing HMF from glucose in cascade reactions using CrCl3together with 
HCl in aqueous media, Lewis acidic catalysts are active for the isomerization of 
glucose to fructose, while Brønsted acid catalysts are favorable for subsequently 
promoting the dehydration reaction to give HMF (Fig. 1.10) [58]. The glucose-to- 
fructose isomerization is inhibited by HCl which decreases the equilibrium 
[Cr(H2O)5OH]2+concentration, while the overall consumption rate of fructose and 
HMF over Lewis acid species most likely promotes side reactions. Several other 
studies show that both the fructose dehydration rate and HMF selectivity (up to 62% 
yield) are enhanced in a mixed solvent of water and tetrahydrofuran or 2-sec- 
butylphenol at 160–170 °C by introducing a certain amount of HCl into the Lewis 
acidic Al3+aqua/hydroxo complexes [59, 60]. In a similar manner, the combined use 
of Sn-beta with HCl [61], or metal salts (e.g., CrCl3, InCl3, CoSO4, FeCl2 and 
MnCl2) with SO3 H-functionalized ionic liquids [62–66] is able to catalyze glucose 
and glucose- containing saccharides (e.g., cellulose) to obtain HMF in good yields 

Fructose-phosphate-AlCl3 complex

Fig. 1.9 Reaction pathway for producing HMF from fructose stabilized by a fructose-phosphate- 
AlCl3complex (Adapted with permission from Ref. [56], Copyright © 2014 Royal Society of 
Chemistry)
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(up to >80%). The recyclability of the acidic ionic liquids coupled with metal salts 
can be improved by immobilizing both active species into a solid polymer that 
retains catalytic activity [67].

Metal oxides are typically Lewis acid catalysts, and they rarely exhibit high 
selectivity and reactivity in the conversion of glucose to HMF [68]. However, the 
introduction of Brønsted acid sites into metal oxides by treatment with mineral acids 
(e.g., phosphoric acid and sulfuric acid) or acidic metal species (e.g., tungsten), and 
the resulting Brønsted-Lewis acid bifunctional hybrids (e.g., zirconium, aluminum, 
titanium, tantalum and niobium phosphates, sulfated zirconia, and W-Zr or W-Sn 
oxide) increase the efficiency of the direct conversion of glucose to HMF as com-
pared with pristine metal oxides [69–76]. Some other neoteric strategies have been 
explored for the introduction of Brønsted acid sites into metal oxides. For example, 
the SBA-Sn-OH Lewis and Brønsted bifunctional catalyst can be prepared by graft-
ing of dimethyldichlorostannane onto the SBA-15 surface (SBA-Sn-Me) that is fol-
lowed by calcination to transform the –CH3 into –OH groups (Fig. 1.11) [77].

The synthesis of heteropolyacid salts via exchange with metal ions (Cs+, Ag+and 
Cr3+) is an efficient way to solidify homogeneous heteropolyacids such as 
12- tungstophosphoric acid and silicotungstic acid for obtaining Lewis-Brønsted 
dual sites and porous structure [78–80]. Notably, the replacement of W in 
12- tungstophosphoric acid with Cr makes the resulting acid H3PW11CrO39 simulta-

Fig. 1.11 Schematic route for synthesis of Lewis-Brønsted bifunctional SBA-Sn-OH (Adapted 
with permission from Ref. [77], Copyright © 2014 Royal Society of Chemistry)

Fig. 1.10 Reaction pathway for the synthesis of HMF from glucose via fructose

H. Li et al.
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neously bear strong Brønsted and Lewis acid centers, while the further introduction 
of hexadecyltrimethylammonium bromide (CTAB) forms a highly water-tolerant 
salt [81]. Due to the dual acidity and hydrophobicity of the catalyst, more than 90% 
hexose conversion has been reported for the production of HMF [81]. The frame-
work dealumination and desilication of H-form zeolites are efficient for the exten-
sion of pore diameters and for the adjustment of Lewis- Brønsted acid sites 
distribution [82]. The resulting desilicated H-ZSM-5 and dealuminated H-beta zeo-
lites display pronounced performance in the transformation of either cellulose or 
glucose (67–81% conversion) into HMF (up to ca. 50% yield) in water or ionic 
liquids [83–85] (Fig. 1.12).

Lewis-Brønsted bifunctional catalysts like cesium salts of 12-tungstophosphoric 
acid, silicoaluminophosphate, partially hydroxylated magnesium fluoride, Zr-(W,Al) 
mixed oxides, sulfonated carbonaceous TiO2, and H-form zeolites promote forma-
tion of furfural in moderate to good yields from pentose sugars (e.g., hemicellulose, 
xylan, xylose, arabinose and ribose) [21, 86–93]. The catalysts with high molar 
ratios of Brønsted to Lewis acid sites have selectivity towards furfural as much as 
30 times higher than that for relatively higher concentrations of Lewis acid sites 
[93]. Notably, the transformation of hexoses (e.g., glucose) into furfural (up to 37% 
yield) is realized by involving a retro-aldol reaction to form pentoses over H-form 
zeolites (e.g., H-ZSM-5 and H-beta) in γ-valerolactone with 10 wt% water, while 
the strong Brønsted acid Amberlyst-70 is exclusively selective for the dehydration 
of glucose and fructose to HMF rather than furfural [94]. These results show that the 
close interplay of Lewis acid and Brønsted acid centers in the solid catalyst seems 
to be crucial for achieving good activity in the synthesis of either HMF or furfural 
from biomass-derived sugars.

Dealumination

Zeolite

Desilication

Fig. 1.12 Schematic representation for the framework dealumination (left) under steaming or 
acidic aqueous conditions, and desilication (right) under neutral or basic aqueous conditions
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1.4.2  Base-Acid Bifunctional Catalysis

Besides the interplay of Lewis-Brønsted dual acidic sites, the reactivity of acids in 
the catalytic transformation of glucose into HMF is also affected by the presence of 
a solid base catalyst [95]. Combination of a solid base catalyst with an acidic cata-
lyst allows glucose to be efficiently converted into HMF through glucose-to- fructose 
isomerization over HT, and the subsequent dehydration is catalyzed by Amberlyst-15 
under mild conditions (Fig. 1.13a) [96]. After reaction in N,N- dimethylformamide 
at 80 °C for 9 h, 58% selectivity towards HMF for a glucose conversion of 73% is 
obtained, while no HMF forms in the presence of either Amberlyst-15 or HT. These 
results clearly show the synergistic role of solid acid and solid base in the synthesis 
of HMF from glucose. The mixed catalytic systems can be further extended to 
disaccharides including sucrose and cellobiose for producing HMF to obtain yields 
of 54% and 35% at 120 °C in 3 h reaction time, respectively [96]. The formation of 
anhydroglucose from glucose over an acid (i.e., Amberlyst-15) is evidently limited 
by HT (base)-catalyzed isomerization of glucose to fructose at relatively low reac-
tion temperatures [97]. By using this solid acid-base mixed catalyst system, xylose 
can be directly transformed into furfural (up to 41% yield) at 100 °C for 3 h, with 
the isomer xylulose as a key intermediate (Fig. 1.13b) [98, 99]. Likewise, a mixture 

Sucrose

Cellobiose
Glucose

Xylulose

Furfural

Ribulose

Xylose

Fructose HMF

Fig. 1.13 One-pot transformation of glucose- and xylose-containing sugars into HMF and furfural 
catalyzed by solid base and acid: (a) via fructose and (b) xylulose as key intermediate, 
respectively
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of arabinose, rhamnose and lactose over Amberlyst-15 and HT is selectively con-
verted to yield furfural (30.5%), HMF (29.1%) and 5-methyl-2-furaldehyde (32.2%) 
at 110 °C after 6 h, respectively [100]. Catalytically upgrading sugar components of 
crude biomass with solid base and acid mixtures is most likely to be a promising 
approach for one-pot synthesis of biofuranic compounds especially HMF and 
furfural.

TiO2, ZrO2 and their mixed oxides possess both basic and acidic sites for the 
conversion of glucose components to HMF via the key intermediate fructose [101]. 
Moreover, the use of these single catalysts greatly simplify the separation and 
recovery process, although hot compressed water (ca. 200–300 °C) is required to 
transform glucose into HMF (<20% yields) [102, 103]. The relatively low HMF 
yields can be ascribed to the lack of strong Brønsted acid sites. In connection to this, 
Qi et al. found that the acidity of ZrO2 could be significantly enhanced by impregna-
tion with H2SO4, and the resulting sulfated ZrO2 exhibited good activity in the dehy-
dration of fructose (93.6% conversion) to HMF (72.8% yields) under microwave 
heating in acetone/dimethylsulfoxide (DMSO) at 180 °C for 20 min reaction time 
[104]. Under mild conditions of 100 °C and 6 h, the sulfated ZrO2 catalyst could 
also afford HMF (<10% selectivity) but with a large portion of fructose (ca. 80% 
selectivity) from glucose [105]. It can be speculated that tetragonal ZrO2 (Lewis 
base) should be active for the isomerization of glucose to fructose via an enol inter-
mediate, while polydentate surface SO4

2− species (Brønsted acid) acts on the subse-
quent dehydration of fructose to HMF, as illustrated in Fig. 1.14. Moreover, Lewis 
acidic Zr4+might assist the stabilization of the enolate intermediate formed during 
the isomerization reaction. With the aim of combining both basic and acidic centers 
into a single catalyst, some other protocols have been examined. For example, the 
post- grafting of SO3 H and NH2 groups onto mesoporous silica nanoparticles via 
covalent bonds [106], the assembly of lysine with 12-tungstophophoric acid [107], 
and the incorporation of heteroatoms (e.g., Sn, Zr, Cr and Ti) into the framework of 
molecular sieves make the resulting hybrids highly disperse and to have compatible 
dual active sites [108], which are active for producing HMF in yields of reaching 
>80% from hexose sugars.

1.4.3  Metal-Base Bifunctional Catalysis

Selective oxidation of biomass derivatives to carboxylic acids is an important route 
to petroleum-based chemicals. In particular, 2,5-furandicarboxylic acid (FDCA) 
has been regarded as a potential replacement for terephthalic acid to produce poly-
ethyleneterephthalate, which can be attained by the aerobic oxidation of HMF 
(Fig. 1.15) [109]. In most cases, the addition of a basic additive (e.g., NaOH) is 
necessary to facilitate the oxidation reaction by desorption of the acid product from 
the metal (e.g., Pt, Pb and Au) surface, wherein the reactivity of hydroxide is gener-
ally superior to that of carbonate [110, 111]. The alcohol oxidation of 5- hydroxym
ethyl- 2-furancarboxylic acid (HMFCA) into FDCA is found to be the 
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rate- determining step [110, 111]. In the presence of 5 mol% NaOH, 1 wt% Au sup-
ported on TiO2 catalyzes HMF being fully oxidized to FDCA (71% yield) at 30 °C 
and 2.0 MPa O2 after 18 h [112]. The formation of partially oxidized intermediate 
HMFCA is proportional to the base dosage and O2 pressure, implying that the reac-
tion occurs mainly through initial oxidation of the –CHO moiety to 5-formyl-2- 
furancarboxylic acid (FFCA) followed by oxidation of the –OH group in HMF to 
yield the final product FDCA (Fig.  1.15). The possible oxygenated intermediate 
2,5-diformylfuran (DFF) is hardly observed during the reaction [113–115], which 
means that the reaction pathway is most likely that shown in Fig. 1.15.

To improve the recyclability of the catalyst system, porous solid base (e.g., HT) 
can be used as either a co-catalyst or a support [116, 117]. The combination of HT 
with Au/TiO2, and Au supported on HT both show excellent performance in the 

Fig. 1.14 Sulfated ZrO2mediated reaction mechanism for (a) glucose-to-fructose isomerisation 
over basic sites (O2−), and (b) fructose-to-HMF dehydration with Brønsted acid sites (−OH) 
(Adapted with permission from Ref. [105], Copyright © 2014 Royal Society of Chemistry)
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aerobic oxidation of HMF [116, 117], giving FDCA in maximum yield of 99% at 
95 °C in water under flowing O2 (50 mL/min). By simple deposition of a relatively 
low-cost ruthenium salt (e.g., Ru(NO3)3 or RuCl3) onto a basic support (e.g., HT, 
MgO, La2O3 or spinel), supported ruthenium catalysts are active in the oxidation 
reaction, and Ru(OH)x with basic supports as the active center [118–120]. On the 
other hand, metal ions (e.g., Fe3+and Co2+) supported on porphyrin-based porous 
organic polymers exhibit good activity in the oxidation of HMF (>95% conversion) 
to yield FDCA (up to >90%) at 100 °C after 3–24 h using either oxygen/air or per-
oxide (e.g., tert-butyl hydroperoxide), wherein basic porphyrin subunits and metal 
ion centers are dual active species [121, 122]. Unlike catalytic systems mediated by 
zero-valent metal particles (e.g., Pt, Pd and Au), DFF instead of HMFCA is observed 
to be the key intermediate for producing FDCA from HMF over supported metal- 
porphyrin catalysts [122]. The reactivity of metal-base bifunctional catalytic materi-
als is greatly enhanced by their concerted interplay, but the reaction pathways might 
be affected by the type of active species.

1.4.4  Metal-Acid Bifunctional Catalysis

Hydrogenation and hydrodeoxygenation (HDO) over metal particles accompanied 
by acidic species are the frequently used routes to decrease the oxygen contents of 
biomass components. Much attention has been placed on the selective hydrogena-
tion of HMF to 2,5-dimethylfuran (DMF), which is deemed to be a promising alter-
native liquid fuel for transportation [123, 124]. A Brønsted acid (e.g., HCl and 
H2SO4) can be used to cleave the furanic C-O bond, and then PdAu particles stabi-
lized on carbon support (PdAu/C) show good performance for the complete hydro-
genation of HMF to DMF (up to 96% yield) at 60  °C after 12  h under an H2 
atmosphere [125]. The 2-methylfurfural (5-MF) and 5-methylfurfuryl alcohol 
(MFA) are both observed while ring-hydrogenated products such as 2,5-dimethyl-
tetrahydrofuran (DMTHF) and 2,5-bis(hydromethyl)tetrahydrofuran (DHTHF) do 
not seem to form (Fig. 1.16), indicating that the reaction proceeds through interme-
diates containing alcohol groups. Apart from the promotional role of negatively 

2,5-Diformylfuran
(DFF)

5-Hydroxymethyl-2-
furancarboxylic acid

(HMFCA)

5-Formyl-2-furan
carboxylic acid

(FFCA)

2,5-Furandicarboxylic acid
(FDCA)

[o]

[o]

[o]

[o]

[o]

HMF

Fig. 1.15 Probable reaction pathway for the oxidation of HMF to FDCA
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charged Au formed by the co-existence of Pd, HCl with strong acidity (pKa < −5) 
and chloride ion are necessary as co-catalyst for effective and selective production 
of DMF by preventing undesirable ring-hydrogenation and facilitating hydrogenol-
ysis through nucleophilic substitution on the alcohol groups of the reactants to form 
an active chlorinated intermediate [125].

Bimetallic catalysts containing a Lewis acidic center (e.g., Zn2+and Co2+) and a 
hydriding metal component (e.g., Pd and Ru) are more recyclable and have good 
reactivity for forming DMF from hydrogenation of HMF. For instance, the combi-
nation of Zn2+in the form of ZnO, with Pd, Ru or Cu particles catalyzes HMF con-
version to DMF with yields of >85% under 0.8–1.5 MPa H2 at 150–220 °C after 
5–8 h, which were more active than ZnCl2 (no DMF observed) and a single metallic 
catalyst such as Pd/C and Ru/C (<30% DMF yield) [126, 127]. Likewise, the intro-
duction of acidic CoOxspecies into Pt, Ru or Ni nanoparticles promotes the hydro-
genation of HMF under mild conditions with reaction temperatures as low as 130 °C 
and no more than 1 MPa H2 pressure, producing DMF in yields of up to 98% [128–
130]. The co-added Lewis acidic species seems to be favorable for the substrate 
absorption and the C-O bond cleavage. Notably, the reusability of these bimetallic 
hybrids is greatly enhanced by the presence of secondary metal oxides (e.g., Co3O4 
and ZnO) during hydrogenolysis. On the other hand, the use of acidic solid supports 
(e.g., zeolite and tungsten carbide) to immobilize and disperse metal particles pro-
vides another efficient way to efficiently hydrogenate HMF to produce DMF [131, 
132]. Further integration of a strong Brønsted acid (e.g., Amberlyst-15) with a solid 
catalyst containing metal-acid dual sites allows effective conversion of fructose to 
yield DMF via the intermediate of HMF in a two-step process involving fructose 
dehydration and subsequent hydrogenation [133]. The design of metal-acid bifunc-
tional catalytic materials seems to be one of the most promising ways to directly 
valorize upstream biomass derivatives to desired products having low oxygen 
content.

Fig. 1.16 Reaction route toward DMF from HMF hydrogenation
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1.5  Synthesis of Bio-Based Organic Acids

Instead of producing oxygenates (e.g., gluconic acid, glycolic acid, and acetic acid) 
from biomass-derived sugars under aerobic conditions, the anaerobic oxidation pro-
cess leads to the formation of either levulinic acid (LA) or lactic acid (LAC), as 
shown in Fig. 1.17, which is closely dependent on the type of catalysts and reaction 
conditions. For the synthesis of LA or its ester from hexose sugars, HMF is the key 
intermediate, while the subsequent rehydration removes one carbon atom as formic 
acid [134]. However, glucose over a Brønsted acid is not converted to LA or its 
ester, but yields anhydroglucose in dipolar aprotic solvents (e.g., N,N-dimethyl for-
mamide or dimethylsulfoxide) or alkyl glucopyranoside in alcohols (e.g., methanol 
or ethanol) as the dominant product [135]. This obstacle is overcome by the intro-
duction of Lewis acidic species into Brønsted acid-catalyzed systems [136]. In this 
regard, the solid zeolitic materials seem to be one of the best options that can be 
used as bifunctional catalysts. Saravanamurugan and Riisager illustrate that the 
commerical zeolites especially large-pore H-USY(Si/Al = 6) with both Brønsted 
and Lewis acid sites produce methyl and ethyl levulinates (ML and EL) with yields 
of >40% from glucose at 160 °C after 20 h, wherein the cascade reactions including 
isomerization, dehydration, and rehydration take place in sequence [137]. Further 
doping of Lewis acidic species (e.g., Cr3+and Fe3+) onto the surface framework of 
Y-type faujasite zeolites results in the formation of hybrids (e.g., Cr/HY and Fe/HY) 
with enhanced Lewis acidity, which exhibit pronounced LA yields (ca. 62%) at 
180 °C within 3 h [138, 139]. Similarly, a number of solid Brønsted-Lewis acid 
bifunctional catalysts such as sulfated Dowex 50 modified by cation exchange with 
FeCl3 [140] and sulfated or phosphorylated metal oxides (e.g., SO4/ZrO2, SO4/TiO2, 
and PO4/ZrO2) [141–143] are active for the conversion of glucose to LA, and the 
appropriate molar ratio of Brønsted to Lewis acid sites (ca. 1.2–2.0) play a crucial 
role in the enhancement of glucose conversion and LA yields.

Levulinic acid
(LA)

Glucose

Cellulose

Gluconic acid

Glycolic acid Acetic acid

Fig. 1.17 Synthesis of organic acids from sugars via anaerobic and aerobic oxidation
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Besides the occurrence of aldose-ketose isomerization, the presence of excess 
Lewis acidic sites results in the retro-aldol reaction of hexose sugars (e.g., glucose 
and fructose) to trioses including glyceraldehyde and dihydroxyacetone, followed 
by dehydration to pyruvaldehyde over Lewis acid sites, finally giving LAC or its 
ester via the addition of one molecule water or alcohol and succeeding the 
1,2-hydride shift (Fig.  1.18) [144]. The Sn grafted carbon-silica (MCM-41) has 
both Lewis acidity (Sn4+) and Brønsted acidity (e.g., −OH and –COOH derived 
from carbon part) that can be changed by adjusting the carbon loading amount 
[145]. The carbon-containing Sn-Si-MCM-41 catalyst with balanced  Lewis/
Brønsted acidic sites greatly improves the conversion of sucrose in methanol at 
155  °C after 20  h to yield methyl lactate (45%), and is superior to SnCl4·5H2O 
(26%) and carbon-free Sn-Si-MCM-41 (18%) [145]. Zeolitic materials with both 
Lewis acidic Sn and Brønsted acidic Al centers exhibit a faster formation of ethyl 
lactate (>100  h−1) from dihydroxyacetone in comparison with Al-free Sn-beta 
(72  h−1), which is possibly due to the dehydration reaction being promoted by 
Brønsted acid sites [146]. When cellobiose or even cellulose is employed as sub-
strate, the hydrolysis step integrated with retro-aldol, dehydration and hydration 
reactions is able to be accelerated by the coexistence of strong Brønsted acidity and 
weak or medium Lewis acidity [16], thus directly giving the desired lactic acid 
product in moderate yields (e.g., 18–27% over AlW and ZrW) in water under hydro-
thermal conditions (e.g., at 190 °C for 24 h) via a single-pot process [147]. These 
results emphasize the significant role that bifunctional catalysts will play in the 
efficient valorization of low-cost upstream biomass components to value-added 
products with high selectivity.

Fig. 1.18 Reaction pathway for transforming glucose into lactic acid (LAC) and ester; L = Lewis 
acid, B = Brønsted acid [144]
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1.6  Conclusions and Future Outlook

Bifunctional catalytic pathways have been demonstrated to be efficient for multi- 
step transformations of biomass derivatives into value-added chemcials and biofu-
els. The combination of Lewis acid or base centers with Brønsted acid sites can 
selectively promote sequential hydrolysis, isomerization and dehydration of sugars 
to produce HMF, furfural or organic acids (e.g., LA and LAC) with moderate to 
good yields, however, the results depend on the sugar type (hexose or pentose) as 
well as the distribution and charateristics of active sites on solid catalysts. With 
respect to the oxidation of furanic compounds (e.g., HMF) mediated by metal par-
ticles (e.g., Pt, Pb and Au), the catalytic process is greatly accelerated by the pres-
ence of basic species that promotes desorption of the acidic product from the metal 
surface. For the hydrogenation or HDO, the presence of acidic speices is able to 
promote the cleavage of the C-O bond in biomass derivatives, thus facilitating the 
removal of oxygen content over metal particles.

Some issues regarding the establishment of well-defined reaction systems and 
solid catalytic materials may be explored for further research on bifunctional cata-
lytic pathways: (1) increasing the incompatibility of different active sites in a single 
solid catalyst; (2) suppressing the formation of undesirable products or humins; (3) 
controlling the sequence of cascade reactions as specified; (4) improving the unifor-
mity, stability and recyclability of bifunctional solid catalysts; and (5) employing 
computational methods to comprehend preferred configurations or arrangements of 
active species, thus guiding the exploration of suitable approaches for the inclusion 
of catalytic sites.

A great number of opportunities exist for the development of bifunctional cata-
lytic pathways mediated by well-defined solid materials in both fundamental and 
applied fields. The examples illustrated in this chapter provide an introduction into 
some of the ways for practical realization of multi-catalytic processes for biomass 
valorization.
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Chapter 2
Introduction to Characterization Methods 
for Heterogeneous Catalysts and Their 
Application to Cellulose Conversion 
Mechanisms

Xiao Kong, Yifeng Zhu, Hu Li, Zhen Fang, and Richard L. Smith Jr.

Abstract To realize large-scale commercialization of cellulose conversion, design 
of catalysts based on understanding of their structure and detailed mechanisms are 
needed. Characterization methods for heterogeneous catalysts can be used to pro-
vide insight into the mechanisms of catalytic conversion of cellulose and other bio-
mass-related components, regarding catalytic activity, selectivity and stability. This 
chapter provides an introduction to characterization methods for heterogeneous 
catalysts for the general reader and then provides an overview on the fundamentals 
of the solid acid, metal and metal-acid bifunctional catalysts for cellulose conver-
sion. Solid acid catalysts for the hydrolysis of cellulose to glucose and 5-hydroxy-
methylfurfural are discussed. Metal catalysts that can be used to convert cellulose to 
syngas and hydrogen are introduced. Metal-acid bifunctional catalysts that can be 
used for converting cellulose to sugar alcohols, alkanes and ethylene glycol are 
covered. Techniques used to explore the mechanistic features of the catalysts are 
emphasized.
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2.1  Structure and Properties of Cellulose

As demand for energy and materials grows, there is greater need for protecting the 
environment. Academia is proposing to develop sustainable methods for energy and 
materials using renewable energies to reduce the dependence on fossil resources. 
Biomass, especially non-food or waste lignocellulose, is widely abundant in the 
form of plants or agriculture.

Lignocellulosic biomass contains cellulose, hemicellulose and lignin constitu-
ents and is estimated to contain from 35 to 50% by mass of cellulose [1, 2], which 
is a homo-polymer of glucose. Catalytic conversion of cellulose is popular in recent 
years as a way to develop sustainable feedstocks for future biorefineries.

Traditional catalytic processes that use petroleum, coal and gas resources as raw 
materials, mainly focus on the transformation of hydrocarbon-like compounds into 
products. However, the catalytic conversion of cellulose can hardly be based on 
traditional catalysis processes, because cellulose has a high oxygen content that 
requires new methods that will produce a new set of base chemical feedstocks, 
which are commonly referred to as platform chemicals [3–5]. New catalytic strate-
gies are required to convert oxygen-containing raw materials into biofuels and 
chemical products through techniques such as hydrolysis, hydrogenation and 
 hydrogenolysis [6]. Water-insoluble cellulose can be converted to saccharides 
through hydrolysis and subsequent hydrogenation or hydrogenolysis can afford 
products having low oxygen content. Substantial effort is being devoted to the 
development of appropriate catalysts for these processes [7–9] with possibly new 
additives such as ionic liquids [10].

Cellulose is a fibrous, tough and water-insoluble substance. It is a highly- 
abundant unbranched homo-polysaccharide and an important skeletal component in 
plants. Cellulose has six polymorphs (I, II, III1, III11, IV1 and IV11) and it can be 
interconverted between these forms [11]. Cellulose is composed of a linear chain of 
several hundreds to thousands of β-1,4-D-glucose units with the formula of 
(C6H10O5)n (Fig. 2.1). The chain terminated with a D-glucose unit with an normal 

Fig. 2.1 Representative structure of cellulose (Reproduced from Ref. [10] with permission of The 
Royal Society of Chemistry)
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C4-OH group (non-reducing end) at one end and an C1-OH group is in equilibrium 
with the aldehyde structure (reducing end) [12]. The degree of polymerization of 
cellulose can be as high as 10,000 [6]. In the structure of cellulose, abundant intra- 
and inter-molecular hydrogen bonds exist that protect the β-1,4-glycosidic bonds 
from attack by foreign molecules. The structure of cellulose makes it a substrate that 
is intrinsically resistant to modification or transformation. For example, cellulose is 
insoluble in most solvents and only can be depolymerized to a substantial degree 
with concentrated acids or at high-temperatures and high-pressures [13, 14]. 
Pyrolysis, which is the thermal decomposition of material in the absence of oxygen, 
is one of the most common conversion processes for renewable energy that can 
be used to obtain liquid products [15]. High temperatures (~500 °C) are needed for the 
process to obtain sufficient yields of liquid products. Thus, the conversion of cellulose 
with pyrolysis typically requires severe conditions.

For the conversion of cellulose to monomeric glucose units or to other chemicals 
with safe reaction solvents and under mild conditions, its chemical structure (C–C, 
C–O–C and C–O bonds) must be considered. Metal sites and acid sites in a catalytic 
material can target various functional groups and promote transformation of 
 cellulose to the desired products. Thus, the design and characterization of such cata-
lytic materials is key to understanding transformation mechanisms of cellulose.

Characterization methods discussed in this chapter include X-ray diffraction 
XRD, N2 adsorption, X-ray photoelectron spectroscopy (XPS), Auger electron 
spectroscopy (AES), hydrogen temperature-programmed reduction (H2-TPR), H2 
adsorption, CO adsorption, N2O adsorption, temperature-programmed desorption 
(TPD), temperature-programmed oxidation (TPO), temperature-programmed sur-
face reaction (TPSR), thermogravimetric analysis (TGA), infrared (IR) spectra, 
Raman spectra, transmission electron microscopy (TEM), scanning transmission 
electron microscopy (STEM), scanning electron microscopy (SEM), atomic force 
microscopy (AFM) and X-ray absorption spectroscopy (XAS). This chapter aims to 
highlight progress in the conversion of cellulose with heterogeneous catalysts with 
special emphasis on metal, acid and metal-acid bifunctional catalysts. Catalysts 
properties and reaction pathways are introduced in detail.

2.2  Characterizations of Acid and Metal Sites

Catalytic performance depends on many factors including active phase, electronic 
properties, and surface area of active sites. Metal and acid sites are common active 
sites of many solid materials. Thus, many kinds of characterization methods are 
carried out to determine the nature of the active sites and to understand their cata-
lytic performance. Examples shown in this section are not limited to the catalysts 
used for cellulose conversion. The catalysts used in other areas are also included. 
Characterization provides insight into material design of solid acid catalysts, sup-
ported metal catalysts and metal-acid bifunctional catalysts. Based on the character-
ization of catalyst during different stages (e.g., preparation, before and after reaction, 
in-situ status), a more rational design of catalyst can be achieved.

2 Introduction to Characterization Methods for Heterogeneous Catalysts and Their…
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2.2.1  X-Ray Diffraction

X-ray diffraction (XRD) is one of the most frequently used bulk sensitive tech-
niques for catalyst characterization. Normally, Cu Kα and Co Kα radiation from 
standard X-ray tubes with a power are used. Figure 2.2 shows XRD results collected 
on a D/Max-RA X-ray diffractometer (Rigaku, Japan) with Cu Kα radiation 
(λ = 0.154 nm) operated at 40 kV and 100 mA. By comparing the measured X-ray 
diffraction peaks with standard Power Diffraction File (PDF) in software (e.g., 
Jade), the crystalline phases in a catalyst can be identified. For calcined catalysts, it 
can be seen that the material is composed of CuO (PDF#48-1548), while the reduced 
catalyst is composed of metallic Cu (PDF#04-0836). The above results are obtained 
based on the lattice structural parameters and lattice spacing is derived from the 
Bragg equation [16]:

 n dsin nλ θ= = …2 1 2; , ,  (2.1)

where λ is the wavelength of the incoming X-ray, d is the distance between two lat-
tice planes, θ is the angle between the incoming X-ray and the normal to the reflect-
ing lattice plane, n is an integer called the order of the reflection.

Fig. 2.2 XRD patterns of calcined copper catalysts (A) and reduced catalysts (B) (Reprinted with 
permission from Ref. [17], Copyright © 2013 Elsevier)
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Using X-rays of known λ, the θ value can be measured, and the d values can be 
calculated. The powder diffraction file (PDF) contained in XRD software has avail-
able d values. Thus, XRD can be used to determine the structure and the solid phase 
of a catalyst.

The crystalline size (not particle size) is calculated from line broadening of the 
characteristic peak at half its maximum intensity referred to as full width at half 
maximum (FWHM). The crystalline size measured by broadening analysis is often 
smaller than that measured by microscopy. The crystalline size is calculated based 
on the Scherrer equation [16]:

 D K= λ β θ/ cos  (2.2)

where D is the dimension of the crystalline domain, λ is the X-ray wavelength, β is 
the line broadening at half the maximum intensity, θ is the angle between the beam 
and the normal to the reflecting plane, and K is a dimensionless shape factor (for 
spherical crystallites, K = 0.94).

The larger peak width indicates a smaller crystalline size. However, XRD is 
unable to detect crystalline domains that are too small. The lower limit of sizes that 
can be measured by Scherrer equation is about 2 nm. Further, crystalline sizes that 
are too large that cause small peak broading cannot be determined with the Scherrer 
equation.

The XRD patterns in Fig. 2.2B show that the Cu crystalline size are 35.6, 29.6 
and 21.0 nm for Cu/SiO2, Cu/Al2O3 and Cu/ZrO2 respectively, calculated by Scherrer 
eq. [17]. The angle of 2θ = 43.3° for reduced catalysts is used to determine the crys-
talline size, with θ = 21.65, λ = 0.154 nm, K = 0.94. β value of peak at 43.3° can be 
obtained from origin fitting or read from Jade software. The crystalline size (D 
value) is thus obtained.

XRD can be used to study catalysts in situ under actual conditions so that XRD 
can monitor changes in the phase of a catalytic material during reduction and 
reaction processes. In situ XRD is frequently used in the study of phase transforma-
tions of alloy catalysts. For in situ XRD measurements, a cell was used and the cata-
lyst was reduced with diluted H2 in a heated sample holder. Sharafutdinov et al. [18] 
(Fig. 2.3) conducted X-ray diffraction experiments with a PANalytical X’pert Pro 
diffractometer using Ni filtered Cu Kα. The evolution of phases during reduction 
is presented. With an increase in reduction temperature, the dynamics of Ni-Ga 
intermetallic formation is observed. At T > 200 °C, formation of NiO crystallites 
begins. At 300~350 °C, the intensities of the NiO reflections are become enhanced, 
indicating sintering during this step. Further increase of temperature leads to alloy-
ing of Ni with Ga, i.e. formation of α’-Ni3Ga, δ-Ni5Ga3 and eventually formation of 
a β-NiGa phase, which corresponds well to the Ni/Ga ratio (1:1) of the precursor.

Rietveld refinement can be used for microstructure analysis based on XRD 
diffractograms, including the quantification of the relative amounts of phases. The 
“Handbook of Heterogeneous Catalysis” edited by Ertl et al. [16] is recommended 
for readers to obtain more details. To quantify the relative amounts of phases during 
reduction in Fig. 2.3a, Rietveld refinement performed using X’Pert HighScore Plus 
software and is shown in Fig. 2.3b. Refinement was done by fitting various combi-
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nations of Ni-Ga phases. Two or more phases coexist at intermediate temperatures 
and the β-NiGa phase is obtained at temperatures higher than 600 °C.

2.2.2  N2 Adsorption

For solid catalysts, reactions take place on the surface or within the pores of the 
catalysts. High surface area of the solid generally contributes to sufficient disper-
sion of the active sites. Thus, methods to measure the surface area and porosity of a 
solid are important. N2-adsorption is the most widely used method to measure the 
surface area (Sg) that is determined from Eq. (2.3):

 
S

N

VWg
m m=

A V

 
(2.3)

where N is Avogadro’s number (6.023 × 1023), Am is the cross-sectional area of the 
adsorbate gas (e.g., N2 is 0.162 (nm)2) at 77 K. Vm is the volume of adsorbate at 
monolayer absorption, W is the mass of the sample, and V is the volume 
(22.4 × 103 cm3). Although N2 is commonly used to measure surface area and poros-
ity of a solid, N2-adsorption does not allow reliable estimate of the micropore vol-
ume or its size distribution so that other adsorptive molecules are used. For example, 
Ar-adsorption at 87 K can be advantageously used to characterize solids that having 
pore size diameters no wider than ∼ 2 nm [19, 20]. The molecular area of Ar at 87 K 
is 0.142 nm2 [16].

The Brunauer–Emmett–Teller (BET) model uses multilayer adsorption theory to 
estimate the surface area of a solid material (Eq. 2.4):
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where P is the pressure of the adsorbate (e.g., N2) at equilibrium, P0 is the saturated 
vapor pressure of adsorbate at that temperature and C is the BET constant value.

For most systems, the BET model can be used to determine the surface area, 
when P/P0 is in the range of 0.05~0.35. A linearized form (Eq. 2.5) can be obtained 
by transformation of Eq. 2.4. By correlating the P/V(P0-P) and P/P0, the slope and 
intercept value can be obtained so that the Vm value can be calculated. The surface 
area (SBET) is thus obtained when the Vm value is introduced in Eq. 2.3:
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N2 adsorption also reflects the textural properties (e.g. pore volume and pore size 
distribution) of the material [16]. For conversion of large molecules (e.g., cellulose) 
with heterogeneous catalysts, the catalyst pore size plays key role. For example, 
many works have suggested that the ideal solid catalyst for depolymerization of 
cellulose should be a macroporous acidic material with a large surface area [14, 21]. 
Pore condensation can be observed in mesopores due to the interactions between the 
fluid molecules at high P/P0 value (e.g., P/P0 = 0.4). Pore volume is calculated from 
the condensation value of N2 at which P/P0 is 0.99. The Kelvin equation gives the 
curvature of the liquid meniscus in a pore to the relative pressure when condensa-
tion occurs (Eq. 2.6), which serves as the basis for mesopore analysis:
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in which rk is the Kelvin radius, ν1 is the molar volume and γ is the surface tension 
of the liquid condensate.

For cylindrical pores, the Kelvin equation is modified since the pore walls are 
covered by a multilayer adsorbed film (thickness, t) at the onset of pore condensa-
tion (rp = rk + t). The Barrett–Joyner–Halenda (BJH) method is based on this model 
and the procedure is based on the notion of emptying of the pores by a stepwise 
reduction of P/P0 and taking into account the thinning of the multilayer in those 
pores already emptied of the condensate.

2.2.3  X-Ray Photoelectron Spectroscopy (XPS) and Auger 
Electron Spectroscopy (AES)

X-ray photoelectron spectroscopy (XPS) is a surface sensitive method to determine 
the surface composition and electronic valence of species in a catalyst. XPS is based 
on the photoelectric effect: an atom absorbs an energy hv where h is Planck’s con-
stant and v is the frequency of the photon and thus a core or valence electron with 
binding energy Eb is ejected with kinetic energy of Ek = hv-Eb-φ, where φ represents 
the work function of the spectrometer [16]. Mg and Al anodes are common X-ray 
sources that give MgKα (1486.6 eV) and AlKα (1253.6 eV) photons respectively. 
Scanning the kinetic energy Ek of all photoelectrons gives characteristic values of 
Eb. Thus, the distinctive core electron binding energies of all elements with the 
exception of H and He allow characterization of the origin of the photoelectron.

For different atoms, the excited electron intensity is generally different. For 
example, Ag 3d3/2 and Ag 3d5/2 are the strongest peaks for the Ag atom, which can 
be used as the characteristic peak. However, Cu 2p3/2 and Cu 2p1/2 are used as the 
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characteristic peaks for the Cu atom. The XPS is a surface sensitive technique that 
can be used to provide surface elemental content and to reveal species valence and 
binding energy. The peak height or peak area, which is related to the content of each 
element, is used for quantification. The chemical shift of the binding energy is used 
to understand the chemical nature and environment of the species. High binding 
energy corresponds to high valence state of metals.

For example, as shown in Fig. 2.4, the XPS data of milled PdGa exhibits a broad 
Ga2p3/2 peak at 1118.5 eV, which can be assigned to gallium oxide. With an increase 
in reduction temperature, a peak with lower binding energy emerges indicating the 
reduction of gallium species. From the XPS results, the gallium valence states 
during the reaction process or analysis procedure can be determined.

The charging effect, which is build-up of positive charge near the surface of a 
material due to continuous photoemission of insulating samples, must be consid-
ered since it can result in an apparent shift of the binding energies. A simple method 
to remove the charging effect is to use the C 1 s signal due to carbon contamination, 
because this signal appears for carbon on almost any dispersed sample [23, 24].

Auger electron spectroscopy (AES) is used to study the surface chemical states 
of solids. Detailed explanations of the principles and applications of AES are given 
in the literature [25, 26]. An excited atom with a hole in inner shell S (created by an 
electron or photon impact) tends to relax to an energetically lower state. Then the 
hole can be filled by an electron from an outer shell X, which is called the radiation-
less Auger process (Ek = ES−EX−E’Y). The final state after relaxation is a free elec-
tron with kinetic energy Ek and an ionized atom E’Y. The kinetic energy is associated 
with the binding energy of electrons in shells of the excited atom. KLL and LMM 
transitions are frequently investigated. For example, Cu-based catalysts usually 
consist of Cu0 and/or Cu+ sites after reduction. X-ray excited Auger spectroscopy 
of reduced xCuyAl catalysts is shown in Fig.  2.5. Surface Cu0-Cu+ species are 
distinguished with peaks at around 914 eV (Cu+) and 918 eV (Cu0) by deconvolution 
of the Cu LMM peaks [27]. Variations in the Cu+/(Cu0+Cu+) ratios in the surface of 
a solid material can be determined with AES spectroscopy.

Fig. 2.4 XPS data of the 
Ga2p3/2 peak of milled 
PdGa (a) untreated, (b) 
after H2 treatment at 
300 °C, (c) after H2 
treatment at 400 °C, and 
(d) after ISS (ion scattering 
spectroscopy) (Reprinted 
with permission from Ref. 
[22], Copyright © 2008 
Elsevier)
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Fig. 2.5 Deconvolution of Cu LMM X-ray excited Auger spectroscopy of reduced xCuyAl cata-
lysts (Reprinted with permission from Ref. [27], Copyright (2015) American Chemical Society)
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2.2.4  Hydrogen Temperature-Programmed Reduction 
(H2-TPR)

Hydrogen temperature-programmed reduction (H2-TPR) is the process of treating a 
catalyst under an atmosphere of H2 or under a dilute H2-containing atmosphere. The 
catalyst is reduced from a high valence state and to a low valence state and then to 
a zero-valence (metallic) state. For a typical H2-TPR experiment, the catalyst is 
loaded into a quartz tube and heated in a dilute H2 atmosphere with a programmed 
temperature. A thermal conductivity detector (TCD) is used to monitor changes in 
the H2 atmosphere to obtain the variation between the TCD signal and the reduction 
temperature (Fig. 2.6) [28]. From typical H2-TPR measurements, the reduction 
temperature needed for a catalyst can be determined. The method can also be used 
to study the interaction between metals and supports. As shown in Fig. 2.6, sup-
ported Pd catalyst is more easily reduced than Cu, while the presence of Pd increases 
the reducibility of Cu, leading to a shift towards lower temperatures. The results 
demonstrate the interactions between Pd and Cu, which can be further explored by 
combining other characterization methods.

Fig. 2.6 H2-TPR profiles 
of xCuyPd catalysts 
(Reprinted with permission 
from Ref. [28], Copyright 
© 2011 Elsevier)
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2.2.5  H2 Adsorption, CO Adsorption and N2O Adsorption

H2, CO and N2O adsorption can be used to determine metal dispersion and particle 
size in a material [29, 30]. For different metals, different adsorption methods and 
adsorbates have been used with calculations being based on the assumption that the 
metal is present as spherical particles of uniform size. The active surface metal of 
the catalyst can be measured by chemisorption with either a pulse technique or by a 
conventional volumetric method [30, 31].

H2 adsorption can be used to calculate the dispersion and particle size of non- 
noble metals (e.g. Ni, Co) [32]. The volumetric method is conventionally used with 
a Pyrex glass volumetric adsorption apparatus [33]. Reuel et al. [34] reported this 
method to calculate the dispersion and particle size of cobalt catalysts. The catalyst 
was first reduced and then the system was evacuated to less than  6.67×10-3 Pa 
(5  ×  10−5  Torr) at a temperature 10–20  K below the reduction temperature and 
adsorption isotherms for H2 were measured at 373 K. Adsorption isotherms were 
measured by the desorption (decreasing pressure) method after a 45 min equilibra-
tion at 300–350 Torr of adsorbate. The total gas uptake was determined by extrapo-
lating the straight-line portion of the adsorption isotherm to zero pressure. Percentage 
dispersion (%D) was calculated according to the equation:

 
% . /D = ⋅ ⋅( )1 179 X W f

 
(2.7)

where X is the total H2 uptake in micromoles per gram of catalyst measured at the 
temperature of maximum adsorption, W is the weight percentage of cobalt, and f is 
fraction of cobalt reduced to the metal. Average crystalline diameter (in nanome-
ters) is calculated from %D assuming spherical metal crystallites of uniform diam-
eter d with a site density (s) of 14.6 atoms/nm2 for supported cobalt crystallites. 
Thus

 d s= ⋅ =6 59 96. /% /%D D  (2.8)

CO adsorption is also widely used for characterizing Pt, Pd and Co based cata-
lysts [35, 36]. In typical experiments, the catalyst is reduced in hydrogen and the 
atmosphere is purged with He at the same temperature. Then, the catalyst is cooled 
to room temperature and CO volumes are injected into the system from a calibrated 
on-line sampling valve. CO adsorption is assumed to be complete after three succes-
sive peaks showed the same peak areas. An equimolar CO/Pt stoichiometry is used 
in calculations. CO-IR results have shown that the linear CO-metal species, of 
which the CO-metal ratio is unity, is predominant on metals such as Pt [31]. Thus, 
CO adsorption can be used for CO/metal = 1 in the calculation of Pt based catalysts. 
However, the CO adsorption method is controversial due to the complicated 
CO-metal stoichiometric ratio for many metals.

N2O adsorption at 90 °C is widely used for determining the dispersion and metal 
surface area of copper [37, 38]. Specifically, Cu catalysts are reduced at a defined 
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temperature (e.g., 300 °C) for about 2 h. Then, N2O/Ar flow is applied to oxidize the 
surface Cu0 to Cu2O. Finally, the catalyst is flushed with Ar and cooled to 40 °C to 
start a H2-TPR program. Copper dispersion is calculated by dividing the amount of 
chemisorption sites into the total supported copper atoms; the copper surface area is 
calculated by assuming spherical shape of the copper metal particles and 1.46 × 1019 
copper atoms/m2 [39].

2.2.6  Temperature-Programmed Desorption (TPD)

Surface properties can be studied with temperature-programmed desorption (TPD), 
which is based on the removal of adsorbed molecules, including species such as 
NH3 and CO2 from a solid material.

NH3-temperature programmed desorption (NH3-TPD) is widely used for deter-
mining the acid strength and amounts of acidic sites in a material that is contacted 
with ammonia. NH3-TPD is one of the basic characterizations for solid acid cata-
lysts. The basic NH3 molecule adsorbs onto the acidic sites of the catalyst and after 
a given time period, an increase in temperature with the flow of carrier gas causes 
desorption of NH3, which is detected by TCD. The weakly adsorbed NH3 is desorbed 
first, and then the strongly adsorbed NH3 is desorbed. The higher desorption 
temperature of NH3 indicates the stronger acid strength.

Mass spectrometry can also be applied to collect desorbed NH3 signals (m/z = 16) 
more precisely. As shown in Fig. 2.7, H2O has molecular fragments in the range of 

Fig. 2.7 Relative intensity of NH3 and H2O in the mass spectra of a Cu based catalyst (Reprinted 
with permission from Ref. [17], Copyright © 2013 Elsevier)
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Fig. 2.8 NH3-TPD profiles of various zeolite catalysts (Reprinted with permission from Ref. [40], 
Copyright © 2016 Elsevier)

16–20 m/z whereas NH3 has molecular fragments in the range of 14–18 m/z. For 
m/z = 17, although NH3 has the highest intensity, the H2O also contributes to this 
signal. Thus, to exclude the signal from water, m/z = 16 is frequently used in NH3- 
TPD analyses with mass spectroscopy.

Figure 2.8 shows NH3-TPD results of different catalysts, including H-ZSM-22, 
desilicated sample (DeZEO) and recrystallized materials (samples RZEO-1, RZEO- 
2, RZEO-3, and RZEO-4) [40]. The desorption peak at around 200 °C is attributed 
to the adsorbed NH3 at the weak acid sites, while the peak around 400 °C is assigned 
to adsorbed NH3 at the strong acid sites. By analyzing NH3-TPD results, the acid 
strength and amounts can be obtained. The NH3-TPD results show that recrystalli-
zation at different conditions (RZEO-1 to RZEO-4) leads to an enhanced trend in 
the decrease in the amount and strength of acid sites with the high temperature 
desorption peak shifting to lower temperatures. However, for NH3 adsorbed onto 
super acid catalysts, the required high temperatures cause decomposition of NH3 
before desorption. Thus, the NH3-TPD method is limited to catalysts that have 
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weakly or medium strength acidic sites. When CO2 is used (CO2-TPD), the amount 
of surface basicity due to adsorption can be determined. The procedure for  CO2- TPD 
experiments is similar to that of NH3-TPD. For reactions that are promoted by base 
catalyst or acid-base catalysts (e.g., transesterification reactions, glucose- fructose 
isomerization), CO2-TPD characterization is essential in the determination of surface 
basic sites [41, 42].

2.2.7  Temperature-Programmed Oxidation (TPO)

Temperature-programmed oxidation (TPO) examines how a sample changes under 
conditions of oxidation. Surface carbonaceous materials are oxidized to CO2, which 
are then detected by mass spectroscopy (m/e = 44). TPO can be used to investigate 
the types of carbon deposited on a material and to explore deactivation mechanisms. 
For example, supported Ni catalyst is frequently used in methane reforming with 
CO2, but it readily deactivates due to carbon deposition. Hou et al. [43] investigated 
the properties of deposited carbon on Ni supported catalysts by TPO (Fig.  2.9). 
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Three types of carbons (Cα, Cβ and Cγ) were detected on the catalysts. A highly reac-
tive carbon (Cα) was detected at 380 °C and was found to be the active intermediate 
in the reforming reaction, while the Cβ and Cγ deposited on the catalyst hindered 
access of the reactant to the Ni site on the surface. Thus, the Ni/Yas3-8 catalyst, 
which had a Cα peak, was determined to be the most active and stable catalyst.

2.2.8  Temperature-Programmed Surface Reaction (TPSR)

Temperature-programmed surface reaction (TPSR) is a technique in which reaction 
progress is monitored by mass spectroscopy in a temperature-programmed process. 
The catalyst sample is pretreated (degassed or reduced) and then reactants are intro-
duced over the catalysts while recording mass spectrometry signals. This method 
can be used to study the properties of active sites and to infer reaction mechanisms 
[44–46]. Dong et al. reported a furfural TPSR experiment in a self-made reactor that 
was connected to an online mass spectrometer [47]. The Cu catalysts were reduced 
by pure H2 and then purged with He at the same temperature and then cooled to 
40 °C overnight. Thereafter, furfural/He flow was introduced at 40 °C for 2 h. After 
the absorption, samples were purged with He to remove the physical adsorbed fur-
fural at 40 °C. Then a temperature-programmed desorption was performed with a 
heating rate of 10 °C/min in a flow of He stream from 40 to 800 °C. The desorbing 
products were detected with an online mass spectrometry.

Figure 2.10 shows the products during temperature-programmed process over 
different catalysts. Cu/SiO2 catalyst has the highest copper dispersion, BET surface 
area and acid amounts. As shown in Fig. 2.10A, Cu/SiO2 catalyst shows the highest 
desorption amount of furfural and has the highest desorption temperature. Furfuryl 
alcohol desorption showed similar trend with furfural (Fig. 2.10B). Moreover, Cu/
SiO2 catalyst exhibits a much higher amount of 2-methylfuran than the other cata-
lysts, while the desorption temperature is relatively low (Fig. 2.10C). Figure 2.10D 
shows the desorption of water, which comes mainly from the hydrogenolysis of the 
intermediate furfuryl alcohol. During the conversion of furfuryl alcohol to 
2- methylfuran, equimolar amounts of water are obtained. It is found that the desorp-
tion temperature of H2O on Cu/SiO2 catalysts is the lowest among the catalysts, 
which is consistent with the desorption of 2-methylfuran. The above results are 
evidence that Cu/SiO2 catalysts has a sufficient adsorption amount of furfural and 
the fast desorption rate of the desired product, 2-methylfuran. Figure 2.10 shows 
that TPSR allows characterization of the adsorption-desorption surface species that 
influence catalytic performance of furfural hydrogenation. Thus, TPSR can provide 
mechanistic insight into the reaction processes of catalytic systems.
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2.2.9  Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) detects the amount and rate of change in the 
weight of the sample as a function of time or temperature in a specific atmosphere. 
TGA can be used to characterize the composition of materials and to predict their 
thermal stability due to decomposition, especially for catalyst precursors.

Based on TGA results, the decomposition process during calcination of catalyst 
precursors can be obtained under an air atmosphere [49, 50]. For example, 
hydrotalicte- like material is a widely used precursor for catalyst with general 
 formula [M2+

1−xM3+
x(OH)2]x+Az−

x/z•mH2O (e.g., M2+ = Ni2+, M3+ = Al3+, Az− = CO3
2−). 

The calcination contributes to the formation of highly dispersed metal oxides. As 
shown in Fig.  2.11, the weight loss between 30 and 200  °C corresponds to the 

Fig. 2.10 (A) furfural desorption, m/e = 96; (B) furfuryl alcohol desorption from the reaction of 
furfural, m/e = 98; (C) 2-methylfuran desorption from the reaction of furfural, m/e = 82; and (D) 
H2O desorption from the reaction of furfural, m/e = 18 (Reprinted with permission from Ref. [47], 
Copyright © 2015 Elsevier)
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removal of physically adsorbed water and interlayer water. The rapid weight loss 
around 328 °C is probably due to the concomitant dehydroxylation of the laminae 
and expulsion of the carbonate anions located in the interlayer regions. At tempera-
tures above 400 °C, only a slight weight loss is detected, indicating that the precur-
sor has been totally decomposed. Based on the TGA results, the appropriate 
conditions for calcination of a catalytic material can be determined.

TGA can also be used to confirm the coke formation by comparing the fresh and 
used catalysts [48, 51]. As shown in Fig. 2.12, an increase in weight of the fresh 
catalyst is observed, which should be ascribed to Ni oxidation. However, the weight 
loss of used catalyst occurs around 345 °C, indicating the oxidization of organic 
compounds (about ~7% content in the used catalyst). Evidently, some carbonaceous 
species are strongly adsorbed onto the catalyst, which may cause the catalyst 
deactivation.

2.2.10  Infrared (IR) Spectra

Infrared (IR) transmission spectroscopy is a well-applied and powerful technique 
for detailed structural information of oxides (e.g., Al2O3, TiO2, SiO2, ZrO2) and min-
eral materials, which are frequently used as catalytic supports and precursor. In the 
conventional technique, KBr and the sample are mixed and ground and then a thin 
disc is shaped into a matrix and placed in the IR cell. Phyllosilicates, which have 
highly-ordered structures (e.g., Ni3Si2O5(OH)4, Ni3(Si2O5)2(OH)4, Cu2Si2O5(OH)2), 

Fig. 2.11 TG curves of NiAl precursor (NiAl-HT) (Reproduced from Ref. [48] with permission 
of The Royal Society of Chemistry)
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are important catalyst precursor and can be studied with IR as a reference material 
due to the presence of structural OH groups [39, 52–55]. Phyllosilicate can be pre-
pared by deposition precipitation methods [56, 57]. In Chen et al. [52], IR technique 
is used to confirm the formation of phyllosilicate in Cu/SiO2 catalyst prepared by 
ammonia evaporation method. IR spectra of Cu/SiO2 catalyst are shown in Fig. 2.13. 
The δOH band at 663 cm−1 and the νSiO band at 1040 cm−1 are characteristic of Cu 
phyllosilicate. The band at 1110 cm−1 is assigned to SiO asymmetric stretching. The 

Fig. 2.12 TG results of treated fresh and used NiAl-850 catalyst (Reproduced from Ref. [48] with 
permission of The Royal Society of Chemistry)
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relative amount of Cu phyllosilicate in Cu/SiO2 samples is calculated based on the 
ratio of integrated intensity of δOH band at 663 cm−1 and the νSiO symmetric stretch-
ing band of SiO2 at 800 cm−1 (I663/I800). With IR spectroscopy, it can be determined 
that Cu phyllosilicate can be formed by ammonia evaporation.

Because the characteristic vibrational modes are closely related to the bond 
vibrations and interactions, molecule-adsorbed IR spectroscopy permits the deter-
mination of various types and properties of surface sites based on the interactions 
between surface sites and suitably-chosen probe molecules, for example pyridine- 
adsorbed infrared spectroscopy (Py-IR) or CO-IR [58].

Py-IR can be used to determine the acid type of sites on catalyst surface. Before 
experiments, samples are treated under vacuum at high temperatures (e.g., 300 °C) 
and the spectra of the pure sample are collected after cooling to low temperature 
(e.g., 50 °C). Then, a pyridine stream is introduced to allow adsorption to occur. 
Removal of physically-adsorbed pyridine is performed at around 150 °C and then 

Fig. 2.13 IR spectra of the calcined Cu/SiO2 catalysts. (a) CuSiO-333, (b) CuSiO-343, (c) 
CuSiO- 353, (d) CuSiO-363, and (e) CuSiO-373. Inset shows the I663/I800 intensity. The number 
indicates the ammonia evaporation temperature (K) (Reprinted with permission from Ref. [52], 
Copyright © 2008 Elsevier)
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the Py-IR spectra are collected under high vacuum. Py-IR will also be discussed in 
more detail in Sect. 2.3.

Carbon monoxide is sensitive to the state of a given metal in different coordina-
tion and oxidation states and its C–O stretching frequency can be well characterized 
[59–61]. For CO adsorbed IR (CO-IR), an IR cell that allows thermal treatment in 
vacuum or in a controlled atmosphere is used. Powder samples are compressed into 
thin discs and then the discs are placed in the cell. Layman et al. [62] investigated 
the surface chemistry of CO on reduced and sulfided Ni2P/SiO2 using IR spectros-
copy. Four different νCO absorbances were observed for CO-IR results over reduced 
and sulfided Ni2P/SiO2 catalysts with the following assignments: (1) CO terminally 
bonded to cus Niδ+ (0 < δ < 1) sites (2083–2093 cm−1); (2) CO adsorbed on Niδ+ 
(0 < δ < 1) bridge sites (1914 cm−1); (3) CO terminally bonded to P (~2200 cm−1); 
and (4) formation of Ni(CO)4 (2056 cm−1). As shown in Fig. 2.14, reduced Ni2P/
SiO2 exhibits terminally bonded CO in the presence of CO (670 Pa CO partial pres-
sure). The νCO absorbance at 2193 cm−1 due to the formation of P=C=O is observed. 

Fig. 2.14 IR spectra of adsorbed CO on reduced Ni2P/SiO2 catalysts in the presence CO (670 Pa 
or 5 Torr CO partial pressure) of CO and after evacuating to UHV pressures (at 150 K) (Reprinted 
with permission from Ref. [62], Copyright (2004) American Chemical Society)
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The formation of Ni(CO)4 and CO adsorption on Ni bridge sites can be confirmed. 
No clear change in the Ni2P/SiO2 catalyst after changing to ultrahigh-vacuum 
 conditions occurred, indicating that CO is strongly adsorbed to the Ni sites. Based 
on the IR results, the mechanism and surface active sites of Ni2P/SiO2 catalyst for 
hydrodesulfurization reactions can be correlated. CO-IR is one of the most effective 
detection methods for surface metal active sites and change of electronic states and 
the technique is used in many works [59, 60, 63, 64]. With CO-IR, the adsorption of 
CO in different conformations, i.e., bridged (one CO molecule on two atom), linear 
(one CO molecule per metal surface atom) and subcarbonyl forms (two or more CO 
molecules per atom) can be determined. CO-IR measurements provide the variation 
in CO adsorption stoichiometry. Thus, CO adsorption is controversial for determin-
ing metal dispersion for many metals which showed complicated CO-metal stoi-
chiometric ratios, as discussed in the subsection on CO adsorption.

2.2.11  Raman Spectroscopy

Raman spectroscopy is widely used to provide a structural fingerprint of catalytic 
materials [65] and relies on the scattering of incident photons (e.g., laser beam). The 
photon scattering is made up of elastic components and inelastic components, which 
are knowns as “Rayleigh scattering” and “Raman scattering” respectively. Due to 
the interaction between light and the molecular groups, an energy decrease is 
observed for inelastic scattering, which gives information about the vibrational 
modes of the molecule. Raman can be considered complementary to IR, in that the 
latter couples with anti-symmetric (ungerade) vibrational modes, while Raman 
couples with symmetric (gerade) vibrational modes.

Raman serves as the most important characterization tool for the analysis of 
graphene-based materials, giving information about the number of layers, quality of 
layers, doping levels and confinement [66]. The main features in Raman spectra of 
carbons are the G and D peaks. As shown in Fig.  2.15, the Raman spectrum of 
single- layer graphene (SLG) has two characteristic peaks of G and 2D. The G peak 
is around 1585 cm−1, which is associated with the E2g vibration mode of sp2 bonds. 
The 2D peak is located around 2685 cm−1, which is the second order of the D peak 
[67]. The D peak appears at 1350 cm−1 and is due to the A1g mode breathing vibra-
tions of six-membered sp2 carbon rings. The D peak is absent in defect-free gra-
phene. Thus, the D peak is an indicator of the defects in graphene. The weak D peak 
in pristine graphene indicates the high quality of the graphene.

The layer number (single- to five-layer) of few-layer graphene (FLG) can be 
distinguished by the full width at half-maximum (FWHM) of the 2D band based on 
Raman measurements [68]. Figure 2.15 shows the Raman spectra of FLG in which 
the FWHM of the SLG is 26.3 cm−1. In bilayer graphene, the interaction of the two 
graphene planes causes the π and π* electron bands to divide into four parabolic 
band structures denoted as π1, π2, π1*, and π2*. The 2D band is thus dispersive and 
fitted into four bands with slightly different frequencies having a wider FWHM of 
52.1 cm−1. For trilayer and four-layer graphene, the electronic bands split into more 
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Fig. 2.15 Raman characterizations of AB-stacked FLG. (a) Optical image of graphene flakes with 
continuous layer number from 1 to 4. (b, c) Raman images from left box and right box in (a), 
respectively, according to FWHM of 2D band. Brighter color represents larger FWHM of Raman 
bands. Layer numbers are indicated in each part. (d) Raman spectra of each part of the FLG in (a). 
(e) The 2D bands from (b)are magnified to show different FWHM of each FLG with different layer 
number. (f)The fitted four components of the 2D band in bilayer graphene. The statistical data of 
FWHM with respect to different layer number is plotted in (g) (Reprinted with permission from 
Ref. [68], Copyright © 2010 Wiley)
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complex signals due to the π electron interactions under stacking and therefore 
excited electron–hole pairs are involved in more scattering cycles, so that more 
resonant phonons with different frequencies contribute to the wider 2D bands. The 
typical FWHM of 2D peaks of various FLGs are plotted in Fig. 2.15g. Single-, bi-, 
tri-, four-, and five-layer graphenes exhibit distinguishable ranges for at 
27.5 ± 3.8 cm−1, 51.7 ± 1.7 cm−1, 56.2 ± 1.6 cm−1, 63.1 ± 1.6 cm−1, and 66.1 ± 1.4 cm−1, 
respectively. The FLG with more than five layers has a similar band to that of the 
bulk graphite due to the continuous splitting of valence and conduction bands.

2.2.12  Transmission Electron Microscopy (TEM)

Electron microscopy offers the direct observation of catalyst morphology. Three 
types of microscopy are illustrated in this chapter: transmission electron microscopy 
(TEM), scanning electron microscopy (SEM) and scanning transmission electron 
microscopy (STEM). High-Resolution transmission electron microscopy (HRTEM) 
which is a mode of TEM, is also applied in some cases.

TEM can yield information about the atomic structures of solid catalysts. In this 
process, a thin specimen is irradiated with a parallel electron beam and the magni-
fied images of the specimen are observed by combining the transmitted electrons 
using an electromagnetic objective lens. TEM instruments are widely operated in 
the 100–400 kV range. A higher energy will bring a better resolution at the expense 
of increasing beam damage to the sample. A setting of 200 kV in TEM analyses is 
popular since this provides a suitable resolution (about 0.18 nm) with low beam 
damage for many studies [16]. For sample preparation, the power is generally 
dispersed in a volatile liquid (e.g., ethanol) and then a drop of the suspension is 
placed on a support (e.g., Cu grid). TEM can be divided into conventional TEM and 
high- resolution TEM (HRTEM). The mean sizes of particles can be estimated from 
TEM images by directly counting hundreds of particles. Two mean particle sizes are 
usually considered as the length-number mean diameter (2.9) and the volume-area 
mean diameter (2.10) [16] with the volume-area mean diameter being the most 
useful parameter because it is related to the specific surface and therefore can be 
derived indirectly from surface area measurements by chemisorption.
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where di is the metal particle size, ni is the number of metal particles in a certain 
range counted from the TEM images.
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Metal dispersion (D) can be determined by Eqs. 2.11 and 2.12 [16, 27, 69]. In 
Eqs. 2.11 and 2.12, vm is the volume occupied by an atom in the bulk of the metal, 
d is the mean particle diameter of metal nanoparticles, ns is the amounts of atoms 
per unit area (e.g., 1.47 × 1019 m−2 for Cu), M and ρ indicate the molar mass and 
density of the metal, respectively and NA represents the Avogadro’s constant of 
6.022 × 1023 molecules·mol−1.

Figure 2.16 shows TEM micrographs of carbon nanotube-supported Ru catalysts 
(Ru/CNT). The plots (Figs. 2.16A–E) show that the mean sizes of Ru particles in 
these catalysts were almost the same (8.6–8.9 nm) despite of the concentration of 
HNO3 used for CNT pretreatment from 5 to 68  wt. %, which were obtained by 
counting 150–200 particles [70].

HRTEM can provide direct information about the exposed surface and the metal- 
supported epitaxial relationship. Figure 2.17 shows HRTEM images of Au/ZnO- 
nanorod catalysts pretreated at different conditions [71]. The hemispherical shape 
of the particles indicates strong interactions between Au and ZnO that are widely 
discussed for Au/TiO2 catalysts (Fig. 2.17b) [72]. Migration of ZnO onto the top 
surface of Au nanoparticles can be observed (Fig.  2.17c–d). Based on HRTEM 
(Fig. 2.17d), surface species can be determined to be the ZnO layer with a lattice 
spacing of 0.26 nm, corresponding to the (002) plane of ZnO. Further treatment of 
Au/ZnO under H2 atmosphere does not change the structure significantly. HRTEM 
is widely used in the investigation of strong metal support interactions, which is a 
hot topic in heterogeneous catalysis [73–75].

2.2.13  Scanning Transmission Electron Microscopy (STEM)

STEM uses a focused beam to form a small spot that is raster-scanned over the 
sample while detecting scattered or transmitted electrons. High-angle annular dark 
field (HAADF) imaging is of great interest in heterogeneous catalysis. HAADF- 
STEM images are also known as Z-contrast images and are particularly effective for 
the study of catalysts containing small metal particles. Similar to preparation 
requirements for TEM, samples subjected to STEM analyses are typically be dis-
persed in a volatile solvent (e.g. ethanol), and then deposited onto a copper grid. 
HAADF-STEM images collected with a 24.5 mrad probe semiangle and ~25 pA 
probe current [76] are shown in Fig. 2.18, in which coverage of a thin layer of cobalt 
metal particles are detected. The thickness of the layer can be measured based on 
the STEM images. Prolonging the calcination and reduction process cause an 
increase of the size of layer.

2 Introduction to Characterization Methods for Heterogeneous Catalysts and Their…



56

Fig. 2.16 TEM 
micrographs and Ru 
particle size distributions 
of the Ru/CNT catalysts 
with CNTs pretreated by 
HNO3 with different 
concentrations. 
Concentration of HNO3 
used for CNT 
pretreatment: (A) 5 wt. %, 
(B) 19 wt. %, (C) 37 wt. %, 
(D) 52 wt. %, and (E) 
68 wt. % (Reprinted with 
permission from Ref. [70], 
Copyright © 2010 
Elsevier)
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Fig. 2.17 HRTEM images of the Au/ZnO-nanorod catalysts pretreated at 200 °C (a-b) and 300 °C 
(c-d) in 10% O2/He (flow rate: 30 mL/min) for 1 h and 300 °C in H2 (flow rate: 30 mL/min) for 1 h 
(e-f) (Reprinted with permission from Ref. [71], Copyright (2012) American Chemical Society)
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2.2.14  Scanning Electron Microscopy (SEM)

SEM images are obtained by scanning a finely focused probe in a raster pattern on 
the catalyst surface in step while writing the detector signal into a matrix. Making 
use of secondary electrons (SEs) that are emitted when the sample is excited by the 
electron beam is the most commonly used imaging mode. Due to the low energy of 
electrons (0–100 eV), SEM provides surface information of a specimen. It can be 
understood that a higher fraction of secondary electrons can be collected from the 
vertical surface than from the horizontal surface with the surface normal orthogonal 

Fig. 2.18 STEM images of (a) Co/TiO2 873R, (b) Co/TiO2 673C-873R, and (c) Co/TiO2 
873C-873R. Labels: numbers indicate temperature in Kelvin, R indicates reduction, C indicates 
calcination (Reprinted with permission from Ref. [76], Copyright © 2015 Elsevier)
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to the beam direction. Thus, a difference in brightness is observed for different 
angles of the specimen surface, which reveals the sample morphology. Unlike TEM, 
in which the magnification is determined by excitation of the post-specimen lenses, 
the ratio of the area scanned to the display area determines the magnification of 
SEM.

SEM is mainly used to determine sample morphology and to examine aspects of 
a material that has been synthesized. Figure 2.19 shows a series of SEM images 
along with photographs of the materials [77]. Figure  2.19a shows the Ni foam 
before and after growth of graphene. Figure 2.19b shows graphene obtained in a 
single CVD progress after removal of the Ni foam. SEM images (Fig. 2.19c, d) 
provide information on the surface networks of graphene before and after Ni foam 
removal. With SEM, one can confirm that the graphene successfully copies the 3D 
network and porous structure of Ni foam after the removal of Ni foam. SEM is an 
effective method to characterize the surface morphology of materials and is used 
routinely in materials and catalysis studies.

Fig. 2.19 Photographs of (a) Ni foam before and after growth of graphene, and (b) ~0.1 g 3D 
graphene networks obtained in a single CVD process after removal of the Ni foam. SEM images 
of (c) 3D graphene networks grown on Ni foam after CVD, and (d) 3D graphene networks after 
removal of Ni foam (Reprinted with permission from Ref. [77], Copyright © 2011 Wiley)
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2.2.15  Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) allows study of the local properties of a sample 
surface and is based on probe tip-sample force interactions instead of electrons. 
Thus, AFM can supplement study of materials that are difficult to investigate by 
electron spectroscopy and other microscopies related to charge problems (e.g., insu-
lators or poorly conducting oxide materials). Ideally, AFM is suitable for investigat-
ing model catalyst systems that contain insulating metal oxides and the technique 
can provide information on the sintering performance of nanoparticles and metal–
support interactions. The most widely used AFM force sensor is the cantilever 
probe, which is made from a single-crystal Si wafer. The cantilever is driven to 
oscillate at its resonance frequency. During the close scanning of the surface, small 
changes in the tip-surface interactions are detected as resonance frequency devia-
tions (△f), and a digital image of the surface is assembled.

Figure 2.20 shows a schematic illustration of the AFM technique and imaging 
examples [78]. Figure 2.20b shows precise measurements of short-range chemical 
forces. Force spectroscopy is obtained by recording the △f signal as a function of 
the tip-surface relative vertical displacement (Z). The interaction detected between 
the tip atom and the surface atom includes not only the short-range force associated 
with this chemical interaction, but also the long-range force contributions (i.e., van 
der Waals and electrostatic interactions) (Fig. 2.20c). The effect of the electrostatic 
interactions during imaging is usually minimized by choosing appropriate experimental 
set-up. Figures 2.20d-e show dynamic force microscopy topographic images of a 
single-atomic layer of Sn (Fig. 2.20d) and Pd (Fig. 2.20e) single-atomic layer grown 
over a Si(111) substrate, respectively.

AFM is a multifunctional technique and is considered to be in the molecular 
toolbox of many researchers and is applied to areas including catalysis [79], nano-
biotechnology [80, 81] and nanotribology [82]. For catalysis, AFM is capable of 
resolving the chemical structure of a single molecule on a surface [83]. AFM can also 
be used to study surface reactions by analyzing reactants and products. For example, 
AFM images can directly reveal that diphenanthro[9,10-b:9′,10′-d]thiophene (DPAT) 
molecules undergo an on-surface planarization reaction upon annealing [84]. AFM 
can also be used to study the interaction between molecules. AFM has been used to 
compare the adhesion forces of cellulase-lignin and that of cellulase- cellulose by 
immobilizing a commercial trichoderma reesei (ATCC 26921) onto silicon wafers 
[85]. For example, Qin et al. [85] showed that average 45% higher forces are detected 
over Kraft lignin-cellulase than that of hydroxypropyl cellulose-cellulase.

2.2.16  X-Ray Absorption Spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is the only spectroscopic method that gives 
information about the electronic and structural properties of catalysts under reaction 
conditions [16]. XAS is mainly divided into conventional extended X-ray absorption 
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fine structure (EXAFS) and X-ray absorption near-edge structure (XANES) [86]. 
XANES is referred to the region at energies below and around the ionization thresh-
old. The excited electron is usually described using electron scattering that occurs 
around 20–30 eV above the absorption edge, and this region is referred to EXAFS.

EXAFS is an essential characterization technique for heterogeneous catalysts. 
The simplest theory for EXAFS is based on single scattering plane wave approxi-
mation. This theory assumes that the atomic radii are much smaller than the inter-
atomic distances. EXAFS can be applied to effectively obtain structural information 
and changes [87–89]. As shown in Fig.  2.21, the reduced and aqueous phase 
 reforming (APR) Pt exhibit different spectra with monometallic Pt being used as 
reference. The spectrum under H2 shows higher peak intensity and a lower distance 
shift at ~2.1 A compared with that under APR, while the spectrum under APR 
exhibits an additional peak at ~2.9 A.

Fig. 2.20 (a) Schematic illustration of AFM experiment in dynamic mode. (b) Onset of chemical 
bonding between the outermost tip atom and a surface atom (highlighted by the green stick) that 
gives rise to the atomic contrast. (c) Curves are obtained with analytical expressions. (d–e), 
Dynamic force microscopy topographic images of Sn (d) and Pd (e) single-atomic layer grown 
over a Si(111) substrate respectively (Reprinted with permission from Ref. [78], Copyright © 2007 
Nature)
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Figure 2.21 reveals that an increase in the Pt-Pt coordination number and decease 
in Ni-Pt coordination number occur under APR. By fitting EXAFS results, the coor-
dination number and Ni-Pt/Pt-Pt bond length can be determined (Table 2.1). After 
reduction, NiPt alloy is formed based on the detective coordination number of 
Ni-Pt. Moreover, a relatively larger Ni-Pt coordination number and a short Ni-Pt 
bond are obtained for reduced catalyst, indicating the core-shell structure in which 
the core is rich in Ni and the shell is rich in Pt. Under APR, the structures undergo 

Fig. 2.21 Magnitude of k2-weighted Fourier transform of Pt L3-edge EXAFS data, dashed lines, 
and fits, solid lines, for NiPt/C catalyst under 10% H2 at 225 °C (blue) and under APR reaction 
conditions (red, 10 v/v % ethylene glycol in H2O at 225 °C and 3.2 MPa). For reference, Pt foil is 
in black. The catalyst was reduced at 350  °C in 10% H2 for 2  h prior to EXAFS data scans 
(Reprinted with permission from Ref. [88], Copyright (2012) American Chemical Society)

Table 2.1 EXAFS fitting results of a NiPt/C catalyst for the Pt L3-Edge

Conditions 10% H2 at 50 °C
10% H2 at 
225 °C

APR at 
225 °C

After APR 10% H2 at 
50 °C

CN(Pt-Pt) 1.9 ± 0.8 2.0 ± 0.7 6.0 ± 1.4 2.8 ± 0.9
CN(Ni-Pt) 3.5 ± 0.4 3.8 ± 0.3 1.9 ± 0.8 4.6 ± 0.4
R(Pt-Pt), Å 2.65 ± 0.03 2.64 ± 0.03 2.67 ± 0.02 2.69 ± 0.03
R(Ni-Pt), Å 2.548 ± 0.007 2.530 ± 0.008 2.64 ± 0.03 2.566 ± 0.008
σ(Pt-Pt), Å2 0.008 ± 0.003 0.011 ± 0.002 0.010 ± 0.002 0.007 ± 0.002
σ(Ni-Pt), Å2 0.007 ± 0.001 0.010 ± 0.004 0.011 ± 0.003 0.006 ± 0.001
ΔE0 (eV) 2.5 ± 1.0 2.5 ± 0.6 4.0 ± 0.8 8.0 ± 0.9

The σ and ΔE0 represent the Debye–Waller factor and the inner potential correction, respectively
Reprinted with permission from Ref. [88], Copyright (2012) American Chemical Society
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a reconstruction, with increased Pt-Pt coordination number (2.0–6.0) and decreased 
Ni-Pt coordination number (3.8–1.9). Further reduction of this catalyst causes a 
return to the Pt-rich shell/Ni-rich core structure, as indicated by the coordination 
number and length of Ni-Pt bond. The dynamic change of the catalyst is thus suc-
cessfully obtained by the EXAFS technique.

