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Abstract

In this chapter a general overview of the synthesis of levulinic acid (LA) from 
lignocellulosic biomass will be provided. Subsequently, the use of LA as a re-
newable source for chemicals will be discussed and relevant synthesis methods 
will be provided. The major part involves a detailed overview on the catalytic 
hydrogenation of LA to y-valerolactone (GVL). Effects of catalysts, process con-
ditions and solvents on the conversion of LA and the yield of GVL will be report-
ed and discussed in detail.

1. Introduction

Our society is extremely dependent on finite fossil resources (petroleum, coal, 
natural gas) to meet the basic needs of energy, fuels, petro-chemicals and poly-
mers. The ever increasing demand for energy is driven by many factors, among 
others population and economic growth. This increasing energy demands in 
combination with the gradual depletion of fossil resources has led to a steady 
rise of crude oil prices and, together with concerns regarding green house gas 
emmissions, are the main drivers for the exploration of renewable resources for 
the sustainable production of electricity, heat, transportation fuels, chemicals 
and polymers. 

The global energy consumption was 12,150 million tons oil equivalent in 
2014 with only a 14% share of renewable energy sources (nuclear, hydro, wind, 
solar, biomass, bio-fuels) (Figure 1.1). 

The global demand for transportation fuels is high and it is actually the larg-
est energy consuming sector. These are currently for a large extent obtained 
from crude oil. The governments in several countries in the world mandated 
blending of biodiesel or bio-ethanol with petroleum derived fuels, though to 
limited extents. Besides, a large amount of carbon based chemicals are directly 
or indirectly produced from fossil resources  [2]. Biomass is the only abundant 
and concentrated source of non-fossil carbon that is available on earth. Re-
cent studies project that the market share of bio-based chemicals in the global 
chemical industry will increase to 22% in 2025, and the market potential for 
bio-based chemicals is estimated to be $19.7 billion in 2016 [3]. The conversion 
of biomass to bio-based chemicals and biofuels has been the focus of intense 
research and development activities in the past decade [2], with the major objec-
tives to develop effective and environmentally benign technologies, as well as to 
stimulate the agricultural sector by for instance promoting the use of agricultur-
al and forestry residues as input [5,7,9,10].

2. Platform chemicals: Levulinic acid

More than 10 years ago, researchers from the National Renewable Energy Lab-
oratory (NREL) and Pacific Northwest National Laboratory (PNNL) published 
an extensive study on valuable sugar-based building blocks from lignocellulos-
ic biomass [11]. As a result of this research, a list of twelve interesting building 
blocks and derivatives thereof was published. One of the promising building 
blocks is levulinic acid (LA), accessible from lignocellulosic biomass using acid 
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catalysts. A simplified reaction scheme for the conversion of lignocellulosic bio-
mass to LA is shown in  Figure 1.2. 

 LA was mentioned for the first time in 1840 by the Dutch Professor G.J. 
Mulder as a product of heating up fructose with hydrochloric acid  [12].  The 
former term “levulose” for fructose gave the levulinic acid its name. LA, also 
known as 4-oxopentanoic (4-oxovaleric) acid, is a keto-acid. The presence of 
both a ketone and carboxylic acid group results in high reactivity and interesting 
modification options. The use of LA as a resin, plasticizer, textile additive, an-
imal feed, coating material and as antifreeze were already recognized long ago 
and reported in a number of studies [13],[14]. Recently, its potential application 
range has been extended and LA has been proposed as a solvent, food flavoring 
agent and as a starting material for the preparation of a variety of chemicals and 
pharmaceutical intermediates. LA is also mentioned as an ingredient for syn-
thetic resins and hydraulic brake fluids and as a monomer for the manufacture 
of polyesters and nylons.

Figure 1.1 Global energy consumption in 2014 [1].

Figure 1.2 Simplified reaction scheme for the conversion of lignocellulosic biomass to LA.

3. Synthesis of levulinic acid

LA was synthesized using sucrose as a feedstock already in 1840 [12]. (Figure 1.3). 
Here, the sucrose was heated in the presence of a mineral acid (HCl) at elevated 
temperatures to give LA and formic acid (FA) as the products in a one-to-one 
molar ratio. 