XANES can be used to provide information on the change of species during 
reduction or reaction by using comparisons with standard samples. Figure  2.22 
illustrates the Ni K-edge XANES spectra for calcined, reduced NiPt/C under H2 and 
under APR.  Under APR reaction conditions, oxidization of Ni is confirmed. 
Normalized Ni K-edge XANES spectra are scanned to investigate the formation of 
NiZn alloy species during a temperature-programmed reduction of 2 wt. % Ni/ZnO, 
demonstrating a gradual transformation of NiO to α-NiZn and β1-NiZn [90]. The 
geometry and electronic structure of metal centers can also be revealed. Presence of 
linear Cu+ species in Ofw-Cu-NH3 or H3N-Cu-NH3 configurations can be determined 
using XANES scans [91]. The reader can consult several reviews that report on the 
application of XANES and EXAFS to heterogeneous catalysis to obtain further 
details [92–94].

Fig. 2.22 Normalized absorption spectra at the Ni K-edge for NiPt/C catalyst before reduction 
(calcined), under 10% H2 at 225 °C, and under APR reaction conditions (10 v/v % ethylene glycol 
in H2O at 225  °C and 3.2 MPa) (Reprinted with permission from Ref. [88], Copyright (2012) 
American Chemical Society)

2 Introduction to Characterization Methods for Heterogeneous Catalysts and Their…



64

2.3  Heterogeneous Acid Catalysts for Cellulose Conversion

In the previous sections, characterization techniques used in studying catalysts were 
introduced. In this section, the techniques are used to provide insight into catalytic 
mechanisms reported for the conversion of cellulose and related compounds such as 
glucose into target products. First, the properties of the catalysts are considered.

2.3.1  Properties of Acid Catalysts

The acid type (Brønsted or Lewis), strength, distribution, morphology and amount 
of acid sites in a solid material define its main catalytic properties. The characteriza-
tion of the properties of the solid materials is necessary to understand mechanisms 
that are promoted by acid catalysis and to develop or design new catalysts.

  

(2.13)

(2.14) 

Acid types are broadly classified as Brønsted acid or Lewis acids. A Brønsted 
acid is a species that can donate a proton. A Lewis acid is a species that can accept 
a pair of electrons from another species. The Brønsted acid donates a proton, 
whereas the Lewis acid accepts a pair of electrons and forms a complex. Some reac-
tions are catalyzed by Brønsted acid sites while other reactions are promoted by 
Lewis acid sites. Integrated catalytic processes that have proper design of Brønsted 
and Lewis acid sites have achieved a domino reaction effect to produce 
γ-valerolactone from furfural [95]. Py-IR is the most effective method to character-
ize the acid type due to the strong affinity of the nitrogen atom in the pyridine mol-
ecule with Brønsted and Lewis acids. The proton in the catalyst reacts with pyridine 
and forms a pyridine cation, generating an absorption band at 1540 cm−1 (Eq. 2.13). 
Lewis acid sites react with pyridine and form a Py-L ligand complex, producing an 
absorption band at 1450 cm−1 (Eq. 2.14). Thus, the bands at 1540 and 1450 cm−1 are 
generally accepted as characteristic bands for Brønsted and Lewis acid sites, respec-
tively. Based on Py-IR results, the content of the two types of acid sites can be 
estimated by the corresponding calibrated peak area [96].
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The acid strength refers to the ability of the functional group to lose a proton or 
accept an electron pair. Indicator methods and temperature programmed desorption 
(e.g., NH3-TPD) are commonly used methods to characterize the acid strength. The 
pH is a well-known indicator for acid strength of an aqueous solution. For solid 
acids, the Hammett acidity function (H0) is used to determine acid strength. The 
Hammett acidity is defined using Eq. (2.15), where [B]a and [BH+]a are the concen-
tration of undissociated bases and conjugate acids, respectively ([HA]s+ [B]a→[A−] 
+ [BH+]a). By choosing a series of indicators with different pKa values, the H0 can 
be measured by the interaction of indicators and solid acids. The indicators are sub-
stances with basic sites (e.g., methyl red, anthraquinone and p-nitrotoluene). The 
basic sites interact with the acidic sites in the solid, forming new species that 
undergo a change in color. If the indicator has an acid type of color, the H0 value is 
equal or below the pKa value of the indicator (H0 ≤ pKa). Chai et al. [97] measured 
the catalyst acidity (strength and amount) using various Hammett indicators. In 
terms of the measured acid or base strength, the catalysts are classified into four 
groups and the locations of some different solid acid catalysts in the classified 
groups are obtained (Table 2.2).

An acidic surface is generally composed of a multitude of acid sites having dif-
ferent strengths rather than a single site that has the sole strength. The acid amount 
is a function of the acid strength. N-butylamine indicator is frequently used to deter-
mine the acid distribution. The acid distribution is widely used in analysis of zeolite 
frameworks. For example, there are three types of pores in H-MCM-22 (zeolite 
type) which are different in their catalytic performance, including sinusoidal chan-
nels, cylindrical supercages and d pockets on the external surface. Brønsted acid 
sites in the sinusoidal channels rather than in the surface pockets and supercages are 
beneficial for methanol to hydrocarbons over H-MCM-22 [98]. Thus, acid distribu-
tion is an important property of the zeolite framework.

Acid catalysts can be used for many reactions that occur through carbocation 
mechanisms, such as in the conversion of methanol into olefins, Friedel-Crafts 

Table 2.2 Classification of widely used solid acid catalysts based on Hammett acidity

Group Range Classification Example

1 H0 ≥ + 7.2 base catalyst CeO2, La2O3, MgO
2 −3.0 ≤ H0 ≤ + 6.8 medium, strong and 

weak acid catalyst
SiO2, ZrO2, Nb2O5-700

3 −8.2 ≤ H0 ≤ − 3.0 strong acid catalyst Al2O3, HZSM-5, Nb2O5-400, WO3/ZrO2, 
H3PO4/α-Al2O3, SAPO-34, 
NiSO4/α-Al2O3.

4 H0 ≤ − 8.2 very strong acid 
catalyst

SO4
2−/ZrO2, SiO2-Al2O3, Hβ, 

Nb2O5-350.

Reproduced from Ref. [97] with permission of The Royal Society of Chemistry
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 reactions and isomerization reactions [99–101]. Acidic materials can promote 
 cellulose hydrolysis reactions by cleavage of the β-1,4-glycosidic bonds. By tuning 
the acidic properties (type, strength, distribution and amount), the catalytic perfor-
mance of an acid catalyst can be adjusted.

Catalysts used for cellulose conversion can be divided into liquid acid catalysts 
and solid acid catalysts. Each type of catalyst will be discussed in detail in the fol-
lowing sections.

2.3.2  Origin of Acid Sites

Hydrolysis of cellulose via chemical processes can be divided into several methods: 
(i) concentrated acid hydrolysis (e.g., 72% H2SO4), (ii) dilute acid (e.g., 0.3~0.5% 
H2SO4) and (iii) solid acid [2, 102]. Concentrated acids cause swelling of cellulose 
and form an acid complex and are considered to act as a homogeneous process. 
Dilute acid hydrolysis of cellulose is a heterogeneous reaction and is limited by 
mass-transfer related to the particle size, degree of polymerization (DP) and crystal-
linity of cellulose. Pretreatment is necessary for dilute acid methods to be applied to 
cellulose hydrolysis [103]. However, both concentrated and dilute acid cellulose 
hydrolysis processes suffer from issues associated with reactor corrosion, product 
separation and acid recovery and recycle along with aqueous effluents that require 
waste treatment.

Solid acid catalysts suitable for promoting cellulose hydrolysis are metal oxides, 
zeolites, heteropolyacids, polymer based acids and sulfonated carbonaceous-based 
acids. In this section, the microstructures of typical solid acid catalysts are intro-
duced so that the role of acid sites in a material can be understood and some conclu-
sions can be made that may provide a guide for the design and development of acid 
catalysts.

Al2O3 is an oxide that has weak acid sites after heat treatment. The surface OH 
groups of Al2O3 become removed and form coordinative unsaturated Al3+, which 
acts as a Lewis acid site. The surface OH groups are the origin of the acidity of 
Al2O3. SiO2 is considered as an inert support with weak acidity. However, SiO2- 
Al2O3 composite is a widely used as a strong acid catalyst for petroleum cracking, 
dehydration, and olefin polymerization and isomerization reactions. The binary 
SiO2-Al2O3 oxide possesses strong acidity with Brønsted and Lewis acid sites. It 
could be thought of as the isomorphous substitution of trivalent Al onto a tetravalent 
SiO2 lattice, which would cause the existence of redundant negative charges. 
Commonly, Al is hexacoordinated and constrained to adopt a tetracoordinated 
structure. Thus, Al tends to acquire a pair of electrons and behaves as a Lewis acid. 
In the presence of water, the H2O molecule is adsorbed and forms a Brønsted acid 
site [104]. Many other oxides form acid sites by similar mechanisms, as the substi-
tution of another atom with a different coordination number causes the formation of 
redundant charge and acid sites.
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Zeolites are aluminosilicates with a highly-ordered structure. When water mol-
ecules and mobile alkali metal ions are introduced into zeolites, they can be 
exchanged with other cations that compensate for the excess negative charge in the 
anionic framework resulting from the aluminum content, as discussed for SiO2- 
Al2O3 oxides. Zeolite synthesis starts from alkaline aqueous mixtures of aluminum 
and silicon compounds. The Si/Al atomic ratio is an important factor that affects the 
structure and acidity of the zeolite. The generation of acidic sites of zeolites can be 
expressed as shown in Fig. 2.23. Ion exchanged zeolites with ammonium is first 
obtained and then changed into the acid form with Brønsted acid sites after removal 
of ammonia by calcination. Hydroxyl groups that are present on the surface of 
 zeolites can be regarded as another type of Brønsted acid site. With additional ther-
mal treatment, the removal of water occurs, causing two Brønsted acid sites to form 
one Lewis acid site.

Heteropolyacids (HPAs) are composed of a well-defined heteropoly anion, cation 
and coordinated water molecules. The tunable acidity of HPAs allows them to be 
widely applicable to acid catalyzed reactions. The Keggin-type HPAs with the 12-struc-
ture are widely applied due to their high acidity, good thermal stability and facile prepa-
ration, such as H3PW12O40•nH2O, H3PMo12O40•nH2O, H4SiW12O40•nH2O and 
H4SiMo12O40•nH2O. Their chemical composition is typically described as H8- xXY12O40 
(with X = P, Si, B; Y = Mo, W, V; n = oxidation state of X). The metal Y makes them 
active in redox catalysis due to the different oxidation states. The primary Keggin type 
and secondary structure of typical heteropoly anions are shown in Fig. 2.24. The pro-
tonated H5O2

+ species forming the bridges between Keggin ions is responsible for the 
acidity of hydrated bulk heteropoly acid. In water, all protons are dissociated stepwise. 
Thus, HPAs have strong acid strength, which is significantly stronger than typical inor-
ganic acids, including H2SO4, HBr, HCl, HNO3 and HClO4 [105]. The most acidic HPA 
corresponds to the Keggin structure H3PW12040. The differences in the acid strength 
between HPAs and typical inorganic acids can be explained within the framework of 
electrostatic theory based on size and charge of the anion.

Fig. 2.23 Generation of acidic sites of zeolites (Reprinted with permission from Ref. [7], 
Copyright © 2002 American Chemical Society)
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However, HPAs are soluble in water and so their recovery hinders general appli-
cation. Low surface areas (<10 m2·g-1) and low accessible surface acid sites also 
affect application of HPAs. However, HPAs loaded onto high surface area supports 
(e.g., zeolite, active carbon and silica) allow good dispersion and give HPAs high 
surface area and enhances their activity. For example, silica supported H3PW12O40 in 
which the HPA is impregnated in a siliceous support forms crystalline heteropoly 
acid with an intact Keggin structure and an interacting form (H3PW12O40 + ≡ Si- 
OH → (≡ Si-OH2)+(H2PW12O40)−) [106]. The pure Keggin-type species on silica can 
be prepared at high loadings and the interacting structure forms at low loadings. 
Although HPA-supported catalysts are versatile, the leaching of some amounts of 
the HPA into the liquid reaction phase tends to be unavoidable.

HPA salts are good candidates for heterogeneous catalyst. Substitution of the 
proton by an alkaline cation (e.g., NH4

+, K+, and Cs+) has large effects on the pore 
structure and surface area of the resulting material, as well as its aqueous solubility. 
Among the HPA salts, Cs salts substituted HPAs (e.g., CsxH3-xPW12O40) are insoluble 
in water, exhibit high surface area and are attracting much attention. For example, 
materials with Cs content in the range of x = 2.0–2.7 are composed of dispersed 
crystallites (~100 m2/g) and have high Brønsted acid strength, similar to the parent 
heteropoly acid [107]. Moreover, these catalysts are recoverable with no leaching of 
the soluble heteropoly acid into the aqueous reaction phase.

Polymer-based acids are mainly based on styrene-based sulfonic acids (e.g., 
Amberlyst) and the perfluor sulfonic acid-based (e.g., Nafion resin/silica nanocom-
posites). Harmer et al. [108] reviewed the microstructural features of two types of 
polymeric ion-exchange resins. As shown in Fig.  2.25, Amberlyst-15 is a macro 
reticular sulfonated polystyrene-based ion-exchange resin with 20% divinylben-
zene. Nafion is a perfluorinated resin sulfonic acid copolymer. Both acids have 
different strengths. The perfluorinated resin sulfonic acid is a very strong acid with 

Fig. 2.24 Schematic structure of (a) heteropoly anion (XY12O40)m- with the Keggin strucure; (b) 
secondary structure of the heteropoly acid (b) (Reprinted with permission from Ref. [7], Copyright 
© 2002 American Chemical Society)

X. Kong et al.



69

H0 value from −11 to −13, while Amberlyst-15 has a H0 value of about −2.2. Both 
acids have low surface area, especially for Nafion. Thus, high surface area Nafion 
resin/silica nanocomposites have been introduced to expand the application of per-
fluorinated resin sulfonic acids. For a given reaction, the acidity and catalytic 
performance can be tuned by the silica source and structure.

Sulfation of oxides (e.g., ZrO2, TiO2, and Fe2O3) enhances the surface acidity and 
allows formation of solid superacids. To understand the nature of acid sites, studies 
have been made to characterize the structure of sulfur-containing species [109] for 
which one kind of structure is shown in Fig. 2.26. Sulfate bridges across two Zr 
atoms and Py-IR analysis shows the existence of Lewis acid sites. The acidity of the 
sulfated oxide material is generated by electron induction of the S=O double bonds, 
which increases the electron deficient nature of Zr. In the presence of water, Lewis 
acid sites are converted to Brønsted acid sites via proton transfer. There are many 
structures proposed in  the literature [109], but in many cases, there is no direct 
experimental evidence of the forms.

Sulfonated carbonaceous based acids are widely used strong solid acids that are 
more robust in hot water compared with resin-type or oxide-type solid acids. 
Carbonaceous material with SO3H groups can be prepared by boiling carbon- 
containing materials in fuming sulfuric acid. The carbon materials can be natural 

Fig. 2.25 Structure of two types of polymer-based acids (Reprinted with permission from Ref. 
[108], Copyright © 2001 Elsevier)

Fig. 2.26 Generation of acid on the sulfated ZrO2
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organic compounds, such as sugar, cellulose and starch followed by sulfonation of 
the resulting amorphous carbon. As shown in Fig. 2.27, the amorphous carbon after 
treatment consists of flexible polycyclic carbon sheets with SO3H, COOH, and phe-
nolic hydroxyl (OH) groups in a three-dimensional network that is a typical solid 
Brønsted acid catalyst. The composition of the sample shown in Fig. 2.27 was deter-
mined to be CH0.622O0.540S0.048, with the amounts of phenolic OH groups, SO3H and 
COOH bonded to the graphene being 2.0, 1.9 and 0.4  mmol g−1 respectively as 
determined by elemental analysis and cation-exchange [110]. The surface acidity 
and hydrophilicity/hydrophobicity properties can be varied by both the sulfonation 
conditions and the carbon source [111].

2.3.3  Brønsted Acid Sites for Glucose Production

Cellulose is a biopolymer with glucose monomeric units that are linked by β-1,4- 
glycoside bonds. The selective hydrolysis of cellulose into glucose is a key process 
for the utilization of cellulose. The cellulose-to-glucose reaction is a tandem hydro-
lysis reaction from cellulose to oligosaccharides and then to glucose, which is usually 
catalyzed by acid catalysts with Brønsted acid sites (Fig. 2.28) [112].

Sulfated and sulfonated catalysts have been reported as efficient catalysts for 
production of glucose from cellulose. Onda et  al. [14] reported that solid acid 

Fig. 2.27 Proposed schematic structure of a functionalized carbon material (Reprinted with per-
mission from Ref. [110], Copyright © 2008 American Chemical Society)
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catalysts hydrolyze cellulose (treated by ball-milling for 48 h) selectively into 
glucose and those authors screened many types of solid acids, including silica, alu-
mina, H-zeolites, activated carbon, sulfated activated carbon, sulfated zirconia and 
Amberlyst-15 (Fig. 2.29). The silica and alumina showed almost no activity, while 
zeolite catalysts, especially the hydrophobic zeolites with high Si/Al ratios (H-ZSM5 
(45), H-beta (75)), were found to catalyze the hydrolysis reaction efficiently. The 

Fig. 2.28 Conversion of cellulose into glucose via soluble oligosaccharides oligomers

Fig. 2.29 Cellulose hydrolysis over solid acid catalysts at 150 °C. Reaction conditions: milled 
cellulose 45 mg, catalyst 50 mg, distilled water 5.0 mL, and 24 h (Reprinted with permission from 
Ref. [14], Copyright © 2008 The Royal Society of Chemistry)
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hydrophobic character facilitates the catalysts with higher preference for adsorption 
of organic compounds than water, which may cause the relatively high glucose 
yields. Sulfated zirconia and Amberlyst-15 also gave a relatively high yield of 
glucose. However, sulfated zirconia gives a high fraction of water soluble byproducts 
and the SO4

2− ions over the catalyst are leached. Among the screened solid catalysts, 
the sulfated activated carbon gave the highest glucose yield (40.5%) with minor 
water-soluble byproducts. Moreover, no loss of active SO4

2− ions was observed. In 
comparison, activated carbon with acidic functional groups (e.g., carboxylic group) 
shows low reactivity for cellulose hydrolysis. The hydrolysis of cellulose to glucose 
proceeds over the Brønsted acid sites and probably can be promoted at high 
temperatures. Those authors investigated catalytic hydrothermal hydrolysis of the 
ball- milled cellulose using sulfonated activated-carbon (AC-SO3H) catalyst, which 
is stable under hydrothermal conditions [113].

Carbon materials functionalized with groups of −COOH, −OH and –SO3H were 
studied by Suganuma et al. [110], who reported that the pure microcrystalline cellu-
lose could hardly be hydrolyzed into glucose or water-soluble β-1,4 glucan using 
conventional solid acid catalysts such as niobic acid, H-mordenite, Nafion and 
Amberlyst-15. In contrast, amorphous carbon containing -SO3H, −COOH and pheno-
lic -OH bearing groups on nanographene sheets exhibits remarkable hydrolysis per-
formance (glucose yield of ~4% and β-1,4 glucan yield of ~64%) and is as effective 
as sulfuric acid. Interestingly, this carbon material has a small surface area and only 
one-tenth of the acid density of sulfuric acid. The high activity for cellulose hydrolysis 
can be attributed to the ability of the carbon material to adsorb β-1,4 glucan, and the 
large effective surface area in water and the SO3H groups that are tolerable to hydra-
tion. Pang et al. [111] reported that the efficiency of sulfonated carbons can be greatly 
promoted by elevating the sulfonation temperature. The cellulose was pretreated by 
ball-milling for 48 h to lower its crystallinity. The cellulose is selectively converted 
into glucose with high yields (74.5%) over 250 °C-sulfonated catalyst. A sulfonated 
silica/carbon nanocomposite has been reported to have high cellulose (pretreated by 
ball-milling for 24 h) conversion (60.7%) and to give a glucose yield of 50.4% [114]. 
From the results, two merits including the strong and accessible Brønsted acid and the 
adsorption ability of β-1,4 glucan of the catalysts are crucial factors in determining the 
efficiency of cellulose hydrolysis. To facilitate the separation of catalysts and the reus-
ability, Lai et al. [115] reported on a sulfonic group functionalized paramagnetic SBA-
15 catalyst (Fe3O4-SBA-SO3H) that promoted the hydrolysis of cellulose. The catalyst 
gave a glucose yield of 50% when amorphous cellulose was used as feed, and had 
high efficiency for other substrates such as starch or corn cob [115].

The catalytic performance of the heteropolyacid H3PW12O40 was examined for 
the hydrolysis of microcrystalline cellulose with a crystallinity of 0.6 [116], where 
it was found that the catalyst promoted high conversion (92.3%) of cellulose and 
gave a glucose yield as high as 50.5%. This catalyst (H3PW12O40) can be recycled by 
simple extraction with diethyl ether and it can be reused for at least six times. 
Shimizu et al. [105] reported HPA and metal salt catalysts for the hydrolysis of cel-
lobiose and ball-milled cellulose into glucose or sugars, including H3PW12O40, 
H4SiW12O40 and M3(PW12O40)n. Their work demonstrated that heteropoly acids have 
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higher activity than mineral acids for the hydrolysis of cellulose to total reducing 
sugars (TRS) with values of the yields being in the following order: H3PW12O40 > H
4SiW12O40 > HClO4 > H2SO4 > H3PO4. The conversion of cellulose and the obtained 
TRS yields correspond well to the deprotonation enthalpy of these Brønsted acid 
catalysts, such that the stronger Brønsted acid is more favorable for the hydrolysis 
of β-1,4-glycosidicbonds of cellulose (Fig. 2.30).

Hegner et al. [117] reported the hydrolysis of cellobiose over amorphous silica 
supported Nafion and FeCl3 catalysts at 130–190 °C. Both supported Nafion and 
FeCl3 catalysts were active for the reaction, while the supported Nafion had better 
stability and did not deactivate for 3 cycles. Kobayashi et al. [112] reported a meso-
porous carbon supported Ru catalysts to catalyze the hydrolysis of ball-milled 
 cellulose. The support has large surface area and highly oxygen-functionalized 
surface and the catalyst was found to be efficient, water-tolerant and stable for the 
reaction. Those authors [112] proposed that a synergistic effect exists between 
carbon materials and Ru to catalyze the reaction efficiently, in which the carbon 
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material catalyzes the hydrolysis of cellulose to oligosaccharides while Ru pro-
motes the conversion of oligosaccharides into glucose.

In summary, for efficient conversion of cellulose to glucose, solid acid catalysts 
with strong and accessible Brønsted acid sites and good adsorption ability of β-1,4 
glucanare needed. The design of acids catalysts from the aspect of the catalyst struc-
ture may provide another approach, in which the acidic properties are varied within 
the catalyst structure.

2.3.4  Lewis Acid Sites Promote 5-hydroxymethylfurfural 
Formation

The biomass-derived platform compound 5-hydroxymethylfurfural (HMF) is highly 
versatile as a feedstock and can be converted into many types of chemicals and 
fuels. For example, HMF can be hydrogenated into 2,5-dimethylfuran and 
2,5- dimethyltetrahydrofuran that are important fuel additives [118, 119]. HMF can 
also undergo hydrogenolysis to form polyols and oxidized into furan-2,5- 
dicarboxylic acid which are important polymer precursors [120]. HMF yields higher 
than 90% can be obtained from fructose or glucose as starting materials [121]. 
However, direct transformation of cellulose to HMF would be of high technological 
interest for future biorefineries, because cellulose represents a major constituent of 
lignocellulosic biomass. The reaction pathway for the direct transformation of cel-
lulose into HMF consists of a series of reaction steps (Fig. 2.31). First, cellulose 

Fig. 2.31 Chemical pathway of direct transformation of cellulose into HMF (Reprinted with per-
mission from Ref. [125], Copyright © 2011 The Royal Society of Chemistry)
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undergoes hydrolysis into oligomers and six-carbon aldoses such as glucose that is 
known as saccharification. The generated aldose-type sugars are then isomerized 
into ketose-type sugars, which allow the formation of five-membered rings. Finally, 
these ketose-type sugars are dehydrated into HMF by removal of three water mol-
ecules per sugar molecule. This series of reactions could be effectively promoted 
with catalysts having Brønsted acid and Lewis acid sites, as the isomerization step 
is promoted by Lewis acid catalysts (e.g., CrCl3, AlCl3, Sn-containing zeolite) 
[122–124].

In 2002, Seri et al. reported that LaCl3 catalyzes the transformation of microcrys-
talline cellulose into HMF in water at 250 °C although the yields (ca. 19%) were 
relatively low. It is important to note that metal salts can maintain their Lewis acid 
sites even in aqueous solutions and that they show good activity [126] so that their 
use has many possible applications.

Acidic metal salts-ionic liquids systems have good prospects for direct conver-
sion of cellulose into HMF due to the excellent dissolution characteristics that some 
ionic liquids have for cellulose [127–129]. Zhao et al. [130] reported a Brønsted- 
Lewis- surfactant-combined Cr[(DS)H2PW12O40]3 (DS represents OSO3C12H25 
dodecyl sulfate) heteropolyacid for the conversion of cellulose into HMF in water. 
The catalyst gave a conversion of 77.1% and a HMF yield of 52.7%. The reason of 
high yield of HMF can be attributed to the assembly of the catalyst as micelles in 
the aqueous solution. Through interaction of cellulose with the surface of the 
micelles and its penetration into the micelles, the concentration of cellulose is con-
centrated around the catalyst, and so the catalyst activity is improved. Moreover, 
these micelles droplets are sufficient to provide a hydrophobic environment for pro-
tecting HMF from further decomposition.

Biphasic solvent systems consist of two immiscible liquid phases for which one 
phase contains the reactants and the other phase extracts the reaction product. 
Biphasic solvent systems can be used effectively for the direct conversion of cellu-
lose into HMF. For example, in a biphasic solvent system, bimodal micro/mesopo-
rous HZSM-5 with desilication gave cellulose conversions of 67% and 46% yields 
of HMF when using microcrystalline as material [131]. Shi et al. [132] developed a 
cost-effective biphasic solvent system with THF and concentrated NaHSO4-ZnSO4 
aqueous solution for production of HMF from microcrystalline cellulose and 
obtained HMF yields of 53%.

Glucose is an intermediate that is formed when cellulose undergoes hydrolysis. 
The presence of a Lewis acid or a Brønsted acid promotes conversion of cellulose 
to glucose and then the reaction of glucose proceeds through a tandem reaction 
pathway involving the isomerization of glucose to fructose and then the dehydration 
of fructose to HMF. A catalyst that contains both Brønsted acid sites and Lewis acid 
sites could be effective for synthesis of HMF. Design of suitable catalysts for HMF 
will require consideration of catalyst structure and a proper balance of Brønsted 
acid and Lewis acid sites.
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2.4  Supported Metal Catalysts for Cellulose Conversion

2.4.1  Supported Metal Catalysts

Supported metal-based catalysts are widely used in ammonia synthesis, Fischer- 
Tropsch synthesis and CO2 hydrogenation reactions. A metal-based catalyst is com-
posed of active transition metals and a support. The metals promote targeted reaction 
pathways and are closely associated with adsorption and activation mechanisms on 
the metal surfaces. The catalytic performance of a metal-based catalyst is highly- 
dependent on the combination of active metals and support.

2.4.1.1  Active Metals

Bare atoms on the metallic surface are coordinatively unsaturated and act as active 
sites for adsorption and activation of reactant molecules. The atoms of metals can be 
stacked in different arrangements, such as face-centered cubic (fcc-), body-centered 
cubic (bcc-) and hexagonal close-packed (hcp) crystal lattice. Exposure of different 
crystal faces to the substrate greatly affects catalytic performance. For example, N2 
dissociation readily occurs on the (111) face of Fe and demonstrates structural sen-
sitivity [133].

The group 8-11metals such as Fe, Co, Ni, Cu, Ag, Au, Pt, Ru, Pd, and Ru are 
highly active for hydrogenation reactions. Catalytic performance depends on the 
occupancy of the metal (d) orbitals. For the transition metals, the outer s or d orbit-
als are not filled. For IB group metals (Cu, Ag, Au), the d orbitals are filled, while 
the outer s orbitals are not filled. Electron transition occurs between d and s orbitals 
that form energy levels with unpaired electrons. Interactions between reactants and 
the unpaired electrons in d orbitals produces adsorbed species and results in their 
activation and the promotion of their transformation. In contrast, filled d orbitals are 
relatively inactive for interaction and bonding. The activity of transition metals as 
catalysts can be explained by the d-band hole value (Table 2.3).

As shown in Table 2.3, values of the d-band hole decrease with an increase in 
d-band occupancy. In general, the adsorption of reactants is determined by the 
choices of metals with appropriate d-band hole values. Strong adsorption does not 

Table 2.3 Summary of d-band hole values and percentage d character for selected transition 
metals

Elements Fe Co Ni Cu

group 8 9 10 11
atom 3d6 4s2 3d7 4s2 3d8 4s2 3d10 4s1

Energy band 3d7.8 4s0.2 3d8.3 4s0.7 3d9.4 4s0.6 3d10 4s1

d-band hole value 2.2 1.7 0.6 0
percentage d character 39.5 39.7 40 36
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allow easy desorption and product removal and usually causes deactivation of the 
catalytic site. Nevertheless, the activation of reactants does not readily occur when 
molecules are weakly adsorbed onto the metal surfaces.

The percentage d character (d%) is also one way to assess the possible catalytic 
performance of a metal. The d% is the percentage of d orbitals in the hybridized 
orbitals (e.g., sp.-d hybridization) derived from valence bond theory. Usually, high 
values of d% imply low values d-band hole. Both d-band hole values and d% are 
parameters reflecting the electronic states of metals.

The combination of different metals is an effective way for modifying catalytic 
activity [134]. The metal particle size, shape and precursor are all important factors 
that influence the metal crystal face and electronic properties and that must be 
considered in designing an efficient catalyst [135].

2.4.1.2  Supports

Supports for active metals are mainly used for dispersion of the sites and for increasing 
the specific surface area. Thus, one of the most important criterions for active metal 
supports is high surface area. High surface area materials used for active metals 
include SiO2, Al2O3, ZrO2, CeO2, carbon materials and zeolites. The determination 
of the dispersion of an active metal in a support is necessary to characterize the 
performance of an active metal catalyst, as discussed in Sect. 2.2.5. The support 
should also have high mechanical strength and high thermal conductivity to facilitate 
the removal of heat.

Besides physical dispersion, the support plays an important role in influencing 
the activity and selectivity of a catalyst due its interface with the substrate and 
catalytic sites that is called metal-support interaction. Metal-support interactions 
are divided into strong, medium and weak categories. Strong metal-support interac-
tions are characteristic of metals supported on reducible oxides, such as TiO2 [72, 76]. 
Weak metal-support interactions are characteristic of metals supported on non- 
reducible oxides, such as SiO2 [136]. Metal support interactions stabilize the metal, 
form an interface and modify the electronic properties of the metal.

Hydrogenolysis reactions are typically “electron-sensitive” and the turnover fre-
quency (TOF) may vary by several orders-of-magnitude among different supports.

A change in the electronic properties of the metal (electron-rich and electron 
poor) by the support has a large effect on catalyst activity and selectivity for differ-
ent reactions [137]. For example, electron-poor metal nanoparticles showed higher 
activity than electron-rich metal nanoparticles in alkane hydrogenolysis. In contrast, 
electron-rich metals cause an increase in selectivity to alcohol products in C=O 
hydrogenation, while electron-poor metals result in a decrease in C=O  hydrogenation. 
TiO2 supported catalysts are known as materials with strong metal-support interac-
tions. Baker et al. [138] probed that the Pt/TiO2 interface provides a new and faster 
reaction pathway for furfural hydrogenation to furfuryl alcohol through the use of 
strong metal-support interactions.
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Supports can provide additional active sites (e.g., oxygen vacancy sites, acid 
sites, and base sites) or show synergistic effects for some specific reactions. 
Mironenko et al. [139] demonstrated that oxygen vacancies in RuO2 promote C–O 
bond scission, which is the most crucial step for catalytic transfer hydrogenation of 
furfural with 2-propanol. Basic sites in CaO/Al2O3 act as a CO2 sorbent for the 
reforming reaction between CH4 and CO2 molecules over Fe2O3/MgAl2O4-CaO/
Al2O3 composites [140]. Acidic sites on supports effectively promote the hydroge-
nation and hydrogenolysis reactions of carbon-oxygen bonds, by polarizing and 
activating carbon-oxygen bonds [141]. Since carbon-oxygen bonds widely occur in 
biomass resources, the importance of metal-acid bifunctional catalysts for oxygen 
removal reactions are discussed in the next section.

2.4.2  Supported Active Metals for Syngas and Hydrogen 
Production

Cellulose gasification to syngas and hydrogen offers substantial advantages for bio-
mass conversion. In this case, the catalyst promotes the reforming and combustion 
reactions of pyrolyzed products of cellulose [142]. The reaction is environmentally 
clean and sustainable for both power generation and synthesis of chemicals and 
fuels (e.g., methanol, dimethyl ether, dimethyl oxalate, olefins and diesels). 
Fluidized bed gasification of cellulose has been found to be advantageous. Prior to 
the 1990s, dolomite, alkali metals and nickel catalysts were to be highly active for 
many reactions. However, the catalytic gasification of cellulose is challenging due 
to the formation of tar and char that occurs especially at temperatures around 500–
600  °C.  Sudden deactivation of catalysts was often observed due to the carbon 
deposition on the catalyst surface [143].

Tomishige and co-workers have made great progress in the gasification of 
biomass- derived cellulose [144, 145]. A series of supported Rh catalysts (Rh/CeO2, 
Rh/ZrO2, Rh/Al2O3, Rh/TiO2, Rh/MgO and Rh/SiO2) were studied for gasification 
of pressed microcrystalline cellulose (250–350 μm) and found to have good perfor-
mance at moderate temperatures (450–550 °C) using air as the gasifying agent in 
fluidized-bed reactor [144]. Among these catalysts, Rh/CeO2 catalyst showed the 
best performance and gave total conversion to gas. CeO2 was demonstrated to pro-
mote the Rh/SiO2 catalyst with improved stability and activity due to the interaction 
between Rh species and CeO2. Through characterization studies on the catalysts, it 
was found that the oxidation and reduction of Rh species was promoted by CeO2 
[145] and that deactivation caused by carbon deposition was suppressed. Support 
effects (SiO2, Al2O3 and ZrO2) were further investigated for cellulose gasification in 
a fix-bed reactor [146]. The Rh/CeO2/SiO2 catalyst was applied to the gasification of 
jute and rice straw raw biomass resources. A dual bed reactor for separating the char 
and ash from volatile tar was also developed [147].
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Although Rh-based catalysts are efficient in gasification of cellulose, the high 
cost and limited availability of Rh greatly hinders its industrial application. 
Supported nickel catalysts (Ni/Al2O3, Ni/ZrO2, Ni/TiO2, Ni/CeO2 and Ni/MgO) on 
the other hand, are economic and have been investigated for cellulose gasification 
[148] in which it was found that the supports mainly act to disperse nickel species, 
while the conversion of cellulose is mainly controlled by nickel species. The CeO2 
support was found to decrease coke deposition on the catalyst surface. Xiao et al. 
[149] investigated the gasification of biomass using Ni-loaded brown coal char cata-
lysts. The catalysts were found to have good resistance ability of coke formation at 
650 °C, compared with Ni/Al2O3 catalysts. However, they did not compare the reac-
tivity of the Ni/Al2O3 catalyst with Ni/CeO2 catalysts [150, 151].

Promotion effects of noble metals (Pd, Pd, Rh and Ru) on supported Ni-CeO2 
catalysts have been studied, among which the metal Pt was found to be most effec-
tive [152, 153]. The promotion effect of Pt species is attributed to the formation of 
Pt-Ni alloy and the enhancement of reducibility of Ni species [152]. The promotion 
effect of metal Co has been studied [154]. The bimetallic Ni-Co/Al2O3 catalyst was 
found to have much more activity than monometallic Ni and Co species and the 
bimetallic catalyst resisted coke formation and exhibited good stability. The favor-
able performance of the Ni-Co/Al2O3 catalyst is related to the formation of Ni-Co 
alloy and the synergistic effect between Ni and Co atoms on the Ni–Co alloy sur-
face. The good performance of bimetallic Ni-Co catalyst has been also demon-
strated in the catalytic steam reforming of the aqueous fraction of bio-oil [155]. The 
NiCo/AlMg catalyst lowers the amount of coke deposits on the catalyst surface 
compared with Ni/AlMg, thus improving catalyst stability.

Gasification of cellulose and biomass resources offers renewable production of 
syngas and hydrogen and is compatible with traditional chemical and power indus-
tries [156]. Supported Rh catalysts and Ni catalysts have good reactivity and high 
resistance to coke deposition for biomass gasification. Further investigations are 
necessary to understand reaction mechanisms and to elucidate support effects 
exhibited by non-noble metal based catalysts. Development of catalysts for 
industrial- scale gasification with actual biomass resources is one goal of the future 
biorefinery.

2.5  Metal-Acid Bifunctional Catalysts for Cellulose 
Conversion

2.5.1  Metal-Acid Bifunctional Catalysts

The combination of active sites (e.g., metal-acid, metal-base, acid-base, etc.) forms 
bifunctional or multifunctional catalysts. Among them, metal-acid bifunctional cat-
alysts are attracting attention due to their successful application in hydrocracking 
and hydrogenolysis reactions. For example, metal-acid bifunctional catalysts have 
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been proposed for hydrocracking of fossil and renewable hydrocarbon sources to 
provide high-quality gasoline/diesel fuel [157]. The metal sites catalyze (de)hydro-
genation reactions, while the acid sites catalyze the isomerization and cracking 
reactions for the conversion of alkanes (Fig. 2.32).

The intimacy criterion is one of the most important concepts in design of metal- 
acid bifunctional catalysts. The intimacy criterion requires a proper distance between 
metal and acid sites, at which the catalytic performance is optimal. Song et al. [158] 
demonstrated the improvement of proximal acid sites for the C–O hydrogenolysis 
reactions in phenol, catechol and guaiacol through a synergistic effect. Zecevic et al. 
[157] developed a bifunctional catalyst by combining a mixture of zeolite Y and 
alumina binder with Pt metal and controllably depositing the Pt on either the zeolite 
or on the binder (Fig. 2.33). By adjusting the distance between metal and acidic sites, 
that work demonstrates that nanoscale intimacy between metal and acid sites rather 
than closest intimacy will benefit the hydrocracking of alkanes.

Fig. 2.32 Scheme of bifunctional catalysts for tandem reactions. Feed normal alkane molecules 
(F) are dehydrogenated on a metal surface, producing alkene intermediates (F=). The alkenes dif-
fuse to acid sites, on which they undergo acid-catalyzed skeletal isomerization, which can be fol-
lowed by one (D=) or more (G=) cracking events, sometimes leading to coke formation. Isomerized 
(D=) and/or cracked (D=, G=) alkene intermediates diffuse to the metal site and are hydrogenated 
to form isomerized or cracked products D (diesel) and G (gas) (Reprinted with permission from 
Ref. [157], Copyright © 2015 Nature)
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Acid sites activate C–O/C=O bonds and catalyze dehydration reactions, while 
metal sites catalyze hydrogenation reactions. Thus, metal-acid bifunctional cata-
lysts are highly effective for promoting reactions leading to oxygen removal in biomass 
materials. The synergy between metal and acid allows realization of the hydrogena-
tion/hydrogenolysis reactions. Lercher’s group explored the C–O cleavage over 
monofunctional Ni/SiO2 and bifunctional Ni/HZSM-5 catalysts, respectively, in the 
aqueous phase and demonstrated the promotion effect of proximal acid sites for 
C–O bonds [158]. Nickel phyllosilicate derived Ni/SiO2 catalysts realized the C=O/
C–O hydrogenolysis at relatively mild conditions, which was ascribed to the 
presence of proximal acid sites from the phyllosilicate structure [53].

Fig. 2.33 Controlled deposition of Pt on either the zeolite Y or the alumina component of Y/A 
extrudates [157]. (a), (b), HAADF-STEM image and EDX map for Pt-Y/A sample; (c), (d), 
HAADF-STEM image and EDX map for Pt-A/Y sample (Reprinted with permission from Ref. 
[157], Copyright © 2015 Nature)
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In the design of bifunctional catalysts, the intimacy between the two active sites 
is one of the keys to achieving catalytic performance. By adjusting the intimacy 
between the active sites, the catalytic performance can be optimized.

2.5.2  Metal-Acid Bifunctional Catalysts for Sugar Alcohols 
Production

Metal-acid bifunctional catalysts are well known materials for promoting the con-
version of cellulose into sugar alcohols (e.g., sorbitol). The conversion of cellulose 
into sorbitol is a cascade reaction with metastable glucose as a reaction intermedi-
ate. Both Brønsted acids and Lewis acids can efficiently catalyze the hydrolysis of 
cellulose, while metal sites mainly act to promote the hydrogenation of glucose 
(Fig. 2.34). The metal sites can also promote the hydrolysis of cellulose via hetero-
lytic dissociation of H2 [13].

Metals supported on acidic supports are good candidates for sorbitol production. 
Fukuoka et al. [159] investigated metals on a series of supports for microcrystalline 
cellulose conversion to sorbitol and demonstrated that solid acidic supports such as 
the H form of ultrastable Y zeolite (HUSY), γ-Al2O3, and SiO2-Al2O3 were effective 
for sorbitol formation. Ru/SiO2–SO3H is a bifunctional catalyst with Brønsted 
acidic sites and metal sites (Ru). The catalyst was investigated for cellulose conver-
sion to sorbitol. Compared with mechanical mixtures of silica-supported Brønsted 
acid (SiO2–SO3H) and the Ru/SiO2 catalysts, the bifunctional catalyst exhibited 
much higher yields (61.2%) of sorbitol for relatively mild conditions (150 °C for 
10 h reaction time) [160] and demonstrates the importance of the intimacy criterion. 
Ru nanoparticles loaded onto a Keggin-type polyoxometalate (Cs3PW12O40) are 
reported to have high efficiency for sorbitol formation [161]. The Brønsted acid sites 
generated in situ from H2 play a key role in the formation of sorbitol. Ru nanopar-

Fig. 2.34 Pathway for the selective transformation of cellulose to sorbitol over bifunctional 
catalysts
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ticles supported on carbon nanotubes (CNTs) bearing acidic groups could also 
catalyze the sorbitol formation from cellulose [70]. Moreover, a combination of 
strong mineral H2SO4 or heteropolyacid with Ru/C affords excellent yields of sorbitol 
from ball-milled cellulose [162, 163].

Further development of metal-acid bifunctional catalysts is still needed to 
produce sorbitol on a practical scale. The balance and intimacy of the two sites are 
key design parameters for efficient bifunctional catalysts.

2.5.3  Metal-Acid Bifunctional Catalysts for Alkanes 
Production

The transformation of cellulose into alkanes is a necessary strategy for future soci-
ety as it transitions away from fossil fuels. As discussed above, metal-acid bifunc-
tional catalysts are good candidates for oxygen removal. There are some elegant 
examples in the literature describing the production of biofuels from sugars, sugar 
alcohols [164] or other platform molecules such as HMF [165] and levulinic acid 
[166]. However, research on the direct route from low cost cellulose to alkanes is 
still in its infancy with the main challenge being to selectively break C–O bonds in 
presence of C–C bonds.

Hexane can be formed by two different reaction pathways through cellulose 
(Fig.  2.35) [167]. As demonstrated in many works, alkanes can be obtained by 
hydrogenolysis of sorbitol [164]. Thus, the conversion of cellulose to hexane 
through sorbitol is one possible route. For sorbitol hydrogenolysis to alkanes, both 
Brønsted acid site and metal sites are needed. Liu et al. [168] reported on the selec-
tive one-pot conversion of cellulose pretreated using a ball-mill to n-hexane over 
Ir-Re/SiO2 catalyst combined with HZSM-5 with ~80% yield in a biphasic reaction 
system. First, protons produced from HZSM-5 or hot water catalyze the hydrolysis 
of cellulose to water-soluble oligosaccharides, which is the rate-determining step. 
Oligosaccharides are further hydrolyzed to glucose. Then, glucose is hydrogenated 
to sorbitol over the Ir-ReOx/SiO2 catalyst. Finally, hydrogenolysis of sorbitol over 
Ir-ReOx/SiO2 and HZSM-5 produces the end product of n-hexane (~80% yield).

Alkane can also be obtained through HMF, which is different from the currently 
accepted sorbitol-to-alkane route. De Beeck et al. [167] proposed that the dominant 
route to the liquid alkanes proceeds via HMF over tungstosilicic acid (TSA) modi-
fied Ru/C catalyst in a biphasic reaction system. By modifying TSA on Ru/C, the 
glucose hydrogenation ability was suppressed and HMF hydrogenation was favored. 
The reaction pathway was therefore changed.

Products with other carbon number can be obtained through cellulose. For exam-
ple, levulinic acid is also an important platform chemical that can be obtained from 
cellulose. Levulinic acid can be catalytically processed through the intermediate 
formation of γ-valerolactone to 5-nonanone [170]. The group of Dumesic proposed 
a catalytic process to convert cellulose cellulose into liquid hydrocarbons with levu-
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linic acid as an intermediate (Fig. 2.36) [169]. The process starts with the decon-
struction of cellulose in aqueous solution yielding a mixture of levulinic acid and 
formic acid. The formic acid is used to reduce levulinic acid to γ-valerolactone over 
Ru/C catalyst. The product of γ-valerolactone is then upgraded to 5-nonanone with 
high yields by using a dual catalyst bed of Pd/Nb2O5 and ceria-zirconia. The 
5- nonanone product possesses a functional group (C=O) that can be used to achieve 
hydrocarbon fuel components. In particular, 5-nonanone can be converted, by 
means of hydrogenation/dehydration cycles over bifunctional Pt/Nb2O5 to linear 
nonane. Additionally, branched C9 hydrocarbons for use as gasoline components 
can be obtained by dehydration/isomerization of 5-nonanol (hydrogenation product 
of 5-nonanone) over a zeolite such as USY.

Light hydrocarbons (Cn(<5) alkanes) can be synthesized from cellulose directly 
over molecular sieves by hydrocracking reactions. By successive hydrocracking and 
condensation reactions of biomass-derived materials, C2-C9 alkanes are formed 
directly over Pt/H-ZSM-5 catalyst [171]. Kato et al. [172] reported that a Pt/H-beta 
zeolite catalyst prepared by ion-exchanges catalyzes conversion of ball-milled cel-
lulose to C3 and C4 hydrocarbons.

Despite the importance of directly converting cellulose into alkanes, the catalytic 
efficiency and the selectivity are still far from what is needed on a practical scale. 

Fig. 2.35 Two different pathways for the selective one-pot conversion of cellulose to n-hexane. 
HDO, hydrodeoxygenation
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The conversion of cellulose to alkanes is composed of many successive reactions that 
need in-depth understanding on the relevant catalytic active sites and their kinetics. 
Moreover, the structural and surface evolution as an assembly of multifunctional 
components needs to be investigated.

2.5.4  Metal-Acid Bifunctional Catalysts for Ethylene Glycol 
Production

Ethylene glycol (EG) is an important bulk chemical with an annual consumption of 
20 million tons per year and is widely applied to polymer precursors and as anti-
freeze [13, 173]. It is now produced commercially from the hydration of petroleum- 
based ethylene oxide and could be synthesized from syngas via dimethyl oxalate 
hydrogenation [173, 174]. The one-pot catalytic conversion of cellulose to EG is an 
emerging area, which is firstly discovered by the group of Zhang [175]. This is a 
cascade reaction, containing at least three steps: the hydrolysis of cellulose, C–C 
bond cleavage and subsequent hydrogenation to EG, as illustrated in Fig. 2.37. The 
reaction needs the synergy of multifunctional active catalytic sites. First, the 

Fig. 2.36 Strategy for conversion of solid cellulose to liquid hydrocarbon fuels. H+: acid sites; 
Me: metal sites; MeOx: metal oxide sites (Reprinted with permission from Ref. [169], Copyright 
© 2015 Elsevier)
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hydrolysis of cellulose to water soluble oligosaccharides and glucose proceeds over 
the acid; secondly, the intermediates undergo chemical transformation to form gly-
colaldehyde with tungsten catalysts; finally, EG is generated through hydrogenation 
of glycolaldehyde by the transition metal catalysts. This route is greener than some 
other catalytic utilizations of cellulose (e.g., hydrolysis by acids), from both 
environmental and efficiency points of view [176]. Metal-acid sites catalyze the 
hydrolysis reactions and the hydrogenation reactions. Different from sorbitol and 
alkane formation, the EG synthesis needs an additional retro-aldol condensation 
reaction [177]. To date, tungsten-based compounds are the most efficient catalysts 
to promote the C–C bond cleavage reaction (i.e., retro-aldol condensation reaction) 
for the cellulose-to-EG conversion. This catalyst could also be classified as that with 
multifunctional active sites.

Carbon-supported tungsten carbide can effectively catalyze the conversion of 
cellulose to ethylene glycol. The W2C/AC catalyst completely depolymerizes cel-
lulose and produces EG in yields of 27%. Interestingly, the W2C/AC catalyst modi-
fied with a small amount of Ni gives EG yield as high as 61%, indicating a synergistic 
effect between W2C and Ni metals [175]. The performance of W/AC catalyst has 
been further elucidated for cellulose conversion [178]. The W/AC catalyst gives a 
cellulose conversion of 100% and an EG yield of 2% and negligible other polyols, 
which is lower than that obtained for the W2C/AC catalyst (27%). With an increase 
in Ni/W, the conversion of cellulose is constant at 100% while the yield of EG 
decreases, which shows that neither W nor W2C are efficient for depolymerization 
of cellulose (e.g., the C–C cracking reactions). The difference of EG yields between 
W/AC and W2C/AC catalysts is attributed to the inactivity of W metal for hydroge-
nation of unsaturated intermediates [178] and the strong noble-metallic properties 
of W2C compound [179].

To promote the reactivity of Ni-WCx catalysts, Zhang et al. [176] proposed 3D 
mesoporous carbon supported Ni-WCx to catalyze the conversion of cellulose to EG 
and obtained EG yields as high as 72.9%. Because of the superior depolymerization 
performance of W metal and W2C, the authors thus further used transition metals to 
compensate for the hydrogenation ability and discovered a series of supported tran-
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Fig. 2.37 Pathway of cellulose conversion to EG over W-based metal catalysts (Reprinted with 
permission from Ref. [13], Copyright © 2013 American Chemical Society)
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sition metal-tungsten catalysts for cellulose conversion to EG, including Ni-W, 
Pd-W, Pt-W, Ru-W and Ir-W bimetallic systems [178]. By assembling transition 
metals with W and changing the metal/W ratios, hydrogenation and degradation 
pathways promoted by the catalysts could be finely tuned, and thus the EG yield 
could be effectively modulated. The promotion effect of Ni on the hydrogenation 
processes was confirmed by Cao et al. [180].

Although great progress for cellulose-to-EG has been achieved by the former 
researchers, future work is still needed, including (1) the mechanistic understanding 
of the tungsten components on the molecular level; (2) the development of efficient, 
stable and cheap catalysts based on present understanding of reaction mechanisms, 
active site intimacy and interdisciplinary approaches with material scientists.

2.6  Conclusions and Future Outlook

A wide range of catalysts and catalytic methods are needed for efficient conversion 
of cellulose to target products, such as glucose, 5-hydroxymethylfurfural and 
platform chemicals. In this chapter, an overview of solid acid, supported metal and 
metal-acid bifunctional catalysts has been given with some examples for cellulose 
conversion. Firstly, an overview of characterization methods for catalysts was 
discussed to elucidate the nature of active sites and further correlate their catalytic 
performance, including XRD, N2 adsorption, XPS, H2-TPR, chemisorption, TPD, 
TPO, TPSR, TGA, IR, Raman, TEM, SEM, STEM, AFM and XAS. Based on 
the characterization, a clear correlation between catalyst performance and product 
formation can be seen.

Acid catalysts catalyze cellulose conversion to glucose and to HMF, however, for 
glucose formation, efficient solid acid catalysts with strong and accessible Brønsted 
acid sites and that are robust are still needed. For HMF formation, catalysts with 
Lewis acid sites could help to promote the process. To achieve a high yield of products, 
the modulation of catalyst acidity and type is crucial, which is based on the structure 
of the acid catalyst.

Supported metal catalysts are able to catalyze cellulose conversion to syngas and 
hydrogen. Metal electronic properties and metal support interactions are prerequi-
sites for the design of highly-efficient catalysts.

Metal-acid bifunctional catalysts are able to catalyze cellulose conversion to 
sorbitol, alkane and ethylene glycol. Besides the above discussed properties for 
metal and acid sites, the intimacy between the metal and acid sites is an important 
factor for bifunctional catalysts, which could improve catalytic performance.

Catalytic conversion of cellulose has many special requirements related to the 
design of catalysts. The design of solid catalysts requires an understanding of 
the structure and surface changes. Thus, more comprehensive characterization 
methods that can be applied to the catalysts under actual reaction conditions would 
help to accelerate catalyst design and lead to improved catalytic performance. In 
this chapter, the structure of catalysts for cellulose reactions has been reviewed. 
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Catalytic research that improves substrate access to active sites via biomimetic 
and other approaches will be attractive for further study in the design of cellulose 
conversion processes.
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Chapter 3
Brønsted-Lewis Acids for Efficient Conversion 
of Renewables

Zichun Wang and Jun Huang

Abstract Acid-catalyzed conversion of renewables, e.g. biomass, is a major route 
for the sustainable production of fuels and chemicals through a “closed carbon bal-
ance” benign to the environment. Development of solid acids offer cost-effective 
and clean chemical processes are considerable preferred. The performance of solid 
acids depends on the type (Brønsted acid vs Lewis acid), density, strength, accessi-
bility and local environment of the active sites. Most efforts focus on four key fac-
tors for efficient catalysis, for instance, preparing catalyst with higher density and 
strength with one type of acid sites that are constrained by further acidity enhance-
ment. An alternative way is to combine Brønsted and Lewis acid sites in the local 
structure, introducing Brønsted-Lewis cooperativity that can have synergic effects. 
The Brønsted-Lewis synergy effects can enhance the acid strength of Brønsted acid 
sites, while Brønsted-Lewis cooperativity influence the molecular adsorption and 
activation, resulting in Brønsted-Lewis bifunctional acid-catalysis. Brønsted-Lewis 
bifunctional acid- catalysts that works cooperatively during reaction rises a new 
research direction. The chapter focuses on the application of Brønsted-Lewis 
bifunctional catalysts for efficient biomass conversion emerging sustainable biore-
fining processes.

3.1  Definition and Characterization of Acid Catalysts

Acid-catalyzed reactions are widely utilized in chemical processes for fine chemis-
try, oil refinery, petrochemical and pharmaceutical industries. Acid-catalyzed reac-
tions are fundamental to a chemical process based on an acid. This section provides 
a brief introduction of acid catalysts and the characterization of their acidity as a key 
to understand their catalytic performance.
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3.1.1  Definition of Acids

Protonic acids, such as H2SO4 and HCl, were defined by S. A. Arrhenius in 1903 as 
any hydrogen-containing species that is able to release protons and a base is any 
species able to release hydroxide ions in aqueous solution. This definition was mod-
ified by J. M. Brønsted [1] and T. M. Lowry [2] independently in 1923 to read as an 
acid is any species that can release proton(s) while a base is any species that is able 
to accept proton(s), to the extent that the use of acid-base catalysis is in aqueous 
solutions. This theory was used to explain reactions initiated via proton transfer, 
such as esterification and aldol reactions.

In the same year, G. N. Lewis proposed an alternative definition: as an acid is any 
species is able to accept an electron pair via its incomplete electronic grouping to 
form a dative or coordination bond, while a base is any species are capable to donate 
a nonbonding electron pair to form a dative or coordination bond [3]. Based on 
Lewis’ definition, Brønsted-type acid and base are also Lewis-type, but not the 
 converse. For example, alumina with the unoccupied orbital, is a Lewis-type but not 
Brønsted-type acid, since it can accept electron pair from NH3 to form coordination 
bond. Here, NH3 is a Lewis-type base, which is also a Brønsted-type basic molecule 
that can accept a proton. Therefore, the Lewis acid-base theory is more general and 
is able to explain various acid-base catalyzed reactions.

3.1.2  Classification of Acid Catalysts

3.1.2.1  Homogeneous Acids and Metal Complexes

Homogeneous acid catalysts, including protonic liquid acids and metal complexes, 
can be well mixed with reactants, and thus, provide high activity at relative low 
temperatures, as well as low investment cost and flexibility. Currently, H2SO4, HF 
and HCl/AlCl3 are widely used in acid-catalyzed alkylation and acylation processes 
in the refinery industries [4]. The inherent disadvantages of liquid acids with respect 
of solid acids arise from (1) safety problems related to their toxic and corrosive 
nature, (2) difficult, expensive and energy-inefficient processes for catalyst separa-
tion and regeneration, as well as (3) issues connected with the environment and 
sustainability.

Most of the disadvantages associated to the homogeneous acid catalysts can be 
addressed by employing suitable solid acids [4–6], taking advantage of (1) less cor-
rosion in the reactor and plant, (2) simple separation and regeneration, and (3) 
environmentally- friendly characteristics and (4) safety in handling. Therefore, solid 
acids have attracted great attention as alternative catalysts in various important acid- 
catalyzed processes for sustainable and green chemical and fuel production in the 
chemical, food, pharmaceutical and petrochemical industries.
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3.1.2.2  Zeolite-Type Catalysts and Amorphous Silica-Alumina

Zeolite-type catalysts and amorphous silica-alumina (ASA) are the most widely 
used acid catalysts in hydrocarbon conversion industries [4, 5] or as support materi-
als for multifunctional catalysts in many chemical processes, such as hydrocrack-
ing, isomerization, alkylation, as well as hydrogenation and oxidation reactions [7, 
8]. In the last two decades, both non-siliceous zeolites [9] and the incorporation of 
metal component(s) (B, Fe, Ga, Ge, Mg, Nb, Sn, Ti, V, Zr and Zn) into the zeolite 
framework have been applied [10–16]. Over 218 framework types of zeolites have 
been discovered and characterized by XRD techniques. Crystalline aluminosilicate 
zeolites, featured with micropores (< 2 nm), high surface area and large pore vol-
ume, are the most widely used in heterogeneous catalysis, particularly in hydrocar-
bon reactions. In pure silica zeolites, the framework consists mainly of tetrahedrally 
coordinated silicon atoms shared by four neighboring oxygens (SiO4). One of the 
most important modifications is the incorporation of Al into the zeolite framework 
to generate Brønsted acidity. When an Al3+ atom is substitute for a Si4+ atom in the 
framework (Fig. 3.1a), the compensation of a negative charge on framework oxygen 
by protons results in surface Brønsted acid sites (BAS) [17]. The density and 
strength of BAS can be flexibly tuned through adjusting Si/Al ratios in zeolites, 
dealumination and ion-exchange techniques. Moreover, both dealumination and 
ion-exchange techniques, as well as dehydroxylation and alkaline-assisted metala-
tion [18, 19], can introduce Lewis acidic extra-framework metal cations, such as 
oxoaluminum Al cations (AlO+, Al(OH)2

+, AlOH2+), AlOOH and Al(OH)3 [20], and 
thus, are suitable techniques in the preparation of bifunctional Brønsted-Lewis acid 
catalyst.

Similarly as crystalline aluminosilicate zeolites, ASA is able to provide surface 
BAS, which can be generated via flexibly coordination or pseudo-bridging silanols 
between surface hydroxyl groups and neighboring aluminum centers (Fig. 3.1 c–d) 
[17, 21, 22]. ASA can be prepared by co-gelation [23], grafting [24], co- precipitation 
[23] and hydrolysis [25]. A key achievement in ASA synthesis was the development 
of mesoporous (2–50 nm) ASA materials with ordered structures, such as Al-doped 
siliceous MCM-41 [26, 27], providing Brønsted acidity. With these preparation 
techniques, the intrinsic homogeneity results in Al species tend to condense to form 
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Fig. 3.1 Proposed models for BASs in silica-alumina catalysts. (a) BAS consisting of a bridging 
silanol site (Si(OH)Al) in zeolites [30]. (b) BAS consisting of the flexible coordination between 
silanol oxygen and neighboring tetra-coordinated Al (AlIV) center [17] and BAS consisting of PBS 
interacting with (c) AlIV site and (d) AlIV site [21, 22]. In that later case, the dotted line does not 
denote a covalent bond but only the close proximity between O and Al atoms (Adapted with per-
mission from Ref. [22], Copyright © Nature 2016)
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an alumina phase, particularly, at high Al/Si ratios. The LAS originate from alumina 
phase enables ASA as a bifunctional Brønsted-Lewis acid catalyst. With the 
improved diffusion properties of large molecules compared to that inside the micro-
porous of zeolites [28, 29], these materials are promising for acid or bifunctional 
catalysis.

3.1.2.3  Heteropolyacids

Heteropolyacids, such as H3PW12O40 of a common Keggin unit [31] as shown in 
Fig.  3.2, are generated by the condensation of more than two different types of 
oxoanions [5, 32]. The anion contains a central atom (e.g. P, Si, or Ge) shared by 
four neighboring oxygen atoms, connected to oxygen-linked octahedral secondary 
metal atoms, such as Mo, W, V, Nb and Ta. Heteropolyacids have mainly Brønsted 
acidity, which is generated by the protons compensating for the negative charge of 
anions, such as in H3PW12O40.The strong acidity of heteropolyacids, which is even 
higher than that of the most acidic zeolite, H-ZSM-5, enable them to have applica-
tion in various hydrocarbon conversion [33–35] and biomass conversion [36, 37] 
processes. However, the rapid deactivation of highly-active heteropolyacids limit 
their applications in industrial gas-phase reactions [5].

3.1.2.4  Mixed and Functionalized Oxides

Generally, pure oxides of multivalent metals, such as Al2O3, ZrO2 and TiO2, exhibit 
medium to strong Lewis acidity [4]. Their acidity is due to the ionic network formed 
between metal cations and oxygen. For example, the presence of Lewis acidic Zr4+ 
species in pure zirconia has been evidenced by CO adsorption experiments [38, 39].

Fig. 3.2 Heteropoly anion with the Keggin structure, PW12O40
3−: (a) primary structure; (b) sec-

ondary structure (H3PW12O40·6H2O) (Adapted with permission from Ref. [31], Copyright © 1934, 
Royal Society)
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Mixed oxides providing both Brønsted and Lewis acidity, (e.g. Al2O3-SiO2, 
ZrO2-SiO2 and V2O5-Al2O3, can be prepared by co-gel [40], sol-gel [41], and copre-
cipitation [42] techniques. Lewis acidity originates from Lewis metal cations in the 
single-metal enriched phase, while Brønsted acidity are generated by protons to 
neutralize the electronegativity difference between different metal components 
[43]. The properties of mixed oxides can be flexibly controlled by the ratio between 
different components, pH value, calcination temperature and gel aging time [40, 41, 
44], and thus, have been widely used in chemical reactions either directly or as sup-
port materials [42, 45–49].

Introducing quite strong Brønsted acidity to metal oxides (e.g. ZrO2, TiO2, SnO2, 
Fe2O3, ZrO2-TiO2) can be achieved via acid treatment with H2SO4, (NH4)2SO4, etc. 
[4]. On sulfated zirconia, the presence of BAS is characterized by IR with a band in 
the range of 3645–3630  cm−1 [50]. These BAS exhibit 1H NMR chemical shift 
larger than those of zeolite protons [51], hinting a higher Brønsted acid strength. 
Several models were proposed to explain the formation of BAS on sulfated metal 
oxides [52–54], which suggested the acid strength of the SO4

2−/MO2 catalyst directly 
correlates to the electronegativity of the metal [55, 56].

3.1.3  Characterization of Acidity

The determination of acidity in acid catalysts is key for their catalytic application. 
Various methods have been utilized for this purpose, such as titration methods often 
used to determine the strength and density of liquid acid catalysts. For solid acids, 
their acidity depends on local structure related type, density, strength and accessibil-
ity of surface acid sites, which cannot always be obtained by titration methods. Up 
to now, temperature-programmed desorption (TPD), microcalorimetry, Fourier 
transform infrared spectroscopy (FTIR), and solid-state nuclear magnetic resonance 
(SSNMR) spectroscopy have been applied to characterize the acidity of solid acids.

3.1.3.1  Titration Methods

The strength of acids in water strongly depends on acid dissociation and can be 
determined by titration with bases (e.g. n-butylamine) as suitable color indicators 
[57]. In general, acids can convert bases into the conjugate acid with a color change, 
which indicates their acid strength. Hammett and Hirschler indicators are the most 
widely used and have been extensively reviewed [5, 58]. Some efforts are being 
made to improve the titration methods [59–61]. For example, arylcarbinols as indi-
cators can detect mainly Brønsted acid sites, rather than both Brønsted acid sites 
and Lewis sites by conventional methods [59].
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3.1.3.2  Temperature-Programmed Desorption

More detailed information of surface acidity (density and strength) of solid acids 
can be obtained by temperature-programmed desorption (TPD) of bases. In a typi-
cal TPD experiment, the pretreated sample with a gas (e.g. He, Ar or N2) are loaded 
with adsorbates (e.g. NH3 or pyridine). The amount of adsorbates is determined by 
gas chromatography or mass spectrometry, with a curve as a function of pro-
grammed desorption temperature [62, 63]. The desorption temperature can be used 
to evaluate the strength of acid sites, which depends on the adsorption energies 
between the adsorbed molecules and the surface sites [64]. For quantitative study, 
the area under the desorption curve gives the total number of acid sites, including 
both BAS and Lewis acid sites (LAS).

However, TPD cannot distinguish BAS and LAS, and the desorption curve are 
poorly resolved in most cases. The deconvolution of TPD curve to determine the 
intensity of each sites can be achieved by coupling with other spectroscopy tech-
niques to determine the assignment of each signal when different type of acid sites 
occurred on the surface [65]. It should be noted that there are structure effects on the 
adsorbate desorption, such as the porous structure in zeolites, that affects the diffu-
sion of desorbed molecules that can be readsorbed on their way out of the pores [66, 
67], which is able to shift the desorption peak to higher temperatures.

3.1.3.3  FTIR Spectroscopy

FTIR spectroscopy is a frequently used technique in the characterization of surface 
acidity [4, 5, 30]. Taking advantages of dipole moment of OH groups, Brønsted acid 
sites can be studied directly through their excitation vibration states induced by 
electromagnetic radiation. Generally, different types of OH groups have different 
stretching vibration states (υOH), and therefore, give identical band in the spectrum. 
Such as for zeolite H-Y [68], external SiOH groups show a signal at ca. 3750 cm−1 
while the signals at ca. 3650 and 3560 cm−1 are assigned to bridging OH groups in 
different local environments. The concentration of each OH groups can be deter-
mined from the intensity of its corresponding IR band. It should be noted that dif-
ferent types of OH groups contribute to different extinction coefficients, which must 
be determined prior to the quantitative study.

Alternatively, adsorption of base as probe molecule is a suitable way to charac-
terize both the concentration and strength of acid sites as summarized in Table 3.1. 
Strong base molecules, such as pyridine and ammonia, are able to be protonated by 
Brønsted acidic OH groups, but coordinate on Lewis acid sites [69, 70]. For exam-
ple, pyridines protonated on BAS exhibit a band at 1540 cm−1 while when coordi-
nated to LAS results in a band at 1450  cm−1, which can be used to distinguish 
between these surface sites [70]. The concentration of BAS and LAS can be deter-
mined by evaluating the intensities of corresponding bands. Loading weak bases 
(such as benzene, acetone, CO and ethane) on dehydrated samples can characterize 
the strength of acid sites [71]. The wavenumber shift (ΔυOH) of the stretching vibra-
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tions of these probe molecules are proportional to the strength of BAS, e.g. a larger 
ΔυOH indicates a higher strength.

3.1.3.4  Solid-State NMR Spectroscopy

SSNMR spectroscopy is a powerful technique that not only probes the type, con-
centration, strength and accessibility of surface sites, but also reveals the local struc-
ture of the surface sites [17, 82]. By applying magic-angle-spinning (MAS) 
techniques, it allows one to characterize surface OH groups by 1H MAS NMR spec-
troscopy directly. Upon dehydration (e.g. at 723  K under vacuum), different 
hydroxyl groups can be identified by their 1H chemical shifts (δ1H). In zeolites, the 
signal of isolated SiOH groups is in the range of δ1H = 1.2–2.2 ppm, while the signal 
at δ1H = 3.6–4.3 has been attributed to protons from bridging OH groups (Si-OH-Al) 
acting as surface BAS. Taking advantage of the linear correlation between the signal 
intensity and spin concentration for 1H nuclei, the concentration of hydroxyl groups 
in solid catalysts can be quantified by using an external standard.

Unlike zeolites, the 1H MAS NMR spectra of the dehydrated ASA is often domi-
nated by the non-acidic terminal silanol groups (δ1H = 1.2–2.2 ppm) and the direct 
characterization of BAS in ASA by 1H MAS NMR spectroscopy is not possible 
[17]. Loading with strong base as probe molecules, e.g. pyridine, ammonia and tri-
methylphosphine, is a suitable method for probing these BAS.  Upon ammonia 
adsorption, the formation of ammonium ions (δ1H = 6.5–7 ppm) on BAS in a quan-
titative manner can be used to probe the presence and density of BAS. Weak bases, 
such as acetone-2-13C, acetonitrile-d3, perchloroethylene and trimethylphosphine 
oxide, can be hydrogen-bonded to surface OH groups. The adsorbate-induced 
chemical shift (Δδ) of functional groups in probe molecules (13C, 15N and 31P) is a 
scale of OH groups with different acid strength.

The coordination of probe molecules on LAS, such as 15N–pyridine, 13CO, tri-
methylphosphine, trimethylphosphine oxide, ammonia and acetone-2-13C, can be 
studied by SSNMR spectroscopy as well [17, 83]. As an example, the characteriza-
tion of both BAS and LAS on zeolites and ASA by NMR spectroscopy with probe 
molecules has been summarized in Table 3.2. It enables one to obtain the BAS/LAS 
ratio from the same NMR experiment. With external standard applied, the densities 
of BAS and LAS can be determined.

Table 3.1 IR bands region of pyridine, CO and N2, adsorbed on BAS and LAS on aluminosilicates

BAS LAS References

Pyridine 1447–1460 [72–79]
1485–1500 1488–1503
1540 1580
1640 1600–1633

2350
CO 2173 2225 [80]
N2 2334 2349–2357 [81]
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3.2  Bifunctional BAS-LAS Cooperative Acid-Catalysis

Acid catalysts involved in various important biomass conversion chemical pro-
cesses [108, 109]. Recent investigations focus on lignocellulosic biomass as renew-
able feedstocks for the production of biofuels and biochemical. In the presence of 
acid catalysts [110–123], lignocellulose can be converted into value-added platform 
chemicals, such as sugars. Acid catalysts are also significant in the biodiesel pro-
duction directly from vegetable oils, animal fats and algae with high oil content. 
Acid-catalyzed transesterification of triglyceride (or other esters) with alcohols can 
produce alkyl esters (biodiesel) with glycerol as the major byproduct by using zeo-
lites, heteropolyacids, sulfated and mixed metal oxides [124, 125]. The distribution 
of products varies and is closely associated with the type, density, strength and local 
environment of acid sites. For example, in acid-catalyzed hydrolysis/depolymeriza-
tion of cellulose, −SO3H functionalized active carbon (sulfonation at 523  K) 
obtained a higher glucose yield (61%) than H2SO4 (0.01 M, 40.5%), while Lewis 
acidic γ-Al2O3 is inactive at the similar conditions [116, 119, 120]. Lewis acids is 
active in the isomerization of sugars, including glucose, to promote subsequent 
dehydration over both Brønsted and Lewis acids.

Extensive efforts are devoted to improve the catalytic performance through the 
proper control of the catalyst acidity (type, density, strength, and accessibility), for 
instance, preparing catalyst with higher density and strength for a single type of acid 
sites (e.g. Brønsted acidity in aluminosilicates), however, are often constrained in 

Table 3.2 Probe molecules for characterizing both Brønsted and Lewis acid sites (BAS and LAS) 
on aluminosilicates by solid-state NMR spectroscopy

Brønsted acid sites Lewis acid sites References
15N–pyridine pyridinium ions at 

δ15N = 198 ppm
δ15N = 265 ppm [84–86]

13C-2-acetone bridging Si(OH)Al groups of 
zeolites at δ13C = 216–225 ppm, 
weak to strong BAS on ASA at 
δ13C = 213–227 ppm, strongly 
acidic OH groups of heteropoly 
acids at δ13C = 235 ppm

δ13C = 233–245 ppm for 
acetone at extra- 
framework aluminum 
species in zeolite and on 
pure or supported AlCl3

[29, 87–96]

Trimethylphosphine (CH3)3PH+ at δ31P = −3 ppm δ31P = −32 to −67 ppm [86, 97–99]
Trimethylphosphine 
oxide

at strong BAS of zeolite H,Na-Y 
at δ31P = 65 ppm, zeolite H-Beta 
at δ31P = 78 ppm, zeolites 
H-MOR and H-ZSM-5 at 
86 ppm

δ31P = 37 ppm at 
dealuminated zeolites Y 
and γ-Al2O3

[83, 
100–104]

Ammonia ammonium ions at 
δ1H = 6.5–7 ppm

ammonia adsorbed on 
aluminum species 
δ1H = −0.5–4.6 ppm

[29, 83, 87, 
95–97, 
105–107]

1H and 13C NMR shifts are referenced to tetramethylsilane (δ1H = 0 ppm, δ13C = 0 ppm), and 15N and 
31P NMR shifts are referenced to liquid 15NH3 at δ15N = 0 ppm and H3PO4 (85%) at δ31P = 0 ppm, 
respectively
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acidity enhancement. Alternatively, the integration of multiple catalytic steps 
together in one-pot procedure can remarkably reduce energy consumption, simplify 
the reaction system and improve the reaction efficiency. The cooperativity of acids 
(Brønsted and/or Lewis acid) with base or metal catalysts for bifunctional catalysis 
has been extensively studied and reviewed for hydrocarbon and biomass conver-
sions [108, 126, 127].

Bifunctional BAS-LAS cooperative acid-catalysis has attracted much attention 
for both homogeneous and heterogeneous systems. Bifunctional catalysts have 
excellent catalytic performance in the transformation of biomass-derived platform 
molecules (e.g. glucose and glycerol) into high value-added chemicals compared 
with single-type acid-catalyzed chemical processes [128]. Unlike to combine both 
homogeneous Brønsted and Lewis catalysts together for bifunctional catalysis, 
 various techniques has been devoted to the preparation of BAS-LAS bifunctional 
catalysts, such as impregnation, ion-exchange, acid treatment and dealumination 
processes. The tuning of surface BAS/LAS ratios can be easily achieved via either 
preparation methods and catalysts composition or post-treatment. In this section, we 
will briefly introduce the potential use of BAS-LAS bifunctional catalysts in the 
conversion of biomass into fuels and value-added chemicals.

3.2.1  5-Hydroxymethylfurfural Production from Glucose

As a versatile and important building block, 5-Hydroxymethylfurfural (HMF) is a 
potential candidate for the production of various value-added chemicals, such as 
liquid alkanes, biofuels, furan derivatives [129, 130]. Hexose (mainly glucose and 
fructose) dehydration to produce HMF is a promising route since it is abundant and 
easily derived from biomass depolymerization [116]. Compared with fructose, glu-
cose is favored due to its wide availability and low cost. Catalytic conversion of 
glucose to HMF involves two reaction steps: (1) LAS for glucose isomerization to 
fructose; and (2) fructose dehydration over BAS [131]. Lewis acidic metal halides 
combined with protonic liquid acids have been applied for this purpose. Recent 
efforts focus on the development of suitable BAS-LAS bifunctional catalysts for 
efficient glucose dehydration to HMF. Various bifunctional catalysts, including zeo-
lites, heteropolyacid, pure and supported Nb2O5, metal phosphates, sulphated zirco-
nia and metal-organic framework (MOF), combined with ILs and/or water-organic 
biphasic systems have been investigated [131–135].

3.2.1.1  Combined BAS-LAS Bifunctional Catalysts

Metal halides combined with protonic liquid acids, such as HCl/AlCl3, have been 
widely utilized on a large scale [4]. HCl/AlCl3 can provide strong Brønsted and 
Lewis acidity. When combined with water/2-sec-butylphenol biphasic solvent, a 
high yield of HMF (62%) from glucose dehydration at 443 K after 40 min was 
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reported, which is higher than that obtained for other metal halides (e.g. SnCl4, 
VCl3, GaCl3, InCl3, YbCl3, DyCl3 and LaCl3) at the same conditions [136]. A BAS- 
LAS cooperativity reaction pathway has been suggested [136, 137], in which 
[Al(OH)2(aq)]+ species response for Lewis-acid-catalyzed glucose isomerization 
and HCl act as BAS for fructose dehydration reaction. The using of organic phase 
can simultaneously extract HMF (97%) and promote the reaction in the aqueous 
phase. The substitution of 2-sec-butylphenol with cyclopentyl methyl ether signifi-
cant increases the HMF yield (54.4%) for much shorter reaction time under similar 
conditions [138], which has been explained by cyclopentyl methyl ether as a dipolar 
aprotic solvent with alkaline characteristics. Moreover, the addition of NaCl can 
improve the extraction of HMF into the organic phase through the salting-out effect. 
By optimizing these conditions, high HMF yield (30.5%) was achieved from plant 
biomass (corncob acid hydrolysis residues) in one-pot synthesis [138].

The use of CrCl3 with inorganic acids for glucose dehydration to HMF has been 
reported [139, 140]. Lewis acidic CrCl3 is active for glucose isomerization to fruc-
tose [139]. Kinetic results reveal the hydrolyzed Cr(III) complex [Cr(H2O)5OH]2+ is 
the most active Cr species [139]. The strong interaction between the Cr center and 
glucose molecule for isomerization was probed by EXAFS and confirmed by molec-
ular modelling studies [139]. Even without the addition of Brønsted acids, protons 
can be released from the hydrolysis of Cr(III) (Cr(H2O)6

3+) to form (Cr(H2O)5OH)2+ 
[141]. This intrinsic Brønsted acidity is capable to drive the fructose dehydration 
reaction to yield HMF [139, 140, 142]. Combined with HCl as co-catalyst, 59% 
HMF yield is obtained in a biphasic water/THF solvent under 413 K after 3 h [139]. 
Further investigations show increasing reaction temperature and CrCl3 concentra-
tion in CrCl3/HCl system has minor effects on fructose and HMF yields [140]. 
However, adjusting the CrCl3/HCl ratio has significant influence on HMF yield at 
constant glucose conversion [140]. The maximum HMF yield is obtained at moder-
ate HCl concentration due to the balance of BAS and LAS for the reaction [139].

In contrast to CrCl3/HCl, mainly levulinic acid (LA) (52%) is produced at a com-
plete glucose conversion in glucose dehydration under 443 K for 4 h over CrCl3/
H3PO4 as BAS-LAS co-catalysts [143]. LA is a versatile building block for the syn-
thesis of various organic commodity chemicals and transportation fuels. It can be 
generated by HMF rehydration [144]. The catalytic results suggest a coupling of 
CrCl3 and H3PO4 as mixed catalyst exhibiting a positive effect on glucose conversion 
to LA compared with using CrCl3 or H3PO4 solely [143, 145]. Possible bifunctional 
BAS-LAS cooperative acid-catalysis mechanisms have been proposed [145]. The 
activation energies for both glucose dehydration into HMF and HMF rehydration to 
LA were 65.4 and 60.6 kJ/mol, respectively, which are significantly lower than those 
in previous reports with single homogeneous Brønsted acid or Lewis acid catalysts 
[143]. Therefore, one-pot preparation of LA from biomass feed stock may be prom-
ising with BAS-LAS bifunctional catalysts just as it is for glucose conversion.

Acid-catalyzed sugar conversion have been investigated for both CrCl3 and AlCl3 
in ILs [146–148]. For example, when dissolved in 1-alkyl-3-methylimidazolium 
chloride, [AMIM]Cl, a high HMF yield of 68–70% is achieved in the conversion of 
glucose with [EMIM]CrCl3 (E = ethyl, CrCl2 combined with [EMIM]CrCl) com-
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pared with only CrCl2 (28%) [148]. The catalytic activity can be introduced by the 
BAS-LAS cooperativity from hydrolysis of Cr(III) [139, 140, 142]. Combining ILs 
with biphasic water/organic solvent for glucose conversion is interesting. In a 
1-butyl-3-methylimidazolium/glycol dimethyl ether/water ternary biphasic system, 
CrCl3 gives a HMF yield of 64.5% from a very high glucose concentration (80 wt.% 
with respect to ILs) at 381 K in 1 h reaction time [147]. The HMF yield is almost 
double of that obtained without water/organic solvent, which is attributed to multi-
functional glycol dimethyl ether.

Up to date, a HMF yield of over 90% can be achieved from glucose by homoge-
neous catalysts [149]. However, the upgrading and purification of HMF and the 
environment friendly chemical process drives recent research focus on the develop-
ment of solid acid catalysts providing BAS-LAS bifunctionality for efficient HMF 
production from sugars. Bifunctional BAS-LAS acids applied in the conversion of 
glucose into 5-HMF are summarized in Table 3.3.

3.2.1.2  Zeolite-Based BAS-LAS Bifunctional Catalysts

Zeolites are some of the most important solid catalysts in current refining and pet-
rochemical industry, due to their relatively low cost, wide availability, and wide-
spread baseline knowledge [4, 30]. The surface Brønsted and Lewis acidity on 
zeolites can be easily tuned through various post-treatment techniques, such as 
dealumination and ion-exchange with introducing metal cations and alkaline- 
assisted metalation [17–19, 94, 96, 190]. Therefore, they are of great interest in the 
conversion of glucose dehydration into HMF.

Tin-containing Beta (Sn-Beta) zeolite combined with Brønsted acids as co- 
catalysts has been tested for the production of HMF from biomass-derived feed-
stocks [164, 191, 192]. Sn-Beta zeolite, containing exclusive Lewis acidity, is highly 
active for the isomerization of glucose to fructose in water, but inactive towards 
HMF as the desired dehydration product [191, 192]. Mechanistic studies by 1H and 
13C NMR spectroscopies on isotopically labeled glucose reveal that the isomeriza-
tion of glucose to fructose over Sn-Beta zeolite via an intramolecular hydride shift 
rather than proton transfer [191, 192] as shown in Fig. 3.3. When combined with 
solid Brønsted acid resin, Amberlyst-70 (Amb-70) [164], the HMF yields obtained 
are 59, 55, 60 and 63% in the corresponding solvents, γ-valerolactone, γ-hexalactone, 
tetrahydrofuran:methyltetrahydrofuran (1:1 by weight) and tetrahydrofuran, respec-
tively. Sn-Beta is stable in highly acidic aqueous environments, showing a potential 
combination with Brønsted acids for sequential hydrolysis/isomerization or isom-
erization/dehydration reactions, including the production of HMF from glucose or 
directly from plant biomass.

Sn-Mont catalysts, prepared from calcium montmorillonite (Ca-Mont) exchanged 
with Sn(VI) precursor, have been tested for glucose dehydration in a mono-phase 
solvent of THF/dimethyl sulfoxide (DMSO) [167]. The presence of both BAS and 
LAS are probed by NH3-TPD and FTIR upon pyridine adsorption. The high HMF 
yield (53.5%) from glucose dehydration at 433 K for 3 h over Sn-Mont has been 
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attributed to the BAS-LAS bifunctional catalysis. In direct conversion of glucose- 
based carbohydrates, including sucrose, cellobiose, inulin, starch and cellulose 
under the same conditions, Sn-Mont catalysts exhibit high activity in the conversion 
of these substrates to HMF with a yield of 39.1% from cellulose in a THF/H2O- 
NaCl bi-phasic system.

Zeolites modified through ion-exchange technique have been widely investi-
gated in the catalytic conversion of glucose into HMF [165, 166]. Introducing Lewis 
acidity on H-ZSM-5 zeolites through ion-exchange with Fe(II) and Cu(II) precursor 
has been achieved [165]. The formation of LAS is attributed to metal cations and 
EFAl species, while BAS is due to the parent H-ZSM-5 zeolite. The LAS/BAS 
ratios are 0.25, 0.7 and 2.5 for H-ZSM-5, Fe/H-ZSM-5, and Cu/H-ZSM-5, respec-
tively, determined by NH3-TPD coupled with pyridine adsorption FTIR. Increasing 
LAS/BAS ratio can significantly improve HMF yield from 8.5% (H-ZSM-5) to 
26–30% for ion-exchanged H-ZSM-5 at 468 K for 150 min in water/ methyl isobu-
tyl ketone biphasic system. By adding NaCl (20 wt%) into the biphasic water/MIBK 
system, it can remarkably reduce the reaction time with a HMF yield of 42% at 80% 
glucose conversion for 30 min reaction time. Mordenites featuring both Brønsted 
and Lewis acidity can be prepared by ion-exchange with NH4Cl, NH4Ac, NH4F 
independently or combined [166]. With properly tuned the BAS/LAS ratios, the 
maximum HMF yield reaches 50% in water/ethyl acetate biphasic systems. These 
observations demonstrate that the density and strength of surface acid sites depend 
also on the reaction medium for obtaining the maximum HMF yield.

Compared with ion-exchanged zeolites, introducing LAS on H-form zeolites by 
dealumination is more convenient and economic. Tatsumi and co-workers prepared 
dealuminated H-Beta zeolites for glucose dehydration [161]. The H-form Beta zeo-
lites are either calcined under temperature from 773 to 1023 K or treated with steam 
at 773 and 873 K. The formation of EFAl species as LAS is detected and evaluated 
by 27Al MAS NMR and pyridine adsorption FTIR spectroscopies. The LAS/BAS 
ratio increases with increasing calcination or steam treatment temperature. These 
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BAS-LAS bifunctional catalysts are effective for glucose dehydration, where the 
decrease of BAS/LAS ratio (from 1.9 to 1.2) improves the HMF yield from 20.5 to 
42.9% at 453 K for 3 h. Furthermore, these dealuminated Beta zeolites can promote 
the direct conversion of other hexoses and even cellulose into HMF [131], where a 
HMF yield of 42% from cellulose is obtained.

NaX zeolite fused with multiwalled carbon nanotubes (MWCNT-NaX) are able 
to catalyze glucose conversion to HMF [193]. The hybrid with MWCNT can 
 significantly improve the stability of NaX, which is deactivated rapidly under harsh 
reaction conditions. The presence of LAS on NaX and BAS from sulfated MWCNT 
(MWCNT-SO3H) have been identified. Both NaX and MWCNT-SO3H are unable to 
convert glucose to HMF with high selectivity. However, by combination of both in 
hybrid MWCNT-NaX catalyst, fructose from the isomerization of glucose on LAS 
can be dehydrated rapidly over BAS. In this way, the BAS-LAS cooperativity results 
in a HMF yield of ca. 32% in a water (35 wt% NaCl)/THF biphasic system at 423 K 
with 600 rpm.

Mesoporous silica-alumina that has higher diffusion of reactant/product mole-
cules than microporous zeolites have been studied for the production of HMF from 
glucose [132, 160]. The acidic properties are characterized by NH3-TPD and pyri-
dine adsorption FTIR techniques. Aluminum doped MCM-41 silica ([Al]MCM-41) 
with Si/Al of 5 and 10 were prepared [160]. With BAS-LAS bifunctional catalysis, 
a HMF yield of 36% at 87% glucose conversion are obtained in water/MIBK system 
at 468 K for 150 min reaction time. By using NaCl aqueous solutions (20 wt%) and 
MIBK, the partition coefficient between the organic and the aqueous phases 
increases up to 1.9, which improves the HMF yield (63%) at 98% glucose conver-
sion for only 30 min. This indicates that [Al]MCM-41 catalysts are highly active, 
even compared with Cu-doped H-ZSM-5 zeolites that give a HMF yield of 42% at 
80% glucose conversion at the same conditions after 30 min [165]. Mesoporous 
silica-alumina (AlSiO) has been tested in a THF/H2O-NaCl biphasic system [132]. 
AlSiO-20 (Si/Al = 18) with medium BAS/LSA ratio (0.26) produced the highest 
HMF yield (63.1%) at 433 K for 1.5 h, which can be reused for 30 times. This con-
firms a suitable BAS/LAS ratio is one of the keys for glucose conversion to obtain 
HMF with high yields.

Zeolite-catalyzed conversion of glucose in ILs, e.g. 1-butyl-3- methylimidazolium 
chloride, has been investigated [162, 166]. Various zeolites (HY, H-Beta, H-ZSM-5) 
with BAS/LAS ratio in the range of 0.46–2.34 are studied [162]. Over H-ZSM-5, 
increasing BAS/LAS ratio from 0.98 to 1.25 can promote the formation of HMF 
(14.2–20.5%), but decreases to 8.3% with increasing the BAS/LAS ratio to 2.34. An 
HMF yield (50.3%) is obtained with H-Beta (Si/Al  =  25, BAS/LAS  =  1.03) at 
80.6% glucose conversion at 423 K for 50 min reaction time. Often, the presence of 
strong LAS can promote HMF formation by efficiently initiating glucose isomeriza-
tion [133]. However, strong adsorption of ILs, e.g. 1-butyl-3-methylimidazolium 
bromide, on adsorption sites are observed to limit the diffusion of reactant/product 
molecules over mordenites [166]. By optimizing the zeolite mesoporosity and BAS/
LAS ratio, a HMF yield of 64% can be achieved at 97% glucose conversion over 
mordenites.
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A mechanistic investigation has been carried out by combining experimental and 
computational studies [194, 195]. The model examined the multicomponent adsorp-
tion, homogeneous Brønsted acid catalyzed chemistry of fructose, HMF dehydra-
tion and humin formation. Using glucose as feedstock, BAS prefers to protonate the 
hydroxyl group at the meta-position of the anomeric carbon atom in the dehydration 
of fructose to HMF [194]. Further rehydration to levulinic acid (LA) is more diffi-
cult and results in the formation of humins as byproducts. On the other hand, the 
protonation of the hydroxyl group at the ortho-position is favored to result in humins 
and reversion products, rather than HMF or LA. The differences in the reactivity of 
glucose and fructose over BAS are ascribed by the regioselectivity in the initial 
protonation step [194]. Therefore, LAS, e.g. EFAl sites, are crucial for glucose 
isomerization to fructose as the initial step. Two reaction pathways are revealed 
based on surface BAS and LAS acid sites on BEA-25 zeolite [195]. With a certain 
amount of acid sites, the HMF production rate displays a maximum with increasing 
LAS/BAS ratio. On the other hand, with a fixed number of LAS, increasing the 
concentration of BAS leads to a linear increase at the beginning and then reaches a 
plateau. This kinetic model predicts the maximum HMF yield is 60% at 403 K with 
LAS/BAS ratio of 0.3, while it can be maximized when a higher LAS/BAS ratio is 
applied in a single aqueous phase [195].

3.2.1.3  Mixed and Functionalized Metal Oxides

Immobilization of inorganic acids on solid catalysts have been studied for convert-
ing glucose to HMF [168, 196]. Sulfated zirconia nanoparticles having both BAS 
and LAS were tested for hexose conversion [168]. The yield of HMF from fructose 
reached 72.8 and 91.9% under 383  K after 0.5 and 2  h in DMSO, respectively. 
However, using glucose instead of fructose dramatically decreased the HMF yield 
to 15.4% under 393 K after 1 h. The HMF yield from glucose may be improved 
through further optimization of BAS/LAS ratio and density.

Various Nb-based catalysts have been investigated for glucose dehydration to 
HMF [179–181, 197]. The catalytic conversion of sugars, e.g. glucose and sucrose, 
was studied over niobium oxides ranging from bulk to nanoparticles and multi- to 
monolayer [180, 197]. Mechanistic investigation of niobium oxides reveals both 
LAS (more efficient) and strong BAS can catalyze glucose isomerization to fruc-
tose, while weak BAS is more selective for fructose dehydration to HMF [180]. 
High temperature calcination induces nanoparticle sintering and significant loss of 
surface acid sites, and consequently, is nearly inactive for Nb2O5 calcined above 
973  K [197]. When Nb2O5 nanoparticles are dispersed on SBA-15, only pure 
Brønsted acidity can be detected. The increase of Nb2O5 content (2–10%) on SBA- 
15 is proportional to an increase in fructose conversion (6–18%), however, the glu-
cose is unable to be isomerized to fructose [197].

Niobium oxide mixed with other metal oxides, e.g. niobium-tungsten oxides, 
provides both Brønsted and Lewis acidity [181]. The LAS/BAS ratio increases with 
reducing Nb content. By optimizing the LAS/BAS ratio, complete glucose conver-

Z. Wang and J. Huang



117

sion with HMF yield of 38% is achieved in a THF/water mixture at 393 K after 3 h. 
Niobium-tungsten oxides is more active than both pure Nb2O5 and WO3 under the 
same conditions. Moreover, the Nb2O5 modified γ-Al2O3 nanofibers is the most 
active among Nb-based catalysts [179]. HMF yield from glucose is in the range of 
55.9–59% with a loading of 0.5–1 wt.% Nb2O5 at 423 K for 4 h in DMSO. This has 
been attributed to the modification of γ-Al2O3 nanofibers with Nb2O5 which pro-
vides Nbδ+ as strong LAS and intensive BAS.  Increasing Nb2O5 loading up to 
40 wt.% strongly influences the distribution and density of BAS and LAS on the 
surface due to the formation of two/three dimensional polymerized niobia species, 
and thus, the HMF yield decreases greatly but significantly increases when the sub-
strate is fructose.

Niobium phosphate (NbPO) has been applied for producing HMF via sugar 
dehydration [134, 135]. The performance of various metal phosphates in glucose 
transformation is in the order of NbPO > ZrPO > TiPO > AlPO [134]. The highest 
HMF selectivity (56%) is obtained with NbPO having suitable BAS/LAS ratio (≈ 
1), while an excess of LAS results in undesired humins causing catalyst deactiva-
tion. The activity are suggested to originate from Lewis acidic Nbδ+ which can con-
vert glucose to fructose for further dehydration on BAS from phosphate support 
[134]. NbPO modified by HCl (0.1, 1 and 10 M) was assessed for HMF production 
from cellobiose [135]. The BAS-LAS cooperativity can combine the hydrolysis of 
cellobiose to hexose with glucose isomerization and fructose dehydration together, 
which is useful for yielding HMF from polysaccharides in one-pot reaction 
systems.

Phosphate TiO2 catalysts have been introduced for glucose dehydration to HMF 
[173, 198]. The incorporation of phosphorus into the TiO2 framework can promote 
the formation of Ti-O-P bond, evidenced by XPS analysis [173]. Both Brønsted and 
Lewis acidity on surface are remarkably enhanced, and consequently, catalytic per-
formance is improved. In a water-butanol biphasic system at 448 K after 3 h reac-
tion, excellent glucose conversion (97%) and HMF yield (81%) are obtained for a 
glucose concentration of 2 wt.%, but decreased to 45% for a glucose concentration 
of 10 wt.%. Phosphate TiO2 catalysts have been tested in the conversion of various 
mono- and di-saccharides, including glucose, fructose, galactose, cellobiose and 
maltose, in water/THF biphasic solvent under 413 K for 3 h [198]. The presence of 
both BAS and LAS enables yields of HMF from these sugars (e.g. 37% from glu-
cose), however, they are significantly lower than those from fructose (55% HMF 
yield), which has been attributed to the limitation of hydrolysis and isomerization of 
these sugars.

A Sn grafted-vanadium phosphate (Sn-VPO) has been prepared by a wetness 
impregnation technique [183] Various metal cations (Snδ+ and Vδ+) are detected by 
XPS analysis. The co-existence of BAS and LAS in high density on Sn-VPO (e.g. 
7.35 mmol/g with 20 wt.% Sn loading) have been probed by NH3-TPD and pyridine 
adsorption FTIR. The conversion of glucose to HMF was carried out under 383 K 
for 6  h in DMSO.  HMF yield significantly increased from 38.1 to 73.8% with 
increasing Sn loading from 0 to 20 wt.%, which demonstrates by the increase of 
Lewis acidic Sn2+ cations.
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3.2.1.4  Other Bifunctional BAS-LAS Acids

Heterogeneous metal halides, e.g. AlF3 and MgF2 have been used for glucose dehy-
dration to obtain HMF [199, 200]. The co-existence of LAS and BAS in partially 
hydroxylated mesoporous AlF3 is evidenced by FTIR with pyridine adsorption and 
NH3-TPD [199]. The cooperativity of BAS and LAS are observed. Under optimum 
conditions, a HMF yield of 57.3% at complete glucose conversion is achieved under 
413 K for 10 h reaction time. Over partially hydroxylated MgF2, unsaturated Mg are 
able to isomerize glucose to fructose, followed by dehydration to HMF over BAS 
[200]. By further N2-stripping of MgF2, the HMF yield from glucose water solution 
can be increased from 21 to 33% under 453 K for 8 h.

Heteropoly acids (HPAs) prepared by introducing Lewis acid sites on their sur-
face have been investigated for glucose conversion into HMF [188, 189]. 
Cs2[Cr3O(OOCC2H5)6(H2O)3]2[α-SiW12O40], which is a chromium-based HPA ionic 
crystal, can convert glucose into HMF with a yield of 48% under 413 K after 4 h in 
a mixture of water and 56% in DMSO. It has been observed that DMSO can stabi-
lize HMF, while water leads to the formation of byproducts (levulinic and formic 
acids) [201]. The presence of both Brønsted and Lewis acidity on 
Cs2[Cr3O(OOCC2H5)6(H2O)3]2[α-SiW12O40] affords a higher activity compared with 
H4SiW12O40 that mainly has Brønsted acidity.

Glucose dehydration over a sulfonic acid functionalized MOF MIL-101(Cr)-
SO3H has been studied in both batch and fixed-bed systems [196]. The Lewis acidic 
metal centers (e.g. Cr3+) afford glucose isomerization to fructose, which is then 
dehydrated on Brønsted acidic –SO3H sites. A yield of HMF of 44.9% is obtained 
at a complete glucose conversion under 423 K for 4 h in a mixture of γ-valerolactone 
with 10 wt.% H2O. Using γ-valerolactone can significantly reduce the activation 
energy from 114.0 kJ/mol in pure water to 100.9 kJ/mol. In a fixed-bed reaction 
system, a similar moderate HMF yield (35–45%) is achieved under similar condi-
tions with a feed rate of 0.4 mL/min. In both batch and continuous flow systems, 
MIL-101(Cr)-SO3H exhibit high stability and nearly no activity loss can be observed 
after 55 h and five recycle uses.

3.2.2  Synthesis of Furfural from Pentoses

Furfural and its derivatives are potential biofuel additives, green solvents, and key 
feedstocks [130]. Furfural can be synthesized from xylose via xylose isomerization 
at LAS to xylulose, and dehydration of xylulose to furfural is preferred at BAS over 
LAS [202–204]. At 145 °C in aqueous phase, the combination of Lewis (CrCl3) and 
Brønsted (HCl) acids obtained a furfural yield (ca. 38%) much higher than that 
obtained with HCl only [205], as shown in Table 3.4 (entry 1–3). Metal halides, 
such as AlCl3, SnCl2 and MgF2, exhibit a higher furfural yields of 71–80% in bipha-
sic water/organic solution (Table 3.4 entry 4–6) [206, 207]. The hydrolysis of metal 
halides in water are able to release Lewis acidic metal species and protons [139, 
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141], which catalyze xylose isomerization and dehydration to furfural. Recent 
works are focus on the development bifunctional solids to replace these corrosive 
acids for efficient conversion of pentoses into furfural.

3.2.2.1  Molecular Sieve-Based BAS-LAS Bifunctional Catalysts

Molecular sieves combining both Brønsted and Lewis acidity can significantly 
enhance their activity in the conversion of xylose into furfural. For example, Lewis 
acidic Nb2O5 provides a furfural yield of 17% after 100 min reaction time at 170 °C 
in toluene/H2O (7:5, v/v) [208]. Introducing the cooperativity of Brønsted and 
Lewis acidity to molecular sieves can be achieved via incorporation of niobium into 
the framework and impregnation of Nb2O5 [208, 209]. At the same conditions, 
impregnation of Lewis acidic Nb2O5 on [Si]MCM-41 can enhance the catalytic 
activity of Nb2O5 with a furfural yield of 30%, which can be improved to 60% by 
adding NaCl due to salting out effect [208]. The BAS/LAS ratio can be flexibly 
tuned by Si/Nb ratios via controlling Nb incorporated into the framework of molec-
ular sieves, such as Nb/MCM-41 [209]. Optimizing Si/Nb ratio provides a furfural 
yield of 40% after 6 h reaction time at 160 °C in Toluene/H2O (7:3, v/v).

BAS-LAS bifunctional zeolites can be prepared by techniques, such as dealumi-
nation, desilication, impregnation or ion-exchange with other species (e.g. Al3+, 
Mg2+, Ca2+, La3+, Ce3+, etc.) [18, 19]. Combining the intrinsic strong Brønsted acid-
ity, bifunctional zeolites exhibit high catalytic activity in the conversion of xylose 
into furfural [210–214]. With the same Si/Al ratio and the similar total number of 
acid sites, increasing LAS/BAS ratio of H-MCM-22 from 0.4 to 1.0 results in a 
decrease of furfural yield from 70 to 66% after 16 h reaction time at 170  °C in 
Toluene/H2O (7:3, v/v) [212]. Under the same conditions after 6 h reaction time, 
Beta zeolite (Si/Al  =  12, LAS/BAS  =  1.3) and Al-TUD-1 (Si/Al  =  21, LAS/
BAS = 2.3) provides furfural yields of 49% and 60%, respectively, while a furfural 
yield of 69% is obtained via incorporation of Beta into mesoporous TUD-1 [210, 
211]. Therefore, the optimization of both the density of acid sites and the LAS/BAS 
ratio are important in obtaining high furfural yield.

3.2.2.2  Metal Oxides

Metal oxide-based BAS-LAS bifunctional catalysts are extensively investigated in 
the synthesis of furfural from xylose, including exfoliated nanosheets, TiO2-ZrO2, 
ZrAlW-MP, sulfate and phosphate metal oxides (Table 3.4 entry 16–21) [217–222]. 
At 160–170 °C in toluene/H2O (7:5, v/v) after 4 h reaction time, similar furfural 
yields of 50–55% are obtained with xylose conversions of 92–99% over these metal 
oxides. Tuning the surface Brønsted and Lewis acidity of metal oxides is the key in 
obtaining furfural with high yield, e.g. eHTiNbO5-MgO having medium total num-
ber of acid sites (0.382  mmol/g) and LAS/BAS ratio (1.4), obtained the highest 
furfural yield (55% vs. 40–50%) among exfoliated nanosheets (0.046–0.449 mmol/g, 
LAS/BAS = 1.2–5.5) at 160 °C in toluene/H2O (7:3, v/v) after 6 h reaction time 
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[217]. The furfural yield obtained by metal oxides is comparable or even higher 
than molecular sieves at the similar conditions [208, 209, 213, 214]. Taking advan-
tage of highly hydrothermal stable compared with zeolites, development of robust 
and stable BAS-LAS bifunctional metal oxides for the sugar conversion on large 
scale is desirable.

3.2.3  Glycerol and Derivatives Conversion Over BAS-LAS 
Bifunctional Catalysts

Glycerol is the major byproduct from biodiesel industry with an annual production 
of over a million tons and it is rapidly increasing with the growing market of renew-
able energy [223, 224]. Glycerol can be converted into value-added chemicals via 
oxidation, hydrolysis, pyrolysis, dehydration, transesterification, oligomerization, 
and carboxylation, such as acrolein [224–230].

3.2.3.1  Glycerol Dehydration to Acrolein

The dehydration of glycerol into acrolein is of great interest in producing acrylic 
acid esters, super absorber polymers or detergents [228], which is a promising area 
for applications with solid acids including zeolites, niobia, metal sulphates and 
phosphates, heteropolyacids, and metal oxides [231–236]. Two reaction pathways 
have been proposed based on the type of acid sites [225]: (a) A sequential dehydra-
tion of the secondary and the primary hydroxyl groups at BAS yields acrolein 
(Fig. 3.4a) and (b) LAS mainly catalyze the dehydration of primary hydroxyl groups 
of glycerol to generate acetol as byproduct (Fig. 3.4b) [224, 225].

Improving the acrolein yield from glycerol is limited by exclusively tuning 
Brønsted acidity [96]. Tailoring BAS-LAS bifunctional catalysts, such as 
Al-exchanged H-ZSM-5, exhibit extremely high acrolein yield (54.4%) compared 
to the parent H-ZSM-5 zeolite (35.9%) under the same conditions. This has been 
attributed to a two-step dehydration of glycerol to acrolein via the dehydration of 
the secondary hydroxyl group of glycerol at BAS, followed by the dehydration of 
the primary hydroxyl group at LAS to form acrolein as shown in Fig. 3.5.

HO OH
OH

BAS
-H2O

HO OH O OHTautomerization BAS
-H2O

O

acroleinacrolein

HO OH
OH

LAS
-OH

HO
OH

+ LAS-OH
-H2O OH

O
HO

OH

acetol

a)

b)
Tautomerization

Fig. 3.4 Proposed mechanism for glycerol dehydration on single type acid sites: (a) Brønsted acid 
sites to yield desired acrolein, and (b) Lewis acid sites for acetol as the major byproduct (Adapted 
with permission from Ref. [96], Copyright © 2014, American Chemical Society)
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3.2.3.2  Glycerol Derived Trioses Conversion Over BAS-LAS Bifunctional 
Catalysts

Glycerol selective oxidation over supported metal catalysts can produce glyceralde-
hyde (GLY) and dihydroxyacetone (DHA) [228, 237]. These trioses have been 
applied in the one-pot synthesis of lactate esters [238, 239], which are used as green 
solvents and cosmetics, in healthcare formulations, and in the skin care and biopoly-
mer industry [240–242]. The reaction proceeds via the dehydration of primary 
hydroxyl groups of trioses to form pyruvic aldehyde (PAL) on acid sites, and then 
LAS catalyze the conversion of PAL into lactic acid and derivatives via nucleophilic 
addition of a water or alcohol molecule to carbonyl carbon atom of aldehyde, fol-
lowed by 1,2-hydride shift through an intramolecular Cannizzaro reaction mecha-
nism [239] (Fig. 3.6).

BAS-LAS bifunctional catalysts, such as Sn(VI)-grafted carbon-silica catalysts 
(Sn-Si-CSM) [239], exhibit an extremely high ethyl lactate yield (100%), compared 
with those have exclusive BAS (23.4%) or LAS (1.25%) at the same conditions, 
where Sn(IV) species and carboxylic acids act as LAS and BAS, respectively. 
Mechanistic studies via isotope labelling experiments suggested mild BAS response 
for the dehydration of primary hydroxyl group of trioses, while LAS catalyze intra-
molecular Cannizzaro reaction between the α-keto aldehyde and alcohols to yield 
alkyl lactates [238].This demonstrates the existence of both BAS and LAS is a pre-
requisite to a sequential two-step reaction for fast and selective conversion of trioses 
into alkyl lactates and lactic acid. With this idea, mesoporous ZrSBA-15 silicate 
having both strong LAS and weak BAS can yield ethyl lactate directly from cellu-
lose in a supercritical mixture of ethanol and water [243]. The BAS-LAS coopera-
tivity can promote consecutive reactions, such as depolymerization, retro-aldol 
condensation, and esterification. Under the optimum reaction conditions, ca. 33% 
yield of ethyl lactate are produced from cellulose over Zr-SBA-15 catalyst at 533 K 
in supercritical 95:5 (w/w) ethanol/water.
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Fig. 3.5 The proposed mechanism for two-step dehydration of glycerol to acrolein via BAS-LAS 
cooperativity (Adapted with permission from Ref. [96], Copyright © 2014, American Chemical 
Society)
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3.3  Conclusion and Future Outlook

The utilization of Brønsted-Lewis acid bifunctional catalysts can combine both the 
properties of BAS and LAS for sequential reactions. The cooperativity of BAS and 
LAS at optimal ratio can significantly enhance the reaction efficiency and selectiv-
ity to target product(s) compared to reaction preformed with mainly BAS or LAS, 
such as for glucose dehydration reaction. Therefore, BAS-LAS bifunctional cataly-
sis can greatly improves the catalytic performance and will shed new light on a 
reasonable design of efficient catalysts.

Future work for the development of BAS-LAS bifunctional catalysts are focus 
on two major directions: (1) the development of suitable preparation techniques to 
tailor BAS-LAS bifunctional catalysts with high stability and precious control of 
BAS/LAS ratio to optimize the cooperative effect of BAS and LAS. For instance, 
the current techniques to generate leaching of LAS generated via dealumination of 
zeolites often reduces catalyst performance in liquid phase reaction and limits their 

O
O

O
OH

O
OEt

OHHemiacetal

O
EtO

OEt

O
O

O
OEt

OEt

Diethyl acetal

H+

EtOH

EtOH

H+

O
OH

O

O
O

O
OH

a)

b)

c)

O

O

OH
O

OEt

O
O

EtOH

Base

δ−

δ+

LAS
EtOH

O
O

OH
O

OEt

LAS

Pyruvic aldehyde
(PAL)

Ethyl mandelate (EM)

-H+

H

H

HH

H2O

H

H

H

H

H

H

H

H

H

Dihydroxyacetone
(DHA)

O
OHHO

Glyceraldehyde
(GLY)

OH
OHO

OH-

BAS/LAS

BAS

H

Glycerol
OH

OHHO

Oxidation

O
OEt

O

H

H
LAS

O
O

H

LAS

Ethyl mandelate
(EM)

Fig. 3.6 Proposed Reaction Mechanisms of Catalytic Conversion of PG in EtOH: (a) Pathway in 
Homogeneous Base System; (b) Pathway in Homogeneous Brønsted Acid System [238]; (c) 
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applications. (2) Moreover, the development of novel reaction pathway based on 
BAS-LAS cooperativity and understanding of the cooperative reaction mechanism 
is promising for efficient catalysis. It is not only focus on the cooperative action to 
integrate a sequential reactions based on BAS and LAS together for one-pot synthe-
sis, but also tune the negative role of acid sites (e.g. LAS in glycerol dehydration) to 
a positive contribution to target product(s) in reactions via site-site cooperation.
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Chapter 4
Design of Bifunctional Solid Catalysts 
for Conversion of Biomass-Derived Syngas 
into Biofuels

Hao Wang, Yan Pei, Minghua Qiao, and Baoning Zong

Abstract Biomass resources can be thought of as an important source of syngas 
(CO + H2). The conversion of the biomass-derived syngas (bio-syngas) into biofuels 
represents a carbon dioxide-neutral route for the production of substitute of the 
petroleum-derived fuels. Fischer–Tropsch synthesis (FTS) is by far the most effec-
tive approach to convert syngas into biofuels. However, FTS produces unselectively 
normal aliphatic hydrocarbons with a broad distribution of carbon numbers. To 
selectively produce biofuels, bifunctional FTS catalysts composed of an FTS-active 
metal and an acidic zeolite can be used. Such catalysts are capable of narrowing 
down the distribution of the products into the liquid fuel fraction by means of hydro-
cracking, isomerization, and hydrogenolysis. At the beginning of this chapter, the 
pathways of biofuel production from lignocellulosic biomass and the processes 
involved in transforming lignocellulosic biomass to bio-syngas are introduced. 
Then, research activities on converting syngas into biofuels over bifunctional FTS 
catalysts are described and ideas for catalyst engineering, catalyst structure, and 
catalytic outcome are highlighted. This chapter describes some of the selectivity 
control strategies that can be adopted with bifunctional catalysts so that restrictions 
given by classical Anderson–Schulz–Flory distribution can be overcome and indus-
trialization can be realized.
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4.1  Introduction

The growing concern of petroleum depletion has spurred worldwide interest in 
exploring alternative ways to sustainably produce chemical commodities and liquid 
fuels. In particular, the ever-increasing demand of transportation fuels [1] has 
prompted enormous efforts in producing biofuels from biomass, which simultane-
ously reduces greenhouse-gas emissions.

In general, biofuels produced from biomass can be classified as being first gen-
eration or second generation. The first generation biofuels include biodiesel cata-
lytically transformed from vegetable oils and bioethanol fermented from grain (rice, 
wheat), sugarcane, potatoes, and corns, i.e., edible biomass as feedstocks. It is 
apparent that feedstocks for first-generation biofuels are not abundant [2]. For the 
sake of high expenditure for the feedstocks, first generation biofuels can only satisfy 
a small portion of the consumption of transportation fuels [1], and their further 
development is uncertain unless efficacious fermentation strategies are developed 
for the utilization of the more widely available, inedible lignocellulosic biomass as 
the feedstock.

The second generation biofuels are devoid of the shortcoming of feedstock defi-
ciency faced by first generation biofuels. They can be produced from lignocellulosic 
biomass ranging from agriculture, forestry, energy crop planting, and food residues 
and byproducts. Hence, second generation biofuels are free from competition with 
food production and have good prospects for industrial application [3, 4].

There are two major routes to transform lignocellulosic biomass into biofuels 
that are classified as biochemical or thermochemical route (Fig. 4.1) [4]. Biochemical 
transformation of lignocellulosic biomass into biofuels has low efficiency [5], and 
direct pyrolysis/liquefaction of lignocellulosic biomass to biofuels has low selectiv-
ity. The third route, biomass-to-liquids (BTL), is very promising since lignocellul-
losic biomass is gasified to small molecules and then the bio-syngas is used as the 
feedstock [5]. BTL is constituted by processes of gasification, gas cleaning and 
conditioning, and Fischer–Tropsch synthesis (FTS) (Fig. 4.2), which is analogous 
to the well-established industrial coal-to-liquids (CTL) process or the natural gas- 
to- liquids (GTL) process [6]. The H2/CO volume ratio in bio-syngas is close to 1, 
making it a suitable feedstock for the production of light olefins. To produce liquid 
fuels, this H2/CO ratio can be improved by implementing a water–gas shift (WGS) 
reactor. Alternatively, one can adopt a Fe-containing FTS catalyst that is also active 
in catalyzing the WGS reaction.

As the first step of BTL, biomass gasification is used to transform the lignocel-
lulosic biomass into a gas-phase mixture under high operating temperatures in the 
presence of a gasifying agent. The gasification agent usually contains oxygen, air, 
steam, or their mixture. The gaseous product is a mixture of H2, CO, CO2, CH4, 
C2H4, and N2, in addition to several kinds of byproducts, including tars (benzene and 
other aromatic hydrocarbons), nitrogen-containing compounds (primarily NH3 and 
HCN), hydrogen sulfide (H2S), hydrogen chloride (HCl), and other alkali metals in 
biomass (K, Na, Ca, and Mg) [4, 7]. The quality of bio-syngas can be improved by 
adjusting the gasification conditions, such as gasifying agent, gasifying tempera-
ture, and gasification reactors (gasifiers) [8].
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Fig. 4.1 Schematic illustration of major routes for conversion of biomass into biofuels (Reprinted 
with permission from [4], Copyright © 2011 Elsevier)

Fig. 4.2 Schematic diagram for thermochemically converting biomass into biofuels (Reprinted 
with permission from [9], Copyright © 2009 John Wiley & Sons, Ltd.)
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There are mainly two types of gasifiers for biomass gasification, that is, fluidized- 
bed gasifier and fixed-bed gasifier [10, 11]. The former is often operated at a com-
paratively low temperature of about 1173  K.  The bio-syngas mixture from this 
gasifier is mainly composed of H2 and CO, along with unwanted products such as 
methane, CO2, and higher hydrocarbons. The latter requires temperature as high as 
1373 K. By means of fixed-bed gasification, all biomass can be completely trans-
formed into bio-syngas containing only H2 and CO, which is chemically equivalent 
to and can displace syngas derived from fossil sources.

Gas cleaning and conditioning is an essential step to remove the impurities from 
bio-syngas, such as particulate matter, tars, and sulfur- and nitrogen-containing 
compounds. During FTS for converting bio-syngas into biofuels, the particulate 
matter may damage the gas-handling equipment. The sulfur- and nitrogen- containing 
compounds may poison the catalyst while the tars may cause equipment fouling. 
Gas cleaning and conditioning can be achieved in a filtration system downstream 
from the gasifier for the capture of the particulate matter. Sorbents are added to 
remove the sulfur- and nitrogen-containing compounds. Furthermore, catalytic ther-
mal cracking or steam reforming is implemented to diminish the tars [4].

4.2  Fischer–Tropsch Synthesis

FTS is capable of converting syngas into paraffins, olefins, alcohols, and aldehydes 
[4]. In the 1920s, Franz Fischer and Hans Tropsch firstly reported on the conversion 
of syngas to long-chain hydrocarbons [12]. FTS was commercialized in Germany in 
the 1930s for CTL to reduce the petroleum dependence of industry. Plants for GTL 
have also been successfully established [13]. Synthetic biofuels produced by FTS 
have several advantages over conventional petroleum-derived fuels in that they are 
almost free of aromatics, sulfur, and nitrogen, which means that fewer particles and 
pollutants would be released after combustion. Synthetic diesel also has very good 
ignition properties with a high cetane number of around 70. Therefore, much 
research effort has been dedicated to commercializing the BTL process using bio-
mass as the feedstock [14, 15].

The FTS reaction can be represented by Eqs. (4.1) and (4.2):

 n n nn nCO H C H H O+ ® +2 2 2 2  (4.1)

 
n n nn nCO H C H H O+ +( ) ® ++2 1 2 2 2 2  

(4.2)

Many reviews have been published on the mechanism [16–21] and kinetics of 
FTS [18, 22, 23]. Generally, CO undergoes direct dissociation or hydrogen-assisted 
dissociation and hydrogenation to generate the monomeric CHx species (x = 0–3). 
Then, the monomeric CHx species polymerize into straight-chain species through 
C–C coupling and yield CnHm intermediates. Finally, the CnHm intermediates 
undergo hydrogenation, dehydrogenation, or carbonylation to produce paraffins, 
olefins, or alcohols, respectively [24, 25].

H. Wang et al.



141

The distribution of the FTS products follows the Anderson–Schulz–Flory (ASF) 
kinetic model derived from the polymerization mechanism and can be depicted by 
eq. (4.3):

 
M n

n = -( ) -1 1a a
 

(4.3)

In this equation, Mn is the molar fraction of each FTS product with carbon num-
ber n. α is the chain-growth probability, defined as a function of the propagation and 
termination rates of the hydrocarbon chain. Larger values of α indicate high selec-
tivity for long-chain hydrocarbons. By plotting log(Mn/n) against n, the ASF plot 
should ideally display a straight line, with the slope being α. The product distribu-
tion sometimes deviates from the ASF distribution caused by the readsorption of 
short α-olefins and the occurrence of secondary reactions [26].

Factors affecting the α value include temperature, pressure, syngas composition 
(H2/CO ratio) [27], catalyst type, catalyst composition, and reactor type [19]. 
Table 4.1 summarizes the influence of operating parameters on the chain length as 
well as other properties of the products [18, 28]. In general, the α value increases 
when increasing pressure or decreasing temperature. In industry, FTS is conducted 
at temperatures between 463 K and 623 K at moderate pressures of 15–40 bar [15]. 
Depending on the products of interest, FTS is operated in two different temperature 
regions: low-temperature FTS (LTFTS) at 463–513 K and high-temperature FTS 
(HTFTS) at 573–623 K. Because a larger α value is expected during LTFTS, while 
a smaller α value is expected during HTFTS [29], the former is mainly for the syn-
thesis of diesel and waxes, whereas the latter is mainly for gasoline or light 
olefins.

Due to the restriction imposed by the ASF distribution, the exclusive production 
of a specific hydrocarbon fraction by FTS is not feasible with conventional FTS 
catalysts, except for methane (α = 0) and an infinite chain-length wax (α = 1). As 
illustrated in Fig. 4.3 [30], biofuels cannot be produced with high selectivity. For 
instance, the maximum selectivity of the gasoline-range fuels (C5–C11) is ca. 45% 
(α = 0.76) and that of the diesel-range fuels (C12–C20) is only ca. 30% (α = 0.89) 
[31]. As a compromise, the FTS industry adopts an indirect two-stage approach to 
improve the selectivity for liquid fuels. In the first stage, the FTS catalyst with an α 
value larger than 0.9 is used to minimize the production of the short-chain 

Table 4.1 Influence of reaction parameters on product selectivity in Fischer–Tropsch synthesis

Increase in parameter
Carbon chain

Carbon deposition
Selectivity

Length Branching Olefin Alcohol Methane

Temperature ↓ ↑ ↑ C ↓ ↑
Pressure ↑ ↓ C C ↑ ↓
H2/CO ratio ↓ ↑ ↓ ↓ ↓ ↑
Conversion C C ↑ ↓ ↓ ↑
Space velocity C C C ↑ ↑ ↓

Adapted with permission from [18], Copyright © 1999 Taylor& Francis
Note: ↑: increase; ↓: decrease; C: complex

4 Design of Bifunctional Solid Catalysts for Conversion of Biomass-Derived Syngas…



142

 hydrocarbons. In the second stage, the waxes are subjected to hydrotreatment 
(hydrocracking, isomerization) in another reactor to maximize the production of the 
desired fuels that are in most cases, diesel [6, 32]. Aside from the need of an extra 
hydrotreatment reactor, this two-stage approach also requires an extra high-pressure 
H2 plant for hydrotreatment, which greatly adds to the investment cost and increases 
the safety risk. Therefore, the development of catalysts that can afford high selectiv-
ity to liquid fuels in one step is a central issue in the realm of FTS [31, 33, 34].

Conceptually, the development of such catalytic systems can be achieved by 
combining one catalyst component for CO hydrogenation with another one for 
hydrocracking or isomerization of long-chain hydrocarbons to liquid fuels to obtain 
FTS catalysts with the desired bifunctionality [25, 30, 35, 36]. In practice, the for-
mer is usually borrowed from conventional FTS catalysts. The latter is based on 
solid acid catalysts, which are generally chosen as in most cases, acidic zeolites. 
Many bifunctional FTS catalysts with different structures and purposes have been 
designed and evaluated, which showed attractive results in liquid fuel production. 
Understanding the characteristics and functions of each catalyst component is a 
prerequisite to the rational formulation of more effective bifunctional FTS catalysts 
for converting bio-syngas directly into biofuels.

4.3  Bifunctional FTS Catalyst

4.3.1  FTS-Active Metal

All group VIII metals are able to catalyze CO hydrogenation to hydrocarbons. The 
average molecular weight of hydrocarbons produced descends in the order of Ru > 
Fe > Co > Rh > Ni > Ir > Pt > Pd. But only four of them, Ru, Fe, Co, and Ni, show 

Fig. 4.3 Distribution of 
Fischer–Tropsch synthesis 
(FTS) products predicted 
by the Anderson–Schulz–
Flory (ASF) law 
(Reprinted with permission 
from [30], © 2014 
WILEY-VCH Verlag 
GmbH & Co. KGaA, 
Weinheim)
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appreciable activity in FTS. Ru is the most active one and can be used even below 
463 K. Moreover, the large α value provided by Ru makes it an ideal candidate as 
the CO hydrogenation component of bifunctional FTS catalysts. However, Ru is 
scarce and has a high price [31, 37]. Ni is not applicable due to its high selectivity 
to low-value methane characteristics [37, 38]. Hence, despite numerous reports on 
new FTS catalysts, the Fe- and Co-based catalysts retain their dominant position in 
the FTS industry in terms of both catalytic performance and economy.

The Fe-based catalysts can be used over a broad temperature range and are there-
fore suitable for both LTFTS and HTFTS [39]. Aside from the low cost, high versa-
tility in product control, and relatively high tolerance to sulfur impurities in the 
syngas, the Fe-based catalysts also display a unique activity in the WGS reaction, 
thus favorably compensating the deficiency of H2 in syngas derived from coal and 
biomass. There are two types of commercial Fe-based FTS catalysts, i.e., fused Fe 
and precipitated Fe [40], which are mainly employed in HTFTS and LTFTS, respec-
tively. The major shortcoming of the Fe-based catalysts is the relatively short life-
time. Systematic investigations have found that factors underlying Fe-based FTS 
catalyst deactivation include sintering, surface carbon deposition, mechanical attri-
tion, oxidation, and poisoning [39, 41, 42].

The Co-based catalysts are more costly, but are more selective for long-chain lin-
ear hydrocarbons than the Fe-based catalysts. The Co-based catalysts are therefore 
preferred in LTFTS over the Fe-based catalysts to produce diesel and waxes. However, 
the Co-based catalysts are sensitive to changes in the operating temperature and pres-
sure. A drastic and unwanted increase in methane formation will occur when tem-
perature is increased [41, 43]. On the other hand, the Co-based catalysts are more 
resistant to deactivation caused by water than the Fe-based catalysts. Hence, although 
the Co-based and Fe-based catalysts are comparable in activity at low CO conver-
sions, for high CO conversions, the Co-based catalysts are superior to the Fe-based 
catalysts [42, 43]. However, since the Co-based catalysts display negligible WGS 
activity, improving the H2/CO ratio in bio-syngas is necessary prior to FTS. Therefore, 
it is anticipated that the Fe–Co bimetallic catalysts, with Fe possessing high WGS 
activity and Co possessing good water-resistance, are promising candidates for 
BTL. Sonal et al. have studied a series of Fe–Co bimetallic catalysts for FTS at low 
H2/CO ratio [44, 45]. The addition of Fe increased the WGS activity, CO conversion, 
and C5+ hydrocarbon selectivity as compared to the monometallic Fe or Co catalyst.

4.3.2  Zeolite

Zeolites are microporous crystalline aluminosilicate materials with uniform pore 
sizes, cavities, and regularly arranged channels. The unique pore structure can con-
trol the diffusion and reaction of the reactants and the reaction intermediates [46]. 
Along with the shape selectivity and the acidic property, the zeolites have been 
widely used to tailor the product selectivity in the catalytic conversion of biomass 
[47]. For bifunctional FTS catalysts, the acidity, topology, and porosity of the zeo-
lites are the main factors that affect catalytic performance.
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4.3.2.1  Acidity

Zeolites have been used as a constituent in bifunctional FTS catalysts to alter prod-
uct selectivity mainly by taking advantage of their controllable acidity. Goldwasser 
et al. prepared a series of the Fe/H-ZSM-5 catalysts with the Si/Al ratios in H-ZSM-5 
between 19 and 114 [48]. The results showed that the acidity of H-ZSM-5 signifi-
cantly influenced the product distribution. Cracking was not prominent at low den-
sity or strength of the acidic sites, thus long-chain hydrocarbons (C5+) were 
dominant. When increasing the density or strength of the acidic sites, more long- 
chain hydrocarbons were cracked into lower molecular-weight paraffins and olefins 
[48]. Similar results were reported by Botes and Böhringer [49]. On the catalyst 
containing alkali-promoted Fe and a high-acidity H-ZSM-5 zeolite (Si/Al ratio = 30), 
high activity towards aromatics and light paraffins was observed at the beginning of 
the reaction at 603 K and 20 bar. However, rapid deactivation of the zeolite occurred 
during the reaction, which affected negatively on the selectivity to the gasoline- 
range fuels. In contrast, despite the catalyst containing a low-acidity H-ZSM-5 zeo-
lite (Si/Al ratio = 280) was much less active than the one containing a high-acidity 
H-ZSM-5 zeolite, it deactivated less significantly and afforded a 25–35% increase 
in the selectivity to the gasoline-range fuels.

Martínez and López physically mixed a K/Fe/Co catalyst with H-ZSM-5 having 
Si/Al ratios of 15, 25, 40, and 140 [50]. At 583 K, 20 bar, and for a H2/CO ratio of 
1, the addition of zeolites shifted the selectivity to high-octane C5–C11 iso-paraffins 
by transforming the primary hydrocarbons on the acid sites through cracking of 
long-chain hydrocarbons to the short ones, isomerization of n-paraffins, or aromati-
zation of light α-olefins. The probability of the occurrence of these secondary reac-
tions is related to the crystallite size and the Si/Al ratio of the zeolite. A higher 
density of the Brønsted acid sites (at Si/Al ratios of 15–25) favored the aromatiza-
tion of light α-olefins. The olefin to paraffin (O/P) ratio in the C2–C4 range decreased 
with a decrease in the crystal size and the amount of the Brønsted acid sites of 
H-ZSM-5. Small zeolite sizes facilitated diffusion of the aromatics and hence 
avoided their condensation into carbonaceous deposits, so that the deactivation of 
H-ZSM-5 was suppressed [50].

4.3.2.2  Topology

The catalytic performances of zeolites in bifunctional FTS catalysts are related to 
their topological properties. In general, selectivity for the desired FTS products can 
be maximized by choosing a zeolite with optimal topology [51–53]. Martínez et al. 
reported on the effect of zeolites with different topologies (Beta, USY, Mordenite, 
and ZSM-5) in combination with a Co/SiO2 catalyst in cracking long-chain hydro-
carbons into gasoline-range fuels with FTS [51]. It was shown that the deactivation 
rate and the amount of carbonaceous deposits increased in the order of 
H-ZSM-5 < H-Mordenite < H-Beta < USY. Large-pore H-Mordenite with mono- 
directional pore systems produced smaller amounts of aromatic-type coke and were 
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more stable than the large-pore H-Beta and USY zeolites with tri-directional inter-
connected channel systems, while the medium-pore H-ZSM-5 with bi-directional 
interconnected channel system showed the lowest deactivation rate. The formation 
of aromatic-type coke was impeded on the H-ZSM-5 zeolite owing to the narrow 
10-MR (membered ring) pore openings, thus leaving more acid sites to crack and 
isomerize heavy hydrocarbons than the 12-MR zeolites (H-Beta and USY).

The authors further investigated the catalytic performances of medium-pore (10- 
or 12-MR) zeolites (ZSM-5, MCM-22, IM-5, and ITQ-2) in conjugation with a Co/
SiO2 catalyst to produce high-quality gasoline-range fuels directly from syngas 
under the reaction conditions of 523 K, H2/CO ratio of 2, and 20 bar [52]. The activ-
ity decreased in the order of ITQ-2 > MCM-22 >  IM-5 > ZSM-5 after 15 h on 
stream mainly attributed to coking during the reaction. It was observed that for 
 ITQ- 2, the majority of the coke was located on the external surface of the zeolite, 
which provided an unrestricted space for coke accumulation. In the case of MCM-
22, most of the coke resided inside its large 12-MR supercage, which restrained its 
escape through the narrower 10-MR channels. For IM-5, most of the coke preferen-
tially resided within the 10-MR channels, while for ZSM-5 the coke mainly resided 
on the exterior of the 10-MR pore openings.

It was reported that incorporating Fe into ZSM-11/12, beta, omega, or LTL zeo-
lite by the impregnation, ion exchange, or precipitation method could increase the 
production of olefins and iso-paraffins and the resistance to coking [54]. Large-pore 
(12-MR) LTL is usually commercially used to catalyze hydrocarbon conversions 
such as reforming [55, 56]. For isomorphously Fe-substituted LTL, low CO conver-
sions and improved selectivity for methane were reported, which was attributed to 
the low content of iron in the isomorphously substituted material [56]. Cagnoli et al. 
impregnated iron on the potassium-form of LTL (K-LTL). The as-reduced Fe/K- 
LTL catalyst had two different types of microcrystals of Fe0 distinguished by their 
location inside the structure or on the exterior of K-LTL. After reaction, the former 
remained intact, while the latter was carburized [57]. The higher selectivity for light 
olefins on the Fe/K-LTL catalyst compared with the Fe/Al2O3, Fe/C, and Fe/SiO2 
catalysts was attributed to the promotion effect of potassium and the high percent-
age of the Fe0 microcrystals inside K-LTL. On the other hand, the carburized Fe0 on 
the exterior of K-LTL might be responsible for the improved selectivity for the 
diesel-range fuels.

4.3.2.3  Porosity

The intrinsic pore size of the zeolites is smaller than 2 nm, which falls in the range 
of microporosity. Microporous zeolites allow the occurrence of secondary reactions 
of primary FTS products on the acid sites inside channels or cavities, thus enhanc-
ing the selectivity of a certain product spectrum through pore size screening [58]. In 
this connection, the formation of long-chain hydrocarbons could be diminished and 
the product distribution could be shifted towards liquid fuels on microporous zeo-
lites [59].
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Li et al. synthesized ZSM-5 microspheres embedded with well-dispersed uni-
form Fe3O4 nanoparticles (Fe3O4@ZSM-5) using an in situ crystallization route 
[60]. For the synthesis of this catalyst, a Fe3O4@SiO2 composite with Fe3O4 
nanoparticles of ~10 nm in diameter confined in the pores of SiO2 was used as the 
precursor, which was subjected to hydrothermal treatment in a weak basic solution. 
The resulting zeolite microspheres with uniform sizes between 6 μm and 9 μm were 
composed of concentric nanorod-like ZSM-5 crystals and Fe3O4 nanoparticles 
embedded between the nanorods. For the bifunctional Fe3O4@ZSM-5 catalyst, the 
selectivity for gasoline-range fuels was as high as 44.6% after 110 h on stream. In 
contrast, the selectivity of the Fe3O4@ZSM-5 catalyst for diesel-range fuels was 
low (3.2%), and no C21+ products were detected.

Although microporous zeolite-based bifunctional FTS catalysts are capable of 
producing the gasoline-range fuels, incorporating metal into the microporous zeo-
lites sometimes has adverse effects on the activity or selectivity for the following 
reasons: (1) reducibility of the metal inside the zeolite structure may be lowered due 
to the strong metal–support interactions [61, 62], and (2) mass transport limitations 
in microporous zeolite may increase the H2/CO ratio with respective to the original 
ratio, thus improving the selectivity for methane and decreasing the olefin/paraffin 
ratio. Microporous zeolites may also cause over-cracking of the FTS products due 
to prolonged residence time on the acid sites [63, 64].

Imparting mesoporosity to microporous zeolites has attracted great attention in 
recent years [65–72]. Mesoporous zeolites having bimodal porous structures, which 
are also referred to as hierarchical zeolites [73, 74], possess both the advantages of 
traditional microporous zeolites and high efficiency of mesoporous materials in 
mass transport. Mesoporous zeolites have shown enhanced performance in acid- 
catalyzed reactions in the petrochemical industry, such as in hydrocracking and 
alkylation [75]. Rangel et al. developed a mesostructured Beta zeolite (MB) sup-
ported Co catalyst for FTS [76]. The MB zeolite exhibited a lower micropore/meso-
pore volume ratio (20–24%) than the pristine Beta zeolite. Owing to the mesoporous 
structure, the Co/MB catalyst showed not only higher activity, but also lower selec-
tivity for methane and higher selectivity for C6+ hydrocarbons than the Co/Beta 
catalyst.

Wang and co-workers synthesized mesoporous ZSM-5 (meso-ZSM-5) and Beta 
(meso-Beta) zeolites by treating H-ZSM-5 and Beta zeolites with NaOH aqueous 
solutions to construct bifunctional FTS catalysts [63, 77, 78]. The hierarchical 
meso-ZSM-5 had micropores of ca. 0.55 nm in size and mesopores with sizes of ca. 
3.8–7.2  nm depending on the concentration of NaOH.  As compared to pristine 
H-ZSM-5, the meso-ZSM-5 supported Ru nanoparticles had markedly decreased 
selectivities for methane and C2–C4 hydrocarbons, while increased selectivity for 
gasoline-range fuels (Fig. 4.4). The selectivity on the Ru/meso-ZSM-5 catalyst was 
closely related to the concentration of NaOH during the treatment of ZSM-5. For 
meso-ZSM-5 treated by 1.0 M NaOH, the selectivity to CH4 decreased to about 5%, 
while the selectivity to the gasoline-range fuels increased to about 80% (Fig. 4.4). 
The CO conversion also increased with an increase in the concentration of NaOH 

H. Wang et al.



147

probably due to enhanced mass transport (Fig. 4.4). The iso-paraffin to normal par-
affin (Ciso/Cn) ratio in the C5–C11 range was approximately 2.5–2.7 at the NaOH 
concentration of ≤1.0 M (Fig. 4.4), showing promise of the Ru/meso-ZSM-5 cata-
lyst for the production of high-quality gasoline.

Sartipi et  al. prepared two meso-H-ZSM-5 supports by treating ZSM-5 with 
either NaOH aqueous solution or tetrapropylammonum hydroxide (TPAOH) organic 
base [64]. Under similar treatment conditions, TPAOH gave mild desilication of 
ZSM-5, thus generating mesostructures with pores in the range of 4–8 nm. In con-
trast, NaOH led to a severe desilication, creating mesostructures with pores in the 
range of 15–32 nm. It was found that the CO conversion was about 15% higher on 
the Co/meso-H-ZSM-5 catalyst treated with TPAOH than on that treated with 
NaOH. Both Co/meso-H-ZSM-5 catalysts exhibited higher CO conversions than 
the untreated Co/H-ZSM-5 catalyst [64, 79]. Imparting mesoporosity to H-ZSM-5 
could create mesoporous surfaces that facilitate the dispersion of the Co nanoparti-
cles and increase the amount of the Co nanoparticles at the vicinity of the acid sites 
[79]. In the preparation of the Co/meso-H-ZSM-5 catalyst, it was observed that 
most Co nanoparticles were well distributed on the external surface, and the rest 

Fig. 4.4 Fischer–Tropsch synthesis results over the Ru/meso-ZSM-5 catalysts prepared by treat-
ing H-ZSM-5 with NaOH of different concentrations. (a) CO conversion and Ciso/Cn  ratio; (b) 
Product selectivity. Reaction conditions: 0.5 g catalyst, H2/CO = 1.0, temperature of 533 K, pres-
sure of 20 bar, total flow rate of 20 mL min−1, and time on stream of 12 h (Reprinted with permis-
sion from [63], Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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were located inside the mesopores. However, the Co nanoparticles were inhomoge-
neously dispersed on the external surface of the untreated H-ZSM-5. The conver-
sion over the Co/meso-H-ZSM-5 catalyst was at least 28% higher than the one over 
the Co/H-ZSM-5 catalyst after 30 h on stream. The homogeneously dispersed Co 
nanoparticles over meso-H-ZSM-5 might account for its enhanced activity and sta-
bility [64].

The authors [80] further studied three mesoporous zeolites (meso-H-ITQ-2, 
meso-H-USY, and meso-H-ZSM-5) with different topologies as supports for cobalt. 
The catalytic activities over the Co/meso-H-USY and Co/meso-H-ZSM-5 catalysts 
were similar, but they were higher than those over the Co/ITQ-2 and Co/SiO2 cata-
lysts. The difference between the FTS activities of the different catalysts was attrib-
uted to the dispersion of Co in the materials. The Co/meso-H-USY and  Co/
meso-H-ZSM-5 catalysts were identified to have smaller Co particles that were well 
dispersed.

Aside from enhancing the selectivity for the gasoline-range fuels, mesoporous 
zeolites are also capable of enhancing the selectivity for diesel-range fuels. The 
diesel fuels produced by FTS have merits of reduced NOx and particulate matter 
(PM) emissions [81]. Wang and co-workers discovered that a sodium-form mesopo-
rous zeolite Y (Na-meso-Y) supported Co nanoparticles were highly selective for 
diesel-range fuels with a value being ∼60%, along with a desirably low Ciso/Cn ratio 
(0.3) and a low methane selectivity (5%) [82]. During 515 h on stream, the Co/
Na-meso-Y catalyst remained stable, which might be due to alkali promotion that 
impeded coke formation. Surprisingly, the Co/Na-meso-Y catalyst did not have any 
Brønsted acid sites, indicating that the acid-catalyzed hydrocracking/isomerization 
mechanism is not responsible for the enhanced diesel production. Instead, the 
authors proposed that the hydrogenolysis mechanism, which has long been regarded 
as an undesired secondary reaction that forms excessive methane, gave rise to the 
high selectivity to diesel. This peculiar mechanism of selectivity control was sub-
stantiated by the conversion of n-hexadecane model molecule on the Co/meso-Y 
catalysts with and without Brønsted acid sites. It was found that the sizes of the Co 
nanoparticles and the mesopores were two critical factors affecting the catalytic 
performance. The Co nanoparticles and mesopores with medium sizes could afford 
higher selectivity of the catalyst for diesel-range fuels.

4.3.3  Type of Bifunctional FTS Catalyst

On the basis of the catalyst structure, bifunctional FTS catalysts can be divided into 
three categories: (1) physically mixed catalysts [50, 51, 83–85], (2) zeolite- supported 
catalysts [61, 64, 77–80, 86–89], and (3) zeolite-coated catalysts [90–98].
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4.3.3.1  Physically Mixed Catalyst

For physically-mixed bifunctional FTS catalysts, there are two packing configura-
tions. One is the dual-layer packing configuration, with a separate zeolite layer 
being packed downstream of the FTS catalyst layer [25, 35, 49]. The other is the 
single-layer packing configuration, with the two catalyst components being homo-
geneously mixed [25, 35, 51, 85, 99].

Both Fe- and Co-based bifunctional FTS catalysts have been investigated in 
these two packing configurations. In general, the single-layer configuration leads to 
more iso-paraffins [49, 84, 100–102] due to an enhanced contribution of the acid- 
catalyzed reactions. However, severe alkali migration from a fused Fe catalyst to 
H-ZSM-5 during the course of reaction took place for the catalysts packed in the 
single-layer configuration [49]. As a result, the activity declined, and the selectivity 
shifted considerably towards low-value light paraffins including methane [49]. This 
shortcoming could be amended by substitution of La for alkali as the promoter. La 
with larger atomic number is less mobile than alkali and has been reported as an 
excellent promoter to enhance the product selectivity and lifetime of the catalysts 
[103, 104]. Pour et al. found that over a La-promoted Fe catalyst, higher selectivity 
for the gasoline fuels was obtained in the single-layer configuration [103].

Analogous to Fe-based catalysts, Co-based bifunctional FTS catalysts showed 
increased selectivity to the gasoline-range fuels in the single-layer configuration 
[25, 30, 35, 36, 84, 100, 101]. Schaub and co-workers revealed that under identical 
reaction conditions, both packing configurations of the Co-based catalysts led to 
similar fractions of liquid fuels (C5–C20), however, the gasoline fraction was higher 
over the catalyst in the single-layer configuration than in the dual-layer configura-
tion [100].

Many studies reported that the methane selectivity is enhanced when the packing 
configuration is changed from the dual-layer configuration to the single-layer con-
figuration [84, 100, 103, 105, 106]. To have an insight into this difference, Gormley 
et al. added inert SiO2 to a homogeneously mixed Co/SiO2 and H-ZSM-5 catalyst 
and found that the methane selectivity was reduced by one half, while it did not 
change without the zeolite [106]. Moreover, fewer percentages of aromatics in the 
liquid products were detected after dilution by SiO2. More recently, Co/SiO2 were 
homogeneously mixed with H-USY, H-Beta, H-Mordenite, or H-ZSM-5 and diluted 
with the highly thermoconductive SiC [51, 52]. It was found that the presence of 
zeolites did not add up to methane production. These observations show that the 
acidic zeolites do not lead to excessive methane production. Therefore, as far as the 
reaction heat can be dissipated in time by proper catalyst and reactor engineering, it 
is promising to take full advantage of the catalyst packed in the single-layer configu-
ration without producing excessive methane.
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4.3.3.2  Supported Catalyst

For supported bifunctional FTS catalysts, there are two important parameters that 
determine the product selectivity, i.e., acidity and pore structure. Bessell found that 
the selectivity to iso-paraffins depended strongly on the acidity of the support, while 
the FTS products followed the classic ASF distribution by using low-acidity sup-
ports. Compared with Y and H-Mordenite zeolites supported catalysts, the ZSM-5 
supported Co catalyst displayed the highest selectivity for iso-paraffins owing to its 
strongest acidity [86].

To disclose the effect of the pore structure of the zeolite on the catalytic perfor-
mance, Bessell prepared a series of H-ZSM-5, H-ZSM-11, H-ZSM-12, and 
H-ZSM- 34 supported Co catalysts [107]. Catalytic evaluation indicated that the 
activity increased with the pore size of the zeolite. The 12-MR ZSM-12 supported 
Co catalyst exhibited the highest activity, followed by the two 10-MR ZSM-5 and 
ZSM-11 supported Co catalysts, with the 8-MR ZSM-34 supported Co catalyst 
showing the lowest activity.

4.3.3.3  Zeolite-Coated Catalyst

The zeolite-coated bifunctional FTS catalysts are also called core–shell catalysts or 
capsule catalysts [95, 97, 98, 108–110]. Tsubaki and co-workers developed a series 
of core–shell-structured bifunctional FTS catalysts by a hydrothermal synthesis 
method [90, 91, 95, 108, 111–113]. Namely, the Co-based catalyst pellets were 
added into the zeolite precursor solution, which was then subjected to hydrothermal 
treatment. In some cases, the pretreatment of the Co-based catalyst may be neces-
sary to improve the affinity of the catalyst surface to zeolites such as H-Beta [91]. 
The coating of the Co/SiO2 catalyst with a H-ZSM-5 membrane improved the selec-
tivity to the gasoline-range fuels and suppressed the formation of C11+ hydrocarbons 
[90, 95]. The Ciso/Cn ratio increased from 0.37 to 1.88 with the increase in the 
amount of the zeolite coating from 11.5 to 24.3%. However, the methane selectivity 
increased concomitantly.

Huang et  al. synthesized a Co/ZrO2@H-ZSM-5 catalyst by the hydrothermal 
synthesis method [92]. The Co/ZrO2 catalyst itself displayed higher selectivity to 
C5+ hydrocarbons [113]. The core–shell catalyst exhibited a higher selectivity to the 
gasoline-range iso-paraffins (23–25%) than the homogeneously mixed Co/ZrO2 and 
H-ZSM-5 catalyst (17%), though the CO conversion on the former was lower.

Xu et al. prepared a skeletal Co@H-ZSM-5 catalyst by coating skeletal Co with 
H-ZSM-5 using the hydrothermal method [114]. The core–shell catalyst exhibited a 
higher efficiency than the homogeneously mixed one in cracking long-chain hydro-
carbons, thus giving rise to a higher selectivity to the gasoline-range fuels. At an 
optimized thickness of the zeolite shell, which was tuned by adjusting the time of 
hydrothermal crystallization, the long-chain hydrocarbons were thoroughly cracked 
at appreciably high FTS activity, thus leading to a high selectivity to the gasoline- 
range fuels. Elevating the reaction temperature resulted in higher FTS activity and 
cracking activity, but the product distribution shifted to short-chain hydrocarbons. 
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The selectivity to the gasoline-range fuels amounted to as high as 79% over the 
optimal skeletal Co@H-ZSM-5 catalyst at 523 K, 20 bar, and H2/CO ratio of 2.

Aside from the Co-based core–shell bifunctional catalysts, Tsubaki and co- 
workers synthesized the core–shell FTS catalyst with fused Fe as the core and 
H-ZSM-5 as the shell by the hydrothermal method [115]. The hydrothermal treat-
ment was repeated twice so as to obtain a compact zeolite shell of ca. 3 μm in thick-
ness. Consistent with the Co-based bifunctional catalysts, the selectivity for 
long-chain hydrocarbons was drastically reduced on the fused-Fe@H-ZSM-5 cata-
lyst. The selectivity of the catalyst for the gasoline-range fuels was about 50%, and 
the Ciso/Cn ratio (in C4+) was 4.17 over this core–shell catalyst. In comparison, fewer 
iso-paraffins were formed on the fused Fe catalyst and the homogeneously mixed 
fused Fe and H-ZSM-5 catalyst.

Sun et al. prepared a Raney Fe@HZSM-5 bifunctional catalyst through a one- 
step hydrothermal approach using Fe50Al50 alloy as the precursor for the core [94]. 
TPAOH acted not only as a template for the hydrothermal synthesis of the H-ZSM-5 
shell, but also as a base for the de-alumination of the Fe50Al50 alloy. The leached Al 
species was harnessed exclusively as the Al source for the synthesis of zeolite. By 
means of this facile preparation strategy, a Raney-Fe@HZSM-5 catalyst with the 
iron core being coated with the H-ZSM-5 shell (Si/Al ratio about 63) of ca. 4.1 μm 
in thickness was obtained. This core–shell catalyst displayed a higher CO conver-
sion than Raney Fe alone and the homogeneously mixed catalyst (Raney-Fe–
HZSM-5). At 543 K, 20 bar, and H2/CO ratio of 2, a selectivity to the gasoline-range 
fuels of 71% and a Ciso/Cn ratio of 1.9 were obtained over the core–shell catalyst, 
which were much higher than those over the Raney-Fe and Raney-Fe–HZSM-5 
catalysts. The methane selectivity over the core–shell catalyst was substantially 
lower than over other two catalysts (Fig. 4.5).
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selectivity over the 
Raney-Fe@HZSM-5, 
Raney-Fe–HZSM-5, and 
Raney Fe catalysts after 
150 h on stream. Reaction 
conditions: T = 543 K, 
P = 20 bar, H2/CO = 2, and 
WFe/F(CO + H2) = 10 g h mol−1 
(Reprinted with permission 
from [94], Copyright 
©2012, Royal Society of 
Chemistry)

4 Design of Bifunctional Solid Catalysts for Conversion of Biomass-Derived Syngas…



152

It is unusual that coating H-ZSM-5 on the Raney-Fe core decreased simultane-
ously the selectivity for long-chain hydrocarbons (C12+) and the selectivities for 
methane and C2–C4 hydrocarbons. Consequently, the selectivity for the gasoline- 
range fuels on the core–shell catalyst exceeded that to C5+ hydrocarbons over the 
Raney-Fe catalyst (Fig. 4.5), which suggests that the function of the H-ZSM-5 shell 
is not limited to the cracking and isomerization of long-chain hydrocarbons formed 
on the core. 57Fe Mossbauer absorption spectroscopy revealed that the content of 
Hägg carbide (Fe5C2), which is the well-acknowledged active phase for FTS, 
decreased in the order of Raney-Fe@HZSM-5 > Raney-Fe–HZSM-5 > Raney-Fe. 
It is plausible that the hydrophilicity of the H-ZSM-5 shell is conducive to a less 
oxidizing chemical environment around the iron core during FTS by preferentially 
interacting with water, thus retarding the oxidation of the active phase.

4.4  Conclusions and Future Outlook

Bifunctional FTS catalysts are usually composed of a conventional FTS catalyst for 
CO hydrogenation and an acidic zeolite. One-step conversion of bio-syngas to bio-
fuels over bifunctional FTS catalysts is highly promising to bridge the gap between 
lignocellulosic biomass and biofuels, as it will enable a cost-effective, energy- 
efficient, and fuel-oriented BTL process.

Extensive investigations on the effect of the structure of bifunctional FTS cata-
lysts reveal that the zeolite-supported catalysts and zeolite-coated catalysts are more 
selective to liquid fuels than the physically mixed ones, manifesting that an intimate 
contact between the two catalyst components is essential. Ideally, the FTS core 
component should be coated by a pinhole-free zeolite shell to avoid product flow 
bypass. However, existing synthetic strategies to realize such a perfect core–shell 
structure are tedious and costly. Hence, concise and economic synthetic strategies 
need to be developed in future work. Moreover, due to mass transport limitations 
imposed by the microporous zeolite shell, in some cases the core–shell bifunctional 
FTS catalysts are inferior to the uncoated ones in activity. Imparting mesoporosity 
to the microporous zeolite shell by means of hard templating, soft templating, or 
post-treatment [72] will be effective to solve this problem, while the advantages of 
the core–shell structure are well retained. Since the core catalyst is exposed to a 
hydrothermal environment in the presence of zeolite precursor solution with 
structure- directing agent, it should be noted that the phase transformation of the 
support of the core catalyst sometimes takes place [89]. This transformation will 
alter the catalytic performance of the pristine core catalyst and complicate the 
understanding of the synergy between the core and shell components.