Figure 1.3 Synthesis of LA from sucrose [12].

The catalyzed hydrolysis of C6-sugars to LA involves two consecutive steps: 
dehydration of the sugar to the intermediate 5-hydroxymethylfurfural (5-HMF) 
followed by its rehydration to LA [15] (Figure 1.2). 5-HMF is also a valuable plat-
form chemical with numerous (potential) industrial applications, especially in 
the polymer industry  [15],[16], and other valuable chemicals  [17], fine chemi-
cals [18],[19] and transportation fuels [4],[15],[20].

In the period 1940-1990, various attempts have been made to scale up LA pro-
duction, but these efforts did not result in the commercial production of LA in 
significant volumes. The main reasons were i) the formation of large amounts of 
side products and intractable materials (e.g. solid byproducts known as humins), 
ii) the feeds are relatively expensive, and iii) the lack of efficient technology 
for separation and purification [21]-[25]. In course of time, a novel process was 
developed by the Biofine Corporation, which eliminates many of the problems 
associated with large-scale LA production. In the Biofine process, byproduct 
formation is minimized and main separation issues are solved by using a novel, 
two reactor configuration [26],[27].

However, there is still a major incentive to develop new catalytic technology 
to increase the LA yield in the reaction. Various carbohydrates such as glucose, 
sucrose, fructose and galactose and biometric materials such as wood, starch, 
cane sugar and agricultural wastes have been used to prepare LA. Many types 
of catalysts have been explored and include homogeneous and heterogeneous 
catalysts. In the following paragraphs, the synthesis of LA using various classes 
of catalysts will be provided and discussed. 
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Table 1.1 Overview of LA synthesis using homogeneous catalysts.

Feedstock Catalyst T, °C Reaction time LA yield, mol. % Ref

HCl as a catalyst

Glucose

r.t.a 24 h 15 [45]

162 1 h 24 [46]

98 3 h 35 [28]

141 1 h 45 [29]

Fructose
162 1 h 25 [46]

98 1 h 75 [28]

Sucrose

162 1 h 29 [46]

125 16 h 43 [32]

98 1 h 100 [28]

Cellulose

98 400 min 0 [28]

180 35 min 60 [30]

160 4 h 51 [31]

Cane sugar 100 24 h 15 [47]

Corn starch
162 1 h 26 [46]

200 0.5 h 35 [21]

Wood 98 400 min 0 [28]

H2SO4 as a catalyst

Glucose

160-
240

n.a.
35.4 [33]

98 12 h 38 [28]

140 2 h 60 [38]

141 1 h 45 [29]

180 15 min 65 [39]

Fructose 140 10 min 70 [40]

Sucrose 125 16 h 30 [32]

Cellulose
150 100 min 60 [41]

150 25 min 39.7 [48]

Sugar cane bagasse
25-195 2 h 17.5 [34]

150 8 h 63 [42]

Starch 200 1 h 47 [35]

Kernel grain sorghum 200 40 min 32.6 [36]

Wheat straw 290 38 min 19.9 [37]

Various other catalysts

Glucose

H3PO4 98 6 h 5 [28]

TFAb 180 1 h 57 [49]

Ionic Liquid [SMIm][FeCl4] 150 4 h 68 [43]

Fructose TFA 180 1 h 70 [49]

Sucrose HBr 125 16 h 50 [32]

Cellulose Ionic Liquid [BSMIm][HSO4] 120 2 h 39.4 [44]

a – room temperature; b – trifluoroacetic acid; n.a. – information is not available

3.1. LA synthesis using homogeneous catalysts

In the early days of LA synthesis, mostly homogeneous catalysts were used (Ta-
ble 1.1). Various carbohydrates such as glucose, fructose, sucrose and more com-
plex biomass sources such as wood, cane sugar and starch have been used in LA 
production. The most popular and easily available feedstocks for LA production 
are monomeric sugars (glucose, fructose). An overview for the various classes of 
homogeneous catalysts is given below. Recent results from the patent literature are 
not included, these will be discussed in a separate paragraph (commercial status).