Although acidic zeolites are dominant in bifunctional FTS catalysts, work using 
surface-acidified carbon nanotubes (CNTs) that exhibit high selectivity for the 
diesel- range fuels break the limitations imposed by the ASF distribution [33]. More 
interestingly, Wang et al. demonstrated that on a nanosized Ru/P25 catalyst, by sim-
ply switching between the nickel sulfate and potassium sulfate additives during 
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aqueous-phase FTS, the selectivities for the gasoline-range fuels and diesel-range 
fuels could be reversibly modulated to 60% and 50%, respectively, which exceed 
the values predicted by the ASF distribution [116]. Metal sulfates modify the stabil-
ity of the endogenous α-olefins, which are the reaction intermediates, thus changing 
the product distribution. This new strategy imparts unprecedented versatility to FTS 
in converting syngas into liquid fuels. We anticipate that by further extending the 
scope of the acidic components and exploring new selectivity control strategies, 
novel bifunctional FTS catalysts with exciting catalytic performances can be devel-
oped, which will propel the industrialization of the environmentally significant BTL 
process.
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Chapter 5
Reductive Conversion 
of 5-Hydroxymethylfurfural in Aqueous 
Solutions by Furan Ring Opening 
and Rearrangement

Junya Ohyama and Atsushi Satsuma

Abstract Biomass-derived 5-hydroxymethylfurfural (HMF) can be converted into 
chemicals that are useful for polymers, fine chemicals, and fuels. The upgrading of 
HMF by reductive conversion using supported metal catalysts has been intensively 
studied. From a practical viewpoint, conversion in water or in an aqueous organic 
solution is useful because HMF is expected to be supplied as an aqueous solution 
via the hydrolysis of cellulose. In the reductive conversion of HMF in water, acid 
catalysis due to water can cause hydrolytic furan ring opening or rearrangement. 
For instance, diketones can be generated by the hydrolytic ring opening of HMF, 
and cyclopentanones can be generated by a hydrogenative ring- rearrangement reac-
tion. On the other hand, when the furan ring is not opened or rearranged, furfuryl 
alcohols, tetrahydrofurfuryl alcohols, and polyols are produced. The product selec-
tivity of the reductive conversion in water is determined by the hydrogenation activ-
ity and acid–base properties of the catalytic system. In this chapter, the effect of 
catalyst functions on product selectivity in the reductive conversion of furfurals in 
aqueous solutions using heterogeneous catalysts is shown along with some studies 
on homogeneous catalysts.

Nomenclature

HMF: 5-hydroxymethylfurfural
BHF: 2,5-bis(hydroxymethyl)furan
BHTHF: 2,5-bis(hydroxymethyl)tetrahydrofuran
HHD: 1-hydroxyhexane-2,5-dione
HHED: 1-hydroxy-3-hexene-2,5-dione
HHCPEN: 4-hydroxy-4-hydroxymethyl-2-cyclopentenone
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HCPEN: 3-hydroxymethyl-2-cyclopentenone
HCPN: 3-hydroxymethylcyclopentanone
HCPO: 3-hydroxymethylcyclopentanol
HDN: 2,5-hexanedione
1,2,5-HT: 1,2,5-hexanetriol
1,2,6-HT: 1,2,6-hexanetriol
1,2,5,6-HT: 1,2,5,6-hexanetetraol
MHMF: 2-methyl-5-hydroxymethylfuran
DMF: 2,5-dimethylfuran
1,6-HD: 1,6-hexanediol
3-MCPEN: 3-methyl-2-cyclopenten-1-one
3-MCPN: 3-methylcyclopentanone
FA: furfural
FOL: furfuryl alcohol
CPN: cyclopentanone
CPO: cyclopentanol
4-HCPEN: 4-hydroxycyclopent-2-enone
THFOL: tetrahydrofurfuryl alcohol
2-MTHF: 2-methyltetrahydrofuran

5.1  Introduction

Biorefinery technology enables the production of chemicals and fuels from biomass 
resources. The advantages of such technology are (1) the potential for replacing 
conventional petrochemistry and thus overcoming the problem of oil resource 
depletion and (2) the carbon neutrality of biomass resources, which prevents an 
increase in CO2 emissions [1–4]. One of the platform chemicals in biorefinery pro-
cesses is 5-hydroxymethylfurfural (HMF), which can be produced from cellulose 
and hemicellulose by hydrolysis, isomerization, and dehydration [5–8]. Various 
upgrading reactions of HMF, including hydrogenation, hydrogenolysis, hydrode-
oxygenation, oxidation, aldol reaction, amination, decarbonylation, and acetaliza-
tion, have been proposed to produce useful compounds for fuels, polymers, and fine 
chemicals. Among these reactions, reductive conversions of HMF, including hydro-
genation, hydrogenolysis, and hydrodeoxygenation, have been the most intensively 
studied. Indeed, there are excellent reviews dealing with the reductive conversion of 
HMF to valuable compounds [1–4, 7, 8].

The upgrading of HMF in water is of practical importance because HMF is 
expected to be supplied as an aqueous solution in a biorefinery process. Using water 
as the solvent has benefits from the viewpoint of green chemistry [9]. Compared 
with the upgrading reactions of HMF via hydrogenation in organic solvents, those 
in water often show different products because the water causes furan ring opening 
or rearrangement. As shown in Scheme 5.1, hydrolytic ring opening and rearrange-
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ment of a furan ring can occur in water in addition to hydrogenation,  hydrogenolysis, 
and hydrodeoxygenation. Thus, catalytic reaction systems involving water have 
additional functions compared with those without water. Figure 5.1 shows a simple 
diagram of the functional sites determining the selectivity of products in a catalytic 
reaction system for the hydrogenation of HMF using supported metal catalysts in 
water, where the following four functional sites can contribute to the reaction: (1) 
the metal surface, for hydrogenation or hydrogenolysis; (2) the support surface, for 
acid–base catalysis; (3) metal-support interface, for the unique adsorption of reac-
tants; and (4) acid–base catalysis of the H+ and OH− of water. For the efficient pro-
duction of desired compounds, it is necessary to understand how these functional 
sites affect the resulting products.

Scheme 5.1 Various products obtained by reaction of 5-hydroxymethylfurfural (HMF) with 
hydrogen using catalysts in water

Fig. 5.1 Catalytic functions determining the selectivity of products in reaction systems for the 
hydrogenation of 5-hydroxymethylfurfural (HMF) using supported metal catalysts in water
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In this chapter, the focus of discussion is on the catalytic reaction of HMF with 
hydrogen in water. Based on selected papers, the functions and conditions of the 
catalyst systems effective for the following reactions of HMF in water will be 
shown: (1) hydrogenation without ring opening, (2) hydrolytic ring opening, (3) 
ring rearrangement, and (4) other reactions involving hydrodeoxygenation or 
hydrolysis.

5.2  Hydrogenation Without Ring Opening or 
Rearrangement

In this section, the focus is on the hydrogenation of HMF to 2,5-bis(hydroxymethyl)
furan (BHF) and 2,5-bis(hydroxymethyl)tetrahydrofuran (BHTHF) using supported 
metal catalysts (Scheme 5.2). Hydrogenation of the C = O group of HMF forms 
BHF, and further hydrogenation of C = C of the furan ring generates BHTHF. These 
are useful compounds for applications as resin additives, monomers, and solvents.

Efficient catalyst systems for BHF and BHTHF are summarized in a previous 
review [10, 11]. Pt/MCM-41, Au/Al2O3, and Ir–ReOx/SiO2 have been reported as 
efficient catalysts for conversion of HMF to BHF with ca. 100% yield [12–14]. On 
the other hand, Raney Ni and Ni − Pd/SiO2 afford BHTHF from HMF in ca. 100% 
yield [15, 16]. In this section, the focus is on the functions of the catalyst systems 
required for selective hydrogenation of HMF to BHF and BHTHF in water based on 
several selected reports.

Figure 5.2 shows our results for the hydrogenation of HMF over various metal- 
oxide- supported Au catalysts [13]. The γ-Al2O3, La2O3, and CeO2 are basic metal 
oxides, and TiO2, Ta2O5, TiO2-SiO2, and sulfated zirconia (SO4

2−/ZrO2) are acidic 
metal oxides. The basic metal-oxide-supported Au catalysts exhibit high selectivity 
for BHF. On the other hand, acidic metal-oxide-supported Au catalysts show low 
selectivity or almost no yield of BHF and instead give the ring-opening product, 
1-hydroxyhexane-2,5-dione (HHD). As described below, HHD is produced via the 
acid-catalyzed hydrolytic ring opening of BHF. Thus, the basicity of the metal oxide 
supports suppresses the ring opening to give BHF selectively.

The selectivity for BHTHF is also affected by the acid–base properties of the 
catalytic reaction system. Table 5.1 presents results for the hydrogenation of HMF 
on various supported Ru catalysts, taken from the report by Dumesic et al. [17]. 
When CeOx, magnesia-zirconia (Mg-Zr), and γ-Al2O3, which each have an isoelec-
tric point >7, were used as Ru supports, a high yield of BHTHF (ca. 90%) was 

Scheme 5.2 Hydrogenation of HMF to BHF and BHTHF
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Fig. 5.2 Results for the hydrogenation of 5-hydroxymethylfurfural (HMF) over various metal- 
oxide- supported Au catalysts [13]. BHF 2,5-bis(hydroxymethyl)furan, HHD 1-hydroxyhexane- 
2,5-dione (Reprinted with permission from [13]. Copyright © 2013, The Royal Society of 
Chemistry)

Table 5.1 Product selectivity for 5-hydroxymethylfurfural (HMF) hydrogenation on various 
supports reported in [17].a Reprinted with permission from [17]. Copyright © 2012, The Royal 
Society of Chemistry

Support Time (h)
HMF 
conv. (%)

Selectivity (%)
BHFb BHTHFc 1,2,6- HTd 1,2,5- HTe 1,2,5,6- HTf Total

CeOx 2 100 81 4 0 1 2 87
12 100 0 91 3 1 5 100

Mg-Zr 2 99 94 2 0 0 2 99
20 100 0 88 2 0 1 92

γ-Al2O3 2 92 81 5 0 0 2 88
12 100 0 89 2 3 5 100

Vulcan 
carbon

2 100 0 50 2 9 28 89

Ru black 2 100 0 46 13 13 11 84
Silica 1 80 64 0 0 0 1 65

2 100 0 53 3 13 20 89
aReaction conditions: 5 wt% HMF in 2:1 bi-phasic 1-butanol–water solvent (24 g), 200 mg of 
catalyst, 403 K, H2 2.8 MPa
b2,5-bis(hydroxymethyl)furan
c2,5-bis(hydroxymethyl)tetrahydrofuran
d1,2,6-hexanetriol
e1,2,5-hexanetriol
f1,2,5,6-hexanetetraol
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obtained. It should also be noted that such supported Ru catalysts also gave high 
yields of BHF by shortening the reaction time. On the other hand, when using SiO2, 
which has an isoelectric point <7, as a support, BHTHF yield decreased; simultane-
ously, ring-opened compounds such as triols and tetraol increased. Based on the 
reaction results, the basicity of the supporting materials has a strong influence on 
the production of BHTHF. The effect of the acid–base properties of metal oxides 
was also investigated by adding metal oxides to the hydrogenation of HMF using 
Ru black. Compared with the reaction using only Ru black, the addition of basic 
metal oxides such as Al2O3 and MgO enhanced BHTHF selectivity. On the contrary, 
the addition of acidic SiO2 lowered BHTHF selectivity and increased polyols by the 
ring opening of furan. The presence of homogeneous acids of H2SO4 and levulinic 
acid in the reaction using Ru black also caused a reduction in BHTHF yield. These 
results suggest that the pH of the aqueous reaction solution has a strong influence on 
the selectivity of BHTHF: a high pH reaction solution adjusted by basic metal 
oxides is effective for the selective synthesis of BHTHF, and a low pH induced by 
acidic oxides causes ring opening. The same can be said about the synthesis of BHF 
using supported metal catalysts.

Scheme 5.3 presents the proposed reaction path for the hydrogenation of HMF to 
BHF and BHTHF.  BHTHF is mainly formed through BHF but not through 
5-hydroxymethyl-tetrahydro-2-furaldehyde [15, 18–20]. BHF can suffer from con-
version to other products via acid-catalyzed reactions such as a hydrolytic ring- 
opening reaction. Under basic conditions, the acid-catalyzed ring-opening reaction 
is suppressed and BHF and/or BHTHF can be obtained. Metals having C = O hydro-
genation activity but low C = C hydrogenation, such as Au, are effective for BHF 
production, and those with high hydrogenation activity for both C = O and C = C, 
such as Pt group metals, can give both BHF and BHTHF.

In addition to the acid–base properties of a reaction system, the hydrogenation 
rate also has an influence on the yield or selectivity of BHF and BHTHF because 
BHF is relatively unstable under hydrothermal reaction conditions. Consequently, 
in the case of the hydrogenation of HMF using Au/γ-Al2O3, there is a certain reac-
tion time that gives the maximum yield of BHF because BHF is gradually converted 

Scheme 5.3 The proposed reaction path for 5-hydroxymethylfurfural (HMF) hydrogenation to 
2,5-bis(hydroxymethyl)furan (BHF) and 2,5-bis(hydroxymethyl)tetrahydrofuran (BHTHF) [15]
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into other products such as the ring-opened or rearranged products (Sects. 2 and 3) 
under the reaction conditions. The maximum yield of BHF can be improved by 
increasing the hydrogenation rate of HMF. In other words, enhancement of the rela-
tive rate of HMF hydrogenation to BHF ring opening can improve BHF yield. 
Actually, an increase in the hydrogenation rate by raising H2 pressure improves 
BHF yield and selectivity [13]. Control of Au nanoparticle size is also effective for 
the enhancement of the hydrogenation rate, leading to improvement in BHF yield 
[13, 21]. As for the hydrogenation of HMF to BHTHF using Pt group metal cata-
lysts, the relative hydrogenation rate of C = C of the furan ring has an effect on the 
selectivity of BHTHF [17]. Ru/C has lower activity for HMF hydrogenation than 
does Pd/C, but it has higher activity for the hydrogenation of C = C of the furan ring, 
which causes higher BHTHF yield on Ru/C than on Pd/C. Considering the reaction 
path (Scheme 5.3), the key to selective production of BHTHF is hydrogenation of 
C = C of the furan ring before the acid-catalyzed degradation of BHF occurs in 
water.

Enhancement of the hydrogenation activity also allows one to lower the reaction 
temperature, which can suppress the degradation of BHF. For instance, small Au 
nanoparticles supported on FeOx/Al2O3 gave 96% yield of BHF with 100% selectiv-
ity via the hydrogenation of HMF at 3 MPa of H2 for 2 h at 80 °C, whereas relatively 
large Au nanoparticles supported on Al2O3 gave 62% yield of BHF with 66% selec-
tivity via reaction at 3.8 MPa of H2 for 2 h at 160 °C [21]. Tamura et al. performed 
hydrogenation of HMF on Ir-RhOx at 30 °C at 1 MPa of H2 for a reaction time of 
6 h, and obtained a 100% yield of BHF without degradation [14]. Thus, hydrogena-
tion using highly active catalysts at close to ambient temperatures is effective for the 
selective production of BHF. The same can apply to the production of BHTHF.

Based on the above results, it can be concluded that the selective hydrogenation 
of HMF to BHF and BHTHF in water requires basic conditions for the suppression 
of the acid-catalyzed ring opening of BHF, and it also requires high hydrogenation 
activity to complete the reaction before the degradation of BHF occurs.

5.3  Hydrolytic Ring Opening

The hydrogenation of HMF in water under acidic conditions can afford the ring- 
opening product 1-hydroxyhexane-2,5-dione (HHD) (Scheme 5.4), which is a use-
ful diketone derivative for the preparation of valuable chemicals such as alcohols, 
amines, and cycloketones. Several catalytic systems for producing HHD have been 
reported, as listed in Table 5.2.

Hydrogenation of HMF using Pd/C in water under CO2 offers HHD with up to 
ca. 80% yield (Table 5.2, entry 1) [22]. A combination catalyst system of Pd/C and 
the acidic resin Amberlyst-15 allows conversion of HMF to HHD with ca. 80% 
yield in THF containing a maximum water volume of 10% (Table 5.2, entry 2), 
although HHD is not formed by the reaction using either Pd/C or Amberlyst-15 
[23]. It is known that protons generated by the dissolution of CO2 in water and –
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SO3H groups of Amberlyst-15 can work as Brønsted acid catalysts. The Rh–ReOx 
catalyst gives HHD with 81% yield in combination with Nafion SAC-13 having –
SO3H groups acting as a Brønsted acid catalyst (Table 5.2, entry 3) [24]. Thus, the 
combination of metal catalysts with Brønsted acid catalysts is effective for the syn-
thesis of HHD from HMF in water. These bifunctional catalysts also offer HHD 

Table 5.2 Catalytic reaction systems for producing 1-hydroxyhexane-2,5-dione (HHD) form 
5-hydroxymethylfurfural (HMF) in water or a water-containing solution

Entry Catalyst

Catalyst/HMF/
solvent  
(g/mmol/mL)

Temp. 
(°C)

H2 
pressure 
(MPa)

Time 
(h)

Conv. 
(%)

HHD 
yield 
(%) Refs.

1 5 wt% Pd/C + 3 MPa 
CO2

0.011/1.19/5 120 1 15 100 77 [22]

2a 5 wt% 
Pd/C + Amberlyst-15

0.008(Pd/C)0.03(A
mberlyst)/1.19/5

80 2.5 15 100 77 [23]

3 Rh–ReOx/
SiO2 + Nafion 
SAC13

0.025(Rh–ReOx) 
0.015(SAC13)/0.8/2

120 1 MPa 
for 1 h, 
8 MPa 
for 17 h

18 81 [24]

4 1 wt% au/TiO2  
(with 4 wt% SO3)

0.01/0.2/3 140 3.8 4 84 57 [13]

5 1 wt% au/
Nb2O5 + H3PO4 
(8.5 mM)

0.01/0.2/3 140 8 12 81 60 [25]

6 [Ru]-1 1/1/10 (mo%l/
mmol/mL)

80 Formic 
acid 
12 eq.

48 99 52 [26]

7 Cp*-Ir A 0.26/0.95/4 (mo%l/
mmol/mL)

120 0.7 2 99 86 [27]

8 Cp*-Ir B 0.0025/1/4 (mo%l/
mmol/mL)

120 1 2 43 30 [28]

9 Cp*-Ir C 0.01/100/500 
(mo%l/mmol/mL)

130 Formic 
acid 
5 eq.

2 – 92 [29]

aSolvent: tetrahydrofuran (THF) 5 mL containing a maximum of 0.5 mL water

Scheme 5.4 Hydrogenative ring opening of 5-hydroxymethylfurfural (HMF) to 
1- hydroxyhexane-2,5-dione (HHD)

J. Ohyama and A. Satsuma



167

from fructose and inulin by one-pot reaction since HMF can be synthesized by the 
acid-catalyzed dehydration of fructose or by the hydrolysis and dehydration of inu-
lin. When fructose and inulin are used as starting substrates, 55% and 27% yields of 
HHD are given using Pd/C + Amberlyst-15, respectively [23].

Hydrogenation of HMF using Au catalysts gives HHD when they are combined 
with Brønsted acids, although Au catalysts are not effective for hydrogenation of a 
furan ring [13]. For instance, by using a TiO2 support containing 3.64 wt.% of SO3 
(JRC-TIO-1), which should work as a Brønsted acid catalyst, the supported Au cata-
lyst affords 57% yield of HHD (Table 5.2, entry 4). The combination of Au/Nb2O5 
with H3PO4 as a Brønsted acid gives HHD with 60% yield (Table 5.2, entry 5) [25]. 
Thus, hydrogenation of the furan ring is not necessary for the synthesis of HHD. In 
other words, HHD synthesis from HMF requires a hydrogenation ability for C = O 
of HMF and Brønsted acid catalysis for the ring opening.

Further hydrogenation of HHD on metal catalysts can produce 1,2,5-HT, which 
has potential application in the field of polymers and solvents. It is expected that 
1,2,5-HT is obtained using catalytic reaction systems similar to those used for the 
synthesis of HHD. However, there are few reports on the production of 1,2,5-HT 
from HMF [17, 30]. It has been reported that 1,2,5-HT can be mainly obtained by 
hydrogenation of HMF in water at 100 °C using Ru clusters immobilized in meso-
porous zirconium silica (MSN-Zr) having acidic sites on their surface although the 
yield and selectivity were not provided [30]. The product distributions using  Ru/
MSN-Zr are strongly dependent on the reaction temperature, with BHTHF mainly 
being obtained by reaction at 25 °C. It is probable that the aqueous conversion of 
HMF at high temperatures promotes the ring opening of BHF, rather than hydroge-
nation of the furan ring. The effect of temperature on the product distribution is 
consistent with that represented in the synthesis of BHF and BHTHF (Sect. 2).

In addition to the above described reaction systems using heterogeneous cata-
lysts, homogeneous catalytic systems have been reported for the synthesis of HHD 
from HMF. The 8-aminoquinoline coordinated arene-ruthenium(II) complex ([Ru]-
1) offers 52% yield of HHD by hydrogenation of HMF in water using formic acid 
as a hydrogen source (Table 5.2, entry 6) [26]. The reaction system is also effective 
for the hydrogenative ring opening of furfural to levulinic acid. In these catalytic 
reactions using the Ru complex, the Ru complex catalyzes the formic acid driven 
transfer hydrogenation of furfurals to furfuryl alcohols, and H+ ions formed from 
formic acid promote the hydrolytic ring opening of the furfuryl alcohols.

The 2,2′-bipyridine (bpy) coordinated Cp*-iridium(III) complex (Cp*, 
1,2,3,4,5-pentamethylcyclopenta-1,3-diene) efficiently catalyzes the transformation 
of HMF to HHD using H2 as a hydrogen source (Table 5.2, entries 7 and 8). The 
Cp*-Ir(bpy) complex offers H2 heterolytic dissociation to form hydride on Ir, which 
causes high catalytic activity for the hydrogenation of C = O of HMF [27]. The 
simultaneously generated proton from H2 heterolytic dissociation can serve as a 
catalyst for the hydrolytic ring opening. Consequently, the catalyst system using the 
Cp*Ir(bpy) complex works without the addition of other Brønsted acid catalysts. 
The catalytic activity of the Cp*-Ir(bpy) complex can be further improved by using 
an ortho-hydroxyl (o-OH) group functionalized bpy ligand with an NMe2 group, 
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i.e., Cp*-Ir B shown in Fig. 5.3 (Table 5.2, entry 8) [28]. The electron-donating 
NMe2 group affords an o-oxyanion structure, which facilitates H2 heterolytic 
 dissociation to enhance hydrogenation activity. The NMe2 group also allows the o- 
oxyanion structure under acidic conditions (pH = ca. 3), which promotes hydrolytic 
ring opening of BHF.  Therefore, modification of the bpy ligand of Cp*-Ir com-
plexes enhances both hydrogenation and hydrolytic ring opening to achieve an effi-
cient synthesis of HHD (TOF of 31,560 h−1, more than ca. 200 times higher than 
conventional catalysts).

Scheme 5.5 shows the proposed mechanism for the production of HHD from 
HMF using Cp*-Ir A [27]. HHD is formed through the hydrogenation of C = O of 
HMF, hydrolytic ring opening of BHF, and hydrogenation of C  =  C of 
1- hydroxyhex-3-ene-2,5-dione (HHED). The hydrogenation of C = C of HHED is 
considered to be much easier than furan ring hydrogenation because the Au cata-
lysts afford HHD, although they are not active for furan ring hydrogenation 
(Table 5.2, entries 4 and 5). Regarding the hydrolytic ring opening of BHF, two 
paths have been proposed. The first (path A) is a two-step process consisting of 
water addition to the double bond of BHF and subsequent H+ and OH- elimination. 
The second (path B) is a hydroxymethyl group promoted one-step hydrolysis pro-
cess. A mechanistic study for the reaction using the Cp*-Ir(bpy) complex demon-
strated that the hydrolytic ring opening mainly proceeds via a hydroxymethyl group 
promoted hydrolysis process.

The effect of pH of reaction solution on HHD production from HMF has been 
studied by Fu et  al. using the Cp*-Ir complex shown in Fig.  5.3c, which afford 
hydrogenation of HMF to HHD using H2 as well as transfer hydrogenation using 
formic acid (Table 5.2 entry 9). It has been demonstrated that HHD production is 
strongly dependent on the pH of reaction solution, and a maximum yield of HHD 

Fig. 5.3 Homogeneous metal complex catalysts for 1-hydroxyhexane-2,5-dione (HHD) produc-
tion. (a) 8-Aminoquinoline coordinated arene-ruthenium(II) complex ([Ru]-1) [26]. (b) 2,2′-bpy 
coordinated Cp*-iridium(III) complex (Cp*-Ir A) [27], ortho-hydroxyl group functionalized bpy 
coordinated complex (Cp*-Ir B) [28], and 4,4′-dihydroxy-substituted bpy coordinated complex 
(Cp*-Ir C) [29]
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can be obtained at pH 2.5. HHD yield decreases at lower pH < 2 due to degradation 
of BHF, and at higher pH  >  4 due to hindering hydrolytic ring-opening of 
BHF. Therefore, the weak acidity of reaction solution is effective for ring-opening 
as well as for avoiding the degradation of BHF.

To summarize this section, HHD and 1,2,5-HT can be synthesized using bifunc-
tional catalysts composed of metals having hydrogenation activity toward C = O of 
HMF and Brønsted acid (H+) catalysis for the hydrolytic ring opening, although too 
strong acidity causes degradation of HMF and the reaction intermediates [10].

5.4  Ring Rearrangement

5.4.1  Ring Rearrangement of Furfural (FA)

The hydrogenative ring rearrangement of biomass-derived furfural (FA) to cyclo-
pentanone (CPN) and cyclopentanol (CPO) (Scheme 5.6) using solid catalysts has 
been developed [31, 32]. CPN and CPO are valuable chemicals used for solvents, 
perfumes, insecticides, pharmaceutical intermediates, and polymer raw materials. 

Scheme 5.5 Two potential reaction mechanisms for the conversion of 5-hydroxymethylfurfural 
(HMF) to 1-hydroxyhexane-2,5-dione (HHD) using Cp*-Ir A. The hydrolytic ring opening mainly 
proceeds via path B [27]
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Conventionally, CPN and CPO have been synthesized using petrochemicals, for 
instance, by the decarboxylation of adipic acid, the gas phase cyclization of 
1,6- hexanediol or adipic ester, and liquid phase oxidation of cyclopentene using 
N2O as oxidant. Therefore, the synthesis of CPN and CPO from biomass-derived 
FA is useful from the viewpoint of petroleum substitution.

Table 5.3 summarizes the reported results for the ring rearrangement of FA using 
solid catalysts. Hydrogenative ring rearrangement of FA using solid catalysts was 
first reported by Hronec et al. [31, 33]. Several research groups have reported cata-
lytic conversion of FA to CPN or CPO using heterogeneous catalysts including Pt 
group metal catalysts, 3d transition metal (Ni, Co, Cu)-containing catalysts, and Au 
catalysts. Some of the catalyst systems gave high yields of CPN and CPO (>80%).

Table 5.3 Catalytic reaction systems for conversion of furfural (FA) to cyclopentanone (CPN) or 
cyclopentanol (CPO)

Catalyst
Catalyst/FA/
water (g)

Temp. 
(°C)

H2 
pressure 
(MPa)

Time 
(h)

Conv. 
(%)

CPN 
yield 
(%)

CPO 
yield 
(%) Refs.

5 wt% Pt/C 0.05/1/20 160 8 0.5 100 77 5 [31]
5 wt% Pd-10 wt% 
Cu/C

0.01/1/20 160 3 1 98 92 < 1 [34]

Ru/MIL-101 (Ru 
0.28 mol%)

0.015/0.5/5 160 4 2.5 100 96 – [35]

6 wt% Ru/CNTs 0.02/0.45/40 160 1 1 99 91 4 [36]
10 wt% Ni/SiO2 0.25–1/1/20 160 2.5 – – > 95 – [37]
20 wt% Ni/HY 0.075/5/95 150 4 9 97 87 – [38]
Ni-Cu/SBA 0.2/6/10 160 4 4 >99 62 3 [32]
5 wt% Cu–Co 0.05/0.02/10 170 2 1 – – 68 [39]
Cu-Ni-Al 
hydrotalcites 
based catalyst

1.5/5.8/95 140 4 8 100 96 – [40]

Cu/Zn/Al 
hydrotalcite-based 
catalyst

0.012/5.8/95 150 4 10 100 10 84 [41]

CuZnAl 0.2/5/8/15 150 4 6 98 60 3 [42]
0.1 wt% Au/TiO2 0.5/4.8/100 160 4 14 99 99 – [43]

Scheme 5.6 Ring rearrangement of furfural (FA) to cyclopentanone (CPN) and cyclopentanol 
(CPO)
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Scheme 5.7 shows a reaction route for the hydrogenative ring rearrangement of 
FA, as proposed by Yang et al. [32]. They performed the hydrogenative ring rear-
rangement of FA to CPN and identified furfuryl alcohol, 4-hydroxy-2- 
cyclopentenone, and 2-cyclopentenone as reaction intermediates. Based on these 
intermediates, the reaction is considered to proceed as follows: hydrogenation of 
C = O of FA to FOL, ring rearrangement of FA to 4-hydroxy-2-cyclopentenone, 
hydrogenation and dehydration of 4-hydroxy-2-cyclopentenone to 2- cyclopentenone, 
and hydrogenation of 2-cyclopentenone to CPN.  For the ring-rearrangement 
 reaction, water as solvent is essential because the H+ of water is important in this 
reaction [31]. In fact, as presented in Table  5.4, the ring-rearrangement reaction 
does not proceed when organic solvents (such as n-butanol and THF) are used [32]. 
Instead, hydrogenated products such as tetrahydrofurfuryl alcohol (THFOL) are 
produced. Yang et al. demonstrated that the acidity of the aqueous solution largely 
influences the selectivity of the ring-rearrangement reaction [32]. As presented in 
Table 5.5, when acidic or basic substances (Na2CO3, Na2HPO4, NaH2PO4, acetic 
acid, and H3PO4) were added to the reaction solution, the selectivity of CPN or CPO 
was decreased by the undesired resinification of FA or reaction intermediates under 
acidic conditions (pH = 1.4–4.8) and the formation of THFOL without furan ring 
rearrangement under basic conditions (pH = 9.2–11.0). Accordingly, the selectivity 

Scheme 5.7 The proposed reaction mechanism of ring rearrangement of furfural (FA) to cyclo-
pentanone (CPN) and cyclopentanol (CPO) with a side reaction of furfuryl alcohol (FOL) to tetra-
hydrofurfuryl alcohol (THFOL) and 2-methyltetrahydrofuran (2-MTHF) [32]

Table 5.4 Effect of reaction solvent on conversion of furfural (FA) to cyclopentanone (CPN) or 
cyclopentanol (CPO) [31].a Reprinted with permission from [31]. Copyright © 2012, Elsevier

Solvent Conv. (%)
Yield (%)
CPN CPO FOL THFOL 2-MFb

Water 99 40 36 0 0 0
n-butanol/water (1/1 v/v) 99 10 2 0 7 31
n-butanol 99 0 0 48 6 40
THF 99 0 0 19 5 0

aReaction conditions: 0.1 g 5 wt% Pt/C, 1 g FA, 20 mL solvent, 8 MPa H2, 175 °C, 0.5 h
b2-methylfuran
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of CPN was the highest at pH  7 without the acid–base additives because side 
 reactions proceeded under strongly acidic or basic conditions. It should be noted 
that the acid–base properties of metal-oxide supports can influence the yield of the 
ring- rearranged products [33].

The ring rearrangement of FOL to 4-hydroxycyclopent-2-enone proceeds by 
heating in water without a solid catalyst (4-HCPEN yield >50%) through the 
Piancatelli reaction [32, 44]. As shown in Scheme 5.8, the Piancatelli reaction is a 
cascade type reaction that proceeds by dehydration by H+ and/or a Lewis acid, 
hydration of reaction intermediates, and 4π electron cyclic reaction of the pentadi-
enyl cation [45–49]. Lewis acid catalysts are sometimes required for the Piancatelli 
reaction of furfural derivatives (e.g., 5-position-substituted furfurals such as BHF) 
where homogeneous rare earth metal triflate Lewis acid catalysts such as Dy(OTf)3 
and Sc(OTf)3 have been used [47–49]. Fang et al. reported the ring rearrangement 
of FA over supported Ru catalysts on an acidic metal-organic framework material, 
MIL-101 (MIL: Matériaux de l’Institut Lavoisier), having Lewis acidic Cr3+ sites 
[35]. The Ru/MIL catalyst showed high catalytic performance for CPN production, 

Scheme 5.8 Piancatelli reaction of furfural derivatives [45–49]. R = H: furfuryl alcohol (FOL) to 
4-hydroxycyclopent-2-enone, R = CH2OH: 2,5-bis(hydroxymethyl)furan (BHF) to 4-hydroxy- 4-
hydroxymethylcyclopent-2-enone (HHCPEN)

Table 5.5 Effect of pH on conversion of furfural (FA) to cyclopentanone (CPN) or cyclopentanol 
(CPO) [32]a

Additives pH Conv. (%)
Selectivity (%)
CPN CPO FOL THFOL 2-MTHFc

Na2CO3 11.0 >99 40 36 n.d.
Na2HPO4 9.2 >99 2 1 36 28 n.d.
None 7.0 >99 62 3 n.d. n.d. 17
NaH2PO4 4.8 >99 40 1 n.d. n.d. 6
AcOH 3.3 94 40 2 n.d. 3
H3PO4

b 1.4 – – – – – –

Reprinted with permission from [32]. Copyright © 2013, The Royal Society of Chemistry
aReaction conditions: 10 g FA aq. (FA: 5.2 mmol), 0.2 g of NiCu-50/SBA-15 as catalyst, additive 
(0.1 mmol), 4 MPa H2, 160 °C, 4 h
b1 mmol H3PO4. Black solid was observed
c2-methyltetrahydrofuran
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which might be attributable to the Lewis acid sites for the ring-rearrangement step 
and the dehydration step of 4-HCPEN.

As described above, hydrogenation of FA in water affords CPN and CPO through 
the hydrogenation of FA on a metal catalyst and ring rearrangement by a proton and/
or Lewis acid. In particular, the acidity of water has a strong effect on the selectivity 
of the ring-rearranged products: the selectivity decreases when the acidity of the 
water is too high or too low; accordingly, weak acidity (neutral water) is most suit-
able for the ring-rearrangement reaction.

5.4.2  Ring Rearrangement of HMF

The hydrogenative ring-rearrangement reaction of HMF affords 
3- hydroxymethylcyclopentanone (HCPN) and 3-hydroxymethylcyclopentanol 
(HCPO) (Scheme 5.9) that are useful for many chemical products. As described 
above, in the current petrochemical process, cyclopentanone and its derivatives are 
produced from adipic acid; however, β-position-substituted cyclopentanones and 
cyclopentanols such as HCPN and HCPO are difficult to synthesize from cyclopen-
tanone. Consequently, HCPN and HCPO may be unique and nonconventional 
building blocks for new materials derived from biomass.

Although Ni-Cu/SBA and Ru/MIL show good activity for hydrogenative ring 
rearrangement of FA to CPN or CPO (Table 5.3) and have been applied to the con-
version of HMF to HCPN or HCPO, these catalysts do not give HCPN or HCPO 
[32, 35]. On the other hand, efficient conversion of HMF to HCPN with >80% yield 
has been achieved by the authors, particularly when using Au/Nb2O5 and a combina-
tion catalyst system of Pt/SiO2 + Ta2O5 via the acid–base catalysis of metal oxides 
together with hydrogenation catalysis of metal nanoparticles [25, 50]. The ring- 
rearrangement reaction of HMF to HCPN has been reported by Rosseinsky et al. 
[51]. Using a Ni/Al2O3 catalyst prepared from layered double hydroxide, HCPN 
was obtained with 81% yield. Table 5.6 lists the catalytic reaction systems affording 
HCPN in high yields.

Scheme 5.10 presents a proposed reaction path for the hydrogenative ring rear-
rangement of HMF to HCPN based on the reaction intermediates, which are BHF, 
HHD, HHCPEN, and 4-hydroxymethyl-2-cyclopentenone (HCPEN), as identified 
in the HCPN synthesis using Au/Nb2O5 and Pt/SiO2 + Ta2O5 catalysts [25, 50]. The 

Scheme 5.9 Hydrogenative ring-rearrangement of 5-hydroxymethylfurfural (HMF) to 
3- hydroxymethylcyclopentanone (HCPN) and 3-hydroxymethylcyclopentanol (HCPO)
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reaction path is as follows: selective hydrogenation of HMF produces BHF; the 
furan ring of BHF opens to provide HHED (not detected, represented in parentheses 
in Scheme 5.10); selective hydrogenation of HMF produces BHF; the furan ring of 
BHF opens to provide 1-hydroxy-3-hexene-2,5-dione (HHED) (not detected, repre-
sented in parentheses in Scheme 5.10); intramolecular aldol reaction of HHED 
gives HHCPEN; HHCPEN is dehydrated and hydrogenated to produce HCPEN; 
and HCPEN is hydrogenated to form HCPN. HCPN can also be generated through 
the following two routes: intramolecular aldol condensation of HHD with the sub-
sequent hydrogenation producing HCPN and Piancatelli reaction of BHF to HCPEN 
via HHCPEN. In the reaction scheme, the metal species (e.g., Au and Pt) facilitate 
the hydrogenation reaction, and the metal oxides (e.g., Nb2O5 and Ta2O5) are con-
sidered to facilitate the steps involving acid–base catalysis by H+ and/or Lewis acid, 
which are hydration, aldol reaction, dehydration, and/or Piancatelli reaction.

On the basis of the reaction path in Scheme 5.10, it can be concluded that catalyst 
systems having high activity for furan ring hydrogenation and hydrogenolysis are 
not suitable for HCPN synthesis. Therefore, Au and Pt group metals with reduced 
hydrogenation ability are effective as catalyst components for HCPN synthesis. In 
fact, the authors have examined the effect of the hydrogenation ability of Pt group 
metals on HCPN yield [52]. The hydrogenation ability of Pt group metals was 

Scheme 5.10 Proposed reaction path for 5-hydroxymethylfurfural (HMF) conversion to 
3-hydroxymethylcyclopentanone (HCPN) [25, 50]
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adjusted by oxygen pretreatment. When using a Pt/Nb2O5 catalyst, HCPN yield was 
improved from 4% to 27% by oxygen treatment after hydrogen treatment. It should 
be noted that oxygen treatment was also applied to Pt/SiO2 + Ta2O5 in Table 5.6.

The acid–base properties of metal oxides (as supports or additives) have a marked 
influence on ring rearrangement. Figure 5.4 shows the product distributions obtained 
by the reaction using 1 wt.% Pt/SiO2 with/without the various metal oxides. The 
reaction using only Pt/SiO2 (without metal oxides) produced a low yield of HCPN 
(7%). In the presence of CeO2, La2O3, and hydrotalcite, which are basic metal 
oxides, the yield of HCPN did not largely increase (less than 25%). On the other 
hand, in the presence of Ta2O5, ZrO2, Nb2O5, TiO2, Al2O3, and SiO2–Al2O3, which 
are known to be more acidic than CeO2, La2O3, and hydrotalcite [53–56], the HCPN 
yield increased markedly. In particular, Ta2O5, ZrO2, and Nb2O5 significantly 
enhanced the HCPN yield (72–82%). The effect of the acid–base properties of the 
metal oxides was also examined in HCPN synthesis using Au catalysts. Various 
metal oxides, including Nb2O5, Al2O3, ZrO2, TiO2, SiO2–Al2O3, La2O3, CeO2, and 
hydrotalcite, were used as supports for the Au catalysts. As a result, when the basic-
ity or acidity of the metal oxide was too strong, the yield of HCPN decreased. The 
following two functions of the metal oxides are conceivable. One is pH adjustment 
of the aqueous solution, in which the reaction between the surface of the metal 
oxide and water changes the pH in the aqueous solution. Although the effect of the 
pH of the aqueous solvent in HCPN or HCPO synthesis has not yet been sufficiently 
studied, weakly acidic conditions are considered to be effective based on studies of 
the ring rearrangement of FA to CPN [32]. The other important function of metal 
oxides is Lewis acid catalysis on the surface. Regarding the intramolecular 
Piancatelli type rearrangement of furans, it is known that reactivity changes 
 depending on whether or not the furans have a substituent at the 5-position [57]. The 

Fig. 5.4 Product distributions obtained by the reductive conversion of 5-hydroxymethylfurfural 
(HMF) in water using 1 wt.% Pt/SiO2 with/without the various metal oxides [50] (Reprinted with 
permission from [43]. Copyright © 2016, The Royal Society of Chemistry)
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ring- rearrangement reaction of a furan having no substituent at the 5-position 
(e.g.,  furfuryl alcohol) proceeds only with the H+ of water, whereas the ring- 
rearrangement reaction of a furan having a substituent at the 5-position (e.g., BHF) 
does not proceed efficiently with only H+; a Lewis acid catalyst is required. 
Therefore, the Lewis acid catalysis of metal oxides becomes important for the 
hydrogenative ring rearrangement of HMF.

The authors studied the effect of the Lewis acid properties of metal oxides on 
HCPN synthesis using Pt/SiO2 + MOx based on pyridine adsorption FT-IR spectros-
copy [50]. All of the IR spectra of MOx showed bands around 1445  cm−1 and 
1610 cm−1, assignable to the ν19b and ν8a mode of pyridine adsorbed on Lewis acid 
sites. In Fig. 5.5, the HCPN yields are plotted against the peak wavenumbers of 
adsorbed pyridine (ν8a). The higher wavenumber suggests a stronger Lewis acid of 
metal oxides [53, 56, 58]. The HCPN yield has a maximum in peak wavenumber of 
adsorbed pyridine, which indicates that a Lewis acid with moderate strength leads 
to a high yield of HCPN. It can be assumed that when the Lewis acid is too weak, 
the ring-rearrangement reaction does not proceed and the HCPN yield decreases; 
conversely, when the Lewis acid is too strong, the HCPN yield decreases due to 
acid-catalyzed side reactions such as polymerization of HMF and/or the intermedi-
ates. Therefore, a moderate Lewis acid is most effective for HCPN production. On 
the basis of the above, catalytic reaction systems using a catalyst with moderate 
Lewis acid together with a selective hydrogenation ability for the HMF aldehyde 
group and a weak pH condition are effective for the hydrogenative ring- rearrangement 
reaction of HMF in water.

Fig. 5.5 Effect of Lewis acidity of metal oxides (MOx) on production of 
3- hydroxymethylcyclopentanone (HCPN) from 5-hydroxymethylfurfural (HMF) using Pt/
SiO2 + MOx catalysts [50] (Reprinted with permission from [43]. Copyright © 2016, The Royal 
Society of Chemistry)
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5.5  Other Reactions Involving Hydrodeoxygenation or 
Hydrolysis

5.5.1  Hydrodeoxygenation

Hydrodeoxygenation of HMF to 2,5-dimethylfuran (DMF) (Scheme 5.11) has 
attracted intense attention in relation to the production of an alternative oil-based 
fuel from biomass. Selective synthesis of DMF has been achieved in organic sol-
vents such as THF and 1-butanol. On the other hand, the hydrodeoxygenation of 
HMF is usually difficult to produce in the presence of water. In fact, according to the 
report by Dumesic et al., in the absence of water, HMF is converted primarily into 
2-methyl-5-hydroxymethylfuran (MHMF) and DMF by hydrogenolysis, whereas 
reaction in THF-water mixtures (THF/H2O = 95: 5 w/w) prevents the hydrogenoly-
sis of HMF and leads to the selective production of BHTHF by hydrogenation [59]. 
However, there are a few reports on the efficient synthesis of DMF from HMF in 
water. Chatterjee et al. achieved a very high yield of DMF (ca. 100%) by hydroge-
nation of HMF using Pd/C in supercritical CO2-water [60]. Bordoloi et al. reported 
that Ni nanoparticles supported on mesoporous nitrogen-rich carbon material (CNx) 
afforded DMF with >98% yield by hydrogenation of HMF in water [61]. It has been 
proposed that synergy between metals and CNx plays a crucial role in the hydrode-
oxygenation of HMF to DMF in water. Further studies on the role of supercritical 
CO2-water and CNx support are desired for the development of DMF production 
systems as well as for synthesis of DMF-derived products by hydrolysis in water, as 
described below.

Sequential conversion of HMF by hydrodeoxygenation and ring opening 
(Scheme 5.11) gives 2,5-hexanedione (HDN), which can be used for the production 
alcohols, amines, cycloketones, and pyrrolidine. The reported yields of HDN are 
not yet very high when using HMF as a feedstock and H2 as a hydrogenation source. 
Resasco et al. reported that 48% yield of HDN was obtained by the hydrogen of 
HMF in a water/decalin (1: 1) emulsion using a Ru nanoparticle catalyst anchored 
on hydrophobic MWCNT fused to aluminum oxide (Ru/MWNT/Al2O3) [62]. Two 
research groups, Jérôme et al. and Li et al., reported that 20–30% yield of HDN can 
be obtained by using combination catalysts of Pd/C and Brønsted acids including 
CO2 and Amberlyst resins [22, 63].

Scheme 5.11 Hydrodeoxygenation conversion of 5-hydroxymethylfurfural (HMF). 
2,5- dimethylfuran (DMF) produced by only hydrodeoxygenation; 2,5-hexanedione (HDN) by 
hydrodeoxygenation and ring opening; 3-methyl-2-cyclopenten-1-one (3-MCPEN) by ring- 
rearrangement; 3-methylcyclopentanone (3-MCPN) by ring rearrangement and 
hydrodeoxygenation
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HDN is considered to be formed through metal-catalyzed hydrodeoxygenation 
of HMF to MHMF or DMF and the subsequent acid-catalyzed hydrolytic ring open-
ing. Jérôme et al. investigated HDN synthesis using MHMF and DMF as starting 
compounds. In the case of the reaction starting from MHMF, 28% yield of HDN 
was obtained using the combination catalyst of Pd/C and CO2 [22]. On the other 
hand, when started from DMF, an almost equivalent amount of HDN was obtained 
under CO2 in water without Pd/C. Based on these results, it is expected that efficient 
catalytic systems for DMF production can afford HDN synthesis by combination 
with acid catalysts.

Ring rearrangement of DMF, or the intermolecular aldol condensation of HDN, 
forms 3-methyl-2-cyclopenten-1-one (3-MCPEN), which is useful for synthesis of 
natural products such as jasmonoids and prostanoids. Huo et  al. reported the 
 production of 3-MCPEN (31% yield) and HDN (27% yield) from HMF by water 
splitting using zinc metal powder [64]. When starting from 5-methylfurfural, Au/
TiO2 efficiently produces 3-methylcyclopentanone (3-MCPN) (Scheme 5.11) [57]. 
It is expected that catalysts for the ring rearrangement of HMF, in particular metal 
oxides with Lewis acidity, are effective components for the synthesis of 3-MCPN 
and its derivatives. Bifunctional catalysts having hydrodeoxygenation and ring- 
rearrangement activity are considered to be useful for 3-MCPN production from 
HMF, although as yet there has been no efficient catalyst for 3-MCPN production 
from HMF.

5.5.2  Hydrogenolytic Ring Opening

The hydrogenolytic ring-opening reactions of HMF can form 1,2,6-hexanetriol 
(1,2,6-HT) (Scheme 5.12), which is used in the plastics, cosmetics, and pharmaceu-
tical industries. Mu et  al. reported that hydrogenation of HMF using Ni–Co–Al 
mixed oxide catalysts in methanol gave 1,2,6-HT with 65% yield [65]. In an analo-
gous reaction, Mizugaki et al. reported the hydrogenolytic ring opening of furfural 
to 1,2-pentanediol in 2-propanol using Pt/HT [66]. The reaction scheme is similar 

Scheme 5.12 Hydrogenolytic ring-opening conversion of 5-hydroxymethylfurfural (HMF)
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to 1,2,6-HT synthesis in that formation of furfuryl alcohol by hydrogenation of the 
aldehyde group of FA is followed by hydrogenolytic ring opening. Based on these 
reports, the cooperative behavior of hydrogenation-active metal species and surface 
basic sites adsorbing furfuryl alcohol intermediates is the key to selective hydro-
genolytic ring-opening reactions (Fig. 5.6). The authors have tested the reductive 
conversion of HMF in water (0.2 M of HMF, 3 mL, 3 MPa H2, 135 °C, 24 h) using 
5 wt.% Pt/CeO2 and Pt/La2O3 (10 mg). As a result, 1,2,6-HT was obtained with ca. 
20% yield. In contrast, almost no 1,2,6-HT was obtained when the reaction was 
conducted using combination catalyst systems of 5 wt.% Pt/SiO2 + CeO2 and Pt/
SiO2 + La2O3 under the same reaction conditions. This result suggests that the inter-
face between the metal nanoparticles and the basic carrier plays an important role. 
Tuning the interface between the basic supports and metal nanoparticles may fur-
ther improve the efficiency in 1,2,6-HT synthesis.

The synthesis of 1,2,6-HT via BHTHF has been proposed [67]. Buntara et al. 
demonstrated catalytic conversion of BHTHF using Rh-Re/SiO2 to 1,2,6-HT with 
high selectivity of 97% at 21% conversion of BHTHF [24]. Catalysts comprising 
ReOx and Rh or Ir are effective for the hydrogenolysis of C–O in the furan ring of 
BHTHF to selectively give 1,2,6-HT owing to the bifunctionality of the catalysts: 
the acidic Re-OH species adsorbing furan and the hydrogenolysis activity of the 
noble metals [10, 68, 69]. In the synthesis of 1,2,6-HT from BHTHF, water as sol-
vent is effective, possibly due to tuning of the Brønsted acidity of the catalysts 
through the reaction between ReOx species and water on the surfaces [67, 68].

The combination of hydrogenolytic ring opening and hydrodeoxygenation can 
afford 1,6-hexanediol (1,6-HD) (Scheme 5.12), which is an important precursor for 
polyesters, polyurethanes, and adhesives. One-pot synthesis of 1,6-hexanediol (1,6- 
HD) from HMF has been reported, but to date, the yield of 1,6-HD is not very high 
(ca. 50%) [70]. Therefore, a two-step process for 1,6-HD synthesis from HMF has 
been proposed [24, 71]. Studies on the two-step synthesis have demonstrated that 
the Rh–and Ir–ReOx catalysts, which catalyze the hydrogenolytic ring opening of 
BHTHF to 1,2,6-HT as mentioned above, are also effective for the hydrodeoxygen-
ation of 1,2,6-HT to 1,6-HD. By using this knowledge, Zhang et al. performed 1,6- 

Fig. 5.6 Cooperative behavior of hydrogenation-active metal species and surface basic sites for 
selective hydrogenolytic ring opening of furfuryl alcohol intermediates [65, 66]. Adapted with 
permission from [65, 66]. Copyright © 2014, The American Chemical Society. R  =  CH2OH: 
2,5-bis(hydroxymethyl)furfural (BHF), R = H: furfuryl alcohol (FOL)
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HD synthesis from HMF in a fixed-bed reactor using double-layered catalysts of Pd/
SiO2 and Ir–ReOx/SiO2, which are effective for total hydrogenation of HMF to 
BHTHF and hydrodeoxygenation of 1,2,6-HT to 1,6-HD, respectively [68]. As a 
result, they obtained ca. 60% yield of 1,6-HD. This result suggests that the combi-
nation of functional catalysts can improve the biorefinery process. With further 
studies on catalyst functions in various biomass conversion reactions and their com-
binations, a more efficient catalyst system for 1,6-HD synthesis can be developed.

5.6  Conclusions and Future Outlook

The acid catalysis of H+ due to water can be involved in the reductive conversion of 
HMF in aqueous solution, in addition to reductive reactions on the metal surface, 
the metal-oxide interface, and acid–base reactions on metal-oxide supports.

When HMF is hydrogenated under suppression of Brønsted acid catalysis of H+ 
in aqueous solution or on catalysts, BHF and BHTHF can be obtained in high yield. 
On the other hand, when Brønsted acid acts on BHF, HHD and HCPN can be 
obtained via the hydrolytic ring opening and the ring rearrangement, respectively. 
Strong Brønsted acids however cause degradation of HMF and BHF.  Therefore, 
controlling reaction conditions affecting the Brønsted acid catalysis including reac-
tion solution pH and temperature is important to obtain the desired products selec-
tively. In the case of HCPN synthesis, Lewis acid on catalysts can promote 
ring-rearrangement of BHF in cooperation with Brønsted acid. Since hydrogenation 
catalysis, e.g., hydrogenation activity and selectivity for C = C and C = O groups of 
HMF and reaction intermediates, of course, have an influence on products, both 
hydrogenation and acid catalysis of reaction systems needs to be tuned for synthesis 
of the desired products. Previous studies have developed catalytic reaction systems 
for BHF, BHTHF, HHD, and HCPN, and one can obtain these four compounds from 
HMF in relatively high yield. Future detailed or systematic studies on the bifunc-
tionality of catalytic reaction systems will further improve the production of the 
four compounds. Besides, efficient conversion of HMF to 1,2,5-HT and HCPO, 
which are the hydrogenation products of HHD and HCPN, respectively, is expected 
to be achieved by modification of catalytic reaction systems for HHD and HCPN 
synthesis or improving catalytic performance for hydrogenation of their C═O 
groups [72].

HMF conversion involving hydrodeoxygenation and hydrogenolysis offers valu-
able compounds such as DMF, HDN, 1,2,6-HT, and 1,6-HD. Although catalytic 
reaction systems showing hydrodeoxygenation and hydrogenolysis of HMF have 
been reported, the yields or selectivity of the products are still low. Understanding 
and control of adsorption of HMF or reaction intermediates on catalysts will be the 
key to future development of HMF conversion by hydrodeoxygenation and hydro-
genolysis. More specifically, in the case of supported metal catalysts, functions of 
metal-support interface, which can serve as unique adsorption and reaction sites, 
will play an important role in selective hydrodeoxygenation or hydrogenolysis of 
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HMF.  Further development of catalyst materials and elucidation of functions of 
metal-support interface are expected to achieve efficient reaction systems for HMF 
conversion involving hydrodeoxygenation and hydrogenolysis.
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Chapter 6
Catalytic Cascade Transformations of Biomass 
into Polyols

Javier Fernández-Rodríguez, Xabier Erdocia, Pedro Luis de Hoyos, 
Ane Sequeiros, and Jalel Labidi

Abstract Among the many oxygen-rich chemicals that can be obtained from bio-
mass, polyols, such as ethylene glycol and propylene glycol, are widely used in 
industry. Liquid polyols have been used in polyurethane foam preparation and as 
components of adhesives. Hydrolysis, coupled with hydrogenation and hydroge-
nolysis allows transformation of biomass or its constituents into polyols. Liquefaction 
is another approach which is efficient for converting biomass into liquid polyols that 
have high content of reactive hydroxyl groups.

The cascade transformation of biomass to polyols is widely used. In some cases, 
fractionation of biomass into its main components (cellulose, hemicelluloses and 
lignin) is accomplished to facilitate its further conversion. Production of polyols 
from cellulose can be conducted in a two-step process with suitable catalysts or in 
an one-step process with bifunctional catalysts. Polyol production depends on the 
material used as feedstock, catalyst employed and reaction conditions.

This chapter reviews key strategies used to convert biomass into polyols. Special 
emphasis is given to emerging processes aimed to valorize biomass through a cas-
cade approach.
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6.1  Introduction

In the last decade, the conversion of lignocellulosic biomass to fuels, chemicals and 
materials has received significant attention. The manufacturing of products by 
environmentally- friendly processes is included within the concept of the modern 
biorefinery. In this context, biorefineries of today have to develop new competitive 
and economically feasible processes to compete against the top position of refiner-
ies in the manufacture of chemicals.

Among the oxygen-rich chemicals that can be obtained from biomass, polyols 
are one of the most important ones due to their wide use in polymer synthesis like 
polyurethanes (PU), food industry or in pharmaceuticals manufacturing [1]. Polyols 
are chemical compounds of the alcohol family, which have several hydroxyl groups 
available for organic chemical reactions [2]. Polyols that can be produced from 
biomass include sorbitol, mannitol, xylitol, ethylene glycol and propylene glycol. 
The production of these chemicals could be carried out using different routes, but in 
general, in the latest studies, single pot operations with internal successive pro-
cesses are employed in the so-called cascade approach. This way, the isolation and 
purification of intermediates is eliminated, and the formation of unwanted by- 
products can be prevented [3].

Usually, the first step is to fractionate biomass into its main components (cellu-
lose, hemicelluloses and lignin) and then, by depolymerization and/or fermentation 
to convert them into platform molecules that are subsequently employed as building 
blocks for the synthesis of intermediates and fine chemicals via heterogeneous and/
or homogenous catalytic processes. However, the direct path of biomass transfor-
mation into polyols has also been studied employing different acid catalyst and 
organic solvents.

All these processes, especially the ones when biomass has previously been frac-
tionated into its components, have been carried out using different simple catalysts. 
The first types of catalysts are used to break macromolecules into small molecules 
which are then converted into target polyols.

Nonetheless, bifunctional catalysts, which are able to perform these two steps in 
a single step, are gaining considerable attention [3]. New advances processes like 
microwave or ultrasound are being studied to improve either the fractionation step 
or the polyol production from the different fractions of biomass feedstock [4, 5].

In this chapter, diverse approaches for polyols production will be deeply studied. 
Firstly, the direct route of biomass transformation into polyols will be reviewed and 
then each main structural component of lignocellulosic biomass will be evaluated 
for forming the selected chemicals through cascade transformation with bifunc-
tional catalysts. Finally, new advanced processes will be explored.
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6.2  Biomass Direct Liquefaction

The direct conversion of biomass into a liquid fuel is not new and has been studied 
for several centuries [6]. There are different technologies to convert biomass into a 
liquid fuel which can be divided in two main groups: thermo-chemical and bio- 
chemical methods. The main objective of all the thermochemical methods is to pro-
duce energy from biomass and mainly include direct combustion, gasification, 
pyrolysis, and liquefaction [7]. However, only the last two methods are able to pro-
duce a liquid product directly from biomass.

6.2.1  Pyrolysis

Pyrolysis is defined as a thermal decomposition process which takes place in the 
absence of oxygen or air. In biomass pyrolysis, the three main products recovered 
are solid charcoal, liquid (bio-oil), and gases. Pyrolysis bio-oil usually contains high 
concentrations of phenolic compounds from lignin decomposition and furanic com-
pounds derived from cellulose, along with organic acids and low molecular weight 
oxygenates.

6.2.2  Liquefaction

Liquefaction is defined as a low-temperature (250–400  °C) and high-pressure 
(5–20  MPa) thermochemical process where biomass, combined with water or 
another solvent, is converted into three products, i.e. a bio-oil fraction, a gas fraction 
and a solid residue fraction [8]. In this process, the employed solvents usually act as 
catalysts, rendering higher quality products as compared with those obtained from 
pyrolysis. The obtained bio-oil has a very low oxygen content and therefore it has a 
high heating-value.

Although many solvents can be employed in the liquefaction of biomass, metha-
nol, ethanol and especially water are the most commonly used ones. To convert 
biomass into the desired products a highly reactive environment is required. At high 
pressures water remains as a liquid even at elevated temperatures with the conse-
quent increase in the ion product (Kw = [H+][OH−]) and decrease in the dielectric 
constant [9]. The property changes help to form a good medium for biomass lique-
faction process since the solubility of biomass in water is enhanced and acid- or 
base-catalyzed reactions are favored.

Biomass direct liquefaction is known since the 1980s when a liquefaction pro-
cess known as “Hydrothermal Upgrading”, or the HTU process, was developed by 
Shell [10]. Since then, many works have been carried out to study the influence of 
process parameters (reaction temperature, residence time, type of solvent, biomass 
composition or type of catalyst) in the liquefaction process of biomass.
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Paying attention to the type of catalyst employed, the most common ones are 
strong bases like NaOH [11], Ca(OH)2 and Ba(OH)2 [12], strong acids like HCl and 
especially H2SO4 [13] or some other compounds like K2CO3 [14], Fe, Na2CO3 [15], 
FeS and FeSO4 [16]. All of these are homogeneous catalysts that mainly help to 
reduce the formation of solid residue and to increase bio-oil yield. Among the alkali 
catalysts, Huang et al. [11] studied the liquefaction of rice husk in ethanol and con-
cluded that NaOH was an ideal catalyst for the process enhancing the formation of 
long-chain alkanes and esters. Xu and Land [12] used Jack pine powder as biomass 
feedstock and were able to upgrade it into liquid organic compounds with Ca(OH)2, 
Ba(OH)2 and FeSO4 as catalyst. They stated that Ba(OH)2 and especially Ca(OH)2 
were very effective to improve the yield of heavy oils production from pine 
powder.

Acid catalysts have been widely used in biomass liquefaction. Zhang et al. [17] 
investigated the liquefaction of wood powder from Chinese fir (Cunninghamia lan-
ceolata) and poplar (Triploid Populus tomentosa Carr) in the presence of phenol 
with phosphoric acid (85%), sulfuric acid (36%), hydrochloric acid (37%) and 
oxalic acid (99.5%) inorganic acids as catalysts. Phosphoric acid and sulfuric acid 
were better than the other catalysts leading to solid residues as low as 3.2 and 4.0 wt 
%, respectively. Besides alkali and acid catalyst, some other compounds like salts 
have also been used for biomass liquefaction. The production of oxygenated hydro-
carbons by hydrothermal treatment of biomass at low reaction temperature with a 
short reaction time employing K2CO3 was studied by Karagöz et al. [14]. The study 
showed that the concentration of catalyst had an important effect on the inhibition 
of solid residue formation. Thus, the maximum conversions of biomass and oil 
products (ether and ethyl acetate soluble) were high with 1  M concentration of 
K2CO3 and solid residue remarkably decreased to 4%. Sun et al. [15] carried out an 
experimental study on direct liquefaction of paulownia in hot compressed water 
with and without catalyst at 280–360 °C. The addition of catalyst enhanced the liq-
uefaction process of biomass. Thereafter, the maximum heavy oil yield was found 
to be 36% employing Fe as catalyst while little solid residue yield was obtained 
when Na2CO3 was used. The heavy oil mainly consisted of phenol derivatives, 
ketones, carboxylic acid/ester, benzene derivatives and long-chain alkanes, alde-
hydes and their derivatives. They found that different catalysts could affect the prod-
uct distribution and their relative abundance.

Liquefaction of bagasse powder in supercritical ethanol was conducted in a batch 
reactor under a pressurized hydrogen atmosphere by Chumpoo and Prasassarakich 
[16]. The addition of iron based catalysts, Fe2S3/AC, and especially, FeSO4, signifi-
cantly enhanced both oil production and biomass conversion. Catalytic effects on 
oil formation became more apparent at high temperatures, and the highest oil yields 
and biomass conversions were obtained with 10% (w/w) FeSO4. The obtained oil 
contained phenolics, esters, and furan derivatives as the dominant compounds and 
their composition could be altered by addition of appropriate catalysts. The use of 
ethanol-water solvent as opposed to pure ethanol, yields oils with higher heating 
values than those obtained from noncatalytic liquefaction.
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6.2.3  Polyols Production from Biomass Liquefaction

Previously described processes are for focused on direct biomass liquefaction and 
use a simple catalyst to improve the oil production. However, there are other few 
works where the direct production of polyols such as xylitol or sorbitol from bio-
mass has been reported. Sorbitol can be produced by hydrogenation of C6 sugars 
while xylitol, the C5-analogue of sorbitol, is produced by hydrogenation of xylose 
[18].

Usually the hydrolysis of biomass is the first step for the production of polyols or 
other types of chemicals. After this first step, the hydrodeoxygenation of the hydro-
lysis solution is carried out. In this context, Robinson et al. [19] were able to convert 
combined hemicellulose and cellulose obtained after the hydrolysis of different 
types of lignocellulosic biomass into xylitol and sorbitol, respectively. Conversion 
of the carbohydrate polymers, hemicellulose and cellulose, to polyols and anhydro 
polyols was more than 99% for loadings of up to 15% at 185–190 °C for 3–5 h with 
0.8% H3PO4, stirring and hydrogenation with Ru/C catalyst. Li et  al. [20] used 
maple wood for the production of xylitol. Firstly, hydrolysis with dilute sulfuric or 
oxalic acid was performed producing high yields of xylose monomers and minor 
amounts of glucose monomers. Afterwards, a low temperature hydrogenation of the 
product solutions was carried out with Ru/C as the catalyst. The catalyst selectively 
hydrogenated xylose into xylitol and glucose into sorbitol but did not selectively 
hydrogenate oligomers to xylitol and sorbitol.

Stalks of Nicotiana tabacum and castor oil-based polyol were synthesized via 
two-step process by Patel et al. [21]. Initially, N. tabacum stalks were liquefied at 
150 °C and 180 min using p-toluenesulfonic acid (PTSA) catalyst to obtain glycol- 
glycoside. Afterwards, the glycol-glycoside produced was further reacted with cas-
tor oil in the presence of lithium hydroxide to yield a dark brown-colored polyol 
with hydroxyl value was running in between 200 and 400 mg/g-KOH.

The direct liquefaction of some types of biomass (very rich in cellulose and 
hemicelluloses) to obtain polyols is shown for selected works in Table 6.1. 

Liquefaction of corn stover in organic solvents (90  wt% ethylene glycol and 
10 wt% ethylene carbonate) with catalysts at moderate temperature under atmo-
spheric pressure was carried out by Yu et al. [22]. Different catalysts, such as H2SO4, 
HCl, H3PO4, and ZnCl2, were evaluated but the higher liquefaction yield was 
achieved in 2 wt% H2SO4, 1/4 (w/w) stover to liquefying reagent ratio, 160 °C tem-
perature and 2 h of reaction time. The liquefied product had a very high polyols 
concentration and a hydroxyl value between 150 and 200 mg/g-KOH. In another 
study, the liquefied corn stover was directly used to prepare polyurethane foams 
[23]. Corn stover was liquefied by using ethylene carbonate (EC) as liquefying sol-
vent and 97% sulfuric acid as catalyst at 170 °C for 90 min. The obtained liquefied 
product was rich in polyols and had a hydroxyl number of 137.34 mg/g-KOH.
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Besides agricultural residues like corn stover which is very rich in carbohydrates, 
wood has also been liquefied to produce polyols. Pinus radiata bark has been treated 
using phenol as liquefying agent with five different organic sulfonic acids as  catalyst 
[24]. The obtained results confirmed that the organic sulfonic acids play an impor-
tant role in reducing the condensation reactions during the phenol liquefaction thus 
high amount of hydroxyl groups were free. Using polyethylene glycol (PEG400) 
and glycerol as liquefaction agents, the residue from bamboo processing has also 
been liquefied at the presence of sulfuric acid as catalyst [25]. The result showed 
that liquefaction yield could reach as high as 99.3% when liquefaction temperature 
was 160 °C, mass ratio of liquid to solid was 4:1 and liquefaction time was 90 min. 
Hydroxyl value of liquefaction products obtained was 56.63 mg/g-KOH. The lique-
faction process of poplar wood chips has been studied using PEG, EG and glycerin 
as solvents [26]. At optimum conditions, wood liquefaction reached 93.8% yield 
and product hydroxyl values ranged from 155 to 235 mg/g-KOH.

Despite the studies mentioned above where lignocellulosic biomass is directly 
used to produce bio-oils or polyols for further application, the most common proce-
dure is to treat each component of biomass separately. Thus, cellulose, hemicellu-
loses and lignin are previously fractionated from biomass and then used 
independently to facilitate the production of different polyols. In the following sec-
tions of the chapter, the treatment to produce polyols for each component of bio-
mass will be described.

Table 6.1 Direct conversion of biomass into polyols via liquefaction

Feedstock Solvent Catalyst

Hydroxyl 
content 
(mg/g-KOH) References

Corn Stover EG ethylene 
carbonate

H2SO4, HCl, H3PO4, ZnCl2 150–200 [22]

Corn Stover Ethylene 
carbonate

H2SO4 137.34 [23]

Pinus 
radiata 
Bark

Phenol C6H6O3S (BSA)a, CH4O3S (MSA)b, 
C10H8O6S2 (NDSA)c, C10H7SO3H 
(NSA)d, CH3C6H4SO3H (PTSA)e 
H2SO4

– [24]

Bamboo PEG400, 
glycerol

H2SO4 56.63 [25]

Poplar 
wood chips

PEG, EG, 
glycerin

H2SO4 155–235 [26]

aBenzenesulfonic acid
bMethanesulfonic acid
c1,5-naphthalenedisulfonic acid
d1-naphthalenesulfonic acid
ep-toluenesulfonic acid

J. Fernández-Rodríguez et al.



193

6.3  Cellulose Conversion to Polyols

Cellulose is most abundant natural polymer worldwide. It is the main component of 
lignocellulosic biomass together with hemicelluloses and lignin, which constitute 
the most important source of this biopolymer. Its constitution is based on a carbohy-
drate structure composed exclusively of cellobiose units, which are formed by two 
β-D-glucopyranose molecules linked between them by β-1,4-glycosidic bonds. The 
great density of hydroxyl groups lead to the generation of intra and intermolecular 
hydrogen bonds, forming the laminar chains which by means of their linkage are the 
origin of the microfibrillar structure of the plant cell wall. Its macromolecular struc-
ture is divided into two different regions, one having high crystallinity and the other 
being amorphous with the degree of polymerization (DP) being around 10,000. The 
high crystalline area makes cellulose insoluble in water as well as in most common 
of organic solvents and is the main cause of the difficulties to decompose it into 
low-molecular weight products [27]. As consequence, the main industrial applica-
tion of cellulose is the pulp and paper products in which cellulose is commercialized 
with a low degree of degradation according to its high molecular size. However, the 
hydrolysis of the β-1,4-glycosidic bond in cellulose to form glucose, represents a 
pivotal process in biomass transformation industry, opening a tremendous opportu-
nity to produce a large variety of low molecular mass chemicals that could substi-
tute products obtained from fossil resources [28].

Conversion of cellulose to produce chemicals, as for instance, ethanol, ethylene 
glycol, glycerol, levulinic acid, hydroxymethyl furfural or lactic acid, has been 
widely studied in the last decade. The most industrially manufactured product from 
cellulose is bioethanol as second generation biofuels with a world production of 108 
billion liters in 2014 [29]. Nevertheless, the current global reliance on fossil fuels 
for power generation remains dominant. The difficulty of cellulose fractionation is 
the main cause of its high production cost of this type of desired products.

Nowadays, great interest relies on cellulose transformation into polyol compo-
nents, such as EG, PG, sorbitol and mannitol among others [30]. The interest in 
obtaining these chemicals from cellulose is hugely increasing based on three main 
points: green principle of manufacturing chemicals from natural resources reducing 
the environmental impact in the common synthesis process, the higher ratio of O/C 
that exists in biomass compared to hydrocarbons and recent improvement in cata-
lyst design, which is able to boost reaction yields as well as selectivity to target 
products [31].

The transformation of cellulose to polyols in a cascade process (Fig. 6.1) occurs 
as the hydrolysis of cellulose to sugar alcohols is followed by hydrogenation and 
hydrogenolysis to different polyols, such as sorbitol, EG or PG [32]. The whole 
process has been traditionally divided into two distinct steps, whose reaction mech-
anisms and strategies will be developed below.
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6.3.1  Cellulose Transformation into Sugar Alcohols

The hydrolysis of cellulose into glucose is based on the cleavage of the β-1,4- 
glycosidic linkage. After the generation of glucose, the products can be converted 
into value-added chemicals. In the case of polyols generation from glucose hydro-
genolysis/hydrogenation, the most critical stage is cellulose hydrolysis due to the 
difficulty in decomposing crystalline regions composed around 40–60% of the total 
cellulose depending on the source [33].

The most widely used methods for cellulose hydrolysis are enzymes, mineral 
acids, alkali or supercritical fluids. However, all of them present several drawbacks 
such as high cost, low reaction rates and enzymatic recovery in case of biological 
processes; waste water disposal, equipment corrosion and acid or alkali recovery in 
chemical processes and high energy consumption in supercritical reactions [30]. For 

Fig. 6.1 Schematic representation of different pathways to cellulose conversion into polyols
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all these reasons, so far the substitution of polyols from biomass cannot industrially 
compete with processes that use fossil resources as the feedstock.

The approach of using solid acid catalysts has risen in the last years as an alterna-
tive, since heterogeneous catalysts can overcome the main drawbacks of traditional 
processes described above [34]. Solid acids could involve a wide range of compo-
nents, such as metal oxides, polymer-based acids, sulfonated carbon-based acids, 
heteropoly acids (HPAs), H-form zeolites as well as metal catalysts. The strong 
points of solid acid catalyzed reactions are based on the separation of catalysts after 
the reaction that can be accomplished very easily by filtration without generating a 
great waste stream which should be treated as it produced for case of liquid acids 
[35].

Cellulose kinetic hydrolysis models described by Saeman [36] involve two con-
secutive pseudo-first order reactions depending on H+ concentration as it is shown 
in Eq. 6.1.

 Cellulose Oligosaccharides Glucose
k k

® ®
1 2

 (6.1)

Many studies in this area identified kinetic parameters, however, large variability 
between the different works is found because of the different reaction conditions in 
which the studies were carried out in comparison with Saeman’s work [37]. A more 
flexible model considers that cellulose is not directly decomposed into monomers of 
glucose but instead consists of two consecutive steps. At first cellulose is converted 
into soluble oligosaccharides, which are assumed to be intermediate products  during 
the conversion of cellulose to glucose; and finally the conversion of them to glucose, 
is represented by Eq. 6.2 [38].

 Cellulose Oligosaccharides Glucose Degradation produc
k k k

® ® ®
1 2 3

tts  (6.2)

In this model, values of kinetic constants (k1, k2) are correlated to the available 
acid sites and accessible in aqueous medium, the diffusion limitations of poly/oligo-
saccharides and the DP of the cellulose and intermediate products. The second reac-
tion is faster than first one, being the first reaction rate the determining step whose 
kinetics still follows that of the Seaman’s [39].

Numerous studies have demonstrated that with solid acids, the activation energy 
of cellulose hydrolysis can be reduced, involving lower energy requirements for 
carrying out the depolymerization reaction [40]. Although heterogeneous catalyzed 
reactions present mass transfer limitations between the insoluble substrate (cellu-
lose) and solid catalyst, solid acids present higher specific surface areas, pore sizes/
volume and strong acid sites which lead to achieve better performance in the hydro-
lysis reaction. The most important parameters are those that drive the number of 
Brønsted acid sites, affinity with the substrates and catalyst stability. As an example 
of the advantages described previously, carbon-based solid acids have strong affin-
ity for cellulose chain locating acid sites closer to the β-1,4-glycosidic bonds which 
help the cleavage [41]. Magnetic-containing acids allow easier recuperation and 
reutilization since they can be recovered by magnetic filtration [42].
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6.3.2  Glucose Conversion to Polyols

Among the different polyols that can be obtained from natural resources, sorbitol is 
mostly produced from glucose aqueous solutions by catalytic hydrogenation. The 
concentration of glucose can be as high as 65% and can be carried out both in either 
autoclave systems or continuous (trickle bed) reactors under high pressure [43].

The most common catalysts used in these reactors are based on nickel as the 
active metal due to its low price, easy support and high activity. The main drawback 
of this type of catalyst is the restriction of nickel allowed in sorbitol used in food, 
medical or cosmetic applications. Therefore, the elimination of nickel from sorbitol 
has to be addressed [44]. When the reaction is conducted at high temperatures, 
leaching of nickel occurs, polluting the final solution of sorbitol, which involves 
additional product cleaning stages for the entire process increasing the production 
cost of sorbitol. To overcome this problem as well as the deactivation process, many 
authors have included the utilization of other active metals such as cobalt, platinum, 
palladium, rhodium and ruthenium [45, 46] as well as to improve the catalyst sup-
port to achieve a better anchoring of the catalyst metal. Ruthenium is considered 
one of the best metals to develop high activity, besides not being soluble under reac-
tion conditions, which involve not polluting the final product.

The other current challenge in the production of this product is to obtain high 
selectivity for sorbitol with a total conversion and a high stability of the catalyst 
during a long period of time. To meet the stability challenge, the catalyst should be 
resistant to metal sintering and poisoning, but the most crucial point is to avoid 
metal and support leaching in the acidic and chelating reaction medium [47].

The hydrogenation of glucose to sorbitol follows a Langmuir–Hinshelwood 
mechanism where the surface reaction is the rate-determining step. Three possible 
models have been used to describe the hydrogenation of glucose to polyols based on 
Langmuir–Hinshelwood–Hougen–Watson (LHHW) kinetics. Model 1: Noncom- 
petitive adsorption of hydrogen and glucose. Model 2: competitive adsorption of 
molecular hydrogen and glucose. Model 3: competitive adsorption of dissociatively 
chemisorbed hydrogen and glucose [39]. The three models can describe reaction 
data satisfactorily with no inhibition by sorbitol or mannitol. Following these meth-
ods, activation energy of 55 kJ/mol was found by Crezee et al. [48] over Ru cata-
lysts. Values obtained over Ni catalysts were slightly higher 63–83 kJ/mol [45, 49].