3.1.1. Overview of studies with HCl

When using HCl as the catalyst, a maximum LA yield of 75 mol.% was obtained 
from fructose as a starting material (98°C, 1 h)  [28]. Significantly lower LA 
yields were reported when glucose was used as the feedstock. The best results 
(45 mol.% LA) was reached after 1 h [29]. A number of di- and polysaccharides 
were examined as well. The best LA yield of 50 mol.% was achieved from su-
crose using HCl as the catalyst at 98°C after 1 h [28]. Conversion of cellulose to 
LA was also investigated in the presence of HCl [30],[31]. At 160°C, 51 mol.% of LA 
was obtained after 4 h [31]. Higher temperatures (180°C) led to higher LA yields 
(60 mol.%, 35 min of the reaction) [30]. HCl was also examined as a catalyst for 
the conversion of complex biomass sources to LA. The best result in terms of LA 
yield (35 mol.%) was achieved by Moyer (200°C, 0.5 h) using corn starch as the 
raw material [21]. 

3.1.2. Overview of studies with sulfuric acid

Most of the recent studies involving homogeneous catalysts for LA synthesis 
were performed using H

2
SO

4
 as the catalyst. The catalytic activity was tested 

for monomeric sugars [28],[29],[32],[33] as well as more complex biomass sourc-
es [34]-[37]. For instance, McKibbins obtained 35.4 mol.% of LA from glucose at 
 160-240°C using H

2
SO

4
 [33]. Girisuta et al. performed a kinetic study on the cata-

lytic conversion of glucose to LA at 140°C with H
2
SO

4
 as the catalyst and a maxi-

mum yield of LA of 60 mol.% was reported [38]. Highest reported LA yield from 
glucose (65 mol.%) was achieved at 180°C with a batch time of 15 min [39].  Recent 
kinetic studies on the H

2
SO

4
-catalyzed reaction of D-fructose to LA in water at 

140-180°C gave 74 mol.% LA as the best result [40]. The use of polysaccharides 
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(cellulose) yielded a maximum LA yield of 60 mol.% (150°C, 100 min) [41]. The 
use of sulfuric acid for complex biomass sources gave a large spread in LA yields. 
For example, for bagasse, about 17 mol.% LA yield was reported [34], compared 
to 47 mol.% LA for starch  [35] and 32.6 mol.% LA for whole kernel grain sor-
ghum  [36]. For wheat straw around 20 mol.% of LA was obtained (37 min at 
290°C) [37]. Recent studies on bagasse gave much better results than reported by 
Ramos-Rodriquez (17 mol.%) [34] and 63 mol.% of LA after 8 h at 150°C was ob-
tained, what is equal to the production of 194 kg of LA per 1 dry tonne of sugar 
cane bagasse [42].  

3.1.3. Overview of studies using ionic liquids 

Very recently, an interesting class of homogeneous catalysts, viz. functionalized 
ionic liquids (FILs), for LA synthesis was introduced. For example, 1-sulfonicacid- 
3-methylimidazolium-tetrachloroferrate ([SMIm][FeCl

4
]) was tested for LA syn-

thesis from glucose (150°C, 4 h) with very good LA yield (68 mol.%) [43]. A sim-
ple and effective route for the synthesis of LA from cellulose with 1-(4-sulfonic 
acid) butyl-3-methylimidazolium hydrogen sulphate ([BSMim]HSO

4
) has been 

reported [44] and resulted in 39.4 mol.% of LA (2 h at 120°C).

3.1.4. Overview of biphasic systems

One of the main challenges for the production of LA when using homogeneous 
catalysts is separation of the product from the aqueous phase containing the 
catalyst [50]. Extraction of LA after reaction from the aqueous solution by using 
organic solvents is one of the possible solutions. It is also possible to perform the 
reaction using two immiscible solvents, for example water and an organic sol-
vent. For instance, the conversion of cellulose to LA in a biphasic system (water- 
γ-valerolactone) was examined using aqueous HCl saturated with 35 wt.% NaCl 
(1:1 aqueous to organic ratio)  [51]. The highest LA yield was 72% when using 
1.25 wt.%M HCl (155°C, 1.5 h). 