6.3.3  One-Step Cellulose Conversion to Polyols

As mentioned above, the interest in cellulose to be used as feedstock for polyol 
production could open a new avenue for renewable resources that is not in conflict 
with food and feed industries since biomass wastes can be used for this purpose. 
However, to carry out the process from cellulose is not economically feasible if two 
distinct stages have to be implemented. In this line, novel catalytic developments 
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have opened a new approach for converting cellulose into polyols in one-step by 
environmentally-sustainable processes [50]. This modification is based on intensifi-
cation process principles that lead to a reduction in cost of the entire process since 
less time and energy are required and hazards and waste stream are reduced.

Performance advantages can be obtained with the single-step method since dur-
ing cellulose hydrolysis and glucose generation, the activation energy is similar to 
that of cellulose hydrolysis. As consequence, the rates of sugar formation and its 
degradation are on the same order of magnitude under harsh reaction conditions 
[51]. Therefore, the hydrogenation of glucose at the same time is formed and is 
favorable to avoid its degradation allowing high yields of polyols at high cellulose 
conversions.

Different effects are given by catalysts used in this one-step reaction system. At 
first, acid conditions have to be created to facilitate cellulose hydrolysis. On the 
other hand, hydrogenation/hydrogenolysis needs metal catalysts to transform glu-
cose into polyols in the presence of hydrogen donor, being H2 the most common 
agent used [52].

Many advances for converting cellulose into polyols in a single-step have been 
possible thanks to the development of catalysts that combine two effects in one 
single catalyst that allows also developing reactions that traditionally were carried 
out in two steps as one unique step, as in the case of cellulose hydrolytic 
 hydrogenation. The bifunctional catalyst has both Lewis or Brønsted basic function-
ality and a hydrogen-bond donor group. In comparison with single functional group 
catalysts, the cooperative effect of the two complementary groups can boost the rate 
of reactions that were previously challenging or unprecedented [53]. In cellulose 
hydrolytic hydrogenation, the support is functionalized to not only fulfill the func-
tion of allocating the metallic active components, but also to afford acidic sites 
where cellulose is hydrolyzed. Solid acids are used as support for bifunctional cata-
lytic entities.

The first study of cellulose conversion by solid catalysts to polyols in a single- 
step reaction was accomplished by Fukuoka and Dhepe [54] using noble metal cata-
lyst supported over a solid acid. In particular, different bifunctional Pt/Al2O3, Pt/
SiO2-Al2O3, Pt/HUSY, and Ru/HUSY catalysts were used at 463 K and 5 MPA H2, 
during 24 h, achieving around 30% yields of hexitols, with sorbitol being the main 
product. Noble metal catalysts participate in the hydrogenation reaction and also 
play a solid acid role in cellulose hydrolysis. The acid sites are created from both the 
acidic supports as well as generated by hydrogen atoms spilling over metallic cata-
lysts to the support surface [55].

Several catalytic reaction systems have been successfully established using acid 
catalyzed hydrolysis coupled with metal-catalyzed hydrogenation/hydrogenolysis 
[56]. Multiple reactions take place in cellulose one-step hydrolytic hydrogenation/
hydrogenolysis, involving polysaccharides hydrolysis, sugar isomerization, hydro-
genation, retro-aldol condensation, decarbonylation, polymerization, and some 
other side reactions. Products resulted from these reactions can vary from C6 to C2 
polyols, including, sorbitol, mannitol, glycerol, 1,2-propylene glycol, and ethylene 
glycol. The distribution of the final polyol products strongly depends on the type of 
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catalyst, reaction conditions and kinetics of the major reactions that occur in the 
process. Cellulose hydrolysis is the rate-determining step of the process. The prod-
uct distribution for this case could be controlled by the balance between the rates of 
cellulose hydrolysis and glucose hydrogenation/hydrogenolysis [30]. Table  6.2 
summarizes possible catalytic systems used, conditions and product diversity that 
can be performed in a single-step cellulose hydrolysis/hydrogenation reaction sys-
tem to obtain polyols.

Mineral acids such as phosphoric acid or sulfuric acid can be introduced in a 
reaction system where hydrogenation is enabled by noble metals over a carbon sup-
port. At relative low temperatures (433 K) and short reaction times (5 h) 72% of 
cellulose conversion can be obtained at 5 MPa of H2 [57]. A synergic effect has been 
observed between combinations of acids with metal supported catalysts, emphasiz-
ing the supporting effect of the metal catalyst in the hydrolysis of cellulose. Other 
acids have been proposed in the literature to promote hydrolysis of cellulose over 
metal catalyst, since mineral acids as HCl [58] or heteropolyacid (HPA) could reach 
99% cellulose conversion. For instance, H3PW12O40 and H4SiW12O40 were selected 
by Geboers et  al. [59], compounds that allow their recovery for further reuse in 
extraction and recrystallization.

In spite the advantage of liquid acids, their main drawback is the restriction of 
their reuse as consequence of the problems in the recovery of the acid. Subsequently, 
solid acids have been proposed to solve this problem, since these compounds are 
able to be reused after their easy separation by filtration once reaction is finished. 
Besides their easy separation from the reaction system, other advantage is that the 
specific solid acid present higher acid density than even H2SO4 [60] avoiding prob-
lems, such as equipment corrosion or neutralization of waste streams. Different 
components have been studied in the literature with the purpose, being to exploit the 
advantages of the higher acid density of solid acids (Table 6.2).

Subcritical water has been proposed as agent to promote acids formation in situ, 
due to the higher concentration of both protons and hydroxyl ions above 473 K, 
which are able to promote cellulose hydrolysis [61]. The concentration of protons 
and hydroxyl ions vary according to the ion product of water (Kw), being water 
neutral when temperature is reduced again to room temperature. Several studies 
have been developed following the principles of this approach, in which tempera-
ture is raised above 500  K, using different catalysts. The resulting sugar then 
 undergoes hydrogenation over transition metal catalysts. This reaction principle 
was used by Tai et al. [62] highlighting the effect of temperature over cellulose con-
version, which can achieve a 100% yield or conversion value at 518  K in only 
30 min.

The reusability of these catalysts constitutes one of the main challenging issues 
to overcome. In spite of having a relatively good stability, long-term use of the cata-
lyst undergoes activity decay. The Brønsted acid sites on the oxide support surface 
gradually leach into the hot aqueous solution. Additionally, hot water transforms 
oxide supports into hydroxide support, leading to block the pristine structure and to 
the loss acidic sites. As an alternative, acidic carbon materials have been proposed 
to address this issue. The higher strength of carbon allows them to bear harsh tem-
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peratures and make them more suitable for hydrothermal conditions. Furthermore, 
the surface of carbon materials can be modified to have many OH and carboxyl 
groups. These weak acidic sites promote the activation of cellulose cleavage by the 
activation of the glycosidic bonds [31, 63].

Cost is a clear constraint to scale-up many processes industrially. The amount of 
precious metals required for cellulose conversion is considered as 4–10 g per kg of 
cellulose. To transform large quantities of cellulose, cheap catalysts have to be pro-
posed. In this line, carbides from Groups-6 metals show catalytic activities similar 
to those of Pt group metals when hydrogen is also involved in the reaction [54, 64]. 
For this reason, Zhang et al. [65] use carbide catalysts for biomass conversion at 
similar conditions than Liu et al. [66]. The approach lead to the production of EG as 
the main product of the reactions instead of hexitols which were obtained in previ-
ous works. Cellulose was totally converted over a catalyst from a combination of Ni 
with tungsten carbide over activated carbon reaching 61% of EG yield formation at 

Table 6.2 Examples of cellulose conversion to polyols with bifunctional catalysts

Catalyst Product (% Yield) Temp (°C) P(H2) (MPa) Time (h) References

Ru/H-USY SUA (60) 190 5 13 [34]
SOT (33)

Ru/C SOR (33.2) 160 5 5 [57]
SOT (13.6)

Ru/C-H4SiW12O40 SUA (85) 190 5 1 [59]
SOT (15)

Ru/C SUA (46) 245 6 0.5 [55]
SOT (13.4)

WCx/MC EG (72.9) 210 5 0.5 [75]
SOR (1.2)
MAN (1.4)

Pt/Al2O3 SOR (21) 190 6 24 [54]
MAN (6)

Ni/CNF SOR (29.8) 210 6 4 [63]
MAN (5)
PG (4.3)
EG (4.6)

Pt/BP2000 SOR (49) 190 5 24 [76]
MAN (9)

Ni-WO3/SBA-15 EG (70.7) 235 6 6 [77]
PG (5.9)

M(8,9,10)-W/SBA-15 EG (76.1) 245 6 0.5 [67]
PG (3.2)
SUA (8)

Ru-Fe3O4-SiO2 EG (19) 255 6 0.83 [74]
PG (20)

Notes: SUA sugar alcohols, SOT sorbitan, SOR sorbitol, MAN mannitol, EG ethylene glycol, PG 
1,2-propylene glycol
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518 K for 30 min reaction time. This involves not only the hydrolysis of cellulose 
but also a C-C bond cleavage that leads to EG generation after the hydrogenolysis 
reaction. Afterwards, several research works have optimized the process for EG 
production, achieving yields around 75% [44, 67]. The reaction mechanism shows 
that oligosaccharides and glucose derived from cellulose hydrolysis undergo retro- 
aldol condensation catalyzed by dissolved tungsten species to form glycol alde-
hyde, which is further hydrogenated into EG over the bifunctional catalyst. The 
product distribution could be adjusted by monitoring the balance among the reac-
tions of hydrolysis, retro-aldol condensation and hydrogenation [68].

As it was previously mentioned, the rate-determining step of cellulose conver-
sion into polyols is the hydrolysis of cellulose. To reduce the influence of this step 
in the final yields, pretreatment of cellulose to decrease its crystallinity index has 
been studied by enhancing the contact between substrate and catalytic agents. 
Higher sugar alcohols yield was reached using ball-milled pretreated cellulose by 
Geboers et al. [59] in comparison with not pretreated cellulose, being hexitols yield 
92%. Indeed, this pretreatment can be applied not only to cellulose substrate but 
also to catalyst. Ribeiro et al. [69] combined ball-milling pretreatment of cellulose 
together with the catalyst for 4 h. Sorbitol yield of almost 70% was achieved after 
1 h reaction.

Among the noble metals Ruthenium-containing catalysts are considered the 
most active compounds for developing this reaction. Therefore, the recovery of the 
catalyst plays a role in demonstrating the economic feasibility of this process. One 
strategy is to dope the support with paramagnetic materials so that the catalysts can 
be retrieved easily after reaction [70]. In this line, precious metals can be conserved 
for using in further reaction increasing their lifetime. Ru-containing magnetically 
recoverable catalysts are used in olefin metathesis, azide − alkyne cycloaddition, 
hydrogenation, oxidation, and nitrile hydration reactions [71]. Magnetically recov-
erable catalysts have been reported for transformations of cellulose to glucose [72] 
and to sorbitol [73]. In most cases, magnetically recoverable catalysts are formed by 
functionalization of magnetic non-entities with ligands followed by the formation 
of catalytic complexes or nanoparticles. As an example, Manaenkov et al. [74] used 
Ru in magnetic mesoporous Fe3O4/SiO2 to produce EG and PG in yield of 19% and 
20% respectively at 528 K for 50 min reaction time and 60 bar hydrogen pressure. 
The activity, selectivity as well as the excellent stability of the Ru/Fe3O4/SiO2 cata-
lysts significantly exceed from those commercial Ru/C catalysts previously reported.

6.4  Conversion of Noncellulosic Part of Biomass to Polyols

Lignocellulosic biomass is considered to be the most abundant organic carbon 
source and has been broadly examined lately as a potential renewable feedstock for 
the production of valuable chemicals [78]. It is known that lignocellulosic biomass 
is mainly composed of three fractions, namely, cellulose, hemicellulose and lignin. 
In this section the valorization of the hemicellulose and lignin parts for obtaining 
polyols will be presented.
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6.4.1  Transformation of Hemicelluloses into Polyols

The extraction of hemicellulose from lignocellulosic feedstock is mainly carried out 
by hot water extraction (autohydrolysis) [79] due to its simplicity and environmen-
tal friendliness. Other methods such as acid hydrolysis, alkaline solvent extraction 
[80]; aided in some cases by mechanical treatments e.g. extrusion [81] and biologi-
cal processes involving enzyme utilization [82] can be found in the literature.

Once the oligomeric units of hemicelluloses are isolated, they can be broken 
down into the monomeric sugars, yielding several value-added chemicals after-
wards. For this reason, hemicellulose transformations are attracting much attention 
lately. This section will be focused on the hemicelluloses conversion process into 
polyols. This process is composed of two reactions namely transformation of hemi-
celluloses oligomers into monomeric sugars and monosaccharide conversion into 
polyols. These two reactions can be carried out several different ways, as shown in 
the next sections.

6.4.1.1  Hemicellulose Oligomer Transformation into Monomeric Sugars

This step is normally carried out by acid hydrolysis of the previously extracted 
hemicelluloses. Throughout this reaction, the glycosidic bonds between the differ-
ent units are cleaved. If the hydrolysis is complete, then the oligomeric units totally 
split to yield the respective monosaccharides [83]. The process proceeds analo-
gously to that of the celluloses, but it is favored by the non-crystalline and branched 
structure of hemicellulose [84].

The approach employed for converting cellulose into glucose, has been applied 
to hemicelluloses conversion into monomeric sugars. Mineral acids such as sulph-
uric acid, hydrochloric acid or phosphoric acid can be used [85]. Enzymes can also 
be utilized for the reaction [86]. To overcome the issues associated with these meth-
ods, solid heterogeneous acid catalysts can be used. Some examples such as zeolites 
or clays [87] and metal oxides [88] can be found in the literature.

6.4.1.2  Monosaccharides Conversion into Polyols

Several different monosaccharides can be produced from the previous reaction 
depending on the source of hemicelluloses and conditions of the hydrolysis. 
However xylose, arabinose and galactose are the main ones in the literature. These 
sugar monomers are interesting since they are valuable platform chemicals for the 
production of fuels and specialty products [88]. The main path for their valorization 
is the catalytic hydrogenation of the monomeric sugars to stable polyols. These 
polyols, xylitol, arabinol and galactitol mainly, are well-integrated in the current 
chemical market and they serve as a potential feedstock for other chemicals as well 
[89]. The hydrogenation reaction is normally carried out in presence of a reductant 
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and a metallic catalyst promoting the formation of sugar alcohols. Commonly, 
hydrogen gas is used the reaction as reductant but recently, other hydrogen sources 
like alcohols have been proposed [90]. Regarding the catalyst, the most commonly 
used type is Raney® nickel [91] due to its low price, ease of use and good activity 
[92]. However, it deactivates quickly due to leaching and poisoning, requiring addi-
tional purification steps [93]. Alternatively, Raney nickel can be replaced by noble 
metals like Ru, Rh and Pd, which have good activity. From all these metals, Ru has 
been reported to be the most efficient [94] with little or no deactivation [95].

The previous two reactions are generally carried out in separate stages, resulting 
in laborious, cost- and energy-intensive and environmentally unfriendly steps [96]. 
In contrast single-step hydrolytic-hydrogenation processes have been proposed as 
shown in Fig. 6.2 In this figure the main monosaccharides and sugar alcohol pro-
duced from hemicellulose are presented.

This process is an attractive alternative since allows conversion of polysaccha-
rides such as hemicellulose into monomeric sugar units and sugars alcohols, in the 
presence of a hydrogen source and using water as solvent [97]. The process is car-
ried out in a single-step using a selective heterogeneous bifunctional catalyst which 
can be eliminated afterwards by liquid filtration. Such a catalyst has the advantage 
of avoiding furan formation which promote the sugar dehydration [98]. The cata-
lysts should have large enough pores and a porous structure to reduce pore blockage 
and mass transfer limitations [99]. It is also important that the catalyst be bifunc-
tional to achieve selective conversion into monosaccharides first, and then to sugar 
alcohols later. One bifunctional catalyst is referred to as dual acid-metal sites. On 
the one hand, the acid sites are said to favor the hydrolysis step, whereas the metal 

Fig. 6.2 Reaction scheme for single-step hydrolytic hydrogenation of hemicellulose into polyols
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sites promote the hydrogenation reaction [83, 99]. The necessity of a good balance 
between the two catalytic functions to obtain a proper overall productivity of the 
desired products should be taken into account [99]. In Table 6.3 several processes 
reported in the literature for the conversion of hemicellulose into polyols following 
this methodology are presented.

As it can be seen from the Table 6.3 there are several works in the recent years 
dealing with this conversion process. The majority of them use specific hemicellu-
lose polysaccharides as substrates in comparison to the ones using real biomass. 
Nevertheless, the future trend is to develop an integrated biorefinery.

6.4.2  Transformation of Lignin into Polyols

Lignin also constitutes one of the main components of terrestrial biomass. However 
compared to hemicelluloses or cellulose, it has a much more complex nature and 
heterogeneous composition [104]. Owing to that, there is not a detailed knowledge 
of its native structure and linkages.

Regarding lignin isolation from biomass, much research has been carried out 
over the years and several methods of extraction have been tested. The main indus-
trial isolation techniques currently are the sulphite method [105], the soda method 

Table 6.3 Selected works on the conversion of hemicellulose into sugars and sugar alcohol via 
one-pot hydrolytic/hydrogenation with bifunctional catalysts

Catalyst Substratea H agent Polyol product
Temp 
(°C)

Time 
(h)

Yieldb 
(%) References

Ru/H-USY AXc H2 Xylitol Arabitol 160 5 90 [100]
Ru/C + H2SO4 Xd C3H8O Xylitol 140 3 >80 [96]
Ru/C+ H3PW12O40 AX C3H8O Xylitol Arabitol 140 3 82 [101]
H/β-11 + Ru/β- 11 AGe H2 Arabitol 

Galactitol
185 2.5 <10 [83]

Ru/C SBFf (A)g H2 Arabitol 155 24 83 [102]
Ru/MCM-48 AG H2 Arabitol 

Galactitol
185 24 30 [99]

Ru/C-H2SO4 AG H2 Arabitol 
Galactitol

185 2 <10 [98]

(Pt/BP2000) SGh (X) H2 Xylitol 190 24 14 [103]
aSubstrate of hemicellulose used as raw material in the process of conversion
bMaximum sugar alcohol yield obtained
cAX = arabinoxylan
dX = xylan
eAG = arabinogalactan
fSBF = sugar beet fiber
gA = arabinan
hSG = silver grass
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[106], the Kraft method [107] and the organosolv method [108], with the Kraft 
being the most widely implemented. Each process is based on different chemicals 
and conditions and hence the lignin extracted in each case has a different structure 
and nature [109, 110].

Since lignin structure is characterized by the presence of phenolic and aliphatic 
hydroxyl groups, it can be used for the production of polyols [111]. This is really 
interesting since it could be applied for example to the preparation of polyurethanes 
(PU). Thus, the petro-derived polyols normally used for this kind of polymer can be 
substituted with lignin-derived ones. The application of lignin in products like poly-
urethanes (PU) can be implemented by means of two different approaches i.e. direct 
use of lignin as a polyol substitute [112] and lignin depolymerization or modifica-
tion into smaller polyols [111]. Although the first procedure is possible, it entails 
many difficulties e.g. low reactivity, low replacement ratios and fragile and rigid 
structures. For this reason, the latter method is normally desired as it has fewer 
technical issues. The later method increases reactivity and reduces molecular weight 
of the final polyols, which is convenient for the production of most lignin-based 
polymeric materials [113].

There are several techniques available to depolymerize lignin but in this section 
special attention is given to those that yield polyols as final products. These are usu-
ally characterized by the thermal treatment of lignin, with or without organic sol-
vents, chemical additives or catalysts [110]. The main processes currently used for 
the production of lignin derived polyols are commented on below.

6.4.2.1  Lignin Liquefaction

This process is generally carried out at high temperatures, employing appropriate 
reagents and catalysts that have reactivity towards the lignin. In most of the litera-
ture works, the liquefaction reagents are alcohols such as phenol [114] or glycols, 
e.g. glycerol and polyethylene glycol (PEG) [65, 115]. The catalysts mainly used 
are strong acids like sulfuric acid [116]. In this process the lignin is first degraded 
into fragments of lower molecular weight. Then, the polyols are said to be formed 
by the condensation reactions between the hydroxyl groups of glycerol or polyeth-
ylene glycol (PEG) and those of lignin [117]. In last step fragments of residual lig-
nin are produced due to self-polymerization reactions [118].

There is a trend towards the integration of microwave heating in the liquefaction 
processes [116, 119, 120]. Microwave heating presents several advantages com-
pared with conventional heating, such as reduced reaction times, lower degradation 
of reagents and rapid heating [119]. Microwave heating will be comprehensively 
treated in Sect. 6.5.2.

In Table 6.4, different works related to the lignin liquefaction aiming to produce 
polyols are summarized.
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6.4.2.2  Hydrolytic Depolymerization

Lignin hydrolysis is an attractive method for producing various high value-added 
compounds including polyols. The solvent normally used in this process is water 
alone or in combination with other organic solvents. Moreover, it is carried out 
under pressurized liquid or supercritical state [124] by means of acid- or base- 
catalyzed reactions [125]. The study of the hydrolytic process under acidic condi-
tions has been broadly treated [126, 127]. A variety of catalysts can be used, namely, 
mineral, Lewis and organic acids, zeolites or acidic ionic liquids [128] to cleave the 
α- and β-aryl ether linkages of lignin. However there is inevitable repolymerization 
of lignin intermediate products [129] resulting in high yields of solid residues and 
corrosion-derived problems. Consequently, the use of alternatives such as alkaline 
catalysis or organic solvents is desirable. The former is frequently preferred since 
the use of organic solvents increases the complexity and the cost of the process 
[130].

Yuan et al. [129] reported on the production of low molecular weight polyols 
(Mn ≈  450  g/mol) through hydrolytic depolymerization of Kraft lignin, using a 
water-ethanol mixture, sodium hydroxide (NaOH) as base catalyst and phenol as a 
capping agent. The lignin degradation was almost complete and the solid residue 
was less than 1%. On the other hand, Mahmood et al. [130] achieved a high yield of 
polyols (92%) using only water as the solvent, sodium hydroxide (NaOH) as cata-
lyst and no capping agent. Accordingly, in this case, the residue amount was higher 
(9.8%). An alternative to this approach has been presented recently by Xue et al. 
[124], who achieved a good depolymerization of corncob lignin using a mixture of 

Table 6.4 Selected works on the conversion of lignin into polyols via liquefaction

Lignin Combined reagents Catalyst Temp (°C) Time (min) Yield (%) References

EHLa PEi, glycerol H2SO4 130–170 60–180 97 [115]
BLb PEGj, glycerol H2SO4 160 60 97 [117]
HLc Water, ethanol – 250 60 70 [121]
KLd PEG and glycerol – MW 135 3 – [122]
OOLe PEG and glycerol H2SO4 MW 155 5 99.07 [116]
SLf EJ300 and glycerol – MW 140 2 – [119]
KL PEG and glycerol H2SO4 160 60 – [118]
NSLg PEG and glycerol H2SO4 MW 140 5 97.47 [120]
SBOLh Crude glycerol H2SO4 160 90 – [123]

aEHL: Enzymatic hydrolysis lignin
bBL: Birch lignin
cHL: Hydrolysis lignin
dKL: Kraft lignin
eOOL: Olive organosolv lignin
fSL: Soda lignin
gNSL: Non specified lignin
hSBOL: Sugarcane bagasse organosolv lignin
iPE: Polyethylene
jPEG: Polyethylene glycol
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water and isopropanol (hydrogen donor) and sodium hydroxide (NaOH) as catalyst. 
In this sense, the hydrogen donor appeared to be a good substitute for the capping 
agents to reduce the amount of solid residue.

6.4.2.3  Oxyalkylation

Unlike the other processes, oxyalkylation is based on the modification of the lignin 
structure by means of different alkylene oxides, especially propylene oxide (PO). 
Through this reaction, the hydroxyl groups of lignin, particularly the phenolic ones, 
are extended by the alkylene oxide moieties being less affected by steric and/or 
electronic constraints [131]. The result is the transformation of the solid slightly- 
reactive lignin into liquid reactive polyols with extended structure and exposed 
hydroxyl groups [132].

The oxyalkylation reactions are generally performed in presence of a catalyst, 
mostly a base catalyst such as potassium hydroxide (KOH). Acid catalysts can be 
also employed, although they yield a considerable amount of by-products [133].

The process of lignin modification can be accomplished following two different 
mechanisms i.e. direct oxyalkylation and a two-step reaction with maleic anhydride 
(MA) followed by oxyalkylation.

The former mechanism starts with the catalytic activation of the lignin hydroxyl 
groups yielding an alcoholate. Then, the reaction between the oxirane ring of the 
alkylene oxide and the alcoholate group proceeds, resulting in a chain-extended 
alcoholate compound. The chain extension continues until the depletion of the 
alkylene oxide. The scheme of these reactions is shown in Fig. 6.3.

Oxyalkylation reaction is generally accompanied by other side reactions that 
originate by the homopolymerization and isomerization of the alkylene oxide. Some 
research can be found in the literature regarding this direct method. On the one hand 
Nadji et  al. [134] achieved the conversion of different lignins into polyols using 
propylene oxide (PO) as a chain extender and potassium hydroxide (KOH) as cata-
lyst. These polyols were able to yield rigid polyurethane (RPU) afterwards. On the 
other hand, Kühnel et al. [131] proposed a direct oxyalkylation path using polycar-
bonate (PC) as chain extender instead of propylene oxide (PO). Thus, the risks 
derived from the use of the latter, such as flammability or toxicity, were avoided.

Fig. 6.3 Mechanism for direct oxypropylation of lignin: (1) catalytic activation of hydroxyl 
group. (2) open ring reaction between the alcoholate and the alkylene oxide
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In the two-step method as show in Fig. 6.4, the maleic anhydride is used to trans-
form the lignin phenolic hydroxyl groups into their respective aliphatic carboxylic 
acids [135]. In the second step these carboxylic acids are subjected to oxyalkylation 
in the same way that was presented before. Nevertheless, in this case the modifica-
tion leads to a more branched structure with hydroxyl groups at the end.

The two step oxyalkylation mechanism though, is complex and the presence of 
carboxyl groups (COOH), slow down the oxypropylation reaction [134]. For this 
reason direct oxyalkylation mechanism is often preferred.

Concerning the two-step mechanism (Fig. 6.4) some work has been reported by 
Ahvazi et al. [135] who carried out a comparison between the direct oxyalkylation 
of straw soda lignin and the two-step process. The final results indicated that the 
direct oxyalkylation method was more convenient for the preparation of lignopoly-
ols with a higher aliphatic hydroxyl content than the two step process.

For closure of this section the main applications of the polyols obtained from 
lignin are introduced.

In this section, the importance of the lignin derived polyols was shown to be 
mainly related to their incorporation in the PU preparation. The polyurethanes are 
one of the most versatile classes of polymers in industry and have multiple applica-
tions. Chemically, they are characterized by urethane units resulting from the con-
densation of isocyanates and polyols.

Lignin polyols are currently used in the polyurethanes (PU) production for some 
applications such as foams, elastomers, adhesives or coatings [136]. From all of 
these, they are predominantly used as foams, which represent one of the most 
important commercial applications. Foams are usually classified as rigid, semi-rigid 
and flexible depending on their mechanical and structural properties. The majority 
of the works from the literature have reported the lignin polyols use for rigid and 
semi-rigid polyurethane due to their structure and the crosslink between them and 
the isocyanate groups in the condensation reaction [124, 132, 134, 137].

Fig. 6.4 Mechanism for two step oxypropylation of lignin: (1) lignin reaction with maleic anhy-
dride (MA) yielding the carboxylic acid derivate and (2) open ring reaction between the carboxylic 
acid and the alkylene oxide
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6.5  Advanced Processes

All of the previously mentioned fractionation or transformations could be upgraded 
by advanced processes increasing the yield of product and reducing reaction time. 
There are two key factors that could enhance overall systems. Between the different 
processes, ionic liquids, microwave and ultrasound should be emphasized.

6.5.1  Ionic Liquids

Ionic liquids are classified as green solvents as well as water. They could deal with 
the water solubility issue that there is in cellulose and mass transfer difficulty of 
solid catalysts in heterogeneous hydrolytic hydrogenation. Even the crystallinity of 
cellulose could be addressed once cellulose is soluble in many ionic liquids, which 
would improve the contact between the solid catalysts and cellulose. Examples of 
the use of ionic liquids in hydrolytic hydrogenation/hydrogenolysis of cellulose are 
shown in Table 6.5.

Yan et al. [141] used cellulose as the starting material for studying its catalytic 
conversion over Ru nanocluster catalyst in an ionic liquid ([Bmim]Cl) to obtain 
C6-alcohols like sorbitol, glucose or 3-β-D-glucopyranosyl-D-glucitol. Conversion 
of these products was only of 15%. Nevertheless, the concept established a new 
opportunity for the transformation of cellulose into valuable chemicals, such 
bio-oils.

Cellulose could be completely converted into a mixture of C6 sugar and alcohols 
(cellulose conversion 57%, selectivity of the products: glucose 43%, sorbitol 29% 
and mannitol 5%) in the ionic liquid [Bmim]Cl as the solvent in the presence of the 
homogeneous catalyst of ruthenium [138].

Zhu et  al. [139] reported the formation of a conjugated complex between an 
ionic  liquid moiety and boric acid and a binding that could stabilize ruthenium 

Table 6.5 Ionic liquids used in the hydrolytic hydrogenation/hydrolysis of cellulose

Ionic liquid Catalyst Product (% Yield)
Temp 
(°C)

P(H2) 
(MPa)

Time 
(h) References

[Bmim]Cl Ru/C GLU (43), SOR 
(29), MAN (5)

150 3.5 24 [138]

[Bmim]Cl HRuCl GLU (14), SOR 
(29)

150 3.5 24 [138]
(CO)
(PPh3)3

[THTdP]DbS 
and [Bmim]Cl

Ru SOR (94) 80 – 5 [139]

– Ru/
[Bmim]3PW12O40

SOR (70.3) 245 6 0.5 [140]

Notes: GLU glucose, SOR sorbitol, MAN mannitol, [Bmim]Cl 1-Butyl-3-methylimidazolium 
 chloride
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 nanoparticles catalyst employed for example in the hydrogenation of cellulose into 
hexitols. They demonstrated that the yield of sorbitol, with sodium formed as the 
hydrogen source, was improved to 94% running the reaction for 5 h at 80 °C.

Xie et al. [140] successfully dispersed Ru in an insoluble hybrid material of ionic 
liquid [Bmim][PF6]/heteropolyacid (H3W12O40 nH2O) hybrid support. On this cata-
lyst, the Ru sites for hydrogenation combine both Lewis and Bronsted acidic sites 
for hydrolysis, which could be able to convert microcrystalline cellulose into sorbi-
tol with a conversion of 63.7% and selectivity of 70.3% at 433 K with 5 MPa H2 in 
24 h.

6.5.2  Microwave

Microwaves (MW) can interact with polar molecules very efficiently to allow rapid 
heating of solutions so that reactions can be carried out more quickly and with better 
yields and selectivity. The dipole rotation and ion conductivity are the two main 
phenomena causing MW dielectric heating. The dipole rotation is an interaction in 
which polar molecules try to align themselves in the electric field. In conduction, as 
the dissolved charged particles oscillate back and forth under the influencing micro-
wave field, they collide with neighbor molecules, causing movement that heat up 
materials.

The MW can penetrate lignocellulosic materials and the energy can be absorbed 
throughout the volume of the materials. Water contained in lignocellulosic materials 
absorbs the MW irradiation extremely well and this is the main reason why MW is 
an efficient way to study the lignocellulosic pretreatments respect to those over 
conventional heating methods [142].

Among thermochemical processes, pyrolysis has been extensively investigated 
during the last decades for biomass valorization ranging from organic residues to 
plastics and many others. However, this process still faces some technical chal-
lenges in terms of improving yield and quality of the products and increasing energy 
efficiency of the process. The microwave technology is a promising attempt to 
resolve these challenges, because of a rapid and efficient heating and a better control 
of reaction parameters, such as time, temperature and power enhancing biomass 
conversion [3].

Zhou et al. [82] proposed a method in which the hydroxymethyl groups of glu-
cose units of the cellulose chain are converted to carboxyl groups by a preoxidation 
step using air as oxidant. The carbonyl sites act as catalytically active sites both for 
cellulose depolymerization during pretreatment and the subsequent hydrolysis of 
cellulose to glucose. To prove the efficiency of the peroxidation-hydrolysis method, 
the hydrolysis of microcrystalline cellulose (MCC) was investigated under different 
conditions. The results revealed a 65.5% of selectivity and 25.2% yield of glucose 
at 170 °C for 8 h for MCC oxidized my air. They also investigated alternative path-
ways for the cellulose depolymerization by for example MW.  The direct MW 
assisted hydrothermal depolymerization of microcrystalline cellulose gave 21% 
yield with 36% selectivity of glucose in water at 250 °C for 1 h.
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6.5.2.1  Microwave-Assisted Solvolysis Technique

Due to its fast heating rate and high heating efficiency, microwave heating technol-
ogy has been attracting attention for lignin solvolysis.

Gu et  al. [143] investigated the application of Lanthanum-containing SBA15 
mesoporous molecular sieves into lignin microwave-assisted catalytic oxidation 
with hydrogen peroxide as oxidant. The maximum yield of vanillin 9.94% and for 
syringaldehyde 15.66% was accomplished after 10  min of reaction time at 
200 W. The same conditions with non-catalyst gave rise to only 0.38% yield of 
vanillin and 0.52% yield for syringaldehyde.

In the work of Shen et al. [144] acidic solvolysis of lignin performed by formic 
acid under microwave heating was investigated with the addition of modified HUSY 
catalyst. HUSY zeolites were modified by oxalic acid with different concentrations. 
The acidic solvolysis of lignin at set conditions of microwave reactor (power: 
600 W; reaction temperature: 130 °C and reaction time: 30 min), was notably pro-
moted with the addition of HUSY catalyst, achieving the maximum values of 
15.36 wt% for bio-oil-1 and 67.52 wt% for bio-oil-2; when modified HUSY catalyst 
by 0.2 mol/L of oxalic acid (HUSY-0.2 M) was used. They observed that the pro-
duction of aromatic monomers in the bio-oil-1 was supported by addition of HUSY 
catalyst and among those catalysts HUSY-0.2 M with its appropriate pore structure 
(averagely 2.45 nm) and acidic site distribution (Si/Al ratio) was the preferable one. 
Likewise, the production of aromatic oligomers in bio-oil-2 was ameliorated with 
the addition of HUSY catalysts.

Toledano et al. [145] studied microwave-assisted lignin depolymerization in for-
mic acid or tetralin catalyzed by different supported metal nanoparticles on meso-
porous Al-SBA-15, including-nickel, palladium, platinum and ruthenium. MW 
conditions were set at 400 W with a reaction time of 30 min for all experiments and 
a reaction temperature of 140 °C. The highest bio-oil yield (30%) using formic acid 
as hydrogen donor was obtained when nickel based catalyst (Ni10%AlSB) was uti-
lized in lignin hydrogenolysis. However, palladium-based catalyst exhibited the 
lowest oil yield (5%) in spite of its excellent hydrogenation properties. The main 
monomeric products in tetralin experiments were mesitol and syringaldehyde.

6.5.3  Ultrasound

Ultrasound is a mechanical acoustic wave that induces cavitation and secondary 
effects in which high energy is imparted to the reaction medium. In a standard 
dynamic process of cavitation bubbles, solvent vapors containing microbubbles are 
generated that grow and undergo radical motions as acoustic energy propagates 
through the liquid medium. These microbubbles, that can be stable or transient, 
grow to a maximum of 4–300 μm in diameter. With low acoustic intensity, the radius 
of microbubbles periodically and repetitively expands and shrinks within several 
acoustic cycles. When the resonant frequency of bubbles exceeds the one of 
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ultrasound field, bubbles collapse within several nanoseconds, which create special 
physical and chemical effects, and enhances thermochemical/biochemical reactions 
or treatment [33].

The use of sonochemistry has been applied to many chemical, physical and bio-
logical processes. Irradiation of the medium with ultrasound, which generates pres-
sure waves, could be regarded as providing of a particular type of energy into the 
system. Acoustic waves can break the cohesion of a liquid, creating micro cavities. 
The cavities are actually micro bubbles that following the sound wave grow until 
becoming unstable. At that point drastic conditions inside the medium are created 
caused by the collapse of bubbles. Under such harsh conditions, molecules can 
undergo different fragmentation mechanisms to form free radicals [146]. Even if the 
mechanisms are not fully understood it is accepted that low frequency reactions 
(20–80  kHz) would suffer from physical effects, while high frequency reactions 
(150–2000 kHz) would lead to radical production [147].

Behling et al. [147] performed the catalytic oxidation of vanillyl alcohol to vanil-
lin under milder reaction conditions than those generally used in literature. Working 
under mild condition (hydrogen peroxide, low temperature, ambient pressure) while 
promoting the mass transfer in a heterogeneously catalyzed system, required the 
employment of specific activation methods, such as ultrasound irradiation. 
Ultrasound generated in aqueous medium indeed favored the production of hydroxyl 
radicals through in situ formation of H2O2, as well as the increase of mass transfer 
between the Co3O4 catalysts and the organic substrate. Vanillin alcohol conversion 
of 38% was reached after only 15 min of reaction time under ultrasound conditions 
with selectivity to vanillin of 50%. The ultrasound-assisted H2O2 catalytic oxidation 
of vanillyl alcohol to vanillin in water proved to be faster (4x), more selective (2.3%) 
and more efficient (2.7%) than the corresponding reaction under silent conditions.

6.6  Conclusions and Future Outlook

In this chapter, a review on catalytic cascade production methods for polyols start-
ing either from biomass or its fractions has been provided. Initially a two-step pro-
cess was used in the conversion of cellulose to polyols. However in the last decade 
some research works have been performed in a single-step approach. In this context, 
bifunctional catalysts have great importance as they can develop the hydrolysis and 
hydrogenation/hydrogenolysis stages simultaneously, directly converting cellulose 
to polyols throughout its monomeric sugar (glucose). Hemicelluloses followed the 
same pathway as cellulose using hydrolysis process for the formation of polyols. 
Nevertheless in this case, a wider range of polyols can be obtained as the mono-
meric sugars which come from hemicelluloses is more heterogeneous. For instance, 
C5 sugars could lead to xylitol production. In the case of lignin liquefaction, hydro-
lysis and oxyalkylation are the main used methods in the transformation of lignin 
into polyols. Lignin liquefaction is the degradation into lower molecular weight 
fractions followed by the condensation between the hydroxyl groups of glycerol or 
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polyethylene glycol and the ones of lignin to form polyols. Lignin hydrolysis 
towards polyols has the disadvantage of repolymerization due to the reactive frag-
ments that are formed after the depolymerization that are deal with the addition of 
capping agents to the reaction. Finally the oxyalkylation is the modification of the 
lignin structure by different alkyne oxides. The all process could be enhanced with 
the use of ionic liquids which help on the solubilization of the crystalline part of 
cellulose, microwave and ultrasound. As a future line of research, the improvement 
of bifunctional catalysts in terms of their lifetime and reusability as well as their 
activity should be studied. Furthermore, the replacement of precious metal by other 
cost effective catalyst systems, based on transition metal needs to be addressed to 
guarantee the economic feasibility of the process. Finally, intensification of cata-
lytic cascade process should be studied to detect advantages and drawbacks for 
further scale-up to an industrial level.
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Chapter 7
Production and Upgrading of γ-Valerolactone 
with Bifunctional Catalytic Processes

Laura Prati, Andrea Jouve, and Alberto Villa

Abstract The production of γ-valerolactone (GVL) is mainly based on the hydro-
genation of levulinic acid (LA) which has been identified as one of the top abun-
dant, renewable building-block biomass compounds by the US-DOE. LA can be 
prepared by dilute acid- catalyzed hydrolysis of cellulose. GVL can be used as sol-
vent, as an electrolyte, but also as a starting material to produce chemicals and fuel 
additives in a similar capacity to ethanol. It can be converted to liquid fuels, namely 
valeric biofuels (mixture of pentanoic acid PA esters), liquid alkanes or to high-
value precursor to bio-polymers such as 1,4 pentanediol, or alkyl pentenoates.

Heterogeneous catalytic processes able to transform LA into GVL have been 
studied for a long time in terms of metal (Ru, Cu….), support (activated carbons, 
CNT, oxides) and conditions (solvent, temperature, pressure). It has been also 
shown that by adding an acidic co-catalyst, such as niobium phosphate or oxide, to 
Ru/AC it is possible to speed up the reaction rate under mild reaction conditions 
(70  °C, 3 bar of H2 pressure) keeping selectivity >98% toward GVL. Moreover, 
coupling acidity and Meerwein-Verley-Ponndorf reduction (MPV), GVL can be 
obtained avoiding the use of molecular hydrogen or precious metals. Under more 
severe conditions (200 °C and 40 bar of H2 pressure) Ru supported on acidic sup-
ports (H-beta or ZSM-5) or Pd on Nb2O5 promotes ring opening and hydrogenation 
of GVL to PA. The major limitation of heterogeneous catalysts applied to this reac-
tion is the low catalyst stability, that can be overcome with proper design.

The chapter reviews the impact of catalyst design on the activity and the selectiv-
ity to LA transformation with particular attention to the production of specific, 
important products such as GVL and valeric fuels.
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7.1  Importance of GVL and Its Derivatives

The progressive replacement of fossil resources with renewable ones, is seen as one 
of the topics of major urgency in the last decade. One of the most abundant renew-
able raw materials is lignocellulosic biomass which is therefore the most studied 
source for the production of fuels and chemicals [1–3]. However, the high oxygen 
content present in the biomass has to be removed to develop biomass-based pro-
cesses [4–7].

One of the most appealing ways to lower oxygen content in lingo-cellulosic bio-
mass has been shown to be the transformation of the raw material into an intermedi-
ate such as levulinic acid (LA) [8], which has a low oxygen content and can be 
catalytically transformed into fuels and chemicals (Fig. 7.1). In fact, LA has been 
recognized one of the top-12 building blocks by the US-DOE [9] for sustainable 
chemical production.

Cellulose can be hydrolyzed into the monomer (glucose) by acid catalysis 
(H2SO4) which under hydrothermal conditions is dehydrated to hydroxymethyl- 
furfural (HMF). The hydrolysis of HMF then produces LA. In this latter reaction, 
formic acid is co-produced as a low-value product used for formaldehyde produc-
tion or for plasticizers, but it can be also be used as a H2 source.

Biofuel γ-valerolactone (GVL), 2-methyltetrahydrofuran (MTHF), pentanoic 
acid (PA) and high value chemical intermediates such as 1,4 pentanediol, or alkyl 
pentenoates which are precursors of bio-polymers, can be produced by hydrogena-
tion of levulinic acid (LA) in a cascade of hydrogenation/reduction or hydrogenoly-
sis and dehydration reactions (Fig. 7.2). The sequence and the occurrence of these 
reactions determine the selectivity of the process.

The sequence is affected by the nature of the catalyst employed and the reaction 
conditions. In particular, it can be seen that acid sites promote dehydration, Lewis 
acid sites in the presence of H-donors promote MPV reduction, and metallic sites 
promote hydrogenation. The complexity of the reaction pathways has therefore led 
to the introduction of multifunctional catalytic systems able to enhance the selectiv-
ity to the desired product.

GVL can be used as solvent, or as an electrolyte, or to produce chemicals and 
fuel additives in a similar capacity as that of ethanol. GVL holds important charac-
teristics as an ideal sustainable liquid: it does not hydrolyze under neutral condi-
tions and it is stable in air for long periods of time without formation of peroxide 
[10, 11]. Dumesic et al. showed that using GVL as solvent (90 wt% in water) hydro-

Fig. 7.1 Production of fuels and chemicals from cellulose
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lysis of cellulose in the presence of Amberlyst 70 can be speeded up and the selec-
tivity to LA increases to 69% compared with 20% in water for the reducing 
formation of humins [12, 13]. Moreover, GVL does not form azeotropes with water, 
thus being more attractive and economically advantageous than ethanol as a fuel 
additive. A 10%v/v GVL or EtOH mixture with a 90%v/v gasoline has very similar 
fuel properties [14]. However, GVL has been shown to have blending limitations 
when used in conventional combustion engines thus making it more attractive to 
convert GVL into alkyl valerate esters (valeric biofuels) or liquid alkanes.

7.2  Production of γ-Valerolactone

GVL is mainly produced from LA even though there have been some attempts to 
obtain it directly from cellulose [12, 13]. In this section, attention is on the synthetic 
pathways from LA, as the direct use of cellulose is affected by technological issues 
such as the accessibility of the 1,4-beta glucosidic bond which should be hydro-
lyzed or the high production of humins, which are dark brown inhomogeneous, 
insoluble compounds derived from condensation pathways. These latter compounds 
are undesirable not only because they decrease the yield of useful products, but also 
because they deposit on the surface of catalysts thus interfere with the active sites. 
It should be noticed that the use of GVL as a reaction medium has been shown to 
reduce humins formation during the hydrolysis of cellulose [12, 13].

Some initial attempts have been made to use homogeneous reaction systems. The 
homogeneous catalytic conversion of LA to GVL has been shown to be very effi-

Fig. 7.2 Different hydrogenation/dehydration pathways for levulinic acid (LA)
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cient and selective [15, 16] but the recycling of the catalyst presents several draw-
backs. A possible solution was shown to be the use of biphasic systems [17, 18] 
typically constituted by water and an immiscible organic solvent and water soluble 
Ru-complexes bearing ligands such as sulphonated phosphine [19]. Even, though 
the results obtained are promising in terms of activity and selectivity, heterogeneous 
catalytic materials still represent the best choice from an industrial point of view 
due to their easy recovery and reusability (Table 7.1). Therefore, a lot of effort have 
been spent in studying heterogeneous catalysts and their performance to establish 
the influence of solvent, reaction conditions and more specifically the effect of the 
supporting materials. The main challenge, however, still is the design of the catalyst, 
which has to be selective for the desired product, stable in performance, recyclable 
and inexpensive.

The disclosure of the reaction mechanism represents a crucial role. Jesse and 
coworkers studied the hydrogenation of LA in the presence of Ru/C catalysts in 
detail [20, 21]. A cascade of reactions involving reduction and dehydration steps 
take place, under acidic conditions, with the order of these steps determining the 
overall reaction pathway (Fig. 7.3).

Levulinic acid (LA) can be reduced to 4-hydroxypentanoic acid (HPA) that read-
ily forms the thermodynamically favored lactone GVL by acid catalyzed dehydra-
tion (pathway B) [22]. Alternatively, LA can be converted to angelica lactone (AL) 
via an endothermic dehydration followed by reduction to GVL (pathway A) [23]. 
This latter pathway becomes more and more important at high temperatures and in 

Table 7.1 Hydrogenation of levulinic acid to γ-valerolactone (GVL)

Entry Catalyst Solvent Temp (°C) P(H2) (bar) Yield (%) References

1 Ru/Al2O3 Water/supercritical 
CO2

200 200 >99 [25]

2 Ru/AC +Nb2O5 Water 70 3 57 [26]
3 Ru/AC Dioxane 150 34.5 72 [27]
4 Ru/AC Water 265 N.D. 99 [28]
5 Ru/AC MeOH 160 N.D. 91 [29]
6 Ru/hydroxyapatite Water 70 5 99 [31]
7 Pd/hydroxyapatite Water 70 5 23 [31]
8 Pt/hydroxyapatite water 70 5 37 [31]
9 Ru/ H-β zeolite Dioxane 200 5 40 [32]
10 Ru/OMC Water 70 7 99 [33]
11 Raney Ni Iso-propanol 100 15 83 [37]
12 Ru/SiO2 Supercritical CO2 200 48 94 [25]
13 Pd/NiO-SiO2 Water 30 10 82 [39]
14 Ni-Fe/

montmorillonite
Iso-propanol 200 34.5 97 [40]

15 Cu-Fe oxide Water 220 9 91 [41]
16 Cu-Cr oxide Water 220 9 89 [42]
17 Cu-ZrO2 Water 200 34.5 100 [44]
18 Mo2C Water 180 30 85 [48]
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the presence of an acidic medium. Dehydration can be catalyzed by acid whereas 
reduction can be performed in the presence of H2 (catalytic hydrogenation) or in 
presence of an H2-source molecule (MPV reduction). In the case of hydrogenation, 
a transition metal is generally required whereas MPV is catalyzed by the presence 
of Lewis acid sites [24]. The advantages in using MPV route is therefore to avoid 
the presence of precious metal (such as Pd, Ru, and Pt) and the presence of large 
quantities of gaseous H2 constituting an advantage in terms of cost and safety. Over 
Ru/C, it has been shown [25, 26] that at low temperatures the rate of GVL formation 
appears to be controlled by the intramolecular esterification of HPA, whereas at 
high temperatures, mass transfer limits the hydrogenation rate. Therefore, LA can 
be hydrogenated at near room temperature following pathway B (Fig.  7.3) with 
bifunctional catalysts that exhibit hydrogenation functionality and acidity as being 
applicable for LA transformation to GVL.

The Ru-based catalysts have been investigated in detail taking into account dif-
ferent reaction environment (neat, water, organic solvent, supercritical CO2) and 
supports. Ru on Al2O3 was tested as catalyst for GVL production at 200 °C and 
20 MPa in water/supercritical CO2 and gave a conversion over 99% with full selec-
tivity to GVL [27].

It has also been shown that by adding an acidic co-catalyst, such as niobium 
phosphate or oxide to Ru/AC, that it is possible to speed up the reaction rate under 
mild reaction conditions (70 °C, 3 bar of H2), keeping selectivity >98% towards the 
GVL product even the yield appears lower (57%) [28] Ru on activated carbon in 
dioxane at 150 °C and 34.5 bar of hydrogen yields to 72% of GVL in 2 h [29] or at 
265 °C to 99% in 50 h [30]. In MeOH at 160 °C, Ru/C is very active leading to 91% 
yields of GVL in only 1.5 h [31] Ru nanoparticles of around 3 nm supported on 
DOWEX 50WX2-100 gel-type resin show a very high activity for LA transforma-
tion to GVL [32]. Another supporting material for Ru particles is hydroxyapatite 
[33] which is very active even under mild conditions (70 °C, 5 bar of H2 in water or 
water/toluene) producing up to 99% yields of GVL. On the same support Pd and Pt 
nanoparticles produce 23 and 37% yields of GVL respectively. Acidic supports such 
as H-β zeolite or H-ZSM5 (200 °C, 5 bar of H2 in dioxane) on the contrary do not 
perform well as Ru supporting materials gave GVL yields of around 40% even 

Fig. 7.3 Levulinic acid (LA) to γ-valerolactone (GVL) transformation: pathway A, dehydration of 
LA to angelica lactone (AL) followed by reduction to GVL; pathway B, reduction of LA to 
4-hydroxypentanoic acid (HPA) and then dehydration to GVL
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under harsh conditions [34]. Acid functionalization of mesoporous carbon has been 
demonstrated to improve not only the activity, but also the stability of Ru catalyst 
allowing quantitative GVL production under mild conditions (70 °C, 7 bar of H2) 
[35]. Moreover, the exposition of the active Ru species appears to be very important 
as demonstrated in the use of Ru supported on few-layer Graphene [36]. We have 
addressed the high activity and stability of the catalytic system to its greater metal 
exposition with respect to the one in Ru/C.

Pt and Pd have been investigated as catalytically active metals and Pd shows 
higher activity than Pd Pt. Pd nanoparticles are very efficient for LA to GVL trans-
formation when supported on SiO2 tested at 160 °C [37]. A comparison between Pd 
and Pt has been carried out using carbon as the support with the order of perfor-
mance being found as Ru > Pd >Pt [30].

Iridium polymer complexes have been investigated [38]. N-heterocyclic car-
benes (NHC)-iridium coordination polymers have been proposed as solid molecular 
catalysts with a peculiar stability due to the chemical bond between the active center 
(Ir) and the polymer. This solid complex works at 50  bar of H2 and 100  °C in 
i- propanol and in the presence of a base (KOH).

The high cost of these precious metals and the relatively easy deactivation of the 
Ru-based catalysts greatly affect the effectiveness of conversion of LA into GVL 
reaction. Therefore, recent studies point out the possibility of using non-noble 
metal-based catalysts. Ni and Ni-based catalysts were proposed initially [39, 40] 
Raney Ni has the highest activity among Raney Co, Raney Cu, Raney Fe in terms 
of GVL yields (83%) [39]. Under relatively high temperatures (200  °C) and H2 
pressure (48 bar) 94% yields of GVL can be obtained [27]. Ni as an active metal has 
been investigated for the synthesis of bimetallic particles to decrease the Ru content 
while maintaining the high activity of the Ru metal [40].

Ru0.9Ni0.1 on ordered mesoporous carbon (OMC) show not only a high activity, 
but also good stability being recyclable up to 15 times without appreciable loss of 
activity or selectivity. Most probably, the confinement of bimetallic nanoparticles in 
the channels of the carbon reduce metal leaching or aggregation, thus favoring the 
stability of the entire catalyst.

Pd deposited on 9.9% NiO/SiO2 in low amounts (0.2%) by wet impregnation 
results in a nanoscale intimacy between the two metals [41]. The catalyst works at 
almost ambient temperature (30  °C) at low H2 partial pressure (0.3–1  MPa) in 
hydrogenating angelica-lactone (AL) to GVL with 82% conversion and 100% 
selectivity efficiently with reaction time being on the order of minutes.

Nickel and iron in a 1:1 weight ratio appear highly active when supported on 
montmorillonite (MMT) providing > 99% conversion with 98% selectivity to GVL 
[42]. Interestingly, the choice of the solvent is fundamental: in the presence of iso- 
propanol the reaction proceeds smoothly whereas in the presence of water a consis-
tent Fe leaching is observed. We addressed the hydrogenation step with the 
bimetallic sites while the strong acidic sites of MMT favor the subsequent cycliza-
tion to GVL. A plausible mechanism includes reductive cyclization process through 
the formation of levulinate ester that undergoes lactonization GVL [42].
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Attempts to develop a Ru substitute have been made using copper [43, 44]. 
Cu-Fe and Cu-Cr systems under 9 bar of H2 at 220 °C afford 90% yields of GVL at 
98% conversion with limited metal leaching. This latter aspect was studied in detail 
for the Cu/ZrO2 system, the stability of which being connected with a stable tetrago-
nal phase of ZrO2, is able to firmly bind with Cu [45]. There is the possibility to 
lower the metal content in Cu/ZrO2 which implies that the active Cu species are 
present in very low amounts with respect to the total amount [46]. The catalytic 
active site is constituted by reduced Cu particles with strong interaction with Cu 
incorporated into the ZrO2 framework [47]. Copper as active metal was also tested 
on Al2O3 [48]. An interesting example of Cu catalysis is reported for gas phase reac-
tion [49]. A complex composition of the catalytic bed (50–75% CuO, 20–25% SiO2, 
1–5% graphite, 0.1–1% CuCO3/Cu(OH)2) gave GVL in 93% yields for more than 
90 h in continuous operation.

The β-Mo2C is known to be able to replace noble metals in several processes. 
Indeed, also in the case of LA transformation to GVL β-Mo2C is active at 180 °C 
under 30 bar of H2, pressure giving a selectivity >85% for GVL [50]. In this case, 
hydrogenated products such as 1,4-pentandiol and methyltetrahydrofuran are 
observed even in minor amounts [50].

Formic acid can be used as a hydrogen source. This option appears highly desir-
able as HCOOH can be produced besides levulinic acid during HMF hydrolysis 
opening the way to the use of crude LA mixture. For example, Ru on carbon has 
been tested in a continuous reactor at 180 °C using propyl guaiacol as solvent and 
formic acid as the H2 source yielding 93% GVL [51]. Ni supported on Al2O3, MgO, 
hydrotalcite has also been tested in continuous vapor phase hydrogenation without 
an external source of H2 but using HCOOH [52]. The best performance was obtained 
with Ni on Al2O3 as the water produced during the reaction promoted the degrada-
tion/transformation of the support in the case of MgO or hydrotalcite thus leading 
to fast deactivation of the catalytic bed. Ni was used also to promote Cu/SiO2 cata-
lyst with a ratio 20:60 converting 99% of LA into 96% GVL with the rest consti-
tuted by angelica-lactone (AL) [53]. Ni was claimed to enhance the dispersion of 
Cu active phase whereas the nanocomposite nature of the catalyst contributes to the 
catalyst long-term stability.

A 1 mol% Au/ZrO2 was shown to work in a batch mode at 150 °C using an equi-
molar amount of LA and HCOOH to give >99% yield of GVL in 6 h [54].

Zirconium dioxide, ZrO2, has been studied as hydrogen transfer catalyst through 
Meerwein-Ponndorf-Verley reduction reaction (MPV), where the H2 source is an 
alcohol. Using ZrO2 and isobutanol at 160 °C after 16 h, 92% GVL is produced 
[55]. The system is enhanced by supporting ZrO2 on SBA-15 [56].

Using bifunctional Zr- and Al- containing beta-zeolite catalysts, is possible to 
transform xylose directly into GVL for which at 190 °C and 48 h reaction time, a 
GVL yield of 35% is obtained [57].
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7.3  Upgrading of γ-Valerolactone

Thanks to its favorable properties, GVL is suitable for the production of stable bio-
fuels as well as for food additives [58, 59]. Catalytic transformation of GVL to 
valuable products has become an important research topic (Fig. 7.4).

For example, 2-methyltetrahydrofuran is one of the four main groups of fuels or 
chemicals derived from upgrading GVL. Hydrocarbons fuels constitute the second 
group followed by the valerate esters category (third group). The fourth group is 
made up of polymers. Each of these groups (Fig. 7.4) will be described in the fol-
lowing paragraphs.

7.3.1  Group I: MTHF Biofuels

When GVL is hydrogenated, both 2-methyltetrahydrofuran (MTHF) and 
1,4- pentanediol can be produced [60]. MTHF can be used as a green solvent [61] as 
well as a biofuel compound [62]. Indeed, MTHF has been identified as a component 

Fig. 7.4 Biofuels derived from γ-valerolactone (GVL) (Reproduced with permission from [22], 
Copyright © 2013 The Royal Society of Chemistry)
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for P-series fuels [63, 64]. By co-blending MTHF with ethanol in gasoline, the 
vapor pressure of ethanol is considerably reduced [65]. MTHF can be produced fol-
lowing the path [66] detailed in Fig. 7.5.

The path shown in Fig.  7.5 involves the acid catalyzed GVL ring-opening to 
produce 1,4 pentanediol (1,4-PDO) and the further dehydration of the diol to 
MTHF.  The selectivity either to 1,4-PDO or MTHF depends on the catalyst. 
According to the chosen catalyst and reaction conditions, higher selectivity to one 
of the two products is favored. Bozell et  al. [67], starting from levulinic acid, 
obtained up to 90% MTHF yield using a bi-functional catalyst (PdRe/C) at 200–
250 °C and 100 H2 partial pressure.

An 80 wt% copper loading on SiO2 led to a 64% yield of MTHF (Fig. 7.5), yields 
that could be improved to 89% by addition of nickel [30, 68, 69]. Du et al. [70] 
modifying the activation parameters of the 30 wt% Cu/ZrO2 catalysts, were able 
tune the selective hydrogenolysis of GVL either to MTHF or 1,4-PDO. Calcining 
the catalyst in air at 400 °C, they obtained a GVL conversion of 98% with 93% 
selectivity to MTHF within 6 h (6 bar H2 partial pressure and reaction temperature 
of 240 °C). The catalyst was recycled over three runs and gave a MTHF yield of up 
to 85%. In comparison, activation of the Cu/ZrO2 catalyst under a H2-argon gas 
mixture at 300 °C resulted to the formation of 1,4-pentanediol with a 93% yield, 
with the catalyst being stable, for over two more runs [70].

Once MTHF is obtained in high yields, it can be further converted into C4-C9 
alkanes. A bifunctional metal-acid catalyst allows one to reach this objective for 
conditions at high pressures (approx. 80 bar) and moderate temperatures (approx. 
150 °C) [16].

Besides upgrading GVL to 1,4-PDO or MTHF and derivative compounds, GVL 
can also be transformed into hydrocarbon fuels.

7.3.2  Group II: Hydrocarbon Fuels

The upgrading of GVL to hydrocarbon fuels generally follows two paths (Fig. 7.6). 
The first route lies in the transformation of GVL to pentenoic acid which is consecu-
tively decarboxylated to yield butene and CO2 (Fig. 7.6). Through oligomerization 
of butene at high pressures (35 bar), C8+ alkanes (jet fuel, C-12) are formed [71, 72]. 
The overall mechanism takes place on acid catalysts such as silica alumina, 
Amberlyst 70 or ZSM-5. It is worth to mention that catalyst stability is enhanced 

Fig. 7.5 Hydrogenation of levulinic acid (LA) to produce 2-methyltetrahydrofuran (MTHF)
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with the addition of water, which prevents coke formation during the reaction. 
Moreover, the any carbon deposits is removed by simple calcination in air [72].

The second route in Fig. 7.6 requires a bi-functional catalyst and can be described 
as the production of pentanoic acid through the ring-opening of GVL on acidic 
sites, and further hydrogenation on metal sites. Serrano-Ruiz et al. [73] used a dual- 
bed reactor to carry out their reaction. The first catalytic bed contained a 0.1 wt% 
Pd/Nb2O5 catalyst to perform the GVL ring-opening while the second catalytic bed 
was loaded with a CeZrOx catalyst. Pentanoic acid is ketonized to 5-nonanone and 
one equivalent each of CO2 and water. That research group reported a 84% yield of 
5-nonanone [73] which is very promising considering that they started from aque-
ous solution of GVL. In that study, the formation of ketones such as 2-hexanone and 
3-heptanone, which are the results of the 5-nonanone scission was also reported 
[73].

Once 5-nonanone is obtained it can be hydrogenated to 5-nonanol, which is the 
precursor for the production of hydrocarbon fuels over, for example Ru/C [74]. 
5-nonanol can be transformed into C9-alkanes, the C9-branched alkanes or the C18- 
alkanes. C9-alkanes are produced from the dehydration of 5-nonanol and can be 
used as fuel additive to diesel fuel. Consecutively, through isomerization and aro-
matization reactions of the C9-alkanes over zeolites, branched C9-alkanes are 
formed. The by-products, which are shorter ketones, can be converted into C6-C7 

Fig. 7.6 Routes for the transformation of γ-valerolactone (GVL) into liquid alkanes
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alkanes that can be easily removed by evaporation [65]. Alternatively, C9-alkanes 
can overcome oligomerization over an acid catalyst to produce a mixture of C18-C27 
olefins, that can be used as diesel fuel. To tune the molecular weight range, reaction 
parameters can be modified. Linear alkenes are obtained with high reactivity of the 
terminal olefins. In contrast, lower reactivity leads to the production of wax and 
solid olefins through oligomerization reaction [74]. Upgrading GVL to target alkane 
fuels has been established, although additional efforts should be made to improve 
formation steps and yields.

7.3.3  Group III: Valerate Esters

Lange et al. [75] pioneered the synthesis of valerate esters also called valeric biofu-
els as fuel additives. The production of these valeric biofuels starts with the GVL 
ring-opening over a bifunctional metal-acid catalyst (Pt/ZSM5) to form pentanoic 
acid. Once produced, both the pentanoic acid and the alcohol present in the reaction 
media undergo esterification on an acidic ion-exchange resin to produce valeric 
esters. A time on stream of 1500 h, interrupted with some calcination in air, led to a 
pentanoic acid yield of over 90%.

Serrano-Ruiz et al. [23, 65, 76] converted GVL to pentanoic acid over Pd/Nb2O5 
catalysts and reported a 92% yield. To minimize by-products, the authors optimized 
several parameters such as Pd loading, H2 partial pressure and reaction 
temperature.

Using an inexpensive Cu based catalyst, Chan-Thaw et  al. [77] succeeded in 
producing pentyl valerate (PV) from GVL. The supports used in that work [77] are 
weakly acid amorphous materials and were able to upgrade GVL to valeric fuels in 
a one-pot reaction. Such achievement was possible by using pentanol as solvent 
under H2 and 8 wt% Cu/SiO2 –ZrO2 as catalyst. The reaction begins with nucleo-
philic addition of the alcohol to the carbonyl acid group producing the hydroxypen-
tanoate. The latter is further dehydrated and hydrogenated to the saturated ester, 
which is known as pentyl valerate. They reported a 90% GVL conversion and up to 
83% selectivity to PV.  For comparison, they also used ethanol as solvent and 
obtained ethyl valerate. However, lower yield to ethyl valerate (EV) was reported 
(about 40%) mainly due to formation of 4-ethoxy pentanoate and pentenoic esters. 
For the same reaction, they also performed a stability test and the catalyst showed 
good recyclability over nine runs (about 20% loss in activity) and almost stable EV 
yield (from 41 to 35%). Higher EV yield (about 62%) was reported later by Sun 
et al. [78] over a Co/HZSM-5. Starting from levulinic acid, those authors also inves-
tigated the production of pentanoic acids with a batch reactor and EV with a fixed- 
bed reactor system. The series of reactions gave a pentanoic acid yield of 93% at 
80 °C and a 97% EV yield at 240 °C.

Precious metal based catalysts as well as inexpensive metal based catalysts are 
effective in producing valerate esters. More efforts are still necessary to reduce the 
number of steps and costs as well as increasing the valerate esters yield.
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7.3.4  Group IV: Polymers

The last group of materials that can be produced from GVL are not renewable fuels 
but monomers for use in polymer production. Although similar to products obtained 
from with petroleum, these polymers differ with their chemical properties. The 
compound α-methylene-γ-valerolactone, which is a biomass-derived monomer, can 
be obtained from GVL as reported by Manzer et al. [29, 79]. Similar properties of 
methyl methacrylate were found for α-methylene-γ-valerolactone. Additionally, 
thanks to the lactone structure, an improved thermal stability of the polymer was 
achieved.

New bio-based polymers precursors can be synthesized through a reaction 
between an amine and the GVL. When performed at mild temperatures (approx. 
50 °C), the GVL ring-opening in presence of primary or secondary aliphatic amines 
allows formation of various γ-hydroxyl-amides. The reaction of GVL and 
1,2- diaminoethane is catalyzed by SnCl2 at 50  °C and gives γ-hydroxyl(amino)
amide compounds [80] for which the nucleophilicity of the amine plays an impor-
tant role in the addition-elimination reaction as claimed by Chalid et al. [80]. These 
monomers are the starting materials to produce polymers such as polyethers or 
polyurethanes.

7.4  Conclusions and Future Outlook

The decrease of fossil resources and related environmental issues in their use as fuel 
and energy source, prompt researchers to develop sustainable alternative solutions. 
Lignocellulosic biomass represents an appealing starting material according to its 
abundance and renewability. However, the high oxygen content represents a big 
limitation for the development of efficient processes that can replace fuels and 
chemicals from fossil materials. Cellulose and hemicellulose constitute up to 85% 
in mass of lignocellulose and therefore most studies focus on these materials. 
Among the possible products deriving from chemical or enzymatic hydrolysis, lev-
ulinic acid has been considered as one of the most promising platform chemicals 
from which it is possible to produce fuels, fuel-additives, fragrances, solvents, oil 
additives, pharmaceuticals and plasticizers.

In particular, the authors of this chapter have focused on the production of GVL 
and its upgrading routes. GVL has important use (fuel additives or as a solvent) but 
it also is a versatile raw material for many important classes of compounds (biofu-
els, plasticizers). The transformation of LA into GVL and subsequent transforma-
tion appears to be constituted by two elemental steps: reduction and dehydration. 
Therefore, it is evident that reliable materials for possible catalytic processes should 
be bifunctional materials with redox as well as acidic functionalities. First attempts 
have been made with the use of classical precious metals (Ru, Pt, Pd) on different 
support (carbons, oxides, HT, etc.) but mainly the cost of these metals and stability 
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concerns have directed the most recent studies towards the use of non-precious, 
more accessible metals such as Cu or Ni even though they normally require higher 
reaction temperatures and H2 pressures.

The use of molecular H2 in some cases can be replaced by H2-donor molecules 
such as alcohols or formic acid, which also contribute to the economy and the safe-
ness of the processes. Catalytic materials need to be designed specifically for the 
type of the reaction.

Methods for upgrading GVL still require improvement and research to become 
cost-competitive with the existing petroleum-based processes, especially in terms of 
development of selective heterogeneous catalysts with high recyclability. Some 
steps have been made with careful design of the catalytic materials, but understand-
ing of the processes at the molecular level of the active site and its deactivation 
mechanism should be studied to develop ideal bifunctional catalysts that are both 
selective and robust.

Moreover, only a few attempts up to now have been made for developing one-pot 
processes starting from sugars or (better) directly from cellulose with bifunctional 
catalyst. Issues in selectivity and also durability should be solved for making these 
processes feasible.
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Chapter 8
Production of Furanic Biofuels with Zeolite 
and Metal Oxide Bifunctional Catalysts 
for Energy-and Product-Driven Biorefineries

Jesús Requies, Ion Agirre, and Aitziber Iriondo

Abstract In the last years, research on the transformation of biomass into different 
compounds has grown significantly with the motivation being to reduce the depen-
dency of oil and to develop of sustainable and environmental friendly energy 
sources. In this context biomass appears to be as the only renewable source of car-
bon that is able to provide a substitute for fossil fuels. In the near future, bio-refin-
eries, in which biomass is catalytically converted into pharmaceuticals, agricultural 
chemicals, plastics and transportation fuels will take the place of current petro-
chemical plants. Among the transportation fuels, furanic biofuels as 2,5-dimethyl-
furan (DMF) and 2-methylfuran (2-MF) have good performance as a fuel for direct 
injection spark ignition type engines without important modifications of the engine. 
The transformation of biomass into furanic biofuel compounds takes place via 5 
hydroxymethylfurfural (HMF) in the case of the DMF and 2-MF; in the case of the 
2-MF it can be also produced from furfural (FF) via furfuryl alcohol (FOL). In these 
reactions it is necessary to employ of bifunctional catalysts for the hydrogenolysis. 
Metals are required to fix the hydrogen reaction and sometimes for the C–O and 
C–C bonds cleavage and the acid- base supports of the dehydration, for the C–C and 
C–O bonds scissions. This chapter provides an overview of current methods for 
converting biomass to furanic biofuels with zeolite and metal oxide bifunctional 
catalysts. The chapter provides state-of-the-art overview on furanic biofuel produc-
tion from biomass with a brief description of the DMF production process and the 
2-MF production process. Use of different bifunctional catalysts for the DMF pro-
duction process and the 2-MF production process is described. The influence of the 
support and that of different metals will be discussed along with properties of the 
bifunctional catalysts like metal dispersion, catalysts acidity and operating condi-
tions. Finally, the use of different solvents to improve the yield of biofuels will be 
analyzed.
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8.1  Introduction

In 2017, more than 80% of primary energy was generated from petroleum, coal and 
natural gas resources [1–3]. Oil production and the carbon proportion in the world 
electricity mix have increased each year [3–6]. As these energy sources are fossil 
fuels, there are serious concerns about their depletion in the following decades [2, 
7–9]. Among the non-fossil sources, biofuels and waste maintained their share of 
world energy production in 2014 (10.2%), though their development (Fig. 8.1). Other 
renewable sources such as wind, solar thermal, solar PV, geothermal, are expanding 
at a fast pace, but still account for just over 1% of global energy production [6].

Petroleum not only plays an important role in the transportation sector, but also 
in the chemical industry. Many oil-derived raw materials are the base or platform 
chemicals for the production of a wide variety of products like plastics, carpets, 
cloths, paints, perfumes and hairsprays [10].

Apart from all these data, there is evidence that the planet is undergoing global 
warming, as a result of CO2 emissions coming from the combustion of fossil fuels 
[7, 11]. As shown in Fig. 8.1 two sectors produced nearly two-thirds of global CO2 
emissions in 2013: electricity and heat generation, by far the largest, which 
accounted for 42%, while transport accounted for 23%.

Based on these environmental concerns, economical fluctuations and the geopo-
litical instability in the producer countries, the use of other raw materials is being 
explored and therefore, research and development in sustainable and environmen-
tally friendly alternatives have become one of the technological goals of the near 
future.

To prepare for the future energy sources, one possible alternative raw material is 
biomass that can be used as a source of energy or as a source of platform products. 
A biorefinery is defined as “the sustainable processing of biomass into a spectrum 
of marketable products (food, feed, materials, chemicals) and energy (fuels, power, 
heat)” by IEA Bioenergy Task 42 or as “a facility that integrates biomass conversion 
processes and equipment to produce fuels, power, and chemicals from biomass” by 
the National Renewable Energy Laboratory of EE.UU. According to these defini-
tions, the biorefinery can be a concept, a process, a plant or even a cluster of facili-
ties, where the core is biomass conversion into several product streams and the 
integration of various technologies and processes in the most sustainable way. The 
conversion of biomass can be carried out following different physical, thermal, bio-
chemical and chemical operations, depending on the type of biomass and the 
demand of the derived products [13–15]. The biorefinery concept is analogous to 
today’s petroleum refineries, which produce multiple fuels and products from petro-
leum and can be a good alternative to cover the current needs of energy, fine chemi-
cals and unconventional fuels [1, 16]. The main reasons why biorefineries must be 
developed are:

• To decrease the oil dependence of the chemical products.
• To have higher sustainability as a chemical process
• To decrease the net emission of greenhouse gases
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However, there are several obstacles in the development of biorefineries:

• Lack of integrated technology to convert biomass into industrial products; Lack 
of sustainability regarding biodiversity with nature competition with food.

It is in this context where second generation biofuels appeared. Biodiesel and 
bioethanol generated from first generation biomass (biomass rich on sugar in case 
of bioethanol; biomass rich on oil for biodiesel) greatly contributed to the transpor-
tation sector, but these proposals came into conflict with the food industry [17, 18]. 
Due to the drawbacks found in first generation biofuels efforts switched to develop-
ment of second generation biofuels and bio-additives [17, 19], which can be pro-
duced from non-food residual lignocellulosic biomass (sugars) [9, 18, 19].
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Fig. 8.1 (a) World CO2 emissions by sector in 2013 [12]. (b) Word total primary energy supply 
from 1971 to 2014 by fuel (Mtoe) [3]. Based on IEA data from Key world energy statistics © 
OECD/IEA 2016, www.iea.org/statistics, Licence: www.iea.org/t&c; as modified by Universidad 
del País Vasco/Euskal Herriko Unibertsitatea
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Biorefineries can be classified as, “energy-driven” or “product-driven”. 
According to the implementation, one can speak about first, second or third genera-
tion biorefineries. Biorefineries can be named as:

• Lignocellulosic biorefineries: those which use lignocellulosic biomass as feed-
stock and then fractionate it into cellulose, hemicellulose and lignin.

• Whole crop biorefinery: those which use cereals as feedstock.
• Green biorefinery: those which use green biomass as feedstock and fractionate it 

by pressure to obtain a nutrient-rich juice organic solution and a fiber-rich ligno-
cellulosic press cake.

• Two-platform concept biorefinery: those which includes sugars and syngas 
platforms.

• Conventional biorefinery: those based on existing industries, i.e., sugar or starch.
• Thermochemical biorefinery: those based on a mix of several thermochemical 

processes.
• Algal biorefinery: those which use aquatic biomass, algae, as feedstock.
• Liquid-phase catalytic processing biorefinery: those based on the production of 

functionalized hydrocarbons from biomass-derived intermediates
• Forest-based biorefinery: those which use forest biomass for simultaneous pro-

duction of paper, fibers, chemicals and energy.

The IEA Bioenergy Task 42 has developed a new classification scheme to 
describe different biorefineries [20–22]. The classification of a biorefinery consists 
of the following features: platforms, feedstocks, products and processes. With the 
combination of these features, different biorefinery configurations can be described 
and named in a consistent manner. The most important feature is the platform. 
Platforms are intermediates which are able to connect to different biorefinery sys-
tems and their processes.

• Syngas platform
• Pyrolysis oil platform
• C6 and C5/C6 sugar platform
• Oil platform
• Biogas platform
• Organic solutions platform
• Lignin platform
• Hydrogen platform
• Electricity and heat platform

The two biorefinery product groups are:

• Energy products: e.g. bioethanol, biodiesel, and synthetic biofuels
• Material products: e.g. chemicals, materials, food and feed

Feedstocks can be grouped as:

• Energy crops from agriculture: e.g. starch crops, short rotation forestry
• Biomass residues from agriculture, forestry, trade and industry: e.g. straw, bark, 

used cooking oils, waste streams from biomass processing
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Concerning conversion processes, the classification system identifies four main 
groups:

• Biochemical: e.g. fermentation, enzymatic conversion
• Thermochemical: e.g. gasification, pyrolysis
• Chemical: e.g. acid hydrolysis, synthesis, esterification
• Mechanical: e.g. fractionation, pressing, size reduction

An overview of current platforms, products, feedstocks and conversion processes 
is given in Fig. 8.2.