The synthesis of LA from rice straw using H
2
SO

4
 was examined in a bi-

phasic system with acetone and water at 180°C  [52]. The highest LA yield was 
10.2 wt.% (on straw) after 5 h. Bamboo fibers have also been used as a source for 
LA. A H

2
O/THF biphasic system was investigated using sulfamic acid as the cata-

lyst [53]. The highest LA yield (11 mol.%) was obtained using microwave heating 
(500 wt.%W) with a H

2
O/THF phase ratio of 3 to 1. 

Next to the use of lignocellulosic biomass for LA synthesis in biphasic sys-
tems, also furfurylalcohol has been explored as a starting material. Up to 
72 mol.% of LA was obtained using a biphasic system consisting of an aqueous 
H

2
SO

4
 solution and 2-sec-butylphenol (SBP) at 125°C [54]. Approximately 67% of 

LA was retained in the SBP layer when the phase ratio of the organic and aque-
ous layer was 1. To improve the separation step, alkylphenolic solvents with 
higher boiling points than LA were investigated (4-n-hexyl-phenol and 4-pro-
pyl-guaiacol). The use of both solvents resulted in good LA yields (ca. 70 mol.%) 
and ca. 60% of LA resides in the organic phase. 

3.2. LA synthesis using heterogeneous catalysts

Despite an impressive number of studies dedicated to LA synthesis using homo-
geneous catalysts, these catalysts have a number of drawbacks, such as catalyst 
separation and recovery, thermal stability, etc. As such, major efforts have been 
undertaken to develop active heterogeneous catalysts for the synthesis of LA. 
An overview of studies with heterogeneous catalysts is presented in Table 1.2. 
In the following paragraphs, the results will be discussed based on various cate-
gories of catalyst, viz. acidic organic resins, zeolites, mesoporous materials, in-
organic oxides and miscellaneous catalysts. 

3.2.1. Overview of studies with acidic organic resins 

Various types of resins have been used in LA synthesis. The conversion of 
glucose to LA in the presence of an ion-exchange resin (Amberlyst A70) gave 
56 mol.% of LA at 180°C [57]. A novel solid acid catalyst, based on chloromethyl 
polystyrene resin (CP-SO

3
H), resulted in 44.2 mol.% of LA from glucose (170°C, 

10 h) [56]. Conversion of fructose to LA using Amberlite IR-120 gave 23.5 mol.% 
LA after 27 h at room temperature [55]. The best results in terms of LA yield for 
sucrose was achieved with CP-SO

3
H resin at 170°C, giving 48.5 mol.% LA af-

ter 10 h [56]. The effect of solvent polarity on the acid-catalyzed conversion of 
C6-sugar oligomers (maltose and β-cyclodextrins) to LA was investigated in the 
presence of Amberlyst 70 [57]. Three solvents with distinct polarity were tested: 
water, tetrahydrofuran (THF) and toluene. In terms of LA yield, the best result 
(56 mol.%) was achieved in water when glucose was using as the starting ma-
terial (2 h, 180°C). Two resins (Amberlyst A70 and CP-SO

3
H) were examined for 

the conversion of cellulose to LA [31],[59],[56] using a two step approach: 
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Table 1.2 Overview of LA synthesis using heterogeneous catalysts.