The present book chapter is focused on the production of furanic biofuels. 
Therefore, according to the classification developed by IEA Bioenergy Task 42, this 
topic fits the best in the “C6 and C5/C6 sugar” platform by means of “chemical 
conversion” to form “energy products” using “lignocellulosic” feedstock.

Lignocellulose is a natural composite which consists of three main constituents 
[14]:

• Cellulose (38–50%), a polysaccharide formed by glucose
• Hemicellulose (23–32%): sugar polymer consisting of hexoses (glucose, galac-

tose and mannose) and pentoses (xylose and arabinose)
• Lignin (15–25%): a polymer formed by oligomerization of propenyl phenols.

Fig. 8.2 Overview of the biorefinery classification system proposed by IEA-Biorefinery Task 42 
group [21]. Based on IEA data from Bioenergy Task 42 © OECD/IEA 2010, www.iea.org/statis-
tics, Licence www.iea.org/t&c; as modified by Universidad del País Vasco/Euskal Herriko 
Unibertsitatea
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The structures and compositions of these biopolymers vary greatly depending on 
plant species and growth conditions.

According to the literature [23], the top seven chemical building blocks can be 
produced from sugars using a chemical route: levulinic acid, glucaric acid, sorbitol, 
arabitol, furfural and 5-hydroxymethylfurfural, being furfural (FF) and hydroxy-
methylfurfural (HMF) two of the most interesting ones [24], due to their possible 
use as raw material to produce a large spectrum of chemicals and fuels [25].

Typically, triple dehydration of pentoses (xylose) results in the production of FF 
[26, 27], which is not a good fuel candidate because of its tendency to polymerize 
[28]. Therefore, FF has been proposed as a viable platform chemical to be inte-
grated in biorefineries [29]. It can be used as a raw material for the synthesis of 
several nonpetroleum-derived chemicals such as furfuryl alcohol (FOL), methyltet-
rahydrofuran and furan [30].

HMF is an aromatic aldehyde and it is believed as an outstanding platform chem-
ical. It is considered as a bridge between biomass resources and biochemical prod-
ucts [31]. HMF production has the great advantage that it can be produced from 
triple dehydration [26, 27] of different hexoses like glucose, fructose and sucrose, 
and afterwards, it can be converted into biofuels, such as 2,5-dimethylfuran (DMF), 
and some other fine chemical molecules like levulinic acid (LA), 2,5- furandicarboxylic 
acid (FDCA) or ethyl levulinate (EL) [1, 8, 16, 31–33]. Nowadays, the most 
extended reaction to produce HMF is dehydration of the aforementioned carbohy-
drates over acid, homogeneous or heterogeneous catalysts [1, 16, 32, 33].

Both, FF and HMF are suitable raw materials for the production of jet fuels as 
well as transportation fuels. Few research works report furanic compounds to be 
used as aviation fuels. Malinowki et al. [34] report some FF derived furanic ethers 
like 2.6-bis(alkoxymethyl)tetrahydrofuran and 2-(alkoxymethyl)tetrahydrofuran as 
a high potential compounds to be used as jet fuels. However, there are already some 
literature reported by Dumesic [35–38] and Huber [39, 40] about the synthesis of jet 
fuel range alkanes from HMF and FF where the direct catalytic treating of whole 
biomass creates a basic fuel platform chemicals including FF and HMF that can be 
upgraded to jet fuels. More recently, Yang et al. [41–43] reported several works on 
the synthesis of high density aviation fuel using cyclopentanol, which is a the 
aqueous- phase selective hydrogenation product of FF, using the combinations of 
magnesium-aluminum hydrotalcite (MgAl-HT) and Raney Ni (or Raney Co) cata-
lytic system.

In the present book chapter, the production of furanic fuels derived from HMF 
and FF for transportation are studied, the production of DMF and 2-methylfuran 
(2-MF), in particular (Fig. 8.3). DMF and 2-MF are considered as a high-quality 
fuel, as ethanol, an ideal renewable and sustainable substitute or additive of conven-
tional gasoline [2, 31, 44]. They present some interesting chemical properties as a 
high energy density, similar to that of gasoline and higher than ethanol [8, 19, 44], 
and high octane number, higher than gasoline [1]. Moreover, DMF and 2-MF show 
very low solubility in water and therefore it can be used as a blender in transporta-
tion fuels [19, 44, 45]. In this sense, some literature reports the good performance 
of the DMF and 2-MF as a fuel on direct injection spark ignition (DISI) type engines 
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[8, 11, 46] without any important modifications of the engine and also in compres-
sion engines (Direct-injection compression engine (DICI)) [47]. Other authors, like 
Jezak et al. [48], conclude that DMF could be an additive to petroleum-based fuels 
but taking into consideration pressure and temperature conditions. Moreover, DMF 
and 2-MF reduce significantly the amount of large particles produced [46, 49], 
reducing the total mass of particles emitted, although it is not able to reduce signifi-
cantly the number of particles smaller than 10 nm [49]. The 2-MF has better com-
bustion characteristics and knock suppression ability than DMF and gasoline, 
nevertheless there is higher NOx emissions for 2-MF than gasoline [46], which is 
also applicable to DMF, due to its high adiabatic flame temperature [45]. To address 
this emission issue some authors mix low amount of DMF and 2-MF with the gaso-
line or with diesel [44]. The aim of these mixtures is to improve the combustion and 
reduce the emissions. Xiao [44] for DICI engines and Wei [50] for DISI engines 
present good results with different mixtures of 2-MF and gasoline or 2-MF and 
diesel, respectively.

Dehydration processes to produce HMF or FF have been carried out using a great 
variety of systems:

• Catalysts: homogeneous vs. heterogeneous
• Solvent types: monophasic (aqueous or water with a miscible solvent or water 

with salts) vs. biphasic

A classification of the homogeneous and heterogeneous catalysts used to pro-
duce FF and HMF, respectively, have been published in reviews [27, 29, 51]. 
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Homogeneous catalysts include organic acids (oxalic acid, levulinic acid, maleic 
acid) and mineral acids (sulfuric acid, phosphoric acid, hydrochloric acid). 
Heterogeneous catalysts include Lewis acids (ZnCl2, AlCl3, CrCl3) and solid cata-
lysts (ion exchange resins, zeolites, TiO2, ZrO2). Both catalytic systems have advan-
tages and disadvantages.

Regarding the use of homogeneous acid catalysts, among their advantages are 
high activity and low sensitivity to poisons, to coking and to fouling [26]. However, 
these type of acid catalysts: (i) are uneconomical due to the downstream separation 
process, (ii) cause corrosion equipment, (iii) generate wastes that have safety and 
environmental issues and iv) have low selectivity and cause product decomposition 
because of its severe acidity [52–55].

Heterogeneous catalysts (i) allows the use of sequential type reactions in a single 
pot, resulting in few or no purification stages [56] -, and (ii) have favorable selectiv-
ity, recyclability and corrosion characteristics [57]. However heterogeneous cataly-
sis shows also some disadvantages [26], such as; (i) variable activity due to possible 
deactivation by coke deposition, presence of poisons, fouling and metal leaching 
and (ii) diffusion limitations, although they are used in many catalytic processes 
[58].

These catalytic systems (homogeneous and heterogeneous) can be carried out in 
different reaction media: in monophasic or in biphasic systems in order to enhance 
the dissolution of the reactants or facilitate the extraction of the products. Water or 
water and some miscible solvents (salts forming ionic liquids or organic solvents 
like γ-valerolactone, methyl isobutyl ketone, dimethyl sulfoxide or sulfolane) form 
the usual monophasic and monophasic-binary systems, respectively. Water and 
immiscible organic solvents (toluene, p-xylene) form biphasic systems [51, 56, 
59–63].

As the catalytic systems are assorted the objective of the present book chapter is 
to focus on zeolite [59] and metal oxide type heterogeneous catalysts since they 
show excellent thermal-chemical stability and pore selectivity properties. Moreover, 
the most effective applications of chemical catalysts in biomass conversion pro-
cesses are similar to those that have already been demonstrated in conventional oil 
based processes [64, 65].

8.2  Furfural Synthesis

Furfural is produced typically from the dehydration of xylose containing in hemi-
cellulose, for which the transformation takes place via a cyclodehydration reaction 
[51, 66–68]. However, another type of substrates (hemicellulose and glucose) can 
be used [69]; although there is not a consensus about reaction mechanism, the most 
accepted theory is that this cyclodehydration reaction seems to follow a sequential 
route of reactions through xylose isomerization and subsequent dehydration to pro-
duce furfural (Fig. 8.4), which are carried out with Lewis and Brønsted-acid catalyst 
respectively, but also has possible side reactions.
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According to Choudhary et al. [68], xylulose and lyxose are the main products of 
xylose isomerization. Among these products, xylulose formation seems to be more 
favored thermodynamically and by the kinetics [70]. This is supported by the 
reported data [68] and suggests that xylulose and lyxose maximum yields of 27% 
and 11% can be obtained, respectively, at a xylose conversion of around 60% under 
110  °C and 15  min using functionalized Lewis-acid Sn-Beta zeolite as catalyst. 
However, when Brønsted acid-catalyst, such as Amberlyst-15, is used in xylose 
transformation into FF the achieved conversion is negligible; while this type of cata-
lyst is more active and selective in xylulose conversion into FF.  Brønsted acid- 
catalysts seem to be more active in dehydration of xylulose than in xylose 
isomerization to xylulose, where this last reaction is activated with Lewis acid- 
catalysts. Therefore, it can be concluded that the sequential transformation of xylose 
into FF needs a catalyst with both Lewis-acid and Brønsted-acid active sites [51, 
66–68].

Although zeolite type catalysts, also known as molecular sieves [56], and their 
amorphous counterparts, are useful in dehydration of xylose into FF, the morphol-
ogy of this type of catalysts is typically microporous. This characteristic gives zeo-
lites strong adsorption capacity for FF, resulting in undesirable reactions, such as 
polymerization, which leads the formation of humins [72] and carbon, that accumu-
late on the catalyst [73]. Moreover, the regeneration process of the catalysts requires 
the gasification of the deposited carbon that causes the loss of Brønsted-acid sites 
[51]. Many forms of zeolites are unstable under hydrothermal conditions [56]. 
Therefore, recent literature centers on the synthesis of metal catalysts supported on 
solid materials, such as metal oxides, that are active, selective and stable under 
hydrothermal conditions.

Fig. 8.4 Furfural production pathway from xylose and the possible side reactions adapted from 
literature [66–68, 71]
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8.2.1  Modified Zeolites Catalysts

To avoid the disadvantages of zeolite type catalysts in xylose conversion into furfu-
ral, research has focused on the development of modified zeolite type catalysts 
(Table 8.1). Metkar et al. [71] have screened different types of ammonium forms of 
zeolite powders or extrudates (binder with γ-Al2O3), and metal oxides (γ-Al2O3, 
ZrO2, SiO2 and TiO2), in a continuous reactive distillation reactor. Zeolites bound 
with γ-Al2O3 and TiO2 metal oxides provide FF yields lower than 40% at 
175 °C. However, FF yields higher than 45% are obtained with zeolites without any 
binder, reaching a FF yield of 75–80% for a xylose conversion about 98% with 
H-mordenite (Si/Al = 10) catalyst. The good performance of the zeolites without 
γ-Al2O3 binder could be because alumina adds acidity to the catalysts, which avoids 
the isomerization of xylose to xylulose. Regarding ZSM-5 catalyst [69], it has good 
activity towards xylose conversion (≈70–75%), but lower FF yields (≈30%) at 
190  °C.  However, when metal oxides (ZnO and Fe2O3), or chlorides (NaCl and 
FeCl3) are added, the conversion increases and reaches almost 100%, while the FF 
yield remains almost constant, except for the case of NaCl (82.4%).

Table 8.1 Zeolites used in the conversion of carbohydrates substrates into FF with summary of 
reaction conditions and catalytic activity

Catalyst
Temp 
(°C)

System Raw 
material

Conversion 
(%)

FF yield 
(%) ReferencesMonophasic Biphasic

H-mordenitea 170 W-sulfolane – Xylose 90 16 [71]
H-Betaa 90 21
H-Ya 90 31
H-mordenite 80 5
H-Beta 80 70
H-Y 80 75
ZSM-5 190 W – Xylose 75 30 [69]

W (+ NaCl) 98 82
W (+ FeCl3) 98 30
– W-t 92 66

HMCM-22 170 W – Xylose 97 53 [74]
ITQ-22 97 54
HMCM-22 – W-t 92 70
ITQ-22 99 66
HMCM- 
22(38)

82 60

Na-MCM-22 98 47
Sn-Beta 170 W-GVL – Glucose 99 66 [75]
Fe-Beta 99 64
H-USY 170 – W-t Xylan 72 56 [76]

a → binder to γ-Al2O3; Temp → temperature; W → water; t → toluene; GVL → γ-valerolactone
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In a biphasic system at 170  °C, H-MCM-22 and its delaminated counterpart 
ITQ-2 show high xylose conversion (around 97%) and FF yields of around 54% are 
obtained in aqueous media and around 70% in water/toluene reaction media [74]. 
The increase of Si/Al ratio and incorporation of sodium in H-MCM-22 zeolite mod-
ifies the catalyst behavior. Namely, when Si amount increases in H-MCM-22 cata-
lyst, amount of Lewis plus Brønsted acid sites and FF yield remains constant while 
the xylose conversion decreases (80%). However, when sodium is present, the cata-
lyst shows a similar activity towards xylose conversion, but gives a lower FF yield. 
This behavior is due to the presence of sodium basic acid sites in this catalyst, which 
increases to undesirable products produced by side reactions. In conclusion, zeolite 
type catalysts needs to reach an optimal Lewis/Brønsted acid site amount and distri-
bution to obtain good activity and selectivity in FF production using.

The activity of H-Beta zeolites modified with Sn, Zr and Fe metal oxides has 
been studied for FF production from glucose [75]. Although, hexose type monosac-
charides are used as the raw material, they undergo isomerization reactions, just like 
for xylose. Among the modified zeolites, Sn- and Fe-beta catalysts show the highest 
FF yields, close to 50%, for complete conversion of glucose at 170 °C. The FF yield 
increases to 66% for Sn-beta catalysts when the glucose-used/catalyst mass ratio is 
0.25. The Fe-beta catalysts show a similar FF yield under the same conditions of FF 
production. According to the literature Fe-beta zeolite has favorable characteristics 
for FF production from hemicellulose and cellulose, followed by Al-beta and 
Cr-beta zeolites [52]. The behavior of these metal modified zeolites is ascribed to 
the synergetic effect between textural-surface (metal-support interaction and low 
particle size, which confers to the zeolites-supported catalysts an homogeneous dis-
persion of the metals) properties and acid sites [75]. Regarding textural properties 
of Sn- and Fe-modified zeolites, they have a microporous structure associated with 
zeolites and greater width of pores provided by the added metal elements. The 
microporous structure facilitates FF formation, while the pore size promotes the 
diffusion of FF, avoiding degradation reactions. The acid sites number, distribution 
and ratio play also an important role. Concretely, Sn-Beta catalyst provides the best 
catalytic activity in terms of FF formation because of its optimum Brønsted/Lewis 
acid ratio, corroborating the conclusion established by Antunes et al. [74].

As indicated above [52, 74, 75], metal oxides or metal elements are widely 
employed to modify the catalytic characteristics of zeolite catalysts in FF synthesis. 
In fact, several studies reported in the literature investigate the performance of sup-
ported and non-supported metal oxides catalysts [76–81].

8.2.2  Supported and Non-supported Metal Oxide Catalyst

Among non-supported metal oxide catalysts, silicoaluminophosphate (SAPO), 
SiO2, Al2O3, SiO2-Al2O3, Nb2O5, ZrO2 and sulfated ZrO2 have been investigated.

SAPO type 34, 34C (commercial) and 56 catalysts (Table 8.2) show moderate 
activity when compared with amberlyst-70 and ZSM-5 catalysts, achieving 31%, 
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40% and 38% FF yields, respectively, at 170 °C and using xylose as raw material 
and γ-valerolactone/water as solvent [77]. The reason for these results is ascribed to 
the small pore structure of the SAPO catalysts, which hinders xylose diffusion in the 
pores. Moreover, these catalysts do not seem to suffer from acid-site leaching, while 
amberlyst-70 and ZSM-5 catalysts show leaching phenomenon. On the other hand, 
carefully designed SAPO-44 catalysts provide higher FF yield [76] than the afore-
mentioned SAPO catalysts. Concretely, SAPO-44 catalyst, with silica ratio of 1, is 
able to convert xylan raw material into FF at 170 °C using water/toluene solvent, 
reaching a yield of 63%, which is a higher yield that those achieved with ALPO-44 
(aluminophosphate) (41%), SA-44 (silica-alumina) (40%), H-USY type zeolite 
(56%), and SiO2 (28%) and Al2O3 (35%) type metal oxides [76] catalysts. These 
activity results are closely related to the acidic and structural characteristics of the 
mentioned solid acid catalysts. SAPO-44 catalyst has a higher amount of acid sites, 

Table 8.2 Metal oxides used in the conversion of carbohydrates substrates into FF with summary 
of reaction conditions and catalytic activity

Catalyst

Catalyst
Temp 
(°C)

System
Raw 
material

Conversion 
(%)

FF 
yield 
(%) ReferencesType Monophasic Biphasic

Non- 
supported 
metal 
oxides

SAPO- 34 170 W-GVL – Xylose n.a. 31 [77]
SAPO- 34C n.a. 40
SAPO- 56 n.a. 38
SAPO- 44 170 – W-t Xylan 76 63 [76]
ALPO- 44 51 41
SA-44 52 40
SiO2 42 28
Al2O3 44 35
TiO2 170 W-sulfolane – Xylose 80 18 [71]
SiO2- Al2O3 180 W – Xylose 65 52 [73]
ZrO2 170 – W-t Xylose n.a. 25 [81]

Xylan 50 20
Nb2O5 170 – W-t Xylose 90 53 [79]

Supported 
metal 
oxides

WO3/SiO2
a 170 – W-t Xylan 85 55 [81]

MoO3/SiO2
a 71 45

Ga2O3/SiO2
a 80 50

WO3/ZrO2
a 57 20

MoO3/ZrO2
a 59 22

Ga2O3/ZrO2
a 81 41

Nb2O5/SiO2
b 160 W – Xylose 84 61 [78]

Nb2O5/Al2O3
c 75 30

Nb2O5/SiO2
c – W-t n.a. 80

Nb2O5/Al2O3
c n.a. 60

a→ prepared by sol-gel method
b→ prepared by incipient wetness impregnation method
c→ FF selectivity; Temp → temperature; W → water; t → toluene; GVL → γ-valerolactone; n.a. → 
not available
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including weak and strong acid sites, when compared with the rest of the catalysts. 
In the case of aluminophosphate, silica-alumina and metal oxide catalysts, they only 
have weak acid sites which are responsible of the obtained FF yield. Moreover, the 
crystallinity of SAPO-44 catalyst is higher than aluminophosphate and silica- 
alumina catalysts, which decreases when SiO2 ratio is lower or higher than 1.

You et al. [73] employed SiO2-Al2O3 type catalyst (with 3.55 wt% of Al2O3) for 
xylose dehydration with different raw material concentrations, temperatures and 
space velocities. The best FF yield (around 52% and xylose conversion of 65.02%) 
obtains at 180 °C, 11 mL/gcat·h and aqueous xylose solution of 1 wt%. It seems to 
be that the combination of SiO2 and Al2O3 gives a catalyst with suitable acid and 
surface properties, catalytic activity and selectivity in FF synthesis from sugars.

The ZrO2 catalyst [81] and sulfated and phosphate ZrO2 [80] are also employed 
as catalysts in FF synthesis. However, these catalysts give FF yield below 25% 
when xylose or xylan is used as raw materials at 160–170 °C. Less FF formation is 
obtained by these catalysts due to the lower Lewis acid sites. Regarding Nb2O5 cata-
lyst calcined at 450 °C [79], it shows good performance in terms of activity and 
stability, under dehydration of xylose to FF, reaching a conversion higher than 90% 
and a yield of 53% at 170 °C. The mesoporous structure and acidity gives this cata-
lyst high activity, while its good stability can be ascribed to the absence of any 
leaching phenomena.

Non-supported metal oxides are active in xylan and/or xylose dehydration into 
FF [76, 77, 79–81]. However, the activity of these catalysts can be improved by 
modifying their structural and acidic characteristics. In this sense, ZrO2, SiO2 and 
Al2O3 have been used as supports of WO3, MoO3, Ga2O3 and Nb2O3 materials [78, 
81]. SiO2- and ZrO2-supported WO3, MoO3 and Ga2O3 catalyst are prepared by wet 
impregnation and sol-gel methods. In general, catalysts prepared by sol-gel meth-
ods provide better FF yields at 170 °C than catalysts synthesized by impregnation 
method due to the sol-gel catalysts having a higher number of acid sites and less 
leaching phenomena. When xylan is used as raw material, the SiO2 supported cata-
lysts prepared by sol-gel, Ga2O3/SiO2 and WO3/SiO2, give FF yields around 55% 
after 8 h reaction time, which is about 10 points above the values obtained with 
ZrO2-supported counterparts. This difference can be associated with the well- 
dispersed metal oxides on the SiO2 framework [81].

Regarding to SiO2- and Al2O3-supported Nb2O3 catalysts [78], which are pre-
pared by incipient wetness impregnation, they are able to convert more than 70 and 
80% of xylose into FF, respectively, after 24 h of time on stream at 160 °C with 
water as solvent. However, only SiO2 supported Nb2O5 catalyst provides FF selec-
tivities higher than 55%, using water (61%) or water/toluene (80%) as reaction 
medium. The activity and selectivity showed by the last catalyst is ascribed to the 
larger pore size and optimum Lewis and Brønsted acid sites, with this last parameter 
being similar to the Nb2O3 supported on MCM and SBA type mesoporous 
materials.

Taking into account the data presented about FF catalytic synthesis, it is impor-
tant to note that the conversion of the raw material (xylan, xylose and even glucose) 
and the yield or the selectivity towards FF are closely related to the textural, super-
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ficial and acidic characteristics of the catalyst. In this sense, it is important to recall 
that there is a suitable compromise among these characteristics, since the pore size 
and the Lewis acid sites promote raw material conversions, while the micropores 
and Brønsted acid sites promote FF formation. Even crystallinity and leaching sta-
bility of the catalysts seem to play an important role in FF synthesis.

8.3  Hydroxymethylfurfural Synthesis

Typically, the formation of HMF leads to sequential reactions of isomerization and 
dehydration, which need Lewis and Brønsted-acid catalyst, respectively. However, 
although the reaction mechanism has not fully elucidated, the most extended reac-
tion mechanism is that HMF is produced from fructose dehydration and this hexose 
is obtained from the isomerization of glucose (Fig. 8.5) [82, 83]. Another type of 
substrates, such as cellulose, inulin and sugarcane bagasse [69], are used for HMF 
production.

As the production process of HMF is similar to FF one, the used catalysts are 
also similar. Concretely, literature on the HMF production from glucose primarily 
focuses on the use of heterogeneous catalytic systems based on metal oxides and 
their modifications. However, zeolite-type catalysts are also used in this process due 
to the good results achieved for FF production.

8.3.1  Zeolites

Although zeolite microporous materials are selective towards HMF and have good 
activity for cellulose or glucose raw materials [56], they are typically modified to 
improve their catalytic performance. In this sense, some authors use dealumination 

Fig. 8.5 HMF production pathway from glucose and the possible side reactions (Adapted with 
permission from [82, 83], Copyright © 2015, 2017 Elsevier)
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process and/or incorporation of metal oxides to enhance the characteristics, and 
therefore the catalytic activity and stability of Beta, H-Beta and ZSM-5 zeolites 
[82–84] in glucose dehydration (Table  8.3). In the case of Beta-zeolite, after its 
dealumination, the obtained catalyst is modified with different amounts of Sn and 
Ti. The catalyst without Al or Sn element is less effective for glucose dehydration 
reaction, resulting in lower HMF yields. However, when the zeolite content of Sn 
and Al, concretely dealuminated [Sn,Al]-beta zeolites, the activity and selectivity 
increase. This improvement of the activity and selectivity is more pronounced in 
dealuminated zeolites with lower amounts of Sn, reaching a HMF selectivity of 
62% (yield 37.1%) and glucose conversion around 60% for the [Sn,Al]-Beta(100) 
catalyst, when DMSO is employed as solvent and the temperature is fixed at 
160 °C. Adequate amounts of Sn in this catalyst allows the presence of Brønsted 

Table 8.3 Zeolites used in the conversion of carbohydrates substrates into HMF with summary of 
reaction conditions and catalytic activity

Catalyst

Temp 
(°C) System Raw 

material
Conversion 
(%)

FF 
yield 
(%) ReferencesMonophasic Biphasic

H-Al- 
Beta100

160 W-DMSO – Glucose n.a. 11.3

Sn-Beta 12.3 [82]
[Sn,Al]-
Beta50

31.4

[Sn,Al- 
Beta]100

37.1

[Ti,Al]-
Beta50

18.0

[Ti,Al- 
Beta]100

14.1

Fe-Beta 170 W-DMSO – Glucose n.a. 34.5 [75]
Sn-Beta Fructose 36.4

SucroseZr-Beta 33.2
Fe-Beta 11.8
Sn-Beta 15.7
Zr-Beta 8.6
Fe-Beta 9.4
Sn-Beta 12.1
Zr-Beta 6.8
H-ZSM5 195 W-MIBK – Glucose 60 5a [84]
Fe-ZSM5 96 35a

Cu-ZSM5 98 30a

H-ZSM5 W-NaCl- 
MIBK

82 55a

Fe-ZSM5 43 55a

Cu-ZSM5 85 60a

50,100 → Sn/Al and Ti/Al ratio; a → HMF selectivity; Temp → temperature; W → water; DMSO → 
dimethyl sulfoxide; MIBK → methyl isobutyl ketone; n.a. → not available
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and Lewis acid sites, while the incorporation of high amounts of Sn provides more 
Lewis acid sites than Brønsted acid sites. When Ti is added instead of Sn, the 
obtained HMF yield (≈16%) is slightly higher than that achieved with the commer-
cial H-Al-Beta, which is Sn-free.

Following a similar strategy, Zhang et al. [75] use modified H-Beta zeolite with 
Fe, Sn and Zr metals in glucose, fructose and sucrose dehydration and they con-
cluded that, when glucose is used as raw material, HMF is produced as an interme-
diate product. The results show that all modified zeolites provide a similar HMF 
yield, with Sn-Beta catalyst giving a yield of 36.4% at 170 °C using DMSO as a 
solvent. The presence of Sn leads to a higher pore width (similar to Fe-Beta), and 
higher number of Brønsted and Lewis sites.

Another type of zeolite, H-ZSM-5 and its Fe-ZSM-5 and Cu-ZSM-5 counter-
parts, have been investigated for glucose dehydration after determining the best 
operating conditions [84]. Among these zeolites, Cu-ZSM-5 shows the best glucose 
conversions and HMF yields, reaching values of around 85% and 65%, respectively, 
at 195 °C using a biphasic aqueous NaCl/MIBK system. It is important to mention 
that H-ZSM-5 shows similar activity but gives a slightly lower selectivity. In con-
clusion, the addition of metallic elements enhances the properties of zeolites in 
terms of acidity amount, allow a good compromise between Brønsted and Lewis 
acid sites, mesopore structure, micropore volume and dispersion of active species. 
This fact makes metal oxides important in isomerization processes, and the Al con-
tent of the zeolite catalysts is necessary to carry out the dehydration process. 
Moreover, modified zeolite catalysts show good stability, as it is confirmed by the 
reusability tests.

The improvement reported in activity/selectivity and textural, morphological and 
chemical properties when metal oxides are used as modifiers in the zeolites, means 
that the metal oxides are considered good candidates for the HMF-type furan com-
pound production.

8.3.2  Metal Oxides

Although metal oxides have low and moderate selectivity towards HMF production 
[56], they can be modified to have high activity and selectivity. Zhang et al. [85] 
tested amorphous Cr2O3, SnO2, SrO, Fe2O3, FeO, CdO and CoO metal oxides for 
glucose dehydration (Table 8.4). The main conclusions are that: (i) the increase of 
activation treatment of the catalyst has negative influence on the HMF yield (ii) the 
supported metal oxides on graphene oxide improve in some cases the HMF yield. In 
fact, amorphous Cr2O3, SnO2 and SrO, activated at 60 °C, show HMF yields over 
80% at 140 °C and for 4 h reaction time, while iron oxides have the lowest HMF 
yields, below 5%. However, the activity and selectivity of the iron oxides grows 
significantly when they are supported in graphene oxide, reaching for supported 
Fe2O3 an HMF yield of 85%. This improvement seems to be due to the dispersion 
of iron oxides on the support and the interactions formed between both oxides. 
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Some of these metal oxides, such as ZrO2, TiO2 and Al2O3, were modified to trans-
form them into superacid catalyst [86]. The reported HMF yields are not so high 
(around 7 and 11%) when cellulose is used as substrate at 190 °C and low reaction 
time (2–4 h). However, the acid strength of the catalysts seems to be an important 
parameter to avoid side reactions of cellulose. Shirai et  al. [87] also used ZrO2 
superacid as catalyst and a metal (Pt and Ru) or a metal oxide (CeO2 and Nb2O3- 
CeO2) as support. The cellulose conversion (89.1%) and HMF selectivity (16.1%) 

Table 8.4 Metal oxides used in the conversion of carbohydrates substrates into HMF with 
summary of reaction conditions and catalytic activity

Catalyst
Temp 
(°C)

System
Raw 
material

Conversion 
(%)

FF 
yield 
(%) ReferencesMonophasic Biphasic

Fe2O3 140 W-[EMIM]
Br

– Glucose n.a. 3 [85]
FeO 3
SnO2 81
CdO 10
Cr2O3 84
SrO 90
CoO 30
S-ZrO2 220 W – Cellulose 20.6 16.1a [87]
Pt/S-ZrO2 13.9 4.9 a

CeO2/S-ZrO2 26.5 15.8a

CeO2 
Nb2O3/S- 
ZrO2

28.3 14.7a

TS350 120 W – Glucose 19 7.2 [88]
TSA350 22 8.0
S/SnO2 190 W – Cellulose n.a. 7.7 [86]
S/TiO2 5.5
S/ZrO2 4.9
S/Fe2O3 3.6
S/Al2O3 6.9
γ-Al2O3 140 W-DMSO – Glucose 95 18 [89]
Al5O5 95 41
Al6O4 90 30
Al7O3 88 30
Al4O6 85 28
Al3O7 90 25
Nb1W7 120 W – Glucose 11.6 3.3 [90]
Nb3W5 32.2 10.3
Nb4W4 36.1 18.8
Nb5W3 29.1 10.7
Nb7W1 30.4 12.4

a → HMF selectivity; Temp → temperature; W → water; [EMIM]Br → 1-ethyl-3- methylimidazolium 
bromide; S-ZrO2 → ZrO2(SO4

2−); S → SO4
2−; n.a. → not available
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reported for superacid ZrO2, measured at 220 °C and 5 min, are higher than previous 
reports [86]. However, a significant improvement on the activity and the selectivity 
is not observed when the ZrO2 superacid catalyst is used as support. Based on these 
results, it would seem that similar textural properties of these catalysts lead to simi-
lar activities and selectivities. Calcined SnO2 superacid catalyst, bare and doped 
with Al2O3, have been used for glucose dehydration, but HMF yields are very poor 
due to leaching of the sulfate groups [88].

Apart from the mentioned catalysts, nano-sized and ordered mesoporous metal 
oxide combinations seem to be a good catalytic system to carry out dehydration 
reaction of glucose. Among the catalytic systems, Al2O3-B2O3 [89] and Nb2O3-WO3 
should be mentioned [90]. The Al2O3-B2O3 catalysts are prepared with different 
Al/B molar ratios and they are tested using glucose as a raw material. The prepared 
combinations show higher glucose conversions and higher HMF yields than the 
pure metal oxides, among others, reaching for Al2O3-B2O3 catalyst with Al/B ratio 
of 5:5 a conversion close to 100% and HMF yield of 41.4%, at 140 °C, 4 h and with 
DMSO being used as solvent. The mentioned catalyst has favorable textural and 
morphological characteristics in terms of high total acidity, high acid strength and 
surface area. The catalyst is probably mesoporous and it contains Lewis acid sites. 
Moreover, it has an intermediate pore volume. Regarding Nb2O3-WO3 mixed oxides, 
they have been prepared with different molar ratios. Under operation conditions of 
120 °C, 2 h of reaction time in an aqueous medium, the Nb4W4 catalyst provides a 
glucose conversion of 36.1% and HMF yield of 18.8%. Moreover, this catalyst has 
high surface area and high amounts of Lewis and Brønsted acid sites, which are 
necessary to obtain good yields of fructose and HMF, respectively, from glucose 
substrate. Moreover, the mentioned catalyst shows good stability. When the perfor-
mance of both mixed metal oxides are compared, it is observed that Al2O3-B2O3 
catalysts have better activity and selectivity than Nb2O3-WO3 due to the milder 
operating conditions that these last catalysts were tested.

Other investigations focus on the use of fructose as a raw material to produce 
HMF with a solid acid, such as silica-induced heteropolyacids, and aggregated 
nanosheets and layered metal oxides [91, 92]. The catalysts are able to convert 
almost all the fructose and achieve HMF yields above 80%, in the best of cases. It 
is important to mention that fructose is more reactive than glucose.

Taking into account the data presented on FF and HMF catalytic synthesis, it is 
important to remark that the conversion of raw materials (xylan, xylose and even 
glucose, in the case of FF, and glucose and fructose, in the case of HMF) and yield 
or selectivity toward FF and HMF are closely related to the textural, superficial and 
acid characteristics of the catalyst. Moreover, it can be concluded that there is a suit-
able compromise among these characteristics, since on the one hand, the size of 
pores and the Lewis acid sites allow substrate access, while, on the other hand, the 
microporous and Brønsted acid sites are responsible for FF and HMF formation.
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8.4  DMF Production

DMF can be produced from hydrogenolysis, which is also called selective hydroge-
nation of HMF [19] using non-noble and noble metal catalysts [1, 19]. This reaction 
involves different pathways [1, 6, 19] in which dehydration and hydrogenation reac-
tions are predominant. Figure 8.6 shows a simplified reaction scheme of DMF pro-
duction from biomass. The main route of DMF production is by hydrogenolysis of 
5-hydroxymethylfurfural (HMF) to 5-methylfurfuryl alcohol 5-(MFOL) via 
5-methylfurfural or via 2,3-bis(hydroxymethyl)furan (BHF). After the 5-MFOL by 
different hydrogenolysis reaction it can be produced the DMF, but at this point it 
could be open the furan rings obtained different ring operation products or by over 
hydrogenation of the DMF it can be obtained the 2,5 dimethyltetrahydrofuran (2,5 
DMTHF). Although at specific operating conditions could take place another route 
of 2-methylfuran (2-MF) via furfuryl alcohol (FOL), in this route it is not produce 
DMF.

Usually the production of HMF is carried out in batch reactors, and after its puri-
fication the obtained HMF is fed into another reactor (Fig. 8.7). DMF production 
from HMF is typically carried out by catalytic hydrogenolysis. In the HMF hydro-
genolysis some carbon-oxygen bonds are cleaved and the hydrogen is introduced in 
the molecule by hydrogenation- dehydration mechanisms (Fig. 8.6) that occur in the 
2,5-dihydroxymethylfuran synthesis process. In the hydrogenolysis processes from 
biomass, bifunctional routes have been suggested by various authors being the 
dehydration step, that is catalyzed by acid or basic sites [94–96], whereas the 
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Fig. 8.6 Production route of 2,5 dimethylfuran and 2-methylfuran via 5-hydroxymethylfurfural 
from biomass (Reprinted with permission from [93], Copyright © 2017 Elsevier)
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 hydrogenation process is catalyzed by the metal [6, 31, 97]. Some metals, such as 
Cu allow both steps to occur, namely dehydration and hydrogenation [98–101]. The 
presence of strong acid sites, Brønsted or Lewis, favor the C–C bond cleavage of the 
HMF molecule; therefore the presence of acid supports could cause the loss of one 
of the radicals present in the HMF molecule or degradation of the DMF, which is the 
reason why neutral-basic supported and weak acid supports are employed in HMF 
hydrogenolysis to DMF. This type of neutral-basic supports seems to avoid C–C 
bond cleavage of tertiary carbon of HMF raw material [17]. One of the most used 
supports in HMF hydrogenolysis is carbon [32, 102, 103], while some other authors 
report the use of zirconia [17] or metal oxides such as Co3O4 [2].

For the hydrogenation of the HMF it is necessary to use hydrogenating metal 
catalysts. There are two types of metal-based catalysts, those containing noble met-
als such as Pd, Pt, Ru, Rh and Au [1, 19, 45, 97, 104], and those containing transi-
tion metals, such as Cu, Co, Ni and Fe [97, 105, 106]. Some authors have studied 
the use of both type of metals [32] to obtain a high selectivity (over 70%) in the 
production of 2,5 DMF using Cu-Ru supported on carbon via a vapor-phase hydro-
genolysis of HMF [32] using 1-butanol as solvent at 220  °C and 6.8  bar of H2. 
Chidambaram et al. [85] reported a 32% of selectivity to DMF and a 47% of HMF 
conversion using the Pd/C catalyst with ionic liquids. In this last case, the operating 
conditions were 120 °C and a pressure of 62 bar of hydrogen; the high H2 pressure 
was needed to maintain the liquid phase and to improve the H2 diffusion across the 

Fig. 8.7 Schematic of the process for fructose conversion to 2,5 dimethylfuran. (Reprinted from 
[32], Copyright © 2007 Nature)
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liquid reaction media. Zu et al. [2] reported a very high yield to DMF (93.4%) using 
tetrahydrofuran (THF) as a solvent at 130 °C, and 7 bar of hydrogen partial pressure 
using HMF. In this case, the Ru was the responsible for the hydrogenation and the 
Co3O4 was the responsible for the HMF adsorption and breaking the C–O bonds. 
R. Goyal et al. [105] obtained total conversion of HMF and selectivity to DMF over 
98.7% employing a Ni catalyst supported on mesoporous nitrogen rich carbon 
material with liquid water as solvent at 200 °C and 30 bar of H2 pressure using HMF 
such as feed. The reason of the reported high selectivity to DMF is the presence of 
Ni nanoparticles (below 5 nm). This high Ni dispersion was due to the high interac-
tion among the support and the Ni, because when the nickel particle size was higher 
than 5 nm the selectivity of DMF decreased considerably [105]. All these experi-
ments were developed in a Batch Reactor using HMF such as feed.

As previously mentioned, when biomass is using such as feed, it is necessary two 
reactors to obtain DMF, in the first reactor HMF is produced and after its purifica-
tion the HMF is feed in another reactor (Fig. 8.7). Nevertheless Thananatthanachon 
and Rauchfuss [107] provide a new solution using a one pot reactor in the process 
to obtain DMF from Biomass. They use fructose as raw material for HMF produc-
tion, and in this first step, fructose and formic acid are fed into the pot which is 
stirred and heated at 150 °C for 2 h. After that the resulting products are cooled 
down to room temperature and then THF, H2SO4, and Pd/C catalyst are added. Then, 
the pot is heated up at 70 °C and allowed to react for 15 h. Finally DMF is extracted 
to obtain a DMF yield of 51%. However, the presence of formic acid and H2SO4 
makes the process highly corrosive and the method is not environmentally-friendly. 
This is summarized in the Table 8.5.

Some solvents favor the no formation of secondary reactions, allow high H2 dif-
fusion, and facilitate separation of DMF from the reaction media in the different 
reaction systems in batch or in fix bed reactors. THF and butanol have good H2 solu-
bility and thus high H2 pressures are unnecessary. On the contrary ionic liquids 
generally have poor H2 solubility and the use of this kind of solvents require large 
H2 pressures (≥50 bar) [102]. Moreover, the separation of DMF from the ionic liq-
uids is not easy; therefore it seems that the ionic liquids are not very suitable for 
hydrogenolysis reaction. In case of 1-butanol, 2-butanol, and hexanol are favorable 
for DMF biomass-to-liquid production due to their alcoholic properties [108]. 
Goyal et al. [105] showed that the use of water can also be very helpful to reach high 
DMF yield (98.7%).

Table 8.5 DMF yield in a batch reactor

Catalyst Solvent Temp (°C) P(H2) (bar) DMF yield (%) References

Cu-Ru/C Butanol 220 6.8 70 [32]
Pd/C Ionic liquid 120 62 32 [102]
Ru/Co3O4 THF 130 7 93.4 [2]
Ni/SBA-15 W 200 30 98.7 [105]
Pd/C THF 70 H2 donors 51 [107]

Temp → temperature; THF → tetrahydrofuran; W → water
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Hydrogenation in liquid reaction systems required of high H2 pressures to 
improve the H2 solubility and its availability on the catalytic surface. Although the 
presence of molecular hydrogen has many advantages like high availability and an 
easy activation of the metal surface, there are also some problems related to the 
safety, economy and sustainability that open a new route in hydrogenation research: 
the use of liquid-phase hydrogen donors [109]. Some compounds as formic acid or 
different alcohols (ethanol, formic acid and propanol) can be employed as hydrogen 
donor compounds. One example is the glycerol hydrogenolysis to obtain 1,2 pro-
panediol [109]. Catalytic hydrogen transfer can take place using environmentally 
friendly and sustainable compounds. Formic can be produced from lignocellulosic 
biomass or from electrochemical CO2 reduction; methanol can be produced by bio-
mass pyrolysis. Zu et al. showed that formic acid as hydrogen donor could lead to 
high HMF conversions (99%) with high selectivities (90%) using a Ni-Co/C cata-
lyst and THF as the solvent [2].

Almost all the works that present high selectivity of DMF are developed in batch 
reactors, and sometimes the contact time or the reaction time is quite high due to the 
low volume of the reactors [103, 105]. For a large production of DMF is necessary 
the use continuous systems but only few authors has reported about hydrogenolysis 
of HMF over continuous systems [17, 104]. In these cases the DMF selectivity was 
lower than in batch reactors, for example, in the case of the Cu/Zr catalysts it was 
reached a maximum selectivity of 60.6% after 2 h on stream [17]. Therefore, still 
plenty of research is required to improve and develop these continuous reactor sys-
tems. As previously presented, the DMF extraction from biomass occurs in two 
steps, in the first one HMF is obtained by Biomass hydrolysis, and after that, in a 
new reactor, this HMF is transformed into DMF.

Finally, it must be concluded that many reports show high DMF selectivities 
obtained using synthetic HMF rather than HMF resulting from biomass. The use of 
real raw biomass presents new challenges that affect to the DMF selectivity. For 
example, the presence of impurities in the biomass-derived HMF would low and 
deactivate many types of catalysts [17].

8.5  2-MF and MTHF Production

As shown in Figs. 8.6 and 8.9, there are two different routes to obtain 2-MF with the 
first one being from furfural and the second one being from HMF.  In both cases 
hydrogenation of the FF or the HMF to furfuryl alcohol (FOL) is required followed by 
a hydrogenolysis step to obtained 2-MF. If the hydrogenation process continues after 
forming 2-MF, the furanic biofuel methyltetrahydrofuran (MTHF) can be obtained.

The most studied route of 2-MF production is the FF transformation via FOL 
into 2-MF. FF normally is obtained under batch or continuous processes. It can be 
simultaneously extracted by steam-stripping being its concentration, being around 
3% in this stream. The extracted furfural can be separated using consecutive 
 purification stages to achieve a high furfural pure stream. After obtaining FF from 
biomass, the second step involves 2-MF production (Fig. 8.8). The fresh FF is mixed 
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Fig. 8.9 Process flowsheet for obtaining 2-methylfuran (MF) from furfural (FF) via furfuryl alco-
hol (FOL). (Adapted with permission from [110], Copyright © 2016 Elsevier)

Fig. 8.8 Production route of 2-MF and MTHF via FF from biomass (Reprinted with permission 
from [93], Copyright © 2017 Elsevier)

8 Production of Furanic Biofuels with Zeolite and Metal Oxide Bifunctional Catalysts…



262

with a fresh and recycled H2, before being heated up and being introduced to a tubu-
lar reactor. The flow rates are adjusted to have a reaction time of around 2.1 s. In this 
process, there is a clear relationship between reaction temperature and 2-methylfu-
ran yield, with higher yields of 2-methylfuran being obtained when the reactor tem-
perature is increased [110]. After reaction, a flash separator is in the system, to 
recover the no reacted hydrogen ant the rest of product. The no reacted hydrogen is 
mix with the fresh hydrogen and this mixture is introduced in the previous decrypted 
reactor. The rest of products are introduced in a distillation column, where the 2-MF 
is purified. A downstream separation processes by distillation leads to 2-MF purities 
higher than 99%.

As previously mentioned, it is necessary to cleave a C–O bond for 2-MF produc-
tion. For this purpose metal catalysts seem to be promising candidates for the selec-
tive removal of oxygen from the carbonyl group of FF or HMF under relatively mild 
operating conditions [111]. In this process it is also necessary to avoid the C–C 
bond cleavage, therefore it is not usual to use strong acid supports that favored these 
scissions [111]. Metals such as Cu are able to promote C–O bond cleavage without 
C–C bond scission [99–101, 111, 112], while other typical hydrogenation metals as 
Pt, Ni or Pd have a high hydrogenation activity at relative low temperatures [the 
noble metals need lower temperatures] but they are not be able to cleave C–O bonds, 
with FOL being the major product [113–115]. In contrast, at high temperatures 
more than 200 °C, nickel favor the decarbonylation reaction to form furan as the 
main product [116]. Commonly used catalysts for 2-MF production from FF are the 
Cu catalysts; however, these catalysts present problems of stability [99, 111, 112]. 
The deactivation of Cu-based catalysts is associated with the sintering and leaching 
of copper species [93]. The addition of another metal such as Co, Ni, or, Fe improves 
the activity, selectivity and the stability of copper-based catalysts in liquid-phase 
catalytic reactions [117].

The hydrogenation of FF can be carried out in liquid phase or in gas phase. 
Usually when the process is developed in a batch reactor the reaction is carried out 
in the liquid phase while when the process is carried out in gas phase, tubular con-
tinuous reactors are used. In the case of the FF hydrogenation in the liquid phase, 
necessary hydrogen can be supplied by molecular H2 or by hydrogen donors. 
Srivastava et al. [93] have achieved a high selectivity to 2-MF (81.6%) and a total 
FF conversion using 2-propanol as hydrogen donor in presence of Cu-Ni/Al2O3 
catalysts. This system was also tested for HMF and the main product was DMF with 
the selectivity of 2-MF being lower than 10% [93]. Srivastava et al. tested different 
monometallic catalysts as Cu/Al2O3 and Ni/Al2O3. In case of the Cu monometallic 
catalyst requires higher temperatures than Ni or NiCu/Al2O3 catalysts to get a total 
FF conversion. For this case, the Ni favored the FF hydrogenation but at the same 
time it also promoted C–C bond scission. Thus, the 2-MF yield was very low with 
this catalyst while the major production was towards FOL and a little of THFOL, 
and furan. However, the use of bimetallic catalysts as Ni-Cu/Al2O3 improves the FF 
conversion and the 2-MF yield, due to the high hydrogenation capacity of the Ni and 
the C–O bond cleavage capacity of Cu. It seems that the presence of the Ni in the 
catalyst increases the Cu dispersion and reduces the Cu particle size which is an 
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important factor for C–O hydrogenolysis [93]. In the 2-MF production flowsheet 
(Fig. 8.8), higher temperatures favor 2-MF yield. At 150 °C, the 2-MF selectivity is 
lower than 10% while the FOL selectivity is over 90% and at 200 °C the 2-MF 
selectivity is close to 80% and the FOL selectivity becomes less than 10%. Xiong 
et al. confirmed Srivastava’s results; they also used NiCu/Al2O3 and Cu/Al2O3 cata-
lysts and observed that higher conversions of furfural and higher 2-MF yields 
achieved with the NiCu bimetallic surfaces could be explained due to the increased 
degree of interaction of the carbonyl group of furfural compared with the degree of 
interaction with monometallic Cu catalysts [28].

Yang et al. have employed hydrogen donors as formic acid to obtain a total FF 
conversion and a 2-MF selectivity of 79.2% with Ni-Co/C catalyst and using THF 
as solvent [31] at 200 °C to increase the DMF yield. Those authors tested Ni-Co/C 
catalyst employing H2 molecular, but obtained lower 2-MF selectivity values.

As it was previously presented in the DMF production, when DMF production is 
carried out with liquid phase reactions, it is very common the use a co-solvent as 
THF to prevent side reactions like resinification of FF or FOL [118].

Many researchers have reported interesting results on the vapor phase furfural 
hydrogenation [119–121] (Table 8.6). Yang et al. showed a total FF conversion and 
2-MF selectivity of 93.5% at 350 °C using a Cu-Zn/Al catalyst. For this case, calci-
nation temperature effect was analyzed and they observed that at higher calcination 
temperatures than 350 °C it is formed a solid solution that decreased the selectivity 
to 2-MF. Dong et al. [121] obtained total FF conversion, and a selectivity of 2-MF 
of 89.5% using Cu/SiO2 catalysts at 220 °C and atmospheric pressure. Those authors 
tested other Cu catalysts as Cu/Al2O3 and Cu/ZnO that have lower selectivities of 
2-MF than the previous one. The performance of the Cu/SiO2 is attributed to the 
interaction of SiO2 with copper species that improve the uniformity copper particle 
dispersion with high loading of Cu0 and Cu+, which might be important for catalytic 
reaction of FF hydrogenation. This higher Cu+/Cu0 ratio might function as electro-
philic or Lewis acid sites to polarize the saturated –CH2-OH bond via the electron 
lone pair on oxygen [98]. Dong et al. [99] explain that probably the adequate weak 
acid sites on the Cu/SiO2 catalyst could be helpful for a C–O bond cleavage, due to 
the strong oxyphilic nature for the saturated C–O band that might promote C–O 

Table 8.6 Selectivity of 2-methylfuran (2-MF) for different catalysts, operating conditions and 
reaction phases from furfural (FF)

Catalysts Reaction phase Temp (°C) H2 donor
2-MF

ReferencesSelectivity (%)

Cu-Ni/Al Liquid phase 220 2-propanol 81.6 [117]
Ni-Co/C Liquid phase 200 Formic acid 79.2 [122]
Cu-Zn/Al Gas phase 350 93.5 [122]
Cu/SiO2 Gas phase 220 89.5 [121]
Cu-Zn/Al-Ca-Na Gas phase 250 87 [120]

Temp → temperature
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bond hydrogenolysis. Zheng et al. show also significant results for conversion of FF 
to 2-MF with gas phase reaction and obtain a 2-MF yield of 87% with a Cu/Zn/Al/
Ca/Na at 250 °C at atmospheric pressure.

8.6  Conclusions and Future Outlook

Furfural (FF) and 5-hydroxymethylfurfural (HMF) are interesting platform mole-
cules because they are good candidates to produce a wide range of chemical prod-
ucts and biofuels. FF and HMF are synthesized from aqueous solutions of sugars, 
such as pentoses and hexoses, carrying out isomerization reactions followed by a 
triple dehydration process.

Sequential reactions can take place in unique single-step using heterogeneous 
bifunctional catalysis. Commonly studied for catalysts FF and HMF production are 
modified zeolites and metal oxides as they show Lewis and Bronsted acid sites and 
mesoporous structure. Regarding Lewis and Brønsted acid sites, the ratio between 
these types of acid sites, even density, should be suitable. Lewis acid sites are neces-
sary to carry out isomerization reactions, while Brønsted acid sites promote the 
dehydration reaction. Mesoporous structures in the catalyst reduce raw material dif-
fusional limitations. The catalyst designed to use in FF and HMF production must 
have a good compromise between type/density of acid sites and textural properties. 
Although reaction conditions have not been discussed in detail, it is important to 
mention that mainly temperature, solvents, reaction time and catalyst amount must 
be suitable chosen to reach high sugar conversion and yields toward the desired 
products.

In the hydrogenolysis of the HMF to obtain 2,5-dimethylfuran (DMF) or 
2- methylfuran (2-MF), and in the FF hydrogenolysis, the employed supports are 
weak acid supports or neutral supports. The acidity of the supports is related with 
higher C–C bond scissions which decreases the DMF or 2-MF yield. In the case of 
the hydrogenation in both hydrogenolysis processes, different noble metals as Ru, 
and Pd are mainly employed, while in the case of non-noble metals Cu and Ni are 
mainly employed. The Cu metal promotes the C–O bond cleavage. However, the 
metal dispersion is also a very important parameter in the biofuels production; good 
dispersion of the metal in the catalyst is necessary for high biofuels yields. The 
HMF and FF hydrogenolysis can take place in batch liquid phase reactors or in 
tubular continuous reactors in gas phase. Usually, the liquid phase reaction media 
employs as co-solvent THF, butanol, or some other solvent to avoid the formation 
of furanic resins. In the liquid phase, the hydrogen source for the hydrogenolysis 
step can be either, molecular H2 or hydrogen donors such as formic acid or 
2- propanol. In the case of the hydrogenolysis in the gas phase it is not usual to 
employ a co-solvent. The use of HMF derived from actual biomass will be challeng-
ing in terms of yields for DMF or 2-MF, due to the presence of different impurities. 
Operating conditions also affect 2-MF and DMF yields. Temperatures higher than 
200 °C are required to achieve high 2-MF yields.
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The use of bifunctional catalysts is essential to obtain these biofuels from bio-
mass due to the necessity of C–O bond cleavage and the hydrogenation capacity. 
Bifunctional catalysts are the keys to the future of practical biorefineries.
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Chapter 9
Upgrading of Biomass-Derived Furans  
into Value-Added Chemicals

Song Song, Guangjun Wu, Naijia Guan, and Landong Li

Abstract Biomass-derived furans, e.g. furfural and 5-hydroxymethylfurfural, can 
be produced from the hydrolysis of biomass-derived chemicals. Upgrading of bio-
mass-derived furans into value-added chemicals is a promising strategy for biomass 
valorization. Many chemical or enzymatic methods have been developed for the 
transformation of biomass- derived furans, while catalytic conversions are more 
attractive since they are efficient. Simple catalysts with monofunctional sites tend to 
exhibit low selectivity for multi-step transformations. Therefore, design of bifunc-
tional or even multi-functional catalysts is needed for efficient catalytic conversion 
of biomass-derived furans into value-added chemicals via multiple-step reactions. 
In this chapter, an overview will be provided on the recent achievements made with 
bifunctional catalysts for the upgrading of biomass-derived furans via selective 
hydrogenation, selective oxidation, Diels-Alder reaction and others. Particularly, 
reaction pathways and plausible reaction mechanisms for biomass-derived furans 
upgrading with bifunctional catalysts will be discussed.

9.1  Introduction to Biomass-Derived Furans

9.1.1  Furans from Biomass

Furfural (FFR) and 5-hydroxymethylfurfural (HMF) are two main biomass-derived 
furans [1, 2], which are in the U.S. Department of Energy list of bio-based chemi-
cals as “Top 10 + 4” according to the report by Petersen [3]. FFR, with the chemical 
formula of C5H4O2, is an oxygen heterocyclic ring compound with an aldehyde 
functional group. It appears as a colorless liquid with an almond odor and its color 
becomes darker when exposed to air probably due to partial degradation. FFR is 
mainly produced through the acid-catalyzed transformation of xylose, which comes 
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from renewable nonedible agricultural sources, e.g. food crop residues and wood 
wastes (Fig. 9.1) [4, 5]. HMF, with the chemical formula of C6H6O3, consists of a 
furan ring, which contains both alcohol and aldehyde functional groups. Typically, 
HMF can be produced from the dehydration of glucose (Fig.  9.1) [6–8]. The 
biomass- derived furan, 3-acetamido-5-acetylfuran (3A5AF), has been reported as 
another compound of interest as it can be synthesized from waste crustacean shells 
by combining chitin hydrolysis and N-acetyl-D-glucosamine dehydration. The 
3A5AF is proposed as a nitrogen-containing building block for sustainable biomass- 
derived chemicals (Fig. 9.1) [9–11]. Research on 3A5AF is just in its initial stages 
[12] although its importance is highlighted in a recent review on shell biorefineries 
[13] which discusses the potential of waste shell resources. In this chapter, the focus 
will be on the use of FFR and HMF over bifunctional catalysts, since research prog-
ress on these chemicals is substantially developed.

Some major physical properties of FFR and HMF are summarized in Table 9.1 
for a direct view.
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Fig. 9.1 Simplified reaction scheme for the production of furfural, 5-hydroxymethylfurfural and 
3-acetamido-5-acetylfuran from hemicellulose, cellulose and chitin, respectively

Table 9.1 Physical properties of furfural (FFR) and 5-hydroxymethylfurfural (HMF)

Name
Chemical 
formula

Molar 
mass  
g/mol

Physical 
appearance  
at 25 °C Odor

Liquid 
density  
g/mL

Melting 
point/K

Boiling 
point/K

FFR C5H4O2 96.09 Colorless oil Almond 1.16a 236 435
HMF C6H6O3 126.11 Yellow 

powder
Chamomile 1.24b 301 ~ 307 387 ~ 389

aFrom GESTIS Substance Database (http://gestis-en.itrust.de)
bFrom Wikipedia
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Fig. 9.2 Useful chemicals that can be derived from furfural

9.1.2  Chemical Properties of Furans

FFR can undergo typical reactions of the aldehyde group, such as reduction to an 
alcohol or the oxidation to a carboxylic acid. Hydrogenation, hydrogenolysis and 
Diels-Alder reactions can be conducted with the furan ring of FFR. The versatile 
properties of the aldehyde group and the furan ring widen the applications for 
upgrading FFR. As summarized in Fig. 9.2, a number of valuable chemicals can be 
produced from FFR [14–16].

HMF has similar functional groups like FFR but with additional alcohol group in 
the molecule. Starting from HMF, a lot of high-value chemicals can also be pro-
duced, as summarized in Fig. 9.3 [17, 18].

This chapter is briefly divided into three sections related to catalytic system with 
bifunctional catalysts: (1) hydrogenation or oxidation of FFR; (2) the catalytic 
hydrogenation or oxidation of HMF and (3) the Diels-Alder and dehydration reac-
tions of biomass-derived furans with dienophiles.
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9.2  Furfural Hydrogenation

9.2.1  Furfural to Furfuryl Alcohol

Furfuryl alcohol (FAL), which is also called 2-furylmethanol or 2-furancarbinol, is 
an organic compound containing a furan substituted with a hydroxymethyl group. 
FAL is the monomer for the synthesis of furan resins, which are widely used in 
polymer composites, cements, adhesives and coatings. Industrially, FAL is pro-
duced from FFR through a gas-phase or liquid-phase hydrogenation process in the 
presence of catalysts, e.g. catalytic hydrogenation. The catalytic hydrogenation of 
FFR to FAL can be achieved with Cu-based catalysts, and Cu-Cr catalysts have 
already been commercialized for FAL production [19–22]. However, the toxicity of 
Cr and the relatively low efficiency of Cu-Cr catalysts restrict their application to 
some extent. In this context, it is necessary to develop more environmental-benign 
and efficient catalysts for transformation of FFR to FAL.

9.2.1.1  Metal-Metal Synergistic Bifunctional Catalysts

Without the use of Cr as an additive, Cu-containing catalysts such as Cu-Pd, Cu-Ca, 
Cu-Ni and Cu-Fe have been explored and show high activity toward the hydrogena-
tion of FFR to FAL (Table  9.2, Entries 1–5) [23–27]. Precious metal Pd was 

Fig. 9.3 Useful chemicals that can be derived from 5-hydroxymethylfurfural
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demonstrated to be an effective additive and the gas-phase hydrogenation of FFR to 
FAL over bifunctional PdCu/zeolite Y catalyst has been reported [23]. Typically, 
100% selectivity toward FAL with 58% FFR conversion was obtained under rela-
tively mild conditions. Cu(II) ions existed as the active sites for FFR hydrogenation 
while Pd sites for hydrogen activation. Similarly, Pd-Cu/MgO was reported to be 
very active in the liquid-phase hydrogenation of FFR to FAL, with 100% FFR con-
version and 98% selectivity toward FAL at 383 K. The surface composition of Pd-Cu/
MgO was determined to Pd0-Cu2O with close contact between Pd0 and Cu2O. Cu+ 
ions enabled the hydrogenation of C = O group with hydrogen transfer from the adja-
cent Pd-H sites. Alkaline support, e.g. MgO or Mg(OH)2, could also promote the 
catalytic activity and selectivity to some extent [27]. Bifunctional Cu-based catalysts 
with non-precious metal additives such as Ca, Ni and Fe also exhibited high activity 
in FFR hydrogenation [24–26, 28–30]. However, relatively higher reaction tempera-
ture (>403 K) was required when compared with that employed in Pd-Cu catalyst. In 
addition to Cu-based catalysts, Co- and Ni-based bifunctional alloy catalysts have 
been applied in catalyzing the hydrogenation of FFR to FAL with considerable activ-
ity [31–35].

Table 9.2 Hydrogenation of furfural (FFR) with bifunctional catalysts to obtain products furfuryl 
alcohol (FAL), tetrahydrofurfuryl alcohol (THFA) or 2-methylfuran (MF)

Entry Catalyst Product T/K P/MPa t/h or HSV/h−1 Conv/% Select/% Refs.

1 CuPd-Y FAL 573 0.1 WHSV = 7.7 58 99 [23]
2 CuCa/SiO2 FAL 403 0.1 GHSV = 0.3 100 99 [24]
3 CuNi/MgAlO FAL 473 1.0 2 93 89 [25]
4 CuFe2O4 FAL 433 9.0 5 91 99 [26]
5 CuPd-MgO FAL 383 0.6 1.5 100 98 [27]
6 Co-Mo-B FAL 373 1.0 3 100 100 [30]
7 Ni-Fe-B FAL 373 1.0 4 100 100 [31]
8 Ni-Ce-B FAL 353 1.0 3 97 100 [32]
9 Co-B FAL 353 1.0 – 100 100 [33]
10 Pt-TiO2/SiO2 FAL 423 0.1 LHSV = 2.0 68 94 [34]
11 Pt/TiO2 FAL 393 0.1 3 100 90 [37]
12 Ir-ReOx/SiO2 FAL 303 0.8 6 99 99 [39]
13 Ni/SiO2 THFA 413 0.1 1 100 94 [40]
14 Ni-Sn/AlOH THFA 403 3.0 1.5 99 100 [41]
15 Pd/MFI THFA 493 3.5 5 100 95 [42]
16 Cu-Fe/SiO2 MF 525 0.1 GHSV = 48 99 99 [48]
17 Cu-Fe MF 493 9.0 14 99 51 [49]
18 Ni-Fe/SiO2 MF 523 0.1 WHSV = 10 96 39 [50]
19 Ru/Co3O4 MF 44 1.0 24 99 93 [51]
20 Cu-Mn-Si MF 552 0.1 LHSV = 0.5 99 94 [55]
21 Ru/RuOx/SiO2 MF 453 2-Butanol 10 100 76 [56]

*HSV hourly space velocity, WHSV weight basis, LHSV liquid basis, GHSV gas basis
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9.2.1.2  Metal-Support Synergistic Bifunctional Catalysts

The nature of support materials can influence the catalytic activity and selectivity in 
FFR hydrogenation. For example, Pt-TiO2/SiO2 exhibits a higher selectivity toward 
FAL (93.8%) than Pt/SiO2 (33.8%) in the reaction. The role of the strong metal- 
support interaction and the strong oxide–oxide interaction have been confirmed for 
the case of Pt-TiO2/SiO2 [36]. It was also reported that Pt/TiO2 exhibited higher 
selectivity to FAL than Pt/SiO2 in FFR hydrogenation. That is to say, the oxide sup-
ports played a vital role for controlling the product selectivity and close contact 
between Pt nanoparticles and TiO2 support was beneficial for selective hydrogena-
tion of FFR to FAL. The Pt-TiO2 also promoted the reaction rate due to the strong 
metal-support interactions [37], similar to the recent report on Cu-TiO2- CuO inter-
face [38]. Bifunctional Ir-ReOx/SiO2 was reported as an efficient catalyst for FFR 
hydrogenation to FAL and the high activity was mainly ascribed to the synergistic 
effects between metal Ir and ReOx [39].

9.2.2  Furfural to Tetrahydrofurfuryl Alcohol

9.2.2.1  Metal-Support Synergistic Bifunctional Catalysts

The total hydrogenation of FFR to tetrahydrofurfuryl alcohol (THFA) over Ni/SiO2 
was reported, which underwent two successive steps, i.e. FFR to FAL and FAL to 
THFA [40]. The conversion of FAL to THFA was inhibited by the presence of FFR 
because FFR was more strongly adsorbed onto the catalyst surface than FAL. The 
conversion of FFR to FAL intermediate was less structure-sensitive. In contrast, the 
conversion of FAL to THFA was strongly structure-sensitive and higher turnover 
frequency values were obtained over Ni/SiO2 catalysts with smaller Ni particle size 
(<4 nm). Here, the support SiO2 appeared to be a media to adjust the size of Ni 
nanoparticles. Aluminum hydroxide supported Ni-Sn catalyst could also catalyze 
the total hydrogenation of FFR to THFA [41]. The basic property of the support and 
the hydrogenation property of Ni-Sn were both beneficial for the high catalytic 
activity obtained. In addition to Ni-based catalysts, Pd supported on zeolite, i.e. Pd/
MFI, could catalyze the total hydrogenation of FFR to THFA [42]. Both the metal 
function and the support were critical in directing the selectivity to the ring hydro-
genated product THFA, and for making Pd/MFI an efficient bifunctional catalyst.

9.2.3  Furfural to Pentanediol

9.2.3.1  Metal-Support Synergistic Bifunctional Catalysts

Pentanediol is a high-value compound that can be used as monomer for biomass- 
based polymers and also as an intermediate for synthesis of fungicides, printing 
inks, and cosmetics. The direct conversion of furfural to 1, 2-pentanediol, with a 
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high yield of 73%, was achieved using Pt supported hydrotalcite (Pt/HT) as a 
bifunctional catalyst [43]. The remarkable activity of Pt/HT catalyst was attributed 
to the cooperative effect between metallic Pt nanoparticles and the basic support 
HT. The interface between Pt nanoparticles and HT was beneficial for the selective 
scission of C5-O1 bond of furan ring, leading to the formation of 1, 2-pentanediol. 
The one-pot conversion of FFR to 1, 5-pentanediol over the bifunctional Pt/
Co2AlO4 catalysts was also achieved, although the selectivity towards 5-pentane-
diol was relatively low (~30%) [44]. CoOx sites, especially Co(III) ions, were 
claimed to be critical for the adsorption of C = C bond and the opening of the furan 
ring. Then, metallic Pt catalyzed the hydrogenation of ring-opening products to 
produce 1, 5-pentanediol. Pd modified Ir-ReOx/SiO2 could efficiently catalyze the 
transformation of FFR and a high 1,5-pentanediol yield of 71.4% was achieved 
with a one-pot reaction for which two-step were used in temperature [45]. The 
concept of bifunctional catalyst is well illustrated in this catalytic system: Pd-ReOx 
active sites catalyzing the hydrogenation of FFR to THFA and Ir-ReOx active sites 
catalyzing the hydrogenolysis of THFA to 1,5-pentanediol. Further study demon-
strated that Rh modified Ir-ReOx/SiO2 could efficiently catalyze the  transformation 
of FFR to 1, 5-pentanediol with an improved yield of 78.2% under identical reac-
tion conditions [46].

9.2.4  Furfural to 2-Methylfuran

The product 2-methylfuran (MF) is a chemical intermediate for the synthesis of 
flavoring substances, antimalarial drugs and heterocycles. MF can be directly used 
as a motor biofuel or it can be further transformed into high-alkane liquid fuels 
through condensation. The main route for synthesis of MF is catalytic hydrogenation- 
hydrogenolysis, also called hydrodeoxygenation of FFR.

9.2.4.1  Metal-Metal Synergistic Bifunctional Catalysts

Gas-phase hydrogenation of FFR to MF is primarily conducted with Cu-based cata-
lysts, similar to the hydrogenation of FFR to FAL but at much higher reaction tem-
perature (ca. >523 K) [47]. The bifunctional supported Cu-Cr catalysts appear to be 
very active in the reaction, however, the toxic nature of chromium greatly restricts 
its practical application. Non-toxic Cu-Fe/SiO2 exhibits remarkable performance in 
the conversion of FFR to MF in toluene solvent at 525 K, with 99% FFR conversion 
and 99% MF selectivity. The synergistic effect between Cu and Fe was crucial for 
the high conversion and selectivity [48]. In water solvent, the conversion of FFR to 
MF could be performed at lower temperature of 493 K [49]. SiO2-supported Ni-Fe 
bimetallic catalysts exhibited high activity in the conversion of FFR to MF [50]. The 
main products were furan and FAL when using SiO2-supported monometallic Ni as 
the catalyst. The addition of Fe to Ni/SiO2 could suppress the decarbonylation 
activity of Ni while promoting the C = O hydrogenation at low temperatures and the 
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C-O hydrogenolysis at high temperatures, which resulted in an increase in MF 
selectivity.

9.2.4.2  Metal-Support Synergistic Bifunctional Catalysts

Ru/Co3O4 was explored as a bifunctional catalyst for hydrodeoxygenation of FFR to 
MF [51]. The surface composition of the pre-reduced Ru/Co3O4 was determined to 
be metallic Ru and CoOx. Ru0 was responsible for the hydrogenation of FFR to 
FAL. Then, the CoOx enabled the adsorption of FAL and the hydrogenolysis of C-O 
bond to give the final product MF.

Transfer hydrogenation represents an alternative hydrogenation route for the 
conversion of FFR without the using high pressure hydrogen [52–54]. The transfer 
hydrogenation of FFR to MF was achieved with cyclohexanol as hydrogen donor 
and using bifunctional Cu-Mn-Si catalyst [55]. Metal-silica and metal-metal 
 interaction were thought to be essential for transfer hydrogenation in this system. 
Partially oxidized Ru/C could catalyze the liquid phase transfer hydrogenation of 
FFR to MF with 2-propanol as hydrogen donor [56]. Further study on the effect of 
hydrogen donors demonstrated that 2-butanol is the best hydrogen donor for trans-
fer hydrogenation reaction [57]. The partial oxidation of Ru/C, i.e. Ru/RuOx/C, 
created a robust bifunctional catalyst containing Ru metal sites and RuOx Lewis 
acid sites [58]. In the reaction, RuOx Lewis acid sites catalyze the transfer hydroge-
nation of FFR to FAL, which could be further converted to MF via hydrogenolysis 
with the presence of both metallic Ru and RuOx Lewis acid sites.

We summarize the hydrogenation of FFR to valuable chemicals over bifunc-
tional catalysts, as shown in Table 9.2 for a direct view.

9.3  Furfural Oxidation

9.3.1  Furfural to Maleic Anhydride

Maleic anhydride (MA) is an important chemical intermediate, which is mainly 
used for the synthesis of unsaturated polyester resins. Traditionally, MA was pro-
duced through the gas-phase oxidation petroleum-based n-butane and benzene. 
Nowadays, with the development of biomass feedstock, the oxidation of biomass- 
derived FFR and HMF represents an alternative renewable route for MA production 
[59]. For example, the combination of H5PV2Mo10O40 and Cu (CF3SO3)2 could cata-
lyze aerobic oxidation of FFR with 54% mole yield of MA [60]. Although the 
H5PV2Mo10O40 catalyst alone could catalyze the oxidation reaction, a significant 
increase of MA yield was obtained with the additive of Lewis acid catalyst 
Cu(CF3SO3)2. This can be attributed to promotion of the electron transfer from radi-
cal intermediates to the H5PV2Mo10O40 by the presence of Lewis acid. It was also 
reported that the bifunctional Mo-V metal oxides could efficiently catalyze the 
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aerobic oxidation of FFR to MA with yield up to 65% [61]. Undoubtedly, the Mo-V 
binary metal oxides exhibited synergism effect and have much higher activity than 
either V2O5 or MoO3 alone.

9.3.2  Furfural to Maleic Acid

Maleic acid is an industrial raw material for the production of glyoxylic acid by 
ozonolysis and it can also be used for the production of unsaturated polyester resin, 
tartaric acid and other related chemicals. Industrially, maleic acid comes from the 
hydrolysis of MA, which is produced by the oxidation of benzene or butane (vide 
supra). Recently, a new route for maleic acid production from biomass-derived 
furans has been proposed. The combination of copper nitrate with phosphomolybdic 
acid could effectively catalyze the oxidation of FFR to maleic acid with oxygen 
[62]. The bifunctional combination system exhibits higher catalytic activity (49.2% 
yield) than copper nitrate (27.7% yield) or phosphomolybdic acid (38.4% yield) 
alone under identical reaction conditions. TS-1 zeolite was also reported to be a 
robust catalyst for the oxidation of FFR to maleic acid with aqueous H2O2 [63]. 
Tetrahedral Ti(IV) cations in the TS-1 could activate hydrogen peroxide and then 
oxidize FFR to maleic acid. The microporosity of TS-1 further improved the selec-
tivity to maleic acid. Both tetrahedral Ti(IV) cations and the microporosity of TS-1 
are beneficial for high yields of maleic acid through simple bifunctional catalytic 
system [64].

9.4  Miscellaneous Routes for Furfural Conversion

9.4.1  Furfural to Furan

Furan, a simple type of aromatic heterocyclic organic compound, is a common sol-
vent and it is also used as a starting point for specialty chemicals. Presently, furan is 
manufactured industrially via the liquid-phase or gas-phase decarbonylation of 
FFR, typically catalyzed by Pd-based materials [65]. To obtain considerable furan 
yields, solid base additives, e.g. K2CO3, are necessary in the liquid-phase decarbon-
ylation process. However, the solid base will inevitably poison Pd-based catalysts. 
In this context, it is desirable to design efficient bifunctional catalysts for the decar-
bonylation of FFR to furan in the absence of solid base.

9.4.1.1  Metal-Support Synergistic Bifunctional Catalysts

Bifunctional Pd/SBA-15 catalyst was reported to exhibit remarkable activity toward 
the decarbonylation of furfural under relatively mild conditions [66]. The high cata-
lytic activity was ascribed to the fine Pd nanoparticles of 4–6 nm and the nature of 
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the support, e.g. acidic or basic sites and large surface area. Tokunaga et al. report 
that Pd/ZrO2 bifunctional catalysts display better performance than other transition 
metal oxide supported catalysts for decarbonylation of furfural to furan [67]. In 
contrast to the liquid-phase decarbonylation, the gas-phase decarbonylation of FFR 
to furan has its own advantages, such as easy separation and recycling of the catalyst 
[68]. To prolong the lifetime of catalysts, the gas-phase decarbonylation of FFR is 
usually conducted with hydrogen in the reaction system. On the other hand, the 
presence of hydrogen will decrease the selectivity to furan due to its further hydro-
genation. The design of efficient bifunctional catalysts for decarbonylation of FFR 
to furan is challenging. The vapor-phase decarbonylation of FFR to furan was 
reported using K-doped Pd/Al2O3 catalyst in a fixed-bed reactor with H2-rich stream 
[69]. K-doped Al2O3 is a more basic in nature than the parent Al2O3, which resulted 
in an electron transfer to Pd and finally promoted the decarbonylation of FFR over 
Pd. Alkali metal doping could also suppressed the hydrogenation of FFR to FAL 
and, accordingly, increase the selectivity to furan. The decarbonylation of FFR 
could also be catalyzed by Pt catalysts, which appears to be structure-sensitive. Pt 
nanoparticles with small particle sizes (<2 nm) and cubic in shape were very active 
in the decarbonylation of FFR to furan, rather than hydrogenation of FFR to FAL 
[70]. Recently, Pd nanoparticles confined in microporous Si-MFI zeolite, labeled as 
core-shell Pd@Si-MFI, was developed as a robust catalyst for the reaction [71]. The 
bifunctional Pd@Si-MFI catalyst combined the advantage of both highly dispersed 
Pd nanoparticles and zeolite microporous property, which exhibited a ultra-high 
selectivity toward furan (98.7%), in contrast to commonly-used impregnated Pd/
Si-MFI (5.6%).

9.4.2  Furfural to γ-Valerolactone

9.4.2.1  Brønsted-Lewis Acid Synergistic Bifunctional Catalysts

The chemical γ-valerolactone (GVL), which is a potential green solvent and fuel, 
has attracted significant attention in recent years. GVL can be produced from the 
hydrogenation of levulinic acid via the ring opening product of FFR. An economi-
cal and environmentally-benign pathway for production of GVL from FFR is highly 
desirable. The one-pot synthesis route to GVL from biomass-derived FFR over 
bifunctional zeolite catalyst has been reported [72]. The reaction consisted of 
sequential catalytic transfer hydrogenation and hydrolysis reaction over bifunc-
tional zeolite catalysts (a mixture of Zr-BEA and Al-MFI) containing both Brønsted 
and Lewis acid sites (Fig. 9.4). In the first step, FFR was converted into FAL and its 
ether catalyzed by Lewis acid sites in the presence of hydrogen donor. Then, the 
Brønsted acid sites catalyzed the hydrolysis of FAL and its ether to levulinic acid 
and its ester. Finally, Lewis acid sites catalyzed the transfer hydrogenation of levu-
linic acid and its ester to produce the corresponding 4-hydroxypentanoates, fol-
lowed by lactonization to the final product GVL. This represents an attractive route 
for conversion biomass-derived FFR to high-valued chemicals. However, the 
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problem of reaction intermediate diffusion in the combination catalyst system was 
unavoidable, leading to low GVL yield. To address this issue, zeolites with different 
ratios of Brønsted/Lewis acid sites were designed [73–78]. For example, bifunc-
tional Sn-Al-zeolite catalysts were prepared for the one-pot conversion of FFR to 
GVL [73–75]. In fact, the direct conversion of xylose into GVL over bifunctional 
Zr-Al-beta zeolite (with both Brønsted and Lewis acid sites) was achieved, with 
35% GVL yield at 463 K [77]. The authors of this chapter successfully developed a 
multifunctional Meso-Zr-Al-beta zeolite catalysts (containing mesopores, Brønsted 
acid sites and Lewis acid sites) for the one-pot conversion of FFR to GVL with an 
extraordinary GVL yield of 95% at 393 K [78]. With the combination of Au/ZrO2 
and H-ZSM-5 as catalyst, a novel integrated process for the production of GVL 
from hemicellulose without using liquid acids and external hydrogen was developed 
[75]. This process gave a high GVL yield of 61.5% based on hemicellulose. The 

outstanding performance of the catalytic system can be ascribed to the strong inter-
face interaction of Au with ZrO2 species, large amounts of medium- strength acid 
sites over ZSM-5, and synergy between active metal and acid sites.

9.4.3  Furfural to Cyclopentanone

9.4.3.1  Metal-Metal Synergistic Bifunctional Catalyst

Cyclopentanone (CPO) is a common precursor to fragrances and also a versatile 
chemical intermediate for producing pesticides and pharmaceuticals. CPO is pro-
duced industrially from the treatment of adipic acid with strong base at elevated 
temperatures while the direct conversion of FFR to CPO provides an alternative 
route [79]. Cu-based catalysts have been reported to be active in the reaction and 
bifunctional catalysts are required to achieve satisfactory CPO yields [79–83]. 
Typically, bifunctional NiCu/SBA-15 catalysts exhibited remarkable catalytic 
activity in FFR conversion and a CPO yield of 62% is achieved in aqueous phase 
at 433 K [80]. CuZnAl catalysts exhibit high activity in the reaction with a CPO 
yield of 62% under optimized conditions (423 K, 6 MPa H2, 6 h) [81]. Metallic Cu 
acted as the hydrogenation sites and ZnO acts to disperse Cu species. Supported 
bimetallic Cu-Co catalyst, with strong interaction between Cu and Co, was reported 
to be very active in the conversion of FFR to CPO. Cu, Cu2O and Co were claimed 
to be the active hydrogenation species, while Cu2O also acted as Lewis acid to 
polarize the C  =  O bond [82]. Carbon supported Pd-Cu catalysts have been 
 developed to catalyze the aqueous hydrogenation of FFR to CPO [83]. The high 
catalytic activity of this catalytic system was attributed to an appropriate distribu-
tion of Pd0 and Cu+.

Fig. 9.4 Reaction networks for the one-pot conversion of furfural to γ-valerolactone.
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9.4.4  Furfural to Furfurylamine

9.4.4.1  Metal-Support Bifunctional Catalyst

Furfurylamine, which is a very important derivative used in the manufacture of phar-
maceuticals and pesticides, can be synthesized through the amination of furfural. 
Currently, furfurylamine is synthesized with a hydrogenation catalyst, along with 
additives and gaseous ammonia for which catalyst deactivation is the main draw-
back of the process. Reductive amination of furfural with aniline and electrochemi-
cal reduction of furfuryl oxime has been explored for the production of furfurylamine, 
however, the yields are relatively low [84]. In this context, the transformation of 
furfural to furfurylamine through reductive amination with ammonium hydroxide 
and hydrogen over bifunctional Rh/Al2O3 catalyst is of high interest [84]. An extraor-
dinary high selectivity towards furfurylamine (92%) has been achieved at 353 K, 
which is the major advantage of the bifunctional catalytic process [84]. The synthe-
sis of primary amines through reductive amination of biomass- derived aldehydes 
and ketones over bifunctional Ru/ZrO2 catalysts has been reported. Comprehensive 
characterization results demonstrate that the RuO2 species act as acidic promoters to 
accelerate the activation of carbonyl groups and the metallic Ru species act as hydro-
genation active sites for the subsequent imine hydrogenation [85].

9.5  5-Hydroxymethylfurfural Hydrogenation

9.5.1  5-Hydroxymethylfurfural to 2, 5-Dihydroxymethylfuran

The chemical intermediate 2,5-dihydroxymethyl furan (DHMF) is useful for syn-
thesis of polymers and chemicals, such as 1, 6-hexanediol. The conversion of HMF 
to DHMF proceeds through simple selective hydrogenation of C = O bond of HMF.

9.5.1.1  Metal-Support Bifunctional Catalyst

Supported sub-nano Au clusters catalyze the selective hydrogenation of HMF to 
DHMF [86]. The selectivity toward DHMF exhibited a close relationship with the 
acid-base property of the support. Amphoteric oxide Al2O3 was the ideal choice of 
support for HMF hydrogenation because the opening of furan ring was favored over 
acidic supports. The catalytic activity increased with decreasing Au nanoparticle 
size, however, single gold atoms were inactive. Therefore, sub-nano Au/Al2O3 acted 
as an efficient bifunctional catalyst for conversion of HMF with DHMF yield of 
96%. Pt/MCM-41 has also been demonstrated as an effective catalyst for HMF 
conversion to DHMF with almost perfect yield of ~99% being obtained [87]. 
Considering that the use of precious metals as catalysts will inevitably increase the 
cost of production, however, it is desirable to develop highly-efficient non-precious 
metal catalysts [88, 89]. Cu-based catalysts derived from mineral, e.g. Cu-ZnO, 
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were able to effectively catalyze the conversion of HMF to DHMF [90]. The cata-
lytic activity and product selectivity depended on surface Cu concentrations, acidity 
and microstructure.

9.5.2  5-Hydroxymethylfurfural to 2, 
5-Dihydroxymethyl-Tetrahydrofuran

The compound 2,5-dihydroxymethyl-tetrahydrofuran (DHMTHF) is a good solvent 
and a precursor to many products. DHMTHF can be produced from HMF via the 
total hydrogenation of C = O and C = C bonds in HMF.

9.5.2.1  Metal-Support Synergistic Bifunctional Catalyst

Ru nanoparticles supported on various support catalyze the total hydrogenation of 
HMF to DHMTHF [91]. Support materials with a high isoelectric point, e.g. CeO2, 
have been identified for Ru nanoparticles to achieve a high selectivity toward 
DHMTHF. Pd immobilized on amine-functionalized metal-organic framework, Pd/
MIL-101, acted as a robust catalyst for the selective hydrogenation of HMF to 
DHMTHF [92]. Uniform and well-dispersed Pd nanoparticles were obtained with 
the help from free amine moieties in the metal-organic framework. On the other 
hand, free amine moieties favored the adsorption of the intermediate DHMF and, 
thereby, improved the selectivity toward the final product DHMTHF. The synergis-
tic effect between Pd nanoparticles and the free amine moieties in the metal-organic 
framework made bifunctional amine-functionalized Pd/MIL-101 as an active and 
selective catalyst for HMF to DHMTHF conversion. Non-precious metal Ni based 
catalysts were also reported to be active for the hydrogenation of HMF to 
DHMTHF.  For example, Ni-Al2O3 catalysts derived from hydrotalcite exhibited 
controllable selectivity toward different products DMF, DMTHF or DHMTHF by 
varying the catalyst calcination temperatures and reaction conditions [93]. The 
modulation of suitable metal-acid bifunctional sites was thought to be essential for 
target product. The highest DHMTHF yield of 96.2% was obtained over Ni-Al2O3 
catalyst calcined at 723 K, which can be explained by the relatively low acid sites 
and the high amount of available Ni sites.

9.5.2.2  Metal-Metal Synergistic Bifunctional Catalyst

A series of supported bimetallic alloy catalysts, e.g. Pd-Ni and Pd-Ir alloy, have 
been investigated for the total hydrogenation of HMF to DHMTHF [94, 95]. The 
synergistic effect of Pd-Ir alloy was beneficial for the high activity. Addition of 
metal Ir promoted the activity of Pd-Ir/SiO2 catalyst for C = O bond hydrogenation 
through increasing of the adsorption property of C = O bond on the catalyst sur-
face [75].

9 Upgrading of Biomass-Derived Furans into Value-Added Chemicals



286

9.5.3  5-Hydroxymethylfurfural to 1, 6-Hexanediol

The diol 1, 6-hexanediol (HDO) is widely used in industrial polyester and polyure-
thane production. The traditional route for HDO production is the hydrogenation of 
adipic acid and its esters. An alternative approach for production of HDO started 
from biomass-derived platform molecule HMF has been developed [96]. 
Hydrogenolysis of HMF to HDO proceeded via two key steps, i.e. the deoxygen-
ation of the furan ring catalyzed by acid sites and the hydrogenation of unsaturated 
C = O and C = C bonds catalyzed by metal sites. That is, bifunctional catalysts 
containing both acid sites and metal hydrogenation sites promoted the reaction. Pd/
ZrP catalyzed the conversion of HMF to HDO with formic acid as the hydrogen 
source [96]. A high HDO yield (43%) was achieved at 413 K. ZrP was established 
as the ideal Brønsted acidic support compared to other Brønsted or Lewis acidic 
supports, such as HY, Nb2O5, ZSM-5 and Al2O3. Metallic Pd promoted the dissocia-
tion of formic acid and, thereby, uses the released hydrogen for the hydrogenation 
of unsaturated C = O and C = C bonds. The bifunctional nature of Pd/ZrP catalyst 
made it as a robust catalyst for the hydrogenolysis of HMF to HDO. The combina-
tion of Pd/SiO2 and Ir-ReOx/SiO2 catalyzed the conversion of HMF to HDO in a 
fixed-bed reactor [97]. A very high HDO yield of 57.8% was obtained at low tem-
peratures (373 K) in a solvent mixture of water and tetrahydrofuran. Brønsted acid 
sites were generated on Ir-ReOx/SiO2 upon exposure to water vapor. A different 
reaction pathway was proposed with the combination catalyst system. In the first 
step, the hydrogenation of HMF to DHMTHF was accomplished over Pd/SiO2 cata-
lyst. Then, the ring opening of DHMTHF to 1, 2, 6-hexanetriol occured over the 
Brønsted acid sites derived from Ir-ReOx/SiO2 catalyst. Finally, Ir-ReOx/SiO2 cata-
lyzed the hydrogenolysis of 1, 2, 6-hexanetriol to obtain the final product HDO.

9.5.4  5-Hydroxymethylfurfural to 2, 5-Dimethylfuran

The chemical 2,5-dimethylfuran (DMF) has attracted attention as a biofuel because 
it has an energy density comparable to gasoline. The hydrodeoxygenation of HMF 
from fructose is the main route for DMF production.

9.5.4.1  Metal-Metal Synergistic Bifunctional Catalysts

Bimetallic Pd-Au supported on carbon catalyzed the conversion of HMF to DMF in 
the presence of hydrochloric acid under atmosphere pressure [98]. Undoubtedly, 
bimetallic Pd-Au/C catalysts exhibited much higher activity than monometallic 
Pd/C and Au/C catalysts. Bimetallic Pd-Zn/C also appeared to be effective in cata-
lyzing the hydrodeoxygenation of HMF to DMF in high yields (85%) [99]. Pd/C 
alone exhibited low activity in the conversion of HMF to DMF with 27% yield 
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being obtained while Lewis acidic Zn(II) alone does not catalyze conversion of 
HMF to DMF, revealing the synergistic effects between Pd and Zn(II) in Pd-Zn/C 
responsible for the remarkable activity of bimetallic catalyst. Pt-Co bimetallic 
nanoparticles confined in hollow carbon nanospheres behaved as a robust catalyst 
for conversion of HMF to DMF. In contrast to Pt or Co alone, PtCo bimetallic cata-
lyst exhibited remarkable activity in the reaction, which was the best result at that 
time [100]. Cu-Co coated with carbon layer has been proposed as an efficient cata-
lyst for conversion of HMF to DMF with 99.4% yield [101]. The synergistic effect 
between two metal components Cu and Co was beneficial for high catalytic activity. 
The carbon layer also protected the catalyst from oxidation and further improved its 
stability.

9.5.4.2  Metal-Support Synergistic Bifunctional Catalyst

Cobalt and copper bimetallic catalyst on N-graphene-modified Al2O3 effectively 
catalyzed the conversion of HMF to DMF with perfect yield. The content of pyrro-
lic- N increased from 12.8 to 73.7% for CuCo/NGr/Al2O3 catalysts after hydrogen 
reduction, corresponding to an increase of DMF yield from 63.8 to 99%. The 
remarkable increase of DMF yield was attributed to the synergetic effect of bimetal-
lic Cu-Co and pyrrolic-N [102]. The simple catalyst, Ru/Co3O4, was applied in cata-
lyzing the conversion of HMF to DMF with 93.4% yield at mild conditions [103]. 
The bifunctional nature of Ru/Co3O4 contributed to its high activity: metallic Ru 
species was responsible for the hydrogenation of C = O bond while the CoOx spe-
cies was responsible for the hydrogenolysis of the hydroxyl groups. Similarly, other 
supported precious metal catalysts, e.g. Ru and Pt, also exhibited considerable 
activity for the conversion of HMF to DMF [104–106]. Non-precious Ni based cata-
lysts have been investigated for the conversion of HMF to DMF. Ni-W2C/AC cata-
lyzed the hydrodeoxygenation of HMF to DMF with excellent yields (96%) [107]. 
In catalyst, metallic Ni existed as the hydrogenation sites while W2C acts as the 
deoxygenation sites. The synergistic effect between Ni and W2C and the bifunc-
tional nature of Ni-W2C/AC catalysts were responsible for the high activity 
observed. Similar to the case of Ru/Co3O4, Ni/Co3O4 exhibited considerable activity 
in the catalytic hydrodeoxygenation of HMF to DMF with 76% yields being 
reported under mild conditions [108]. The selective hydrodeoxygenation of HMF to 
DMF over the bifunctional Ru-MoOx/C catalysts has been reported [109]. The syn-
ergetic effect between metallic Ru and acidic MoOx species played a crucial role in 
achieving the high yield of DMF [109]. Bifunctional Ru/RuO2/C has been proposed 
as an active catalyst for the transfer hydrogenation of HMF with isopropanol being 
the hydrogen donor [110]. RuO2 species acted as Lewis acid sites catalyzing the 
transfer hydrogenation of HMF to 2, 5-bis (hydroxymethyl) furan and then the Ru/C 
catalyzed the hydrogenolysis of 2, 5-bis (hydroxymethyl) furan to DMF [111].

A brief summary of HMF conversion to valuable furan chemicals over bifunc-
tional catalysts is shown in Table 9.3.
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9.6  5-Hydroxymethylfurfural Oxidation

9.6.1  5-Hydroxymethylfurfural to 2, 5-Diformylfuran

The chemical 2, 5-diformylfuran (DFF), which is one of the most important deriva-
tives of HMF, can be employed in the synthesis of pharmaceuticals, poly-Schiff 
bases and many other functional materials. DFF can be prepared from the selective 
oxidation of HMF [112].

9.6.1.1  Metal-Metal Synergistic Bifunctional Catalysts

Hollow Fe-Co bimetal nanoparticles derived from metal organic framework cata-
lyzed the selective oxidation of HMF to DFF with perfect yield under mild condi-
tions, comparable with the performance of precious metal catalysts [113]. The 
unique structure of hollow Fe-Co nanoparticles favored the adsorption of HMF and 
the quick desorption of DFF, which accordingly leads to considerable DFF yield 
(ca. 99%).

Table 9.3 Hydrogenation of 5-hydroxymethylfurfural (HMF) substrate with bifunctional catalysts 
to yield products, 2,5-dimethylfuran (DMF) 2,5-dihydroxymethyl furan (DHMF) or 
2,5-dihydroxymethyl tetrahydrofuran (DHMTHF)

Entry Catalyst Product T/K P/MPa t/h Conv/% Select/% Refs.

1 Ir-ReOx/SiO2 DHMF 303 0.8 6 99 99 [39]
2 Au/Al2O3 DHMF 393 6.5 2 100 96 [86]
3 Pt/MCM-41 DHMF 308 0.8 2 100 99 [87]
4 Cu/ZnO DHMF 373 1.5 2 100 99 [90]
5 Ru/CeOx DHMTHF 403 3.0 12 100 91 [91]
6 Pd/MIL-101 DHMTHF 303 1.0 12 100 96 [92]
7 Ni-Al2O3 DHMTHF 333 6.0 6 100 96 [93]
8 NiPd/SiO2 DHMTHF 313 8.0 2 99 97 [94]
9 IrPd/SiO2 DHMTHF 275 8.0 4 99 95 [95]
10 PdAu/C + HCl DMF 333 0.1 6 99 97 [98]
11 Pd/C + ZnCl2 DMF 423 0.8 8 99 86 [99]
12 PtCo/C DMF 453 1.0 2 100 98 [100]
13 CuCo/NGr/Al2O3 DMF 453 2.0 16 99 99 [101]
14 CuCo/C DMF 453 5.0 8 100 99 [102]
15 Ru/Co3O4 DMF 403 0.7 24 99 95 [103]
16 Ru/NaY DMF 493 1.5 1 100 78 [104]
17 Ru/HT DMF 493 1.0 4 100 58 [105]
18 Pt/rGO DMF 393 3.0 2 100 73 [106]
19 Ni-W2C/AC DMF 453 4.0 3 99 93 [50]
20 Ni/Co3O4 DMF 403 1.0 24 99 94 [51]
21 Ru/C DMF 463 2-propanol 6 100 76 [56]
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9.6.1.2  Metal-Support Synergistic Bifunctional Catalysts

Supported Ru catalysts have been reported to be efficient catalysts in the selective 
oxidation of HMF to DFF [112, 114, 115]. For example, hydrotalcite (HT) sup-
ported Ru catalyst exhibited remarkable activity in the oxidation of HMF to DFF by 
molecular oxygen, much higher than Ru catalysts on other supports, e.g. carbon, 
Al2O3 and Mg(OH)2 [112]. The basicity of hydrotalcite and good dispersion of 
Ru(IV) species on the two-dimensional hydrotalcite were beneficial for the high 
activity. Another example was Ru nanoparticles supported on N-containing meso-
porous polymers (Ru@mPMF), which exhibited high activity in conversion of 
HMF to DFF [115]. Basic N-containing mesoporous polymers have been demon-
strated to be the crucial support for the remarkable activity and also responsible for 
the stabilization of Ru nanoparticles.

9.6.1.3  Zeolite Type Bifunctional Catalysts

A cryptomelane-type manganese oxide octahedral molecular sieve (OMS-2) with 
one-dimensional pores was reported to be a good catalyst for the oxidation of HMF 
to DMF by oxygen [116–118]. OMS-2 exhibited higher activity than other manga-
nese oxides, such as Mn2O3, MnO or KMnO4 [117]. The unique structure of Mn in 
the framework of OMS-2 made it easier to be reduced and oxidized. The good redox 
properties and the unique structure were responsible for the remarkable activity 
obtained for OMS-2 catalysts. Nano-fibrous Ag-OMS-2 has been confirmed to be a 
good catalyst for the oxidation of HMF to DFF with perfect yield. The high activity 
of Ag-OMS-2 catalyst was attributed to the synergistic effects of Ag and Mn [118]. 
In the first step, the catalyst was initiated with Ag2+ reduction to Ag+ through oxygen 
release. Then, Mn3+ in the OMS-2 was oxidized to Mn4+ by the released oxygen. 
After that, HMF was oxidized to DFF accompanied with the reduction of Mn4+ to 
Mn3+. Finally, Ag+ and Mn3+ can be regenerated by exposure to oxygen. V-based 
zeolite catalysts have been reported to be active for the selective oxidation of HMF 
to DFF. Typically, vanadia grafted on SBA-15 mesoporous silica support catalyzed 
the conversion of HMF to DFF [119], and the bifunctional nature of immobilized 
catalyst made it even better than the corresponding homogeneous catalyst [98]. 
V2O5 supported on H-beta acted as an effective catalyst for the aerobic oxidation of 
HMF to DFF [120]. High surface area of H-beta zeolite promoted the dispersion of 
vanadia on the support and, accordingly, increased the catalytic activity. However, 
leaching tests of V2O5/H-beta catalysts revealed that the leaching of vanadium was 
inevitable in the reaction system.

9.6.1.4  Metal-Free Bifunctional Catalysts

The selective oxidation of HMF to DFF has been investigated using metal-free gra-
phene oxide (GO) as a catalyst [121]. GO could not only catalyze the selective 
oxidation of HMF to DFF, but also was able to catalyze the one-pot production of 
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DFF from raw material fructose. The synergistic effects between sulfonic groups, 
carboxylic acid groups and the unpaired electrons at the GO edge defects were pro-
posed to be responsible for the remarkable activity of the GO catalyst.

9.6.2  5-Hydroxymethylfurfural to 2, 5-Furandicarboxylic Acid

The chemical 2, 5-furandicarboxylic acid (FDCA) is an important renewable build-
ing block of biomass-based polymers and it is identified by the US Department of 
Energy as one of the 12 priority chemicals for establishing the “green” chemistry 
industry of the future. FDCA can be prepared via the catalytic or biological conver-
sion of various furan derivatives. Especially, supported precious metal catalysts, e.g. 
Ru, Pd, Pt or Au, have been extensively investigated in the oxidation of HMF to 
FDCA [122–132]. The use of large amounts of base to obtain FDCA yield is gener-
ally necessary, however, the production of FDCA via these methods generate con-
siderable waste. Therefore, it is an urgent need to design efficient catalysts that can 
promote the oxidation of HMF to FDCA under mild conditions without use of base 
additive.

9.6.2.1  Metal-Metal Synergistic Bifunctional Effect

Functionalized carbon nanotube-supported Au-Pd alloy nanoparticles could effec-
tively catalyze base-free aerobic oxidation of HMF to FDCA. Functionalized car-
bon nanotubes with more carbonyl/quinone groups and less carboxyl groups 
promoted the adsorption of reactant and reactant intermediates. Au-Pd bimetallic 
alloy accelerated the rate of hydroxyl group oxidation. Both of these issues made 
Au-Pd/CNT a robust bifunctional catalyst for the aerobic oxidation of HMF to 
FDCA [127].

9.6.2.2  Metal-Support Synergistic Bifunctional Effect

To avoid the use of solid base additives, basic supports are general choices for selec-
tive oxidation catalysts. In an early work, the effect of support materials on Ru cata-
lysts were investigated for HMF oxidation to FDCA in water [133]. Strong basic 
supports MgO, MgO/La2O3 and HT appeared to be better supports than acidic or 
neutral oxide supports, e.g. TiO2 and CeO2, and FDCA yields of above 95% could 
be obtained under optimized conditions. Subsequently, a series of experiments were 
made [134, 135]. For example, Au/HT effectively catalyzed the oxidation of HMF 
to FDCA under atmospheric pressure oxygen in water [134]. The basicity of HT 
promoted the first step oxidation to hemiacetal intermediate. The rate-determining 
step was the oxidation of 5-hydroxymethyl-2-furancarboxylic acid to FFCA, which 
was accelerated by the formation of Au alcoholate species with the help of HT. The 
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base-free oxidation of HMF to FDCA has also been reported using Pt/C-O-Mg as 
catalyst [135]. The strong and stable basic sites were created due to the formation of 
C-O-Mg bonds from the MgO particles coated with carbon sphere. The strong basic 
sites combined with Pt made Pt/C-O-Mg a robust bifunctional catalyst for the oxi-
dation of HMF to FDCA, and there was little loss of activity was observed even 
after ten recycles.

9.6.2.3  Bifunctional Mixed Oxide Catalysts

Recently, MnOx-CeO2 mixed oxides have been proposed as robust catalysts for the 
selective oxidation of HMF to FDCA [136]. Although CeO2 alone could not effec-
tively catalyze the conversion of HMF to FDCA (3.3% yield), the addition of CeO2 
to MnOx significantly increased the yield of FDCA from 54.5 to 91.0%. Further 
detailed characterizations demonstrated that higher concentrations of Mn4+ and Ce3+ 
on the catalyst surface were beneficial for the high activity in the selective oxidation 
of HMF to FDCA.

9.6.2.4  Metal Nanoparticle-Ionic Liquid Bifunctional Catalysts

It has been reported by Yan and Dyson et al. [137] that the combination of ionic 
liquid and metal nanoparticles could catalyze the transformation of HMF to FDCA 
under mild conditions in the absence of any additives. According to their results, 
ionic liquid could buffer the electron density of the Pt surface, then facilitate the 
reaction rate of the oxidation of HMF to FDCA [137].

9.7  Diels-Alder Reaction of Biomass-Derived Furans 
with Dienophiles

9.7.1  Diels-Alder and Dehydration of 2, 5-Dimethylfuran 
with Ethylene

The aromatic hydrocarbon p-xylene is a very important chemical feedstock with 
current annual demand being greater than 40 million tons per year. The p-xylene is 
raw material for large scale synthesis of many polymers. Especially, it can be oxi-
dized to terephthalic acid (PTA) [138], which is used for the synthesis of important 
polymer polyethylene terephthalate. p-xylene is currently industrially manufactured 
through the separation of aromatic mixtures from naptha fraction of petroleum or 
the ring alkylation of toluene with methanol over ZSM-5 zeolite catalysts [139, 
140]. Interestingly, a sequential process including Diels-Alder reaction, oxidation, 
dehydration and decarboxylation, has been proposed for synthesis of renewable 
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p-xylene with DMF and acrolein [141]. The Diels-Alder and dehydration of DMF 
with ethylene to p-xylene represents an interesting alternative route to renewable 
p-xylene, which triggers significant research interest [142–152].

A catalytic route to p-xylene from biomass-derived DMF with ethylene has been 
explored [142]. Typically, Diels-Alder and dehydration of DMF with ethylene was 
achieved over H-Y zeolite with 75% p-xylene selectivity at 573 K. The reaction 
pathway was proposed to proceed via the Diels-Alder cycloaddition of DMF with 
ethylene to form cycloadduct, followed by the dehydration of cycloadduct to 
p-xylene [143]. Diels-Alder reaction of DMF with ethylene was promoted within 
the microporous structure of H-Y zeolite while dehydration of Diels-Alder cycload-
duct to the final product p-xylene was catalyzed by the Brønsted acid sites in H-Y 
zeolite. The detailed mechanism of gas-phase Diels-Alder and dehydration of DMF 
with ethylene over H-Y zeolite was investigated by theoretical calculations [145]. It 
was concluded that Lewis acid sites promoted the Diels-Alder cycloaddition reac-
tion through lower the HOMO–LUMO gap of the addend, while Brønsted acid sites 
had no benefit for this step. Strong Lewis acid sites catalyze the dehydration step, 
however, they are not as effective as Brønsted acid sites. For this case, Diels-Alder 
and dehydration of DMF with ethylene to p-xylene was kinetically limited by the 
Diels–Alder reaction with Brønsted acids as catalysts and by the dehydration with 
Lewis acids as catalysts. As a result, bifunctional catalysts with both Brønsted acid 
sites and Lewis acid sites were able to accelerate the Diels-Alder and dehydration 
overall reaction rate [146]. It was later reported that H-beta was as an ultra-selective 
catalyst for p-xylene production from Diels-Alder and dehydration of DMF with 
ethylene at relatively low temperature of 523 K [147]. H-beta exhibited higher cata-
lytic activity than other solid acids, such as H-Y, H-ZSM-5, niobic acid and γ-Al2O3. 
There is no detailed discussion on the active sites in H-beta zeolite catalyst in the 
literature, however, the simultaneous presence of Brønsted and Lewis acid sites in 
H-beta zeolite, in contrast to other zeolites, might be a key point for the high activity 
and selectivity. Solvent effects on Diels-Alder and dehydration reaction of DMF 
with ethylene have also been considered [148, 149]. Nonpolar alkane solvents were 
better solvents for zeolite system [148]. However, when quasi-homogeneous 
Brønsted acids or Lewis acids were used as the catalyst, polar solvents, e.g., dioxane 
and γ-valerolactone, were the ideal choice [149].

Diels-Alder and dehydration reaction of DMF with ethylene have been con-
ducted on other type catalysts [144, 151, 152]. However, zeolite catalysts appear to 
be more promising according to published results. A new pathway for synthesis of 
renewable aromatics through conversion of biomass derived furans with bio-ethanol 
over zeolite catalysts has been proposed [153]. Dienophile ethylene was reduced in 
situ from ethanol dehydration, and the use of ethanol instead of ethylene could not 
only avoid the use of high pressure ethylene but also could increase the reaction rate 
as well as the selectivity toward aromatics. According to the results, the bifunctional 
nature of the pore structure and acid strength was beneficial to the high activity of 
the catalyst. H-USY with a Si/Al ratio of 12 exhibited the highest carbon yields 
compared with other Si/Al ratios. H-USY (Si/Al = 12) also exhibits better activity 
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than H-ZSM-5(Si/Al = 19 or 25) with similar acid strength, implying the preferred 
pore structure of H-USY for aromatic production.

9.7.2  Diels-Alder and Dehydration of Oxygenated Furans 
with Ethylene

Although significant achievements have been made on the transformation of DMF 
to p-xylene, the reduction of HMF to DMF is energy demanding and sometimes 
polluting, which greatly hinders the industrial application [154]. Therefore, it is 
desirable to develop new pathways for the synthesis of PTA from HMF without the 
expensive hydrogenation step. It has been reported that Lewis acid zeolites catalyze 
the Diels-Alder and dehydration of oxygenated furans with ethylene to produce 
intermediates of PTA [154]. For example, 5-(hydroxymethyl)furoic acid (HMFA), 
which was a partially oxidized product of HMF, reacted with ethylene over Sn-beta 
catalysts to produce 4-(hydroxymethyl)benzoic acid (HMA), with 31% selectivity 
at 61% HMFA conversion at 463 K. HMA was further oxidized to the target product 
PTA. Lewis acidic centers and a microporous structure of the catalyst were benefi-
cial for the catalytic performance of Sn-beta. Detailed discussion on the reaction 
network and kinetic analysis were given in the literature [155]. Objectively speak-
ing, the reaction rate and the selectivity toward the target product were relatively 
low over Lewis acidic zeolites and there is still a long way to go to achieve the 
sustainable production of PTA via this route.

9.7.3  Diels-Alder and Dehydration of Furan with Methyl 
Acrylate

Benzoic acid, which is a key chemical intermediate, can be used for synthesis of 
phenol, cyclohexanol and caprolactam. Benzoic acid is commercially produced by 
oxidation of petroleum-based toluene with oxygen [156]. A multiple-step renew-
able route for synthesis of benzoic acid through Diels-Alder and dehydration reac-
tions of furan with acrylic acid has been reported [157]. In the first step, Diels-Alder 
cycloaddition of furan with methyl acrylate was conducted on Lewis acidic zeolites, 
e.g. Hf-beta. Then, the cycloadduct was dehydrated over a mixture of methane sul-
fonic acid and acetic anhydride to form methyl benzoate. Finally, benzoic acid was 
obtained through dehydration of methyl benzoate. With Lewis acidic zeolite cata-
lysts and mixed anhydrides, a considerable benzoic acid yield (96%) is obtained 
through Diels-Alder and dehydration reaction protocol. Diels-Alder and dehydra-
tion reactions of biomass-derived furans with dienophiles over different catalysts 
are summarized in Table 9.4.
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9.8  Conclusions and Future Outlook

Biomass-derived furans are readily available from the hydrolysis of abundant bio-
mass resources and they are now recognized as most important platform molecules 
that can be obtained from biomass. The catalytic upgrading of biomass-derived 
furans into value-added chemicals presents a promising strategy for biomass valori-
zation and it has stimulated significant attention since the concept was proposed. 
Many routes have been explored and their feasibility is primarily decided by eco-
nomic factors. As for a certain catalytic conversion routes, the economical level is 
closely related to the efficiency of the catalytic materials. Considering that multiple 
reaction steps are usually involved in the upgrading of biomass-derived furans, the 
design of bifunctional or even multifunctional catalysts is highly desirable. The 
synergistic effects, e.g. metal-metal and metal-support synergistic effects, are the 
key reason for using bifunctional catalysts instead of combined catalyst systems. 
Thanks to the significant achievements made so far, the catalytic upgrading of 
biomass- derived furans is becoming closer and closer to industrial applications. 
However, there is still some way to go. For a given reaction of biomass upgrading, 
simultaneous achieving high productivity and high selectivity to target product 
under mild reaction conditions is challenging. On the other hand, new efficient cata-
lytic conversion routes are still being explored. Nevertheless, with further coopera-
tion between both academy and industry, commercial applications of value-added 
chemicals from biomass-derived furans can be expected in the near future. For 
example, polyethylene 2,5-furandicarboxylate is now considered as an interesting 
alternative to polyethylene terephthalate for packaging applications, which is under 
intensive research by several companies, e.g. Dupont, Corbion and Avantium.
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Chapter 10
Production of Biodiesel via Simultaneous 
Esterification and Transesterification

Hu Pan, Heng Zhang, and Song Yang

Abstract Biodiesel is considered as a substitute for fossil-based diesel fuels 
because of its renewability and environmental friendliness. Biodiesel is generally 
produced by transesterification of oils or esterification of free fatty acids with meth-
anol. In these production procedures, basic and acidic catalysts enhance biodiesel 
yields under mild conditions. Particularly, heterogeneous acids promote simultane-
ous (trans)esterification in a single pot for biodiesel production (free of soap forma-
tion) from cheap raw materials containing high contents of free fatty acids, which 
cannot only avoid complex separation processes involved in pre- esterification, but 
also simplify catalyst separation and reuse, thus greatly reducing the cost. This 
chapter reviews the synthesis of biodiesel via simultaneous (trans)esterification 
catalyzed by mixed metal oxides, acidic ionic liquids, carbon-based solid acids, 
magnetic solid acids and hybrid solid acids. Advantages of heterogeneous catalytic 
reaction systems are discussed. Guidance is given on improving the performance of 
heterogeneous acid catalysts for production of biodiesel.

10.1  Introduction

Energy is the foundation of human survival. Currently, fossil fuel reserves are rap-
idly depleting due to continuous growth of population and high energy demands. 
Concern about environmental issues such as global warming related to fossil fuel 
emissions is motivating the search for renewable energy sources alternatives [1]. 
Biodiesel, which has many advantages such as reproducibility, biodegradability, 
low emissions except for NOx, non-toxicity, high flash point and good lubricity, has 
a great potential to replace fossil diesel fuels [2–4]. Furthermore, the use of bio-
diesel as a fuel does not require engine modification on any large-scale [5]. Biodiesel 
is defined as long chain fatty acid methyl esters (FAMEs) that are synthesized from 
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oils through either esterification of free fatty acids (FFAs) or transesterification of 
triglycerides (TGs) with methanol, along with by-product (glycerol).

At present, about 95% of the total amount of biodiesel produced made from 
edible oils (e.g. rapeseed oil, soybean oil, sunflower oil and palm oil) for which the 
raw materials account for over 70–80% of the total cost [6–9]. Moreover, employing 
edible feedstocks causes concern since their use competes with food. Given these 
issues, non-edible oils are very attractive feedstocks for biodiesel production, how-
ever non-edible oils, typically contain high concentrations of FFAs and are easy to 
undergo saponification with base catalysts that increases purification costs and 
reduces biodiesel yields [10, 11]. Therefore, to avoid saponification issues, a two- 
step procedure that pre-esterifies FFAs into FAMEs using acid catalysts and trans-
esterifies TGs into FAMEs with base catalysts is required to convert non-edible oils 
into biodiesel [12]. The two-step process is complex and inevitably increases pro-
duction costs [13, 14].

Simultaneous esterification and transesterification transformation of non-edi-
ble oils into biodiesel by acid catalysts is possible option that avoids complex 
separation process of intermediates [15, 16]. Certain acid catalysts can promote 
transformation of non-edible oils into biodiesel through simultaneous esterifica-
tion and transesterification. Employing proper acid catalysts for production of 
biodiesel can accelerate reaction rate and enhance biodiesel yield under mild 
reaction conditions.

Homogeneous acid catalysts (i.e., H2SO4, HCl) are relatively inexpensive and 
available, but they have corrosion and reuse issues that cause environmental prob-
lems and increase production cost [17]. Solid acid catalysts are promising substi-
tutes for homogeneous acid catalysts because of their advantages associated with 
reuse, low corrosion, water resistance and low environmental impact [18]. Types of 
solid acid catalysts include mixed metal oxides, acidic ionic liquids, carbon-based 
solid acids, magnetic solid acids and hybrid solid acids. However, the production of 
biodiesel from non-edible oils using solid acids in one pot reaction is limited. This 
chapter reviews solid acidic catalysts for production of biodiesel as applied to low 
cost non-edible oils for simultaneous esterification and transesterification.

10.2  Catalysts

The activity of catalysts has an important effect on reaction conditions and biodiesel 
yield. They also play an important role in costs of biodiesel production. Different 
types of solid acid catalysts including mixed metal oxides, acidic ionic liquids, 
carbon- based solid acids, magnetic solid acids and hybrid solid acids were used to 
prepare biodiesel.

H. Pan et al.



309

10.2.1  Homogeneous Acid Catalysts

Homogeneous acid catalysts have significant advantages over homogeneous alkali 
catalysts, since they are the insensitive to FFAs and water, capable of simultaneous 
catalyzing (trans)esterification reactions and they do not undergo saponification. 
Furthermore, acid catalyzed procedures for biodiesel production through simultane-
ous (trans)esterification are more economical than base-catalyzed approaches that 
require an additional step to convert FFAs to FAMEs [19, 20]. Homogeneous acid 
catalysts such as H2SO4, HCl and H3PO4 are used for non-edible oils having high 
FFA content [21, 22]. Wang et al. [23] used H2SO4 (4 wt.% relative to oil) as catalyst 
for transformation of waste cooking oil and obtained 90% of oil conversion in 10 h 
for a ratio of methanol to oil of 20:1. Trifluoroacetic acid has higher pKa value than 
H2SO4, HCl and HNO3, and exhibited 98.4% biodiesel yields for 2.0 M catalyst and, 
a methanol to oil ratio of 20:1 at 120 °C for 5 h reaction time [24]. Lewis acid can 
be used instead of the usual Brønsted acid for transformation of non-edible oils into 
biodiesel. Guo et al. [25] employed metal chlorides in a relatively common ionic 
liquid, 1-butyl-3-methylimidazolium tosylate, for conversion of Jatropha oil to 
biodiesel (13.8  mg KOH/g). The biodiesel yield data had the following activity 
order: ZnCl2 > MnCl2 > FeCl2 > CoCl2 > CuCl2.

However, homogeneous acid-catalyzed systems are unpopular for biodiesel pro-
duction because a large amount of energy is required to purify the biodiesel and to 
removal the catalyst and the catalysts are not readily reusable [26]. Moreover, 
homogeneous acid catalysts for biodiesel production inevitably lead to equipment 
corrosion and large amounts of waste water [27].

10.2.2  Heterogeneous Acid Catalysts

Heterogeneous acid catalysts are usually in a solid form and in a different phase 
from the reaction substrates. Heterogeneous acid catalysts have the following mer-
its: (1) they are insensitive to the FFAs content which allows the use of low-cost 
feedstocks, (2) they promote esterification and transesterification occur simultane-
ously, (3) they catalyze the reaction without soap formation, (4) they are easy to 
separate and recycle and (5) they lower corrosion characteristics. Furthermore, the 
heterogeneous acid catalysts can be applied to continuous flow reactors to minimize 
biodiesel separation and purification costs. The following section outlines solid acid 
catalysts used to produce biodiesel from non-edible oils.

10.2.2.1  Metal Oxides

Mixed metal oxide catalysts typically possess Lewis (anionic) and Brønsted acid 
sites (cations) that provide the necessary catalytic sites for biodiesel production 
[28]. Many metal oxides are transition metal groups. Transition metals such as 
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zirconium, titanium, tin, iron, tungsten and zinc are now receiving considerable 
attention in academic research and in industry.

Zirconium oxide (ZrO2) has good thermal stability under oxidizing and reducing 
atmospheres, which can provide acid and base active sites. To increase the activity 
of zirconium oxide, it is usually applied with sulfuric acid or heteropoly acid. 
Sulfated zirconia (SO4

2−/ZrO2) synthesized by impregnating ZrO2 with sulfuric acid 
solution, SO4

2−/ZrO2, was used to transform palm kernel oil and crude coconut oil 
into biodiesel with 90.3% and 86.3% yields, respectively, under the conditions of 
3 wt.% catalyst dosage, 6:1 molar ratio of methanol to oil, 200 °C and 4 h [29]. 
However, ZrO2 exhibited only 64.5% (palm kernel oil) and 49.3% (coconut oil) of 
biodiesel yield, respectively, using methanol to oil molar ratio of 6:1, and 3 wt.% 
catalyst amount at 200 °C after 4 h reaction time. Thus the surface acidity of the 
metal oxide has a direct impact on obtaining high yields of biodiesel.

Although SO4
2−/ZrO2 exhibits effective catalytic activity, significant inactivation 

was observed, which may be due to the sulfate leaching [30]. A more robust sulfated 
zirconia (HClSO3-ZrO2) can be prepared by sulfonating with chlorosulfonic acid 
instead of sulfuric acid [31]. The catalytic activities of HClSO3-ZrO2 in conversion 
crude rice bran oil into biodiesel via the simultaneous esterification and transesteri-
fication have been compared with SO4

2−/ZrO2 [18]. HClSO3-ZrO2 exhibits higher 
catalytic activity with 100% FAMEs yield, whereas SO4

2−/ZrO2 shows only 50% 
FAMEs yield, which may be because HClSO3-ZrO2 possesses stronger acid sites 
than SO4

2−/ZrO2. HClSO3-ZrO2 maintains high activity even when either 40 wt.% 
FFA or 3 wt.% water is present. The doping of ferric-manganese into sulfated zirco-
nia nanoparticle for the sake of enhancing the specific surface area of SO4

2−/ZrO2 
can be synthesized by impregnation followed by calcination at 600 °C for 3 h. The 
nanoparticle solid acid can be prepared by doping ferric-manganese into sulfated 
zirconia nanoparticle. A 96.5% yield is obtained with optimized conditions of 
reaction time of 4 h, 20:1 molar ratio of methanol to oil catalyst concentration of 
3 wt.% and reaction temperature of 180 °C [32].

Tungstated zirconia (WOx/ZrO2), which can be synthetized by contact of ammo-
nium metatungstate with Zr(OH)4, is more catalytically active than sulfated zirco-
nia. 97% oil conversion using 15 wt.% WO3/ZrO2 calcined at 750 °C is obtained 
under optimum conditions of methanol to oil molar ratio of 20:1, 5 h reaction time, 
and 200 °C reaction temperature [33]. Furthermore, WO3/ ZrO2 is water tolerant and 
has high acidity [33].

Tin oxide (SnO2) is an acidic material and has been studied extensively as a cata-
lyst. The SnO2/SiO2 catalyst can be prepared by dispersing amorphous SnO2 species 
on a SiO2 surface. Using SiO2 as support allows high specific surface area and gives 
the material good thermal stability. An 8% SnO2/SiO2 mixture heated at 873  K 
showed excellent catalytic activity (81.7% oil conversion) using 5 wt % catalyst 
loading, 24:1 molar ratio of methanol:oil and at 453 K for 5 h reaction time [34]. 
The SO4

2−/SnO2 catalyst is a solid super acid that has potential in biodiesel produc-
tion. The acid strength of SO4

2−/SnO2 is stronger than that of SO4
2−/ZrO2 as charac-

terized by temperature programmed desorption of ammonia. The SO4
2−/SnO2-SiO2 

was synthesized by dipping amorphous SnO2 and SiO2 into 2.0 (M) H2SO4 solution 
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and the precipitated solid was heated at 300 °C for 2 h. Yields of up to 84% of bio-
diesel were obtained using 3 wt.% catalyst, 19.5:1 methanol to oil molar ratio and 
150 °C for 2.5 h reaction time [35].

Titanium dioxide (TiO2) has gained interest for biodiesel production because 
they have several interesting attributes. TiO2-ZnO and ZnO nanocatalysts can be 
prepared by urea-glycerol combustion method [36]. The TiO2-ZnO exhibit better 
catalytic activity than ZnO for conversion of palm oil to biodiesel, which may be 
due to the defects created by the replacement of Ti ions in the zinc lattice. A 92% 
yield of biodiesel was obtained for a 6:1 methanol to oil molar ratio, at a TiO2-ZnO 
catalyst dosage of 0.9 wt.% and at 60 °C for 5 h reaction time [36].

Moreover, loading of -SO3H groups on the TiO2 strengthen the acidity strength 
of TiO2 [37]. The SO4

2−/TiO2-ZrO2 with BET specific surface area of 161.9 m2/g can 
be prepared by coprecipitation and dipping methods, for which the biodiesel yield 
reaches 96.7% under optimum reaction conditions: 25:1 mole ratio of methanol to 
oil, 5 wt.% catalyst dosage relative to oil at 120 °C for 8 h reaction time [38].

10.2.2.2  Acid Ionic Liquids

Ionic liquids (ILs) are organic salts that are typically composed of an anion and 
cation. Figure 10.1 shows that some of the cations and anions can be used for syn-
thesis. Acidic ionic liquids, which can be considered environmentally benign cata-
lysts, are a new generation of catalysts for producing biodiesel because of their 
particular characteristics, such as good thermal stability, strong acidity and low 
vapor pressure [39]. Another significant characteristic of many ILs is they have poor 
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solubility in the biodiesel phase, which facilitates the separation of ionic liquids 
from biodiesel phase [40].

Several Brønsted acidic ionic liquids have been synthesized for the conversion of 
cottonseed oil with methanol to biodiesel. The structures of the ionic liquids are 
shown in Fig. 10.2. Wu et al. found that 1-(4-sulfonic acid) butyl pyridinium hydro-
gen sulfate showed outstanding catalytic activity, and obtained 92% yield of bio-
diesel from cotton seed oil for a methanol to oil to IL molar ratio of 12:1:0.057 at 
170  °C for 5 h reaction time, which is almost the same activity as concentrated 
H2SO4. The excellent catalytic performance was attributed to the strong Brønsted 
acidity of the IL that is related to the nitrogen groups and the length of the carbon 
chain in the cations [41]. Liang et al. [42] reported an ionic liquid containing four 
sulfonic acid groups exhibited above 98% yields for the transformation of rapeseed 
oil to biodiesel at 70 °C for 7 h. It was found that the presence of Lewis acid played 
a positive role in the reaction when [Et3NH]Cl was chosen as the organic species. 
The biodiesel yield data had the following order in activity: AlCl3 > FeCl3 > SnCl4 
> ZnCl2 > MgCl2, which seemed to be related to the Lewis acidity. [Et3NH]Cl-AlClx 
(x = 0.7) was found to be the most efficient catalyst with the yield of 98.5% for the 
synthesis of biodiesel [43].

A Brønsted acid promotes esterification of FFAs while a Lewis acid facilitates 
transesterification of TGs [44, 45]. Bifunctional acid catalysts that have Brønsted 
acid and Lewis acid sites can effectively improve the catalytic activity for biodiesel 
production due to synergistic effect. Liu et al. [46] prepared Brønsted-Lewis acidic 
ionic liquids [HO3S-(CH2)3-NEt3]Cl-xFeCl3 (molar fraction of FeCl3 x = 0.67) in a 
“one-pot” reaction and found them to be efficient catalyst for biodiesel production 
from waste oil that contained high levels of FFAs. Even though the acidic value of 
the oil was 34.6 mg KOH/g, the yield was still over 95% that is attributed to syner-
getic effects of the Brønsted acid and Lewis acid catalytic sites. Li et al. [47] pre-
pared various Brønsted-Lewis IL catalysts using Brønsted acidic IL [BSO3HMIM]
HSO4 with a series of metal sulfates, that were applied to biodiesel production from 
Camptotheca acuminata seed oil. The results demonstrated that the metal salts, 
namely Fe2(SO4)3, CuSO4, ZnSO4, MgSO4 and CaSO4 helped to improve the activ-
ity of [BSO3HMIM]HSO4, but decreased in order corresponding to the ability of the 
metal to accept electrons as follows: Fe3+ > Cu2+ > Zn2+ > Mg2+ > Ca2+. As well- 
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known, the Lewis acid activity of a metal is directly proportional to its ability to 
accept the electrons. Thus, [BSO3HMIM]HSO4-Fe2(SO4)3 showed superior cata-
lytic activity over other metal sulfates with 95.7% yields of biodiesel being obtained. 
The catalytic mechanism of transesterification reaction using the prepared Brønsted- 
Lewis acidic IL can be illustrated in Scheme 10.1.

Despite their excellent catalytic performance, acidic ILs have drawbacks, such as 
high viscosity, high cost, and solubility in some polar solvents, which limits their 
application [48]. On the other hand, acidic ILs immobilized onto supports possess 
the advantages of acidic ILs and heterogeneous catalysts [49, 50]. The emergence of 
organic polymers brings a great opportunity for supporting acidic ILs for exploiting 
their unique characteristics such as adjustable wettability and excellent physico-
chemical stabilities [51]. A series of novel acidic ionic liquid polymers (PILs) were 
prepared by Liang et al. via the copolymerization of acidic ionic liquid monomers 
and divinylbenzene, which were employed for biodiesel production from waste oils 
[52–54]. The catalysts showed over 99% yields of biodiesel from waste oil having 
high FFA content in a one-pot, reaction that can be ascribed to the unique character 
of the PILs such as high acidity, hydrophobicity and stability. Considering the large 
size of TGs and FFAs, mesoporous catalysts can be beneficial for the promotion of 
mass transport of reactants and products during the catalytic process [55] Acidic 
ionic liquid-functionalized mesoporous resins (OMR-[C4HMTA][SO4H]) were pre-
pared by using a templating method, resulting in high surface area, as illustrated in 
Scheme 10.2. These IL resins exhibited superior catalytic performance compared 
with commercial heterogeneous catalysts for biodiesel production from brown 
grease [56]. The acidic ILs functionalized on superhydrophobic mesoporous poly-
mers (PDVB-[C1vim][SO3CF3]) have a higher activity in transesterification of tri-
palmitin with methanol than the homogeneous catalyst [C1vim][SO3CF3] with the 
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same number of active sites [57]. The catalytic activity of these materials is associ-
ated with their hydrophobicity and mesoporous structure. The ionic liquids and sul-
fonic acid bifunctionalized mesoporous polymers have been prepared and 
investigated for biodiesel production from crude Jatropha curcas oil and they show 
94% of biodiesel yield, which is higher than commercial resins [58].

10.2.2.3  Carbon-Based Solid Acids

Carbon-based solid acids are promising materials as catalysts because of their 
chemical and thermal stability [59]. Carbon-based solid acids are prepared through 
incomplete carbonation and then sulfonation. Carbon materials can be sulfonated 
and readily separated from the concentrated sulfuric acid used in the sulfonation 
procedure. The characteristic sulfonated carbon material has three acid sites, namely 
-COOH, -OH and -SO3H [60]. Despite -SO3H being the dominant active site for 
biodiesel production, the amount of -COOH and -OH can influence the hydrophilicity 
of the catalyst surface, which will affect the catalytic activity of the catalysts [61].

Early research regarding carbon-based materials for catalysts was investigated 
using refined carbohydrates as feedstock. Carbohydrates are biomolecules consist-
ing mainly of C, H and O elements. Many kinds of refined carbohydrates have been 
investigated such as glucose, starch and or cellulose [62–64]. Carbon-based solid 
acids can be synthesized by mixing glucose-starch with ratio of 1:1, calcining the 
material at 400 °C for 75 min that is followed by sulfonation with H2SO4 (98%) at 
150 °C for 5 h [65]. The catalyst gradually deactivates upon use, but it can be regen-

Scheme 10.2 Synthesis of OMR-[C4HMTA][SO4H] (Reprinted with permission from Ref. [56], 
Copyright © 2014 Elsevier)
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erated by simple H2SO4 treatment. High yields (90%) of biodiesel from waste cot-
ton seed oil containing FFAs (55.2 wt.%) was achieved under reaction conditions of 
5 wt.% of catalyst loading, 20 molar ratio of methanol to oil and 80 °C for 12 h 
reaction time. The carbon-based solid acid catalyst can be synthesized by incomplete 
calcination of glucose or Calophyllum inophyllum seed cake under inert atmosphere 
and then functionalized with concentrated H2SO4 (98 wt.%) or p-toluenesulfonic 
acid (99 wt.%) respectively, which can be employed to catalyze the Calophyllum 
inophyllum with FFAs of 15% into biodiesel [66], giving 99% of conversion under 
optimized conditions.

Wang et al. [67] introduced a method for preparing carbon-based solid acid in one 
step by carbonizing and sulfonating at the same time with glucose and H2SO4 
(98 wt.%) as starting materials. A good linearity was found between the yield and the 
acid density of catalysts for which 97.2% yields for biodiesel were obtained from 
tributyrin. A SO3H and NH2

+ functional carbon-based solid acid was synthesized by 
carbonizing mixtures of D-glucose, diphenylammonium tosylate ([Ph2NH2]+[OTs]) 
and p-toluenesulfonic acid in a one-step process [68]. 94% yield of biodiesel was 
obtained from rice oil. Sulfonic acid functionalized carbon with high BET surface 
area (2000 m2 g−1) was investigated as a catalyst for biodiesel production from a 
mixture of triolein and oleic acid as substrate that resembles as a crude vegetable oil 
[69]. Over 94% yield of biodiesel was obtained because of the catalyst hydrophobic-
ity and high BET surface area. The use of refined carbohydrates as stocks for carbon 
based catalysts has good potential, but pre-treatment is needed to prepare refined 
carbohydrate from biomass, which will increase their cost.

Biomass waste causes pollution and requires appropriate treatment to reduce its 
impact on the environment. Therefore, the research with regard to the use of waste 
biomass to prepare solid acids has raised some concern. Carbon-based solid acid 
prepared by sulfonating of carbon material derived from vegetable oil asphalt have 
been used to produce biodiesel from waste vegetable oil with high content of FFAs 
in a one-step process [70]. The conversion of TG and FFA was 80.5% and 94.8% 
respectively, for optimum reaction conditions of 220 °C, methanol oil mole ratio is 
16.8:1, catalyst dosage 0.2 wt.% of oil and reaction time 4.5 h. Carbon-based solid 
acid can be produced from waste Kraft lignin [71]. A carbon-based solid acid 
derived from waste Kraft lignin was employed for biodiesel production using non- 
pretreated Jatropha oil (12.7  mg KOH/g) as substrate in one-step process with 
96.3% yields. To produce carbon-based solid acid with high acid density from lig-
nin, carbonization of lignin in ethanol at supercritical and subcritical temperatures 
was used that was followed by sulfonation [72]. The catalyst possessed high acid 
density (5.35 mmol [H+]/g), and gave biodiesel yields of 90.9% and 93.2% were 
obtained from Jatropha and blended soybean oils with acid value of 17.2 and 
22.1 mg KOH/g, respectively.

Carbon nanotubes have good prospects as a catalyst or a catalytic support because 
of their chemical stability, high surface area and non-toxicity. The sulfonic acid 
functionalized multi-walled carbon nanotubes (S-MWCNTs) catalyst can be 
employed to catalyze trilaurin with ethanol for biodiesel production. 97.8% yield of 
biodiesel was obtained under reaction condition of reaction time 1  h at 150  °C, 
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3.7 wt.% of catalyst loading and a 1:20 mass ratio of ethanol to trilaurin [73]. A 
series of polymer-nanotubes materials (CNT-P-SO3H) were synthesized by immo-
bilizing sulfonic acid-functionalized polymers onto multi-walled carbon nanotubes 
(CNT) by a covalent bond [74]. The CNT-P-SO3H showed excellent catalytic activ-
ity in transesterification of triglycerides with methanol and esterification of oleic 
acid with methanol.

Acidic ionic liquid functionalized porous nitrogen and carbon materials (NPC-
[CxN][X]) have been prepared by quaternary amination of nitrogen sites in materi-
als with quaternary ammoniation reagents (1,3-propane sultone, and 1,4-butane 
sultone) and subsequent acid (HSO3CF3, H2SO4, H3PW12O40, and HBF4) treatment 
[75]. NPC-[CxN][X] showed better activity in producing biodiesel via esterification 
and transesterification over acid resin and zeolite catalysts. In another study, conver-
sion of waste cow manure into N rich nanoporous carbons without templates was 
reported [76]. The N-rich nanoporous carbons were treated with 1,4-butane sultone 
and ion exchanged with HSO3CF3 or H2SO4 to obtain a carbon based solid acid 
catalyst for which a about 95% biodiesel yield was achieved from brown grease oil 
in a one step process.

10.2.2.4  Paramagnetic Solid Acids

Heterogeneous catalysts must be recovered after use through filtration or centrifu-
gation and, there can be the unavoidable loss of catalysts during the separation 
procedures [77–82]. On the other hand, paramagnetic nanocatalysts can avoid these 
problems as they can be separated from reaction mixtures by an external magnetic 
field [83]. Furthermore, as a result of their many advantages, such as large surface- 
to- volume ratio, tailoring size, shape and composition, they are considered as ideal 
supports [79, 80, 82–86]. In addition, due to the small size of the particles, paramag-
netic nanocatalysts are highly dispersible in solvents, making the active site readily 
accessible to the substrate. These types of supported catalysts have been recently 
named as a bridge between homogeneous and heterogeneous catalysis [87]. Owing 
to the low cost and easy preparation of Fe3O4, magnetite (Fe3O4) is considered as a 
ideal and most widely used support [88, 89].

Paramagnetic nanoparticles being coated with silica is beneficial to introduce 
functional molecules onto the surface of magnetic nanoparticles and reduce 
nanoparticles agglomeration. Sulfamic acid and sulfonic acid functionalized silica 
coated Fe/Fe3O4 core/shell magnetic nanoparticles can catalyze esterification of 
oleic acid and the transesterification of glyceryl trioleate [90]. The sulfamic acid- 
functionalized magnetic nanoparticles showed better reactivity (>95% conversion) 
in the reaction of transesterification of glyceryl trioleate than sulfonic acid- 
functionalized MNPs, presumably due to higher acid loading and less aggregating 
in the reaction solution. More importantly, the acid-functionalized paramagnetic 
nanoparticles could be easily separated from the mixtures by magneto-precipitation. 
The Brønsted-Lewis acidic ionic liquid (IL) immobilized on a paramagnetic support 
Fe3O4@SiO2 (FS-B-L-IL) was synthesized for production biodiesel from non- edible 
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oil (Koelreuteria integrifoliola) [91]. The FS-B-L-IL catalyst with uniform core- 
shell structure and with strong magnetic responsiveness showed high activity with 
93.7% biodiesel yield, and could be separated from the mixtures by external 
magnetic field.

Carbon can also be used as a coating material for paramagnetic nanoparticles 
owing to its chemical and thermal stability. Magnetically separable SO3H- 
functionalized solid acid nanospheres (Fe3O4@SiO2@PCS) have been prepared by 
coating Fe3O4 with SiO2 as well as carbon shell and sulfonation treatment [92]. The 
synthetic procedure for Fe3O4@SiO2@PCS showed 78% biodiesel yield form soy-
bean oil under reaction conditions reaction temperature 150 °C, 3 wt.% of catalyst 
dosage, methanol oil mole ratio is 20:1 and 6  h reaction time owing to its high 
 surface area (1118.3 m2/g) and acidity (1.98 mmol H+ /g). In a similar manner, a 
paramagnetic carbon based acid catalyst was prepared from glucose and FeCl3 [93]. 
The catalyst AC-600-SO3H@Fe/C possessed 2.79 mmol/g acid density and strong 
paramagnetism. The catalyst was reusable for biodiesel production and gave 90.5% 
yields from crude Jatropha oil with 17.2 mg KOH/g acid value.

Paramagnetic polymer particles have drawn great research interest because poly-
mers usually possess easy surface modification, high density of functional groups, 
and high hydrothermal and chemical stabilities [94–97]. Ngu et al. [98] reported on 
phosphotungstic acid-functionalized magnetic nanoparticles (HPW-PGMA-MNPs) 
that had paramagnetic nanoparticles as the core, poly(glycidyl methacrylate) as the 
shell, and phosphotungstic acid functional groups. The catalyst possessed high acid 
density (1.13 mmol [H+]/g), and was in nano-size (90 nm). High biodiesel yields of 
98% were achieved from grease (21.3 wt.% FFAs) in a one-pot reaction, which was 
attributed to catalyst size and high acid density and the HPW-PGMA-MNPs could be 
readily separated with a magnetic field and were reusable. Cellulose is an abundant, 
and low cost renewable polymer [99]. A paramagnetic catalyst (MCM-HPW) was 
prepared by supporting H3PW12O40 on paramagnetic cellulose microspheres (MCM) 
modified by triethylenetetramine through ionic bonds [100]. The MCM- HPW was 
employed for conversion of Pistacia chinensis seed oil into biodiesel and exhibited 
93.1% biodiesel yields under mild conditions. The catalyst could be simply separated 
by a magnetic field, and 80.7% yields were obtained for the fourth cycle.

10.2.2.5  Hybrid Materials

Organic polymers and inorganic materials each have their own merits in applica-
tion. Hybrid materials use organic moieties that are introduced into a porous inor-
ganic metal network, followed by the introduction of more hydrophobicity onto the 
surface that is deemed as being highly beneficial to their catalytic activity [101]. A 
hybrid catalyst was synthetized by immobilizing complex [Zn(OAc)2(N,N′-chelate)] 
onto silica (specific area, 163 m2/g) employing N,N′-chelate as a suitably functional-
ized di-imine ligand and showed high activity in the simultaneous trans(esterification) 
of vegetable oils containing different contents of FFAs, and gave high biodiesel 
yields at 160 °C for 2 h [102]. As a catalyst support, SBA-15 has attracted wide 
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attention due to its given features such as abundant mesoporous pores, pendent 
silanol groups, high surface area and good thermal stability [50]. A series of acidic 
hybrid catalysts were prepared by immobilizing sulfonic acid groups (propyl-SO3H, 
arene-SO3H, perfluoro-SO3H) on the surface of SBA-15 via post- modification 
approach, which were investigated in the microwave assisted biodiesel production 
from soybean oil with up to 20 wt.% oleic acid [103]. Interestingly, the acid strength 
rather than the number of acid sites was found to be the most important factor 
regarding its catalytic performance. Propyl-SO3H and arene-SO3H functionalized 
SBA-15 catalysts exhibited excellent activity and stability for biodiesel production. 
Nonetheless, on account of the complete leaching of perfluoro-SO3H groups during 
the reaction, perfluoro-SO3H functionalized SBA-15 catalyst could not be reused.

Bridging organosilanes, which are usually regarded as silica precursor to intro-
duce hydrophobicity and flexibility in a catalyst can be used to design a wide range 
of periodic mesoporous organic-inorganic hybrids. Specifically, ionic and non-ionic 
surfactants are generally needed during the process. With regards to this, a series of 
arenesulfonic or propylsulfonic acid functionalized ethane- or benzene-bridged 
organosilica nanotubes hybrid catalysts, Si(Ph/Et)Si-Ar/Pr-SO3H NTs, were manu-
factured by one step nonionic surfactant-templated sol-gel co-condensation method 
[104]. Compared with the post-modification approach, this one-step strategy can 
bring many advantages such as tunable loading of sulfonic acid groups, textural 
properties and homogeneously distributed active phases throughout the structure of 
the materials. Due to its high Brønsted acid strength, acid-site density, enhanced 
surface hydrophobicity, unique porosity properties and perfect tube-shaped mor-
phology, Si(Ph)Si-Ar-SO3H-10 exhibited the best catalytic activity in the produc-
tion of biodiesel under mild conditions. Similarly, for the purpose of increasing total 
acidity, introducing hydrophobicity (terminally bonding methyl groups) and Lewis 
acid sites (titanium species) onto the surface of organosulfonic acid functionalized 
silica materials via a direct sol-gel co-condensation method under low-temperature 
hydrothermal treatment has been proposed [105]. The unsaturated surface Ti4+ spe-
cies of the hybrid material TiSBA-15-Me-PrSO3H afforded Lewis acid sites, while 
the surface Ti-OH groups furnished extra Brönsted acids sites apart from the pro-
tons derived from propylsulfonic acid groups. On the basis of the combination of its 
strong Brönsted and Lewis acidity, high porosity properties and hydrophobic sur-
face, TiSBA-15-Me-PrSO3H showed comparatively high performance among het-
erogeneous acids. It is worth noting that its catalytic activity even outperformed 
commercially Amberlyst-15 in esterification of palmitic acid and transesterification 
of yellow horn oil with methanol.

H3PW12O40 was regarded as one of the strongest Brønsted acids, but there are 
some drawbacks such as high solubility in polar solvents, low surface area, low 
thermal stability, and difficulty of separation in reaction mixture [106–108]. It is a 
feasible method to immobilize H3PW12O40 on hybrid material. With regard to this 
kind of hybrid solid acid, ZrO2 has both Brønsted and Lewis acidity attracting inter-
est to heterogenize H3PW12O40 [109, 110]. Because of the strong W-O-Zr covalent 
bindings between H3PW12O40 clusters and ZrO2 support, the enhanced release of the 
protons can further increase the Brønsted acidity of the Keggin units [111, 112]. The 
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leakage of H3PW12O40 that generally occurs in most of the supported heteropolyac-
ids can be effectively inhibited by strong interaction between H3PW12O40 and ZrO2. 
Hence, a series of ZrO2-based hybrid catalysts bearing mesostructure via one-step 
sol-gel-hydrothermal method in the presence of a triblock copolymer surfactant 
(F127), H3PW12O40-ZrO2-Si(Et)Si were designed [113]. Compared with ethane-free 
H3PW12O40-ZrO2, the as-prepared H3PW12O40-ZrO2-Si(Et)Si hybrids were demon-
strated to show higher heterogeneous acid catalytic activity towards biodiesel syn-
thesis, which should be attributed to the combination of strong Brønsted acidity, 3D 
interconnected mesostructure, and enhanced hydrophobicity. It was found that 
among these three factors, the inherent acidic properties of H3PW12O40-ZrO2 play a 
dominant role in catalytic activity. To prepare solid acid hybrid catalysts with differ-
ent morphologies, tuning the molar ratios of Si/Zr in the initial gel mixture and 
dual-template (triblock copolymer surfactant F127 and 1,3,5-trimethylbenzene) is 
necessary [114]. To be specific, transforming the morphology of the catalysts 
(H3PW12O40/ZrO2-Et-HNS) from the 3D interconnected mesostructure to the hollow 
spherical nanostructure has been implemented and found to have catalytic activity 
for esterification and transesterification was obtained due to the combination of 
strong Brønsted and Lewis acidity, unique hollow nanospherical morphology and 
hydrophobic surface. Other types of organic-inorganic hybrid solid acids such as 
porous sulfonated phosphonate material [115], metal organic framework (MOF) 
encapsulated Keggin heteropolyacid [116] and encapsulating ILs into the frame-
works of MIL-100(Fe) [117] have been synthesized. However, they have been 
mainly studied for in the production of biodiesel via esterification of FFAs with 
methanol, which may be due to low activity for preparation of biodiesel from non- 
edible oil.

10.3  Conclusions and Future Outlook

Non-food feedstocks, such as Jatropha curcas, micro algae and waste cooking oils, 
are considered to be highly promising for sustainable production of biodiesel. 
Although these feedstocks contain high concentrations of FFAs (>1  wt.%) and 
impurities such as water in their raw form, they can readily be converted to biodiesel 
in a one-step process with heterogeneous solid acid catalysts.

Mixed metal oxides solid acid catalysts have high thermal stability, but typically 
exhibit low catalytic activity for producing biodiesel from non-edible feedstocks, 
probably due to low acid strength. Introduction of sulfuric group or heteropoly acids 
on the surface of mixed metal oxides will improve their catalytic activity because of 
the increase of the acid strength and acid density. SO3H-functionalized ILs are an 
important acidic catalysts because of their particular properties such as high thermal 
stability and strong acidity. Immobilized SO3H-functionalized ILs on mesoporous 
materials or nanomaterials are advantageous in reducing the loss of ILs and in 
improving separation efficiency. Sulfonated carbon-based solid acids are promising 
for biodiesel preparation because of their merits such as high mechanical, chemical 
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and thermal stability and their economy of source being synthesized from biomass. 
Paramagnetic nanocatalysts can simplify a chemical conversion process and can be 
efficiently separated by an external magnetic field. However, magnetic nanoparti-
cles show low acidity and tend to aggregate, which restricts their catalytic applica-
tions. Modification of paramagnetic nanoparticles to improve acid density and 
reduce aggregation has attracted increasing attention. Acidic organic-inorganic 
hybrid catalysts combine the merits of organic materials and inorganic materials, 
such as high hydrophobicity and chemical stability compared with their inorganic 
counterparts and better thermal stability than their organic counterparts.

The aforementioned solid acid catalysts are often subject to deactivation, acid 
site leaching, poisoning and high cost. Thereby, it is still deemed as a challenge to 
develop efficient, robust and catalytically-stable solid acids to produce biodiesel 
from high FFAs content feedstocks via a one-pot reaction. To address these issues, 
the following matters should be taken into consideration. Firstly, high acid density 
along with acid strength is usually helpful to improve the activity of the catalyst. 
Bifunctional acid catalysts combining Brønsted acid and Lewis acid sites can 
effectively improve the catalytic activity to produce biodiesel due to synergistic 
effects. Secondly, high porosity including uniform mesoporous structure, high 
surface area and large pore volume can not only increase the number of active sites, 
but it can also reduce the mass-transport limitations and help to improve the contact 
between active sites and substrates. Thirdly, hydrophobic surfaces can cause oils 
to preferentially adsorb onto the catalyst surface as well as avoiding possible 
deactivation of active sites. Lastly, development of a facile, cost-effective approach 
to the synthesis of solid catalysts with high catalytic activity will allow production 
of biodiesel on a large-scale in practical applications and provide new green and 
economic processes.
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Chapter 11
Biodiesel Production from Waste Oil 
in Multiphase Reactors with Bifunctional 
Catalyst for Sustainable Energy

M.E. Borges, J.C. Ruiz-Morales, P. Martín-Zarza, and P. Esparza

Abstract Multiphase reactors combined with bifunctional catalysts have great 
potential for producing biodiesel from waste oil. In this chapter, an example is 
described for continuous biodiesel fuel production from sunflower oil, non-edible 
oil and waste oil with a fixed-bed multiphase reactor packed with a bifunctional 
heterogeneous catalyst. The performance of the catalyst is demonstrated for bio-
diesel production reaction using the multiphase reactor for several oils as feedstock 
at low reaction temperatures (ca. 55  °C). The catalytic material, 3D–microstruc-
tured bifunctional catalyst showed good conversions for low-quality feedstocks that 
have high free fatty acid and water content. Multiphase reactors combined with 
microstructured bifunctional catalyst are a promising new technology for biodiesel 
production.

11.1  Introduction

The use of renewable energy is expected to improve the energy availability [1–3] 
and it is expected to lead to sustainable development [4, 5]. Presently, biodiesel is 
considered to be a practical source of energy [6] and after years of development and 
commercial use worldwide, biodiesel has proven its value as an alternative fuel to 
supplement or replace fossil fuel. Biodiesel is receiving great attention among 
researchers and policy makers for its numerous advantages such as renewability, 
biodegradability and lower gaseous emission profile. Biofuels can be obtained from 
renewable sources and it has been shown to reduce carbon dioxide emissions com-
pared to conventional diesel fuel through life cycle assessment (LCA) studies [7, 8].

Conventionally, commercial biodiesel is produced using homogeneous catalysts 
in batch reactors [9]. These processes consume liquid bases as homogeneous cata-
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lysts, such as NaOH, which form waste products. Presents methods have issues 
related to the environment, separation of the biodiesel product and when non edible 
oils are used as feedstock, side reactions forming sodium soaps generally occur 
decreasing reaction yields. Although homogeneous catalysts used in biodiesel 
production, can promote the desired reaction under mild reaction conditions, the 
purification of the reaction products (methyl esters and glycerol) to separate the 
homogeneous catalyst by water washing at the end of the reaction results in large 
amounts of wastewater, polluting the environment [10, 11]. Furthermore, it is difficult 
to carry out continuous production of biodiesel using homogeneous catalysts as 
additional purification steps are necessary to achieve commercial specifications 
required for biodiesel [12].

To avoid catalyst removal operations and soap formation, much effort has been 
focused on the development of solid acid or base catalysts that could be used in a 
heterogeneous catalyzed process for biodiesel production [13]. The use of base het-
erogeneous catalysts have drawbacks when low-grade feedstocks that contain a 
high level of free fatty acids because low conversions are obtained and soap forma-
tion occurs leading to additional downstream processing steps. Use of low-grade 
oleaginous feedstocks, such as waste cooking oil, wastes from animal fats and non- 
edible oils, may enhance profitability of the biodiesel production process, since they 
constitute a waste source. However, low-grade oleaginous feedstocks contain water 
and impurities, which can affect the transesterification reaction for systems that use 
base heterogeneous catalysts. Heterogeneous catalysts with acidic characteristics 
can overcome these drawbacks, and simultaneously promote both FFA (free fatty 
acids) esterification and triglycerides transesterification reactions, although harsh 
reaction conditions are generally required [14, 15]. Bifunctional catalysts, on the 
other hand, can provide acidic and basic active sites on the catalytic surface and 
have the possibility to catalyze several reaction pathways in a single process, reduc-
ing the number of unit operations and allowing intensification of the biodiesel pro-
duction process [16, 17]. The use of bifunctional heterogeneous catalysts with 
acidic sites for promoting esterification and basic sites of appropriate strength for 
promoting transesterification is a key requirement for biodiesel production from 
low-grade feedstocks [18–22].

The replacement of homogenous catalysts by solid catalysts (heterogeneous 
catalysis) shows several advantages, with the most important one being simplified 
operating procedures. The solid catalyst can be separated from the reaction mixture 
and it can reduce the environmental pollution [23]. The possibility of using a fixed- 
bed reactor packed with the solid catalyst is interesting since this approach can 
minimize catalyst mechanical damage associated with the use of the catalyst parti-
cles in a slurry reactor under batch operating conditions [24].

In general, processes under batch operating conditions are characterized by low 
productivity and high operating costs. The productivity of the biodiesel production 
process can be increased by operation in a continuous mode. The use of a solid 
capable of acting as a heterogeneous catalyst for both esterification and transesteri-
fication reactions may allow the implementation of a continuous biodiesel produc-
tion process that operates at high efficiency [25].
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Several continuous commercial processes to produce biodiesel from vegetable 
oils using a solid catalyst have been developed [26] although the conditions require 
high reaction temperatures and feedstock oils of good quality (low water content 
and free fatty acids), or require supercritical alcohol at high pressures (170 bar) and 
high temperatures (300–450 °C) [25] or require conditions of moderate temperature 
and pressure, but employ stirred reactors with the heterogeneous catalyst solid in 
powder form. Some researchers have studied heterogeneous catalyst performance in 
continuous operation with waste oils as feedstock, but good yields (higher than 
96%) have only been obtained at high reaction temperatures [27, 28]. Feng et al. 
[29] and Cheng et al. [30] reported on the use of a catalyst based in an acidic cation- 
exchange resin evidencing good catalytic activity in continuous esterification reac-
tions, but its performance in transesterification reactions was not assessed.

A biodiesel production process that operates in a continuous mode under moder-
ate temperatures, using a catalytic packed bed reactor would be an ideal system. 
Such a system is described in this chapter.

Traditionally, a conventional route to improve the performance and durability of 
the state-of-the-art energy conversion and generation systems consists in the devel-
opment of novel catalytic materials with outstanding properties. Nevertheless, the 
integration of micro and nanostructured materials may be considered an adequate 
strategy to achieve such a goal. The microstructural control, through micro and/or 
nano-engineering, has proven to be important in several relevant areas such as het-
erogeneous catalysis for biofuels production.

The production of green fuels and the efficiency of production processes are 
highly dependent of the microstructure of the catalytic materials used and therefore, 
the main goal, involves the development of a new concept in the fabrication of 
microstructured materials, which is the use of 3D printing methods to fabricate any 
type of complex structures. Controlling precisely the macrostructure and optimizing 
the microstructure will enhance the available chemical area where the reactions take 
place. The 3D printing methods have not been widely applied to the design of cata-
lytic microstructures and may certainly find potential applications in any research 
field involving materials engineering. Such control should allow increased efficien-
cies of devices assembled with 3D–materials and potentially overcoming draw-
backs related to material degradation and high costs of starting materials.

This chapter provides a description of a biodiesel production process using a 
heterogeneous catalyst in a continuous production reactor system. The objective of 
this chapter is to provide an example on the development of a 3D microstructured 
catalyst for the production of biodiesel from sustainable feedstocks (vegetable, non- 
edible and waste oils) in a packed-bed reactor.

Biodiesel production from waste vegetable oils and non-edible oils are consid-
ered a sustainable resource compared with the use of high-priced, food-based veg-
etable oils as raw materials. The major drawback of using these low-grade substrates 
as reactants for biodiesel synthesis is their high free fatty acid (FFA) content, which 
is difficult to convert into biodiesel. In this chapter, the catalytic activity of a bifunc-
tional heterogeneous catalyst is described that converts FFA and triglycerides (TGs) 
simultaneously into biodiesel when the catalytic system is constituted by a packed- 
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bed in continuous flow operation. In the overall context of green energy, biodiesel 
can be derived from biomass and from wastes and it can be obtained in an efficient 
approach using a bifunctional catalyst in particles or 3D microstructured in a 
packed-bed reactor configuration.

11.2  Bifunctional Catalyst Operating in a Packed Bed 
Catalytic Reactor

The catalytic material tested in the example continuous biodiesel production process 
is an amorphous aluminum silicate naturally occurring as volcanic material (Pumice 
stone granules technical grade, PANREAC) modified by potassium impregnation 
[31, 32]. Potassium content loaded in the catalytic material can be quantified by 
inductively coupled plasma optical emission spectrometry (ICP-OES) using an 
Optima 3300DV Perkin Elmer instrument. The basic and acid sites present on the 
catalytic surface can be quantified by temperature-programmed desorption (TPD) 
of carbon dioxide and ammonia measurements, respectively, using a Micromeritics 
TPR/TPD 2900 apparatus. Chemical state of elements and surface composition can 
be evaluated by X-ray photoelectron spectroscopy (XPS) using a VG Escalab 
200R spectrometer equipped with a hemispherical electron analyzer and Mg Kα 
(1253.6 eV) X-ray source.

In this example, the transesterification reaction is performed in a packed-bed 
catalytic reactor with continuous operation. Figure 11.1 shows the particles studied 
as catalyst and the 3D microstructured catalytic material. The 3D microstructured 
material was synthetized from an aluminum-silicate material (pumice particles) 
used as support for potassium loading. Pumice particles were ball-milled and dried 

Fig. 11.1 Heterogeneous catalyst: (a) particles, (b) 3D microstructured
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in an oven at 70 °C during 24 h. A suspension of the catalytic source material was 
prepared by mixing, 10 g. of the previously ball-milled pumice, with 10 g. of a solvent 
mixture of methyl-ethyl-ketone and ethanol (3:2, w/w), 0,5  g. of the dispersant 
Triton-Q, 1 g. of polyethylene glycol (PEG400) and 1 g. of dibutyl phthalate as 
plasticizers, and 1  g. of polyvinyl butyral (Butvar) as binder. The mixture was 
 ball- milled for 2 h, at 200 rpm. An organic template (3D printed) was used as former 
to be coated with the suspension of the catalytic material. Successive layers of the 
slurry were added. Once the mold was completely coated, it was calcined into the 
muffle furnace during 4 h with the following ramp of temperature: 5°/min up to 
1100 °C – 5°/min to 100 °C. During this thermal treatment, the organic template 
was burned, remaining only the microstructured catalytic material obtaining a 3D 
microstructured material. Finally, the catalytic material was heated at 1400 °C dur-
ing 4 h to achieve the mechanical resistance required. Before using the catalytic 
particles or the 3D catalytic pieces as catalysts for biodiesel production reaction, the 
potassium loading was developed by KOH impregnation as explained in a previous 
paper [32]. This material constitutes the bifunctional catalytic material studied in 
this paper as catalyst for transesterification reaction.

Figure 11.2 shows the reaction system used. The reactor (2  cm diameter and 
15 cm height) was packed with catalyst particles or 3D microstructured catalyst. 

Fig. 11.2 Scheme of the tubular fixed-bed reactor packed with the catalytic particles and the sys-
tem for continuous biodiesel production
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Methanol and feedstock oil (sunflower oil, non-edible oil or waste oil) were mixed 
and used as reactive for the transesterification reaction for biodiesel production 
(18:1 methanol/oil molar ratio). The feedstock was preheated and then fed to the 
reactor using a peristaltic pump with a flow rate of 2 mL/min. The reaction tempera-
ture, measured with a thermocouple placed into the catalytic bed, was thermostati-
cally maintained at 55 °C. FAME (Fatty Acid Methyl Esters) content in biodiesel 
product was analyzed by 1H Nuclear Magnetic Resonance spectrometry 
(BrukerAvance 400) [33, 34].

To study the reuse of the catalyst, the deactivated catalyst was washed with etha-
nol to remove all remaining organic compounds (triglycerides and esters tracks) 
after reaction, and then the catalyst particles were submitted to potassium loading.

11.3  Biodiesel Production from Vegetable, Waste and Non- 
edible Oil

In this section, a continuous process for biodiesel production from vegetable, non- 
edible and waste oils using a bifunctional catalyst is described. The transesterifica-
tion reaction is promoted by the bifunctional solid catalyst packed in a packed-bed 
reactor capable of operating at low temperatures. The catalyst consists of a natural 
amorphous aluminum silicate, in particles or 3D microstructured, modified by 
potassium loading constituting a bifunctional catalyst and characterized as previ-
ously reported [32]. The main characteristics of the bifunctional catalyst are shown 
in the Table 11.1 where the acidic and basic sites of the catalytic surface are quanti-
fied. When metal loading is increased, the support is covered by potassium increas-
ing the active sites and modifying the catalytic activity.

The K/Si atomic ratios obtained by XPS analysis are summarized in Table 11.1. 
From the XPS analysis it is found that the binding energies corresponding to the 
main Si2p and Al2p peaks remain constant after potassium loading on the support. 
This means that the impregnation process does not cause substantial changes in the 
aluminum-silicate support. The aluminum atoms are in the characteristic oxidation 
state Al (III) in an Al-O-Si network (Al2O3) [35] and the Si atoms appears as those 
typically found in silicates (Si-O-Si). The counter anion of potassium ion is found 
as an oxide anion (O2−) [36], which indicates that potassium ions strongly interact 
with the negatively charged [Si-O-Al−] lattice oxygen [37]. Moreover, as one would 
expect, the K/Si atomic ratio increases when potassium loading increases 

Table 11.1 Characteristics of the bifunctional catalysts: potassium content, total acidity/basicity, 
potassium/Silica surface atomic ratios, turn over frequency (unpublished data)

K (% 
wt) Acid sites (μmol/g) Base sites (μmol/g) K/Si at TOF total (s−1)

Catalyst 1 6.207 3.71 36.29 0.662 0.0078
Catalyst 2 4.410 2.42 20.69 0.388 0.0135
Support 3.174 2.33 18.58 0.058 0.0149
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(Table 11.1). A decrease in the Al/Si atomic ratio in samples subjected to potassium 
loading is found indicating some dealumination of the substrate, which would lead 
to an increase of surface acid sites strength.

From the NH3-TPD and CO2-TPD analyses that can be derived for the aluminum- 
silicate support and corresponding potassium-loaded catalysts, the presence of acid 
and basic surface sites are found to be widely distributed on the surface of the cata-
lytic material. It is, however, emphasized that the support material displays only a 
low catalytic activity in the transesterification reaction of sunflower oil. The impreg-
nation of the aluminum-silicate substrate with potassium hydroxide increases the 
population of its basic and acid sites, as well as the acid/basic strength, resulting in 
an increase in activity [29]. Figure 11.3 shows the acidic and basic sites as a func-
tion of the potassium loaded in the support material. It may be claimed that not only 
quantity of acid/basic sites but also the strength of the sites must be considered to 
explain the catalytic activity based on biodiesel yield. Nevertheless, the increased 
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acid sites enhance the esterification of free fatty acids, while the basic sites are 
 central to the reaction of transesterification of lipids constituting a bi-functional 
catalytic material. Using this catalytic material, the reaction can be performed at 
low temperatures, similar to those temperatures used in the homogeneous catalyzed 
process for commercial biodiesel production.

The potential benefits of a granular or 3D configured solid catalyst for the bio-
diesel industry are apparent. This particulate material as catalyst, contrary to the use 
of a solid catalyst in powder form, can be placed in a packed bed reactor avoiding 
an extremely high pressure drop in the reactor for biodiesel production.

11.3.1  Testing the Efficiency of the Bifunctional Catalytic 
Material for Biodiesel Production

Few 3D–structured or particulate solids with high catalytic activity for biodiesel 
production reaction have been studied in the literature [27, 32, 38, 39]. In this chap-
ter, the scaling up of a bifunctional catalytic material is shown to demonstrate the 
feasibility of a catalytic packed-bed reactor with continuous flow operation for bio-
diesel production. The catalytic reactor constitutes a multiphase reactor because 
three phases are present in the reactor system: the catalyst in a solid phase and the 
immiscible reactants (oil and methanol) in two liquid phases. Microstructured cata-
lytic particles [40] based on catalytically-active materials have been made into the 
shape of an organic template used as the former as an effective way to improve cata-
lytic efficiency in a chemical reactor. The catalytic activity of the 3D microstruc-
tured material has been compared to the activity of the catalytic material when it 
was used in particles, which is its original form. In the next sections, the transesteri-
fication of waste oil are shown as studied in the multiphase reactor. Several vegeta-
ble oils were employed as reactive or feedstock in the transesterification reaction in 
the continuous reaction system studied: sunflower oil, non-edible oil and waste oil. 
The main characteristics of these oils are shown in Table 11.2.

Transesterification reaction of sunflower oil, non-edible oil and waste oil with 
methanol to fatty acid esters was carried out over the catalyst in the packed-bed 

Table 11.2 Properties of raw materials used for biodiesel production and main characteristics of 
the biodiesel obtained (unpublished data)

Acid value Density[15°C] Viscosity[40°C]

(mg KOH/g) (g/cm3) (cSt)

Feedstock Sunflower oil 0.40 0.924 27.3
Non-edible oil 4.60 0.920 27.5
Waste oil 3.96 0.926 28.9

Biodiesel Sunflower oil 0.04 0.887 4.4
Non-edible oil 0.41 0.883 4.2
Waste oil 0.17 0.844 4.7
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reactor (Fig. 11.2). During the continuous runs the temperature and the fed  MeOH/
oil molar ratio were fixed at those values corresponding to the optimization in batch 
mode (55 °C, 18:1 MeOH/oil) [32], whereas liquid hourly space velocity (LSHV) 
was 2.3 h−1. The catalyst bed height was optimized to provide enough reaction time 
and active sites to promote the reaction between the oil and methanol at a given flow 
rate. The catalytic reactor constitutes a multiphase reactor because three phases are 
present in the reactor system: the catalyst in a solid phase and the non-miscible 
reactants (oil and methanol) in two liquid phases. In this sense, the mixture of meth-
anol/oil must be vigorously agitated to improve the contact between the reactants 
and the catalyst and favoring the mass transfer in the catalytic reactor.

Figure 11.4 shows sunflower oil conversions versus time on stream for two dif-
ferent catalysts in particles: Catalyst 1 has a potassium loading of 6.2  wt% and 
Catalyst 2 has a potassium loading of 4.4 wt%. The studied catalytic materials are 
bifunctional showing the presence of acid and basic surface sites: 3.71 μmol acid 
sites/g and 36.29 μmol base sites/g for Catalyst 1 and 2.42 μmol acid sites/g and 
20.69 μmol base sites/g for Catalyst 2. Less than 20 minutes are necessary to achieve 
steady state conditions in the packed bed. The catalytic material with high potas-
sium loadings showed higher catalytic activity than the material with low potassium 
loadings. The high activity of Catalyst 1 compared with Catalyst 2 can be due to the 
presence of more acidic and basic sites on the surface of that catalytic material as 
discussed in previous papers [32].

Figure 11.4 shows that the studied Catalyst 1 in particles configuring a catalytic 
packed-bed can be used for promoting transesterification reactions under a continu-
ous flow mode and demonstrates that high biodiesel yields (>98%) are obtained at 
low temperatures (ca. 55 °C). In this example, the catalytic activity was maintained 
up to 60 min on stream, however, at longer times, a gradual decay in activity was 
observed.
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Some materials have been tested in the literature as heterogeneous catalysts in 
the transesterification of vegetable oils for continuous biodiesel production, achiev-
ing good yields only when the reaction takes place at high temperatures or pressures 
[27, 41–43]. However, the studied bifunctional catalyst in particles in the packed- 
bed reactor configuration shown has been demonstrated as feasible for biodiesel 
production at low reaction temperatures (55 °C).

The FAME values achieved in this continuous catalytic run was unexpectedly 
high as compared with previous studies under batch-mode using the optimized val-
ues of operational variables such as temperature and MeOH/oil ratio. This enhance-
ment of the catalytic activity can be attributed to good contact of the reactants with 
the catalyst. The global activity of the catalyst can be improved by varying and 
optimizing the catalyst amount and the mean residence time or LHSV in the packed- 
bed reactor.

A more detailed study of the operation of the reactor was performed to evaluate 
the possibility of industrial application with the catalyst type and its recycle. Once 
catalytic activity decay was observed in the packed-bed, catalyst particles were 
reactivated using the procedure explained in a previous section of this chapter. The 
activity of the reactivated catalytic material was studied carrying out a new reaction 
cycle in the catalytic packed-bed reactor. The catalytic behavior of the regenerated 
catalytic material constituting the catalytic packed-bed reactor is presented in 
Fig.  11.4. Comparatively, it shows that there are no considerable changes in the 
catalytic behavior of the material with respect to its activity in the first reaction run, 
demonstrating that the material is stable.

Despite of the catalytic activity decay after some time on stream and due to the 
fact that high FAME yields were obtained with the catalytic particles in a packed- 
bed reactor configuration operating with low reaction temperature, the development 
of an in situ reactivation of the catalyst could be implemented. Two packed-bed 
reactors operated in parallel allow continuous operation with one reactor being used 
for the transesterification reaction while the catalyst in the other reactor is being 
regenerated [44]. When the catalyst contained in the first reactor becomes exhausted, 
the feed stream is switched to the second reactor so that the process of catalyst 
regeneration can begin in the first reactor.

The cost of biodiesel production is roughly proportional to the cost of the feed-
stock and is in the range from 70 to 95% of the total operating costs [45]. An alterna-
tive to reduce biodiesel production costs is to use low-grade oils as feedstock (waste 
oils, non edible oils). However, these oils have undesirable characteristics compared 
with vegetable oils, such as high acidity, high impurity content and considerable 
water content as mentioned in the introduction. The activity of the heterogeneous 
catalyst used for biodiesel production for transesterification can be expected to 
decrease. Nevertheless, it is important to assess the performance of the catalysts and 
reactor system described in this chapter for use with low-grade oils as feedstock for 
transesterification.

Waste oil from cooking and a non-edible oil was used as raw material for bio-
diesel production to study the behavior of the catalytic packed-bed when low-grade 
oils, which have high free fatty acids (FFA) content, were used as feedstock inlet 
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for the continuous operation process for biodiesel production. Therefore, oils with 
different acid values were evaluated: non-edible oil and waste oils, taking sunflower 
oil transesterification results as a base for comparing the catalytic activity. In 
Fig. 11.5, the catalytic activity of Catalyst 1 (6.2 wt% potassium content) is com-
pared when the transesterification reaction is carried out in continuous operation 
using several oils. The FAME yields of the biodiesel product obtained from the low-
grade oils were lower than those obtained from sunflower oil and can be attributed 
to the high FFA content in the low-grade oils (in the range 3–5 KOH/g for non-
edible and waste oil). Water and other cooking residues exist in the waste oil and 
also contribute to low conversions [46]. Similar results have been found when the 
same catalyst was evaluated in a slurry reactor in batch operation [32, 47].

One line of thought for improving the performance of biodiesel production in a 
sustainable way depends on the development of novel catalytic materials having 
outstanding properties that are manufactured with ecologically-friendly processes. 
However, another and simpler line of thought for improving the performance of 
biodiesel production is through the integration of micro and nanostructured materi-
als as an strategy to achieve this goal. Hence, the microstructural control, through 
micro and/or nano-engineering, has proven to be important in several relevant areas 
such as heterogeneous catalysis for biofuels production.

Few structured or particulate solids with high catalytic activity for biodiesel 
production reaction have been studied in the literature [27, 32, 38, 47, 48]. In this 
chapter, the micro-structuration of the studied catalytic material has been presented 
to evaluate possible improvements in the catalytic packed-bed reactor system with 
continuous flow operation. Micro-structured catalytic particles [38, 40] based on the 
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catalytically active material, tested previously in particles, was used in the packed- 
bed reactor configuration for the continuous production of biodiesel in a multiphase 
reactor configuration.

Figures 11.6 and 11.7 show the results obtained when the structured material was 
used as catalyst in the packed-bed for biodiesel production from vegetable, non- 
edible and waste oils. The same operation variables were used to establish conclu-
sions in a comparative way. As can be seen, the 3D–structured material showed 
better performance in the catalytic packed bed. The Catalyst 2 (low potassium con-
tent), in the 3D structured configuration, showed improvements in activity until 
80% with respect to the same catalytic material configured with the packed bed in 
particles or granules.

Experiments developed in the reactor packed with Catalyst 2 in a 3D microstruc-
tured configuration are shown in Fig. 11.7. As shown in Fig. 11.7, yields close to 99% 
were obtained in continuous flow mode. Experiments on transesterification reaction 
with high acid-containing vegetable oils have also been conducted with no special 
acid removal treatment of the raw material. Waste oil and non-edible oil lead to an 
ester product composition compatible with biodiesel requirements. In that case, esteri-
fication and transesterifications reactions occur simultaneously driven by the bifunc-
tional catalytic material used. In that case, esterification and transesterifications 
reactions occur simultaneously driven by the bifunctional catalytic material used. In 
this heterogeneous process, the stability of the catalyst was proved with no metal 
leaching findings in the biodiesel product or in the methanol excess. There is no for-
mation of salts or soaps with the following advantages with respect to the homoge-
neous catalyzed process: no neutralization step is required, there is no formation of 
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wastewater residues from the cleaning of the biodiesel. With all its features, this het-
erogeneous catalyzed process can be considered a sustainable and green process.

The microstructured catalyst showed higher stability than the same catalytic 
material in particles, maintaining the catalytic activity during longer times on 
stream. The catalyst reuse reactions were performed under the same operation con-
ditions showing that the microstructured material can be regenerated and reused 
without significant decrease in the reaction yield. Based in these results, the activity 
decay in the packed-bed over high operation time can be overcome by using several 
catalytic beds units with alternating reaction/regeneration runs.

11.4  Conclusions and Future Outlook

The catalytic material presented in this chapter is a very interesting heterogeneous 
material that is active for the production of biodiesel via transesterification and it is 
active at low temperatures. The catalytic material was found to have favorable 
characteristics when used in a multiphase packed-bed reactor under continuous 
flow operation. The bifunctional catalyst presented in this chapter is efficient for the 
transesterification of triglycerides and free fatty acids from sunflower oil, waste oil 
and non-edible oils, due to the presence of high catalytic active sites density.

The catalytic material presented in this chapter showed high catalytic activity 
when feedstocks with low free fatty acid content were employed, being possible to 
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adjust the reactor operation conditions to achieve good conversions when waste and 
non-edible oils were used. Continuous biodiesel production is feasible in the reactor 
configurations studied and the studied catalyst was reusable and could be reacti-
vated in situ.

Biodiesel production by means of heterogeneous solid catalysts has been 
industrialized with processes operating at high temperatures (220–240) °C and high 
pressures, which consequently concur with high costs. Therefore, more research 
activities on new heterogeneous catalyst applications that have industrial potential 
are necessary. Biodiesel production requires optimized processes that are compati-
ble with high production capacities and that have simplified operations, provide 
high yields and do not require special pretreatments of the feedstock or generate 
waste streams. The 3D–microstructured catalyst and multiphase reactor system 
introduced in this chapter may be a good candidate for future industrial processes 
that use bifunctional catalysts, because it opens the possibility for improving 
catalytic performance with material and system design that is applicable to using 
residues and low-grade feedstocks.

Research needs for bifunctional catalyst used in biodiesel production [49] are: 
design of efficient bifunctional catalysts with adequate physical and chemical 
properties to carry simultaneous esterification and transesterification reactions of 
low- grade feedstocks, definition of the catalyst structure-activity correlation of the 
bifunctional heterogeneous catalysts to obtain an optimum number of active sites 
and improvement of catalytic activity and stability during biodiesel reactor opera-
tion and production.

Waste materials not only provide alternative renewable feedstocks, but also a 
resource from which to create catalysts. Waste materials such as animal bones and 
naturally available clays can be used as raw materials for catalyst preparation [50, 
51]. The use of raw materials, modified to develop an effective catalyst or as feed-
stocks, in the biodiesel technology will contribute to low-cost biodiesel production. 
Currently, the introduction of different metals and groups into several raw materials 
by the impregnation method [52, 53] is a good way to develop bifunctional catalysts 
with enhanced catalyst stability and activity for sustainable biodiesel technology. 
When combined with 3D microstructured techniques described in this chapter, the 
possibilities for developing new practical catalytic systems are unlimited.
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Chapter 12
Conversion of Biomass Using Simultaneous 
Chemo- and Bio-catalysis

Patrick J. Morgan, Fabio Lorenzini, and Andrew C. Marr

Abstract As many countries move towards fossil fuel divestment, greater empha-
sis is being placed on the use of sustainable sources for the production of fuels and 
chemicals. Due to the current scale of production of petroleum, a mixed portfolio of 
alternative sources is needed to supply these demands. Biomass is a potential renew-
able and sustainable source for the production of biofuels and valuable chemicals. 
The conversion of biomass into biofuels and bio-derived platform chemicals to be 
directly placed into chemical production streams has been intensely explored over 
the last decade. One interesting avenue highlighted in this chapter is the develop-
ment of systems that combine bio- and chemo-catalysis to convert biomass into 
value-added chemicals: in this endeavour, the targeted transformations are enabled 
by the concerted action of both chemical and biological catalysts. The combination 
of racemization catalysts and bio-catalytic enzymes for the production of optically 
pure products such as alcohols, amines and acyloins, in dynamic kinetic resolution, 
is hereby discussed along with several recent examples of biomass valorisation 
using actual, or potential, protocols involving the simultaneous use of both bio- and 
chemo-catalytic steps.

12.1  Introduction

The scientific community and the wider world have come to the realisation that our 
current consumption of the Earth’s natural resources is unsustainable, and that new 
technologies, methodologies and renewable philosophies must be adopted to pre-
serve these resources for future generations [1]. Petroleum derivatives are the pri-
mary feedstock for chemical production worldwide. Due to the recent volatility in 
oil prices, the current geopolitical turmoil in major oil producing regions, the fears 
of future uncertainty in oil availability, and environmental concerns, the need to 
move away from this feedstock and towards one that is sustainable and environmen-
tally benign has become acute. One interesting alternative to petroleum for the 
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production of chemicals and fuels is biomass. Biomass includes plant or animal 
matter, energy crops, food and animal waste, as well as by-products of some indus-
trial and chemical processes. This organic matter is a rich carbon source, and the 
production of basic platform chemicals and biofuels by biomass processing can be 
viable. The sheer quantity of biomass produced annually worldwide could poten-
tially satisfy the present and future demands of fuels, materials and chemicals, cur-
rently produced from fossil fuels. In the United States alone, nearly 1.4  billion 
tonnes of biomass, to be converted into commodity chemicals or used in the energy 
sector, can be obtained from agricultural and forestry sources each year [2].

Research on the synthesis of basic chemicals from accessible biomass sources is 
growing within the chemical industry. Chemical building blocks including alcohols, 
diols and acids are produced from biomass via aerobic or anaerobic fermentations 
and bio-enzymatic transformations. Ligno-cellulosic biomass can be processed in 
bio-refineries to yield bio-based platform chemicals. Other biomass sources are 
sugar, starch, fats, and oils derived from edible crops, and waste from agricultural 
production. However, the use of ligno-cellulose is preferred as competition with 
food production is minimized. Furthermore, ligno-cellulose can also undergo gasifi-
cation to produce syn-gas that can then be processed in the same way as fossil fuel- 
derived syn-gas, using well established petrochemical routes. The bio-refinery 
transformations have been classified according to feedstock and summarised by 
Vennestrøm et al. [3].

To achieve widespread chemicals and fuels manufacture via bio-refineries, initial 
deoxygenation of the oxygen rich compounds resulting from biomass is required. 
Complete industrial scale transition from oil to biomass feedstocks remains prob-
lematic as the initial bio-derived reagents resulting from biomass are generally 
impure dilute aqueous solutions containing oxygen rich species. Biomass treatment 
is therefore incompatible with current processing methods based on crude oil, as the 
latter requires oxidation during primary treatment. It will only be possible to inte-
grate the platform chemicals synthesised from biomass into traditional chemical 
processes once issues with initial biomass processing are overcome [4, 5].

To move from a petroleum based industry to a biomass-based one, new tech-
nologies and methodologies must be developed, utilizing both biological and 
chemical means, for the conversion of biomass into desirable commodity and plat-
form chemicals. A mature bio-industry will require the development of an entirely 
adaptable bio-refinery: in which a large range of products can be synthesised from 
bio-derived platform chemicals, the source of the latter being flexible and depen-
dent upon the feedstock supply, as well as on other commercial, agricultural and 
industrial demands.

Attention has been drawn to the production of valuable chemicals from biomass 
by combining bio- and chemo-catalysis [6–8]. Biomass is first converted into bio- 
derived platform chemicals via biocatalytic means; then, value-added commodity 
chemicals are delivered via chemocatalytic processing of the platform chemicals. 
One area of specific interest includes the direct transformation of biomass into valu-
able chemicals via a bifunctional catalytic system, using a one-pot, one-step bio- 
and chemo-catalytic route. The conversion of biomass into foods and drinks 
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enriched with targeted chemicals via bio-catalytic routes is well-documented [9, 
10]. Brewers have made use of the bio-chemical activity of yeast for thousands of 
years. Coupling this with the selectivity and efficiency offered by chemo-catalytic 
routes could lead to the development of procedures that will facilitate the change 
from a petroleum derived economy to a bio-based one. The dedicated conversion of 
biomass into valuable chemicals, while relatively new, is a developing sector that 
holds much promise to revolutionise the way energy and chemicals are currently 
produced and to dictate the way they will be produced in the future.

12.2  Dynamic Kinetic Resolution (DKR)

Chemo-enzymatic dynamic kinetic resolution (DKR) is operated on the industrial 
scale by fine chemicals and pharmaceutical companies. For example, DSM in the 
Netherlands used DKR to resolve racemic mixtures of alcohols [11]. Optically 
pure isomers are of high value to the pharmaceutical industry, particularly with 
respect to selective stereochemical control. The selective separation of one isomer 
within a racemic mixture can be achieved by employing bio-catalysts that will 
react with one of the two stereoisomers at a much higher rate than the other, lead-
ing to the isolation of an optically pure product, this is kinetic resolution (KR). A 
number of techniques have been developed for the synthesis of important organic 
substrates involving the use of a bio-catalytic enzyme, such as lipase [12–15]. 
Enzymes are proteins produced by living organisms that act as catalysts for spe-
cific bio-chemical transformations. They require specific conditions and substrates 
to function, and their use outside their operating conditions can cause the protein 
to denature. Enzymes have been utilized in KR reactions thanks to their high selec-
tivity towards certain functional groups [16]. Efficient KR reactions allow for 
> 99% ee of the desired product. However, the maximum theoretical yield from a 
racemic mixture is 50%, as the enzyme used reacts with only one stereoisomer. 
This major issue can make KR undesirable on an industrial scale. DKR can provide 
the solution to this problem. DKR involves the use of a chemical catalyst (e.g. an 
organometallic complex) that catalyses the racemization of the unwanted stereo-
isomer: more of the reacting isomer is then provided, thus allowing the enzymatic 
transformation to proceed further. The maximum theoretical yield of the chemical 
synthesis, now catalyzed by both the racemization catalyst and the bio-catalytic 
enzyme, is now 100% (Scheme 12.1). Although the synthesis may be complicated 
by incompatibilities in the reaction conditions when employing the racemization 
and biological catalysts simultaneously, the ultimate goal is the successful delivery 
of the optically pure product by combining bio- and chemo-catalysis in a one-pot, 
multi-step process. The commercial success of this process makes it an obvious 
exemplar for combined bio- and chemo-catalysis in one-pot.

It is noteworthy to mention that when bio- and chemo-catalysis are combined in 
the absence of a racemisation catalyst, the synthesis of target compounds, although 
successful, has to deal with selectivity limitations. For example, combining 
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hydrogenation of acetophenone in the presence of heterogeneous transition metal 
catalysts with acylation of the so-formed (R)-1-phenylethanol catalyzed by an 
immobilized enzyme, to produce (R)-1-phenylethyl acetate, was recently demon-
strated by Murzin [17, 18]. In the presence of Pd–Al2O3 and immobilised lipase 
Novozym 435, using ethyl acetate both as the solvent and the acyl donor, under 
atmospheric hydrogen, and at 70 °C, (R)-1-phenylethyl acetate was synthesised, at 
47% conversion, in 45% selectivity (maximum selectivity 50%).

12.2.1  Alcohols

Biomass based feedstocks can deliver highly oxygenated bio-based intermediates 
that could be directly converted into numerous value-added chemicals, including 
alcohols. Comprehensive flow-charts of the products of biomass derivatization were 
produced by the US Department of Energy [19], highlighting routes from biomass 
feedstock to various valuable products. Of particular note was the prevalence of 
acids including succinic acid, malic acid, 2,5-furandicarboxylic acid, and 
3- hydroxypropionic acid, which can be readily converted into related alcohols. 
Since then, a number of reviews have highlighted the formation of C4 and C5 alco-
hols from bio-derived diacids [20], bio-ethanol from biomass derived syngas [21], 
and phenol derivatives from bio-petroleum [22]. It is evident that biomass feed-
stocks offer the opportunity to produce alcohols, which can then undergo further 
derivatization into valuable commodities. The conversion of alcohols into 

Scheme 12.1 Schematic representation of alcohol and amine acylation via dynamic kinetic reso-
lution: increasing reaction yield by combining bio- and chemo-catalysis

P.J. Morgan et al.



351

value- added chemicals via simultaneous bio- and chemo-catalysis is therefore an 
important field of investigation.

Chemo-enzymatic DKR was reported by Williams and co-workers in 1996 [23]: 
a transition metal complex was used to catalyse racemisation of (S)-(−)-phenylethyl 
alcohol, followed by enzymatic acylation, yielding (R)-1-phenylethyl acetate. 
Stoichiometric amounts of acetophenone were used as a hydrogen transfer mediator 
to allow alcohol racemisation to proceed. Among the transition and main group metal 
racemization catalysts tested, the rhodium complex Rh2(OAc)4 (1) (Scheme 12.2) 
was found to promote, in the presence of Pseudomonas species lipase, the most 
efficient DKR for the transformation of phenylethyl alcohol to (R)-1- phenylethyl 
acetate. (R)-1-Phenylethyl acetate was produced with 98% ee and 60% conversion, 
when reacting phenylethyl alcohol in the presence of 2 mol % of 1, 6 mol % o-phen-
anthroline, one equivalent of acetophenone, at 20  °C, for 72  h (Scheme 12.3). 
Williams and co-workers highlighted that the DKR reaction conditions have to be 
compatible with both the racemisation and enzyme catalysts, while also limiting 
metal catalyzed esterification side reactions. The authors also proposed that the 
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 performance of the combined chemo-enzymatic system may be affected by the 
interactions between the organometallic catalyst and the enzyme. This may involve 
the soft metal interacting with electron rich groups on the polypeptide surface, 
which will detrimentally affect racemization, and may also perturb the enzyme. 
Two approaches to limit this interaction are the use of a bulkier metal complex that 
cannot penetrate the protein due to steric hindrance, and the protection of the 
enzyme or catalyst by entrapping it in a material support (compartmentalization) 
[24].

In 1997, Bäckvall and co-workers reported that the transformation of methylben-
zyl alcohol into (R)-α-methylbenzyl acetate occurs in high yields and high optical 
purity using ruthenium-catalyzed alcohol racemization coupled with enzymatic 
resolution. Combining Shvo’s catalyst (2) and Novozym 435 (Candida antarctica 
lipase B immobilised on acrylic resin) allowed production of (R)-α-methylbenzyl 
acetate in 92% yield, and with optical purity > 99.5% ee [25]. The reaction was 
performed in tBuOH, at 70 °C, with 2 mol % of 2, in the presence of one equivalent 
of acetophenone as the co-catalyst to promote the ruthenium-catalyzed hydrogen 
transfer allowing efficient isomerization. Immobilised CALB lipase was found to be 
thermally stable under the reaction conditions required to provide good activity for 
2. The substrate scope of the reaction was extended to diols in 1999 [26]. Still using 
2 and Novozym 435 as the chemo- and bio-catalysts, respectively, acylation of 
 aliphatic, aromatic and heteroaromatic based diols, some bearing additional func-
tionalities, resulted in diacetates with enantioselectivity > 96– > 99% ee and moder-
ate to high yields (43–90%).

In 2001, Bäckvall and co-workers discovered that the combination of 2 and 
Novozym 435 also allowed the chemo-enzymatic DKR of azido alcohols, direct 
precursors of biological, catalytic and synthetic key molecules such as aziridines 
and vicinal amino alcohols, to the corresponding enantiomerically pure acetates 
(with ee up to 99%, and conversion up to 98%) [27]. This strategy allowed the prac-
tical syntheses of (S)-propanolol (13), a widely used anti-hypertensive drug 
(Scheme 12.4). DKR of the racemic azido alcohol 11 yielded the azido acetate 12 in 
86% ee and 71% isolated yield. Then, a one-pot two-step procedure, consisting in 
hydrolysis with LiOH in methanol followed by azide reduction and in situ reductive 

Scheme 12.4 Synthesis of anti-hypertensive drug (S)-propanolol via dynamic kinetic resolution 
of racemic azido alcohols to azido acetates, followed by one-pot, two-step hydrolysis/reduction/
reductive alkylation
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alkylation using platinum dioxide in the presence of acetone, led to 13. 
Recrystallization from cyclohexane afforded 13 of high enantiomeric purity.

Lipase B from Candida antartica (CALB) is the most commonly applied enzyme 
in DKR reactions, but many other enzymes have also been used. Bäckvall and co- 
workers combined the KR of α-hydroxy acid derivatives such as esters using 
Pseudomonas cepacia lipase and the acyl donor p-chlorophenyl acetate with a 
ruthenium-catalyzed racemization process via hydrogen transfer in the presence of 
2, to produce acetates with enantiomeric excess up to 94%, using molecular hydro-
gen to inhibit formation of ketone by-products [28]. The overall reduction in prod-
uct yield caused by the formation of small quantities of the associated ketone, was 
tackled by using the mild and efficient hydrogen source 2,4-dimethyl-3-pentanol. 
Following the same general trend, running the DKR of α-hydroxy acid derivatives 
N,N-diisopropyl-4-hydroxypentanamide, the acetate was obtained in yield up to 
93%, and enantiomeric excess up to 99% when 2,4-dimethyl-3-pentanol was used 
as the hydrogen donor.

When combining bio- and chemo-catalytic processes, differences in solvent 
compatibility can be an issue, as experienced by Backvall and co-workers in 2001 
when attempting to couple C-C bond formation via aldol condensation with metal 
and enzyme catalyzed racemisation/acylation [29]. The use of a two solvent system 
allowed production of β-hydroxy ester derivatives with high enantiomeric purity (up 
to 99% ee) and yields up to 82% by combining DKR with an aldol reaction, in a 
one-pot procedure (Scheme 12.5): the aldol condensation was first carried out in 
tetrahydrofuran; then, after removal of the latter, addition of tert-butyl methyl ether 
allowed, in the presence of 2 and Pseudomonas cepacia lipase, DKR synthesis of 
β-hydroxy esters, still within a one-pot synthesis.

Although the rapid racemization of alcohols is known to be catalyzed by several 
metal complexes, the combination of this activity with an enzyme catalyzed KR is 
not necessarily effective. Racemization by the metal catalyst may be slowed or 
inhibited by the enzyme, or the metal catalyst may interfere with the enzyme to give 
poor resolution. Shvo’s catalyst (2) has an extremely bulky facial ligand that steri-
cally impedes the active site from interactions with the enzyme polypeptide, but this 
comes at a cost, as the complex requires raised temperatures to activate it. Bäckvall 

Scheme 12.5 One-pot aldol condensation – chemo-enzymatic synthesis of enantiopure β-hydroxy 
esters
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and co-workers attempted to overcome this process limitation, which can damage 
the enzyme. A redesigned protocol for DKR of secondary alcohols at room tem-
perature provided enantiopure products in high yields and short reaction times [30, 
31]. The solution was simply to design catalyst precursors based on mononuclear 
complexes (3 and 4), but retaining the same class of bulky capping ligand. Pre- 
activation of catalysts 3 and 4 with KOtBu, followed by addition of the substrate 
1-phenylethanol, and then CALB, since for most of the substrates addition of CALB 
at the pre-activation stage was found not to affect the effective and selective acetate 
production, and using isopropenyl acetate as the acyl donor, afforded, (in some 
cases in 3 h), at room temperature, formation of (R)-1-phenylethanol acetate in up 
to 99% yield with up to >99% ee. No supplementary hydrogen source was required 
under these DKR conditions. A large range of secondary alcohols substrates, with 
the phenyl ring of 1-phenylethanol variously substituted, were transformed via 
DKR to the corresponding acetate with high yields (83–99%) and good enantiose-
lectivity (91–  >  99% ee) (Table  12.1). While the addition of electron-donating 
groups such as the methoxy group resulted in high yield (96%) and selectivity 
(> 99% ee) in 6 h, almost quantitative yields of enantiopure acetates were given by 
substrates with electron-withdrawing groups on the phenyl ring, but at longer reac-
tion times, for instance in 20 h for nitro- and nitrile-substitution. A similar effect 
was observed when increasing the secondary alcohol aliphatic chain length. Very 
high selectivity was also obtained for a variety of aliphatic substrates: for example, 
1-cyclohexylethanol afforded the corresponding acetate, after 7 h, in > 99% ee and 
98% yield. DKR carried out with this procedure also afforded high selectivity for 
heteroaromatic substrates: benzofuran, furan, piperidine, 4-pyridine, and thiophene 
substituted alcohols gave excellent yields (93– > 99%) and ee 96– > 99%. Useful 
functionalised alcohols, building blocks for the synthesis of chiral alcohols deriva-
tives, were also resolved to enantiopure acetates at room temperature. For example, 
the DKR of 3-hydroxy-3-phenylpropanenitrile afforded the acetate, in 6 h, in 85% 
yield and 97% ee. DKR of the diol 1,1′-(1,4-phenylene)bis(ethan-1-ol) was also 
successful, although at higher temperatures (50 °C): 90% yield of the corresponding 
diester were isolated after 10 h, with > 99% ee.

The scale-up of the optimised system for the ruthenium and enzyme-catalyzed 
DKR of (rac)-1-phenylethanol was investigated by Bäckvall and co-workers [32]. 
159 g (97% yield) of (R)-1-phenylethanol acetate could be produced on a 1 mol- 
scale with enantioselectivity > 99.8% ee, at 70 °C, in 20 h, under controlled atmo-
sphere, and employing only 0.05 mol % of 3, 0.5 mg of CALB per mmol of substrate, 
and 150  mL of toluene as the solvent. On a 10  mol-scale, the DKR of (rac)-
1-phenylethanol led to 1.43 kg (87% yield) of enantiomerically enriched acetate 
(97% ee), in 21 days, using only 0.01 mol % of 3 and 0.1 mg of CALB per mmol of 
substrate.

The resolution of cycloalkanediols, precursors to various building blocks in 
asymmetric and pharmaceutical synthesis, via enzyme-catalyzed desymmetrization 
to monoacetates coupled with dynamic kinetic asymmetric transformation 
(DYKAT), was found to allow the synthesis of diacetates in high trans/cis ratio and 
excellent enantioselectivity [33]. An efficient desymmetrization-DYKAT sequence 
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was accomplished by reacting the cis/trans-diol 1,3-cyclohexanediol, the enzyme 
Pseudomonas cepacia lipase PS-C, 2 and p-chlorophenyl acetate, in the presence of 
2,4-dimethyl-3-pentanol, at 70 °C: the corresponding (R,S)-diacetate was produced 
in high yields (> 95%), with 92% ee, and dr cis/trans 97:3 (Scheme 12.6).

The DKR of an unfunctionalized β-stereogenic centre was reported in 2007 [34]. 
The extension of the DKR protocol outlined to a chiral, non-functionalized carbon 
centre adjacent to an alcohol (or amine) functionality is important with regards to its 
potential application to the related structure of a number of biologically active com-
pounds, and to that of β-aryl-substituted alcohols that are, either by themselves 
(Naproxol), or after oxidation to the corresponding acid (Naproxen and Ibuprofen), 
part of important non-steroidal anti-inflammatory drugs. The racemization was 
found to proceed exploiting the dehydrogenase/hydrogenase activity of 2, generating 
an equilibrium between the alcohol and an aldehyde, where the latter can then 
undergo enolization. The DKR process is completed by the enzyme Amano Lipase 
PS-D I from Pseudomonas cepacia, following previous KR work by Kawasaki [35, 
36]. Numerous primary β-racemic alcohols were transformed into optically pure 
alcohol esters in good to high yields (70–87%), with up to > 99% ee (Scheme 12.7).

DKR was applied to fluoro-substituted aryl and cyclic allylic alcohols, both struc-
tural elements in pharmaceutical and agrochemical products, to yield the respective 
acetates in high yields and enantioselectivity. Various perfluoro- substituted benzylic 
secondary alcohols have been transformed, at room temperature, to their respective 
(R)-acetates in excellent yields (97–99%) and enantioselectivity (98– > 99%) using 
3 as the isomerisation catalyst and CALB as the enzyme, adding the substrate 
alcohol, and then the isopropenyl acetate, after catalyst activation [37]. Using 
CALB or Pseudomonas cepacia lipase, and 2 or 3 as the ruthenium isomerisation 

Scheme 12.7 Enzyme- and metal-catalyzed dynamic kinetic resolution of primary alcohols bear-
ing an unfunctionalized stereogenic center in the β-position

Scheme 12.6 Metal- and enzyme-catalyzed diastereoselective dynamic kinetic asymmetric trans-
formation (DYKAT) of cis/trans-1,3-cycloalkanediol to cis-diacetate
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catalysts, the cyclic allylic alcohol 3-phenylcyclohex- 2-enol has been converted by 
DKR, at 60–70 °C, to the corresponding (R)-acetate with high enantioselectivity, 
varying in the range 80–97% ee [38].

Within the literature on DKR of alcohols, there is a predominance of Ru catalysts 
for racemization. This does not mean that other complexes and materials cannot be 
effectively applied to this transformation, and in some cases, provide advantages 
compared to Ru based protocols. Marr and Saunders showed that Rh and Ir piano 
stool N-heterocyclic carbene complexes support efficient DKR reactions to yield 
acetate esters with excellent enantioselectivity [39]. Cp*Ir complex 8 and Cp*Rh 
complex 10 were found to be active towards a range of substrates working in tan-
dem with Novozyme 435. 8 was active for the DKR of (rac)-3,3-dimethyl-2-butanol 
affording 89% yield of the (R)-acetate with 99% ee. Some DKR reactions could be 
affected without the addition of base (K2CO3), this is advantageous as the presence 
of base is detrimental to the enzyme and complicates separations. 8 and 10 enabled 
the DKR of (rac)-1-cyclohexylethanol under base free conditions to yield >99% 
with 99% ee. 10 could affect the DKR of (rac)-1-phenylethanol without base to 
afford >99% yield with 97% ee.

The continuous operation of chemo-enzymatic DKR was demonstrated by 
Lozano, Iborra and co-workers [40]. The organometallic chemo-catalyst was 
replaced by a solid acid (benzenesulfonic acid functionalised silica) and used in 
conjunction with Novozym 435 in ionic liquid media. Supercritical CO2 was used 
as the carrier solvent. After optimisation, and using an acidic zeolite for racemiza-
tion, (rac)-1-phenylethanol could be resolved into (R)-phenylethyl propionate at 
50 °C and 100 bar, with yields of up to 98.0% and enantioselectivity of up to 97% 
ee. No loss of activity was measured during 14 days of operation [41].

A recyclable, metal-free DKR protocol for the synthesis of enantiopure, syn-
thetically valuable secondary carbocyclic esters, in high yields, from tertiary carbi-
nols, combining resin-bound acidic catalysts and lipases was developed in 2014 by 
Bäckvall, Deska and co-workers [42]. At room temperature, in a biphasic isooc-
tane/water system, where water is used to prevent formation of the dehydrated 
condensation etheral side-product, the combination of the racemization/isomeriza-
tion catalyst, the acid ion-exchange resin Dowex 50Wx4, with a nylon basket filled 
with immobilized CALB, or the lipase from Pseudomonas cepacia, immersed into 
the organic top layer, using a lipophilic acyl donor such as vinyl caprate, syntheti-
cally valuable carbocyclic building blocks were obtained in moderate to high 
yields (67–90%) and enantioselectivity 84–99% ee (Scheme 12.8). This procedure 
was found to be tolerant of multiple aryl and allyl functional groups adjacent to the 
tertiary alcohol centre of the substrate, while the presence of an alkyl group low-
ered the yields.

Another chemo-enzymatic protocol moving away from expensive and less abun-
dant metal systems was developed by Rueping in 2016 [43]. Combining the iron 
dehydrogenation–hydrogenation catalyst 6 with CALB as the bio-catalyst, and 
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p-chlorophenyl acetate as the acyl donor, afforded, in 24 h, at 60 °C, DKR of benzylic 
and aliphatic secondary alcohols to the corresponding enantioenriched (R)-acetates. 
Using this protocol, a large array of secondary benzylic, heteroaromatic and ali-
phatic alcohols bearing electron-withdrawing and electron-donating groups under-
went successful DKR transesterification, with good to high yields (68–95%), and 
high enantioselectivities (92–99% ee), showing the potential of this iron/lipase cata-
lyzed resolution.

Only a few reports on (S)-selective DKR of alcohols can be found in the litera-
ture. The bio- chemo-catalytic protocols allowing resolution of alcohol substrates 
were limited to the (R)-configuration until Kim, Park and co-workers reported in 
2003 the (S)-selective DKR of alcohols delivering esters (92–99% ee) in good to 
high yields (77–95% yield) by combining, at room temperature, surfactant-treated 
subtilisin and the aminocyclopentadienylruthenium complex 7 [44]. A few years 
later, Backvall and co-workers reported improved (S)-esters yields and enantiose-
lectivities by using a similar chemo-catalytic protocol involving complex 3 [45].

In 2011, the combination of the ruthenium catalyst 3 with a variant of CALB, 
(CALB W104A), with a mutation in one of the residues, a tryptophan amino acid 
being replaced with alanine, afforded, using isopropenyl acetate as the acyl donor, 
(S)-selective resolution of secondary alcohols. 1-phenylpropanol was converted to 
its respective (S)-acetate, at 60 °C, after 3 days, in toluene, with 99% conversion and 
96.5% ee [46]. (S)-selective DKR was also successfully performed on longer alkylic 
chain secondary alcohols. Efficient acylation of 1-phenylheptanol could be achieved 
at just over room temperature (30 °C), but at longer reaction times (6 days), to give 
the product with 99% conversion and 97% ee.

The examples described above, which are representative of the advances in 
chemo-enzymatic DKR protocols since 1996, show how aliphatic, aromatic, ben-
zylic, azido, perfluorinated, allylic, and homoallylic primary, secondary and tertiary 
alcohols, including diols, can undergo resolution, via the appropriate selection of 
bio-catalyst, chemo-catalyst, and reaction conditions, with excellent enantioselectiv-
ity and yields. DKR of alcohol substrates has also been shown to be a viable tech-
nique for the induction of enantioselectivity in natural product synthesis [47–50].

Scheme 12.8 Migratory dynamic kinetic resolution of carbocyclic allylic alcohols via a teabag 
approach
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12.2.2  Amines

Optically pure amines are highly valued chiral building blocks and intermediates, 
which are used extensively in the pharmaceutical industry [52]. They are often pre-
pared through asymmetric kinetic resolution, amino acid reduction, carboxylic acid 
crystallization [53] and the reductive amination of ketones [54].

The DKR of amines is challenging [55]. Chemo-enzymatic resolution of amines 
was reported in 1996 by Reetz and co-workers [56]. Using Novozym SP 435 and 
palladium on carbon as the racemization catalyst, a racemic mixture of phenylethyl-
amine underwent resolution via N-acylation: (R)-N-(1-phenylethyl)acetamide was 
isolated, after 8 days, in 64% yield with excellent enantioselectivity (99% ee) at 
50–55 °C. This represented a potentially powerful procedure for the production of 
optically pure acetamides directly from biomass [57].

The coupling of metal-catalyzed racemization with enzymatic KR for the DKR 
of racemic amines and amino acids providing single enantiomeric products in high 
yields has been reviewed by Kim and Park [58].

Following work by Kim [59], Jacobs [60], and Bäckvall [61], and their co- 
workers, the DKR of several benzylic and aliphatic primary amines, and an amino 
acid amide, combining palladium nanoparticles entrapped in aluminium oxyhydrox-
ide (Pd/AlO(OH)) with the lipase CALB, was reported in 2007 by Kim and Park 
[62]. Using ethyl acetate or methoxyacetate as the acyl donor, benzylic amines were 
resolved into the corresponding amides at 70 °C, using 1 mol % of the Pd catalyst, 
in good to high yields (84–99%) and high enantioselectivity (97–99% ee). p-Methoxy 
and p-trifluoromethyl substitution of the benzylic group, as well as different open 
and cyclic aliphatic substituent at the benzylic carbon, were tolerated. DKR of 
aliphatic amines proved to be more difficult: 92–95% amides yield, with 98–99% 
ee, were obtained at higher catalyst loadings (12 mol % Pd/AlO(OH) and temperatures 
(100  °C). The combination of Pd/AlO(OH) with Novozym 435 also displayed 
robust recyclability, with high thermostability: minimal reduction in yield and 
enantioselectivity were observed in the DKR of 14 (Scheme 12.9) over 10 reaction 

NH2 NHCOMe

Pd / AlO(OH)
CALB

Ethyl methoxyacetate

Toluene, H2
24 h, 100 oC

Over 10 recycling runs:
conv.: 89 - 100 %
ee: 92 - 99 %

14

Scheme 12.9 Recyclable chemo-enzymatic dynamic kinetic resolution of a primary amine com-
bining a palladium racemisation nanocatalyst and a lipase resolution catalyst
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cycles. The amino acid amide phenylalanine amide could also be resolved by the 
chemo-enzymatic DKR protocol developed by Park: the corresponding amide was 
produced in 96% yield and 98% ee.

The chemo-enzymatic protocol described for the resolution of primary amines 
was exploited in 2008 by Kim, Park and co-workers for the synthesis of α-chiral 
amides, and ultimately chiral amines, from achiral ketoximes [63]. In this one-pot 
procedure, the Pd nanocatalyst and the lipase are employed for three consecutive 
transformations, namely hydrogenation, racemization, and acylation. Pd/AlO(OH) 
acts as both the racemization and hydrogenation catalyst. Using ethyl methoxyace-
tate as the acyl donor, a low pressure of hydrogen, and molecular sieves, acyclic and 
cyclic ketoximes can be converted, at 70 °C, to the corresponding amides in good to 
high yields (83–92%) and enantioselectivities 93–98% ee (Scheme 12.10). While 
electron-donating groups on the ketoxime benzylic ring lower the amide yield (i.e. 
p-OMe: 83%), side reactions are prevented by electron-withdrawing groups (i.e. p- 
CF3: 90% yield). Kim, Park and co-workers also proved that secondary chiral 
amines, to be used as important chiral building blocks or ligands, could be readily 
produced, quantitatively and without loss in enantiopurity, by the easy reduction of 
the isolated amides.

The introduction of fluorine into a molecule can impart significant biological, 
chemical and physical changes within a compound. Due to its electronegativity, a 
fluorine atom or a trifluoromethylic group can alter and enhance the activity of bio-
logically important molecules [64]. Fluorinated and trifluoromethylated amines are 
particularly important in the synthesis of pharmaceutically active molecules. For 
example, Liang, Lin and co-workers proved that (S)-3-trifluoromethyl- 
tetrahydroisoquinoline, an important (S)-inhibitor of phenylethanolamine 
N-methyltransferase, can be synthesised in a one-pot cascade process also involving 
the lipase, nanometal co-catalyzed enantioselective transformation of an 
α-trifluoromethylated ketoxime to an optically active amide (78% yield, 98% ee) 
[65]. Under a hydrogen atmosphere, in the presence of the palladium or nickel 
nanocatalysts Pd/Al2O3 or Ni/Al2O3, prepared via atomic layer deposition, as the 
hydrogenation and racemization chemo-catalysts, and CALB as the acylation bio- 
catalyst, using isopropyl acetate and triethylamine, a range of α-trifluoromethylated 
ketoximes were transformed, in 6  days, at 70  °C, into the corresponding chiral 
amides in yields 62–95% and enantioselectivity 90–99% ee.

Scheme 12.10 Bio- chemo-catalytic asymmetric reductive ketoxime acylation, followed by 
amide reduction to chiral secondary amines
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12.2.3  Acyloins

Acyloins are important natural molecular precursors for many pharmaceutical drugs 
in the treatment of cancer, HIV and Alzheimer’s disease among others [66, 67] and 
they can be used as building blocks for the synthesis of large specialized heterocy-
clic rings [68–70]. General preparative methods for these involve the reduction of 
α-diketones [71], the deacylation of acyloin esters and benzoin condensations [72, 
73]. Combination of bio- and chemo-catalysis has allowed the preparation of enan-
tiopure acyloins, particularly of the benzoin motif (Scheme 12.11).

12.2.3.1  Benzoins

The combination of bio- and chemo-catalysis for the enantioselective acylation of 
benzoinic substrates was reported by Alcantara and co-workers in 2006. Employing 
a KR of the racemic substrates catalyzed by the lipase TL from Pseudomonas 
stutzeri, combined with an in situ substrate racemization catalyzed by the ruthenium 
complex 2, in the presence of trifluoroethyl butyrate as the acyl donor, the (S)-
acylated products were produced, at 40–50 °C, in 48–72 h, in conversions up to 
90%, with enantiomeric excess values > 99% (Scheme 12.12) [74]. Two years later, 
Alcantara and co-workers found that the activation of the bio-catalyst by immobili-
sation in a hydrophobic material by silicone elastomer entrapment allows use of the 
lipase at higher temperature, affording higher yields in shorter times. The recyclable 
one-pot benzoin DKR run in the presence of the immobilised lipase TL and 2 
allowed conversions up to 87% and 99% ee, at 60 °C, in 20 h [75].

In 2014, Ansorge-Schumacher and co-workers showed how the combined bio- 
chemo-catalytic resolution of racemic benzoin could be improved by  heterogenising 
both the enzyme and the racemization catalysts [76]. The lipase TL from Pseudomonas 
stutzeri was immobilised by adsorption on the porous polypropylene resin Accurel 

Scheme 12.11 General scheme for the bio- chemo-catalytic resolution of racemic acyloins to (S)-
esters (See Table 12.2 for substrate scope)
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MP1001 (Acc-LipTL), while the metal catalysts were entrapped in the mesoporous 
materials metal-TUD-1, metal-associated acidic meso-porous silicates. In 2-MeTHF 
or toluene, the one-pot DKR of (rac)-benzoin, using a combination of Acc-LipTL 
and Al- or Zr-TUD-1 as the bio- and chemo-catalysts, respectively, afforded, in the 
presence of vinyl butyrate as the acyl donor, at 50 °C, in 5 h, enantioselective pro-
duction of (S)-benzoin with 85.9–98.4% conversions and 83.3–98.5% ee. In the 
presence of Acc-LipTL and Zr-TUD-1, in 2-MeTHF, the resolution of (rac)-ben-
zoin was proved to be recyclable. Stabilization of Acc-LipTL by prior incubation in 
a polyethylene imine buffer solution enabled full conversion (>  99%) over five 
cycles, with product ee remaining >98%.

In 2014 Martin-Matute and co-workers developed a one-pot, bio- chemo- 
catalytic system that allowed the enantioselective synthesis of α-hydroxy ketones 
from benzoins at room temperature [77]. Combining lipase TL with a ruthenium 
catalyst formed from [Ru(p-cymene)Cl2]2 (5) and 1,4-bis(diphenylphosphino)
butane at room temperature, in the presence of vinyl butyrate, enabled good to high 
yields (73–93%) of (S)-esters of aromatic α-hydroxy ketones, with enantioselectiv-
ity 94–99% ee. The substrate scope and reaction conditions for this reaction are 
described in Table 12.2.

Between 2005 and 2007 Faber and co-workers discovered that the bio-catalytic 
racemization of a range of variously functionalized acyloins [78] and 
α-hydroxycarboxylic acids [79] can be accomplished under mild reaction condi-
tions using a range of microbes, including Lactobacillus spp. such as Lactobacillus 
paracasei DSM 20207, with limited occurrence of side reactions.

The examples discussed in this section highlight how, by the simultaneous use of 
a racemization chemo-catalyst and a biological catalyst, DKR enables the effective, 
enantioselective transformation of various functionalities, including a number of 
biologically important moieties, to target compounds. Several techniques allowing 
the conversion of racemic or enantiopure substrates to the desired products have 
been discussed, showing that high conversion and selectivity can be achieved under 
mild conditions. It has been shown that the bio- chemo-catalytic protocol DKR can 
be a powerful technique for the synthesis of optically pure compounds. The produc-
tion of alcohols from biomass and renewable resources has been reviewed [5, 80–
82]. The majority of nitrogen containing compounds, in particular aromatic amines, 

Scheme 12.12 Combining lipase TL from Pseudomonas stutzeri with Shvo’s catalyst 2: one-pot 
enantioselective acylation of benzoins
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Table 12.2 Transesterification and dynamic kinetic resolution producing benzoin acylates, as 
described in Sect. 2.3.1

Entry
Substrate

Chemo-catalyst Conv. (%)a

Product ee 
(%) Refs.R1 R2

1a 2.5 mol % 2 94 > 99 [87]

2a O 2.5 mol % 2 95 > 99 [87]

3a Cl 2.5 mol % 2 79 > 99 [87]

4a S 2.5 mol % 2 63 > 99 [87]

5a F 2.5 mol % 2 93 > 99 [87]

6a

S
2.5 mol % 2 80 > 99 [87]

7a

S

2.5 mol % 2 89 > 99 [87]

8b 1.25 mol % 5 91 98 [77]

9b OMe

MeO

1.25 mol % 5 93 > 99 [77]

10b

Cl

Cl 1.25 mol % 5 87 95 [77]

11b

S
S

1.25 mol % 5 90 96 [77]

aReaction conditions: KR step: 0.2 mmol of substrate, lipase TL (10 mg/ml), 1.2 mmol of vinyl 
butyrate, 2 mL THF, 50 °C; DKR step: product and substrate from KR step, lipase TL (20 mg/mL), 
0.005 mmol catalyst 2, 1.2 mmol trifluoroethyl butyrate, THF, 50 °C, Ar atmosphere
bReaction conditions: 0.2  mmol of substrate, lipase TL (40  mg), 0.0025  mmol catalyst 5, 
0.005 mmol ligand dppb, 0.0025 mmol tBuOK, 0.6 mmol of vinyl butyrate, 2 mL THF, RT, Ar 
atmosphere
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are currently reliant on the petrochemical industry, but bio-based synthetic routes 
have started to emerge [83]. Amines, and related nitrogen containing compounds, 
can now be synthesised through derivatization of bio-based platform chemicals 
[19], and their formation via bio-catalytic routes is of growing interest [84–86]. The 
combination of these biomass transformations with the chemo-enzymatic DKR pro-
tocols can result in the production of optically pure, value-added compounds in high 
yield via simultaneous bio- and chemo-catalysis.

12.3  Valorisation of Biomass

The conversion of biomass into value-added chemicals has been an area of major 
academic and industrial interest in recent years [85–87]. Significant attention has 
been drawn to the alternative production of fossil based chemicals from renewable 
and sustainable sources, in particular as direct fuel replacements, [88]. Enzymatic 
and whole cell bio-catalysis allows conversion of biomass feedstock into bio-based 
platform chemicals, which can be then converted to the desired products by a 
chemo-catalytic process. Combining bio-catalytic fermentation of biomass with 
chemo-catalysis is expensive: the design of an economically viable chemo- 
enzymatic protocol, in particular when aimed at direct fuel replacement, represents 
a challenge. Therefore, biomass valorization should focus on the combination of 
bio- and chemo-catalysis to target high value commodity chemicals [89].

This section focuses on the transformation of biomass into value-added chemi-
cals and highlights the commercial viability of such routes. Around the world, bio-
mass is often used as a source of energy for the generation of electricity [90]. 
Biomass is used as a cheap and available source of combustible material, and it has 
been shown that its conversion into feedstock chemicals can be economically via-
ble, with a value ten times higher than that resulting from its use for energy produc-
tion [91]. This coupling of energy and chemicals production can be vital to the 
economics of fuel production, and is a unique benefit of biomass compared to other 
renewable energies.

A major issue with the valorisation of biomass is the impure, frequently poorly 
defined, nature of the biomass feed source, often containing a mixture of com-
pounds that are challenging to separate. Valorisation techniques must be able to deal 
with these impurities without loss of activity or performance nor requiring extensive 
processing. From a sustainability perspective it would be ideal if the transformation 
of biomass to the value-added chemical could be carried out in a one-pot synthesis, 
combining catalytic cascade reactions. This approach would limit and reduce the 
use of solvents, reagents and energy, as compared to conventional multi-step syn-
thesis. One such class of one-pot reactions includes the simultaneous use of both 
bio- and chemo-catalyzed steps working in tandem [92].

A downside associated with the use of biomass for the production of value-added 
chemicals is the impure, dilute, aqueous, and highly oxygenated nature of the com-
pounds that tend to be produced. One method to exploit these solutions is by using 
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bacteria, algae or fungi in whole cell bio-catalysis. These organisms can convert the 
bio-derived, impure, aqueous solutions into target compounds via the cell metabo-
lism. In addition, the parallel use of chemo-catalysts can further diversify the chem-
icals produced. A number of alcohols and carboxylic acids are common products of 
cell metabolism. Among them, 1,3-propanediol (15) has been prepared from the 
bacterial fermentation of both pure and crude glycerol derived from biomass waste 
generated in biofuel production. 15 is already a bio-based chemical as the produc-
tion of Bio-PDO, commercialised by DuPont and Tate & Lyle, and operated on the 
60,000 tonnes/anum scale, is more efficient than the petrochemical route. The selec-
tive amination of 15 so-formed via a hydrogen transfer (HT) catalyst was reported 
in 2009 by Stephens, Marr and co-workers [93]. This represented the combination 
of whole cell bio-catalysis and chemo-catalytic homogeneous catalysis for the valo-
risation of biomass waste. In the presence of the HT catalyst Cp*Ir(NHC) complex 
8 (Scheme 12.2), 15 first undergoes oxidation to the corresponding aldehyde; the 
reaction with an amine and subsequent hydrogenation leads to a potential mixture 
of mono- and di-substituted amines. If the reaction is performed in ionic liquid 
dehydration activity is observed, despite the presence of water. Combining bio- 
catalytic treatment of crude glycerol with Clostridium butyricum with Cp*Ir(NHC)-
catalyzed HT amination, in N1,8,8,8NTf2, a biologically non-toxic hydrophobic ionic 
liquid, at 42 °C, one only amination product, N-propyl aniline, was formed. This 
procedure outlines a method to utilise waste glycerol from biodiesel, a waste 
 biomass source, to deliver a value-added chemical from a one-pot process combin-
ing bio- and chemo-catalytic protocols.

One of the challenges to overcome with a bio-derived platform chemical such as 
15 is the difficulty in extracting it, prior to chemo-catalysis, from the fermentation 
medium resulting from bio-catalysis, due to the high water solubility of the alcohol. 
That can be dealt with by using hydrophobic ionic liquids, which will form a bipha-
sic system with the fermentation broth, while extracting the desired chemical plat-
form. Once the latter has been isolated in the extraction medium, further 
chemo-catalytic reactions can occur, ultimately leading to the target molecules.

In 2016, Marr and co-workers demonstrated the chemo-catalytic hydrogen trans-
fer initiated dehydrogenation (HTID) of 15 catalyzed by 8 and its analogues [4]. 
This represented the dehydration of a bio-alcohol in the presence of water. The bio- 
alcohol can be derived from whole cell bio-catalytic routes (Scheme 12.13). The 
selective transformation of 15 to propanal was reported, highlighting the potential 

Scheme 12.13 Valorisation of glycerol to aldehydes via bio-catalysis coupled with hydrogen 
transfer initiated dehydrogenation (HTID) of 15 catalyzed by Cp*Ir(NHC) complexes
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of this bio-derived platform chemical as a precursor for further derivatization 
towards functionalities including carboxylic acids, esters, amines, amides and 
higher olefins. Propanal was targeted due to its large global production (> 100,000 
tonnes per annum) from petroleum and its use in the manufacturing of lubricants, 
resins, plasticisers and coatings. The recyclable synthetic distillation of propanal, 
with high selectivity (up to 87.5%) and in high crude yields (up to 99%), was per-
formed by reacting 15 in ionic liquids, in the presence of 8 or 9 [94] as the chemo- 
catalysts and different HT-assisting bases, at 100–150  °C, for only 6  h. The 
selectivity towards the target propanal was found to be effected by the ionic liquid 
used, the reaction temperature, the catalyst and base loading, as well as the pressure. 
The moderate dynamic vacuum, along with elevated temperatures, allows the selec-
tive isolation of the volatile target value-added chemical, preventing aldol conden-
sation and hydrogenation side-reactions, leading to C3 and C6 by-products. The 
HTID of 15 can also be successfully driven towards the selective production of 
2-methylpent-2-enal, an important intermediate in the synthesis of plasticisers and 
pharmaceuticals as well as a commercially important compound widely used in the 
cosmetic, fragrance, and flavour industries, by reacting 15 in the presence of the 
chemo-catalysts 8 and 9 coupled with a base, in ionic liquids, at temperature vary-
ing in the range 100–180 °C, but in a sealed reaction tube [95]. The formation of C6 
products is initiated by the self-aldol condensation of propanal: by running the reac-
tion in the closed reaction vessel, propanal is forced to remain in the reacting 
 mixture after its formation, and then dimerises via self-aldol condensation. The suc-
cessful synthesis of value-added chemicals such as propanal and 2-methylpent- 2-
enal out of the ionic liquid solutions of the potentially biomass-derived platform 
chemical 15, mimicking the product of extraction of aqueous glycerol fermentation 
broth, proves that the combination of Cp*Ir(NHC) catalyzed HTID of 15 in ionic 
liquids with bio-catalysis using Clostridium butyricum has the potential to allow the 
direct bio- chemo-catalytic transformation of waste glycerol into valuable chemi-
cals, with the capability for further chemical derivatization.

Adipic acid is a commercially important chemical and a precursor for the produc-
tion of 6,6-nylon; its global production is estimated to increase to 3.6 million tonnes 
per annum by 2022 [96]. Commercial adipic acid is derived from benzene based 
compounds; therefore, a more sustainable, environmentally friendly, and economi-
cally viable approach has been sought. In 2016, a route to the formation of adipic 
acid from waste sugar beet residue combining bio- and chemo-catalysis was discov-
ered by Zhang, Zhao and co-workers [97]. Sugar beet residue is an inexpensive, 
large scale waste product from agricultural processing: 25 million tonnes of sugar 
beet residue are produced every year. Following enzymatic breakdown of sugar beet 
residue leading to D-galacturonic acid, the combination of bio-catalytic production 
of mucic acid using an engineered whole cell Escherichia coli bacterium with 
chemo-catalytic deoxydehydration using the rhenium catalyst NH4ReO4 followed 
by hydrogenation via platinum on carbon, afforded adipic acid (Scheme 12.14) 
[98]. The combination of bio- and chemo-catalysis has enabled the production of 
bio-based adipic acid, from waste sugar beet residue, without competing with food 
production, and adding significant value to this waste biomass.
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Cellulose, the most abundant biopolymer on the planet, has vast potential as a bio-
based feedstock for the production of a diverse range of commodity chemicals. A 
number of companies have developed commercially viable pilot plants for the pro-
duction of succinic acid from cellulose [99–101]. 5-hydroxymethylfurfural (5-HMF) 
is an industrially attractive chemical derived from cellulose. A number of commodity 
and fine chemicals, including 2,5-dimethylfuran and 2,5- furandicarboxylic acid, can 
be obtained from 5-HMF [102]. Large scale production of 5-HMF is complicated by 
its thermal and chemical instability. The conversion of cellulose to 5-HMF is chal-
lenging and requires isomerization of glucose to fructose to proceed.

A protocol combining bio- and chemo-catalysis affording the synthesis of 
5-HMF from cellulose-derived glucose was described by Gimbernat et al in 2017 
[7]. A triphasic system keeps the incompatible bio- and chemo-catalytic systems 
separate. Glucose is bio-catalytically isomerised to fructose in the presence of glu-
cose isomerise, in an aqueous feed phase. Fructose then accesses an organic phase, 
in which it is transformed into a fructose-boronate carrier species to facilitate its 
transport through the organic layer to reach a second, chemo-catalytic, receiving 
aqueous phase. In it, after hydrolysation of the fructose-boronate species back to 
fructose at the organic/aqueous interlayer, the acid catalyzed dehydration of fructose to 
5-HMF product occurs (Scheme 12.15). Despite low yields due to limitations 
caused by poor fructose transport between the two aqueous phases, this process is a 
powerful proof of concept offering a methodology towards cellulose valorisation 
via combination of bio- and chemo-catalysis.

An integrated chemo-enzymatic process for the production of 5-HMF from 
glucose was reported by Alfonso and co-workers in 2013. The biphasic ionic liquid/
water system, in which sweetzyme and nitric acid catalyzed glucose isomerization 
and fructose dehydration, respectively, afforded up to 91% yield of 5-HMF, in up to 
99% purity [103]. The chemo-catalytic step was carried out after removal of the 
enzyme from the reaction mixture.

Scheme 12.14 Bio- chemo-catalytic route for the production of adipic acid from waste sugar beet 
residue
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He and co-workers invented a bio- and chemo-catalytic protocol to transform 
bio-derived xylose into furfuralcohol incorporating a montmorillonite solid acid 
catalyst. This comprised a chemo-catalytic system for the conversion of pre-treated 
corncob and corncob hydrosylate biomass, rich in xylose, into the important bio- 
based platform chemical furfural [104]: Zhang and co-workers reported that, using 
a biphasic water/toluene system, in the presence of the SO4

2−/ SnO2
− montmoril-

lonite solid acid catalyst, furfural was produced in 82% yield, with 94% xylose 
conversion [6]. He and co-workers then developed an integrated one-pot protocol. 
Zhang and co-workers’ chemo-catalytic process was combined with the whole cell 
bio- catalytic reductive transformation of furfural into furfuralcohol, using recombi-
nant Escherichia coli CCZU-K14 [105]. Quantitative yields of the alcohol were 
obtained (Scheme 12.16). This system represents an effective bio- chemo-catalytic 
method for the valorisation of hemicellulose rich agricultural waste towards bio-
based platform chemicals.

The successful combination of bio- and chemo-catalysis for the transformation 
of biomass into chemicals compatible with the refinery infrastructure and suitable 
for blending with petrol, diesel and jet fuels could have an enormous economic 
impact. The replacement of transportation fuels with renewable products is desir-
able; however, biomass fermentation often leads to compounds that are only suit-
able as fuel additives. Therefore, the incorporation of a chemical process is required 
to convert these bio-based products into compounds suitable as transportation fuels 
for the land, nautical and aviation transport industries. This can be achieved, for 
example, by coupling a chemo-catalytic route to the bio-catalytic production of 

Scheme 12.16 Integrated chemo-enzymatic synthesis of furfuralcohol from bio-derived xylose

Scheme 12.15 Bio- chemo-catalytic route for the production of 5-hydroxymethylfurfural 
(5-HMF) from bio-derived glucose
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acetone/n-butanol/ethanol (ABE). ABE can be produced by fermentation of a num-
ber of biomass derived sources, including sugars, in the presence of Clostridium 
acetobutylicum [106].Toste and co-workers coupled the bio-chemical production of 
ABE from glucose with Pd catalyzed functionalisation of acetone for the production 
of longer chain molecules. After extraction of ABE with glyceryl tributyrate and 
distillation, alkylation, performed in the presence of Pd/C, for 20 h, in toluene, at 
145 °C, with 1.28 molar equivalents of K3PO4, afforded C7-C15 products represent-
ing 38% of the carbon contained in the glucose feed (Scheme 12.17) [107]. The 
overall carbon yield including C4-C6 products was 58%. Further reduction of the 
long chain chemicals would yield the desired hydrocarbon fuel blend stocks suitable 
as liquid transportation fuels.

Many renewable compounds offer numerous possibilities for further valorisation, 
including vegetable oils or animal unsaturated fatty acids and terpenes [108]. Given 
their relatively high carbon content and olefin functional groups, these compounds 
can be further valorised, for instance by selective oxidation of the alkene functional-
ity towards the formation of aldehydes and carboxylic acids. The formation of 
aldehydes from alkenes, for instance, has been explored in the presence of ruthe-
nium [109, 110], osmium [111] and tungsten [112] chemocatalysts, and hetero- and 
homo-geneous catalytic systems for the oxidative double bond cleavage with inter-
est towards biomass valorisation have been reviewed [113].

12.4  Conclusions and Future Outlook

In this chapter a series of combined bio- chemo-catalytic routes that have the poten-
tial to facilitate the transition away from petroleum feedstock and towards sustain-
able and environmentally benign feeds have been highlighted. The production of 
valuable products via one-pot chemo-enzymatic protocols of different types, con-
templating chemo-catalytic treatment of chemical platforms including alcohols, 
diols, acids, amines, and acyloins, potentially resulting from aerobic/anaerobic fer-
mentation and bio-enzymatic transformation of biomass, has been presented. The 
use of chemo-enzymatic dynamic kinetic resolution (DKR) for numerous substrates 
has been detailed, showing the wide range of functionalities currently accessible 
and how the substrate scope has expanded over the last two decades, allowing high 

Scheme 12.17 Production of long chain ketones from sugars combining extractive, Clostridium 
acetobutylicum catalyzed fermentation with palladium catalyzed alkylation of acetone/n-butanol/
ethanol (ABE)
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yield acylation, good substrate tolerance, and enantioselectivity via combined bio- 
and chemo-catalysis. It has also been noted that DKR can facilitate the formation 
and acylation of several biologically important molecules. Specific examples show-
ing how the incorporation of bio- and chemo-catalysis can simplify the delivery of 
value-added chemicals directly from renewable, biomass derived feedstock have 
also been presented.

The future of combined bio- and chemo-catalytic routes will be largely dictated 
by rapid developments in whole cell and isolated enzyme biocatalysis. Innovations 
such as synthetic biology and directed evolution are vastly increasing the scope of 
bio-catalysis and this will open up exciting new possibilities. Developments in pro-
tein synthesis and purification have led to the emergence of the field of artificial 
metalloenzymes, within which the biocatalyst and chemocatalyst are no longer 
separate, but rather bound as one [114].
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