Feedstock Catalyst T, °C Reaction time LA yield, mol. % Ref

Resins as a catalyst

Glucose

Amberlite IR-120 r.t.a 124 h 5.8 [55]

CP-SO3H-1.69b 170 10 h 44.2 [56]

Amberlyst A70 180 2 h 56 [57]

Fructose Amberlite IR-120 r.t.a 27 h 23.5 [55]

Sucrose

Amberlite IR-120 r.t.a 41 h 15.6 [55]

Dowex MSC-1H

100 24 h

24

[58]
Amberlyst 15 23

Amberlyst XN-1010 15.5

Amberlyst XN-1005 9

CP-SO3H-1.69b 170 10 h 48.5 [56]

Cellobiose CP-SO3H-1.69b 170 5 h 36.9 [56]

Maltose Amberlyst A70 180 2 h 50 [57]

β-cyclodextrins Amberlyst A70 180 2 h 50 [57]

Cellulose

Amberlyst A70 160 4 h 33 [31]

Amberlyst A70 160 16 h 69 [59]

CP-SO3H-1.69b 170 10 h 65.5 [56]

Zeolites as a catalyst

Glucose

HY-zeolite 150 n.a. 9 [60]

MFI-zeolite (Si/Al = 30) 180 8 h 35.8 [61]

Dealuminated BEA-zeolite 180 3h 5.7 [62]

Cellulose

BEA-zeolite

240 25 min

11.6

[48]ZSM-5-zeolite 13.5

HY-zeolite 10.1

ZSM-5-zeolite 180 3 h 13 [63]

Empty fruit bunch HY-zeolite+CrCl3 145 n.a. 15.5 [64]

Kenaf HY-zeolite+CrCl3 145 n.a. 15 [64]

Mesoporous materials as a catalyst

Glucose
MCM-20

150 n.a. 5 [60]
MCM-41

Inorganic oxides as a catalyst

Cellulose

γ-Al2O3

240 25 min

15.5

[48]TiO2 5.5

ZrO2 51.9

Phosphated ZrO2 160 4 h 12 [31]

γ-Al2O3

180 3 h

28

[63]ZrO2 54

Phosphated ZrO2 35

Inorganic hydroxides as a catalyst

Glucose A1-pillared montmorillonite 150 n.a. 9 [60]

Cellulose Hydrotalcite 240 25 min 0 [48]

Feedstock Catalyst T, °C Reaction time LA yield, mol. % Ref

Various other catalysts

Glucose

Sulphonated graphene
(GO-SO3H)

200 2 h 78 [65]

AlNbOPO4 180 24 h 45 [66]

Lysine functional heterepolyacid 
nanospheres

130 0.5 h 52.6 [67]

Cellobiose
Lysine functional heterepolyacid 
nanospheres

130 0.5 h 50.4 [67]

Sucrose
Lysine functional heterepolyacid 
nanospheres

130 0.5 h 57.7 [67]

Cellulose

Sulphonated hyperbranched 
poly(arylene oxindole)

170 3 h 29.5 [68]

Nafion 180 3 h 16 [63]

AlNbOPO4 180 24 h 52.9 [66]

Lysine functional heterepolyacid 
nanospheres

130 0.5 h 8.2 [67]

a – room temperature; b – chloromethyl polystyrene resin; n.a. – information is not available

a non-catalytic hydrothermal decomposition of cellulose at moderate tempera-
tures (190-270°C) to produce organic water-soluble compounds (glucose, 5-HMF 
etc.) followed by a second step in which these water-soluble compounds are fur-
ther reacted with a solid acid catalyst at relatively low temperatures (160-170°C) 
to produce LA and FA. Highest LA yield (69 mol.%) was achieved with Amberlyst 
A70 as the catalyst (160°C, 16 h) [59]. 

3.2.2. Overview of studies with zeolites 

A considerable amount of zeolites have been examined for LA synthesis from 
various C6 sugar sources. The best result for the conversion of glucose to LA 
was achieved with a MFI-type zeolite with a Si/Al ratio of 30, and LA yield of 
35.8 mol.% was obtained at 180°C after 8 h [61]. The influence of zeolite acidity 
on glucose conversion was determined and it was found that glucose conver-
sion increased with higher catalyst acidity. Dealuminated ammonium-type Beta- 
zeolites with a Si/Al ratio of 15 have also been tested  [62]. The best results for 
LA were obtained when the zeolite was calcined at 500°C and a (non-optimized) 
LA yield of 5.7 mol.% was obtained at 57% glucose conversion (180°C for 3 h) in 
a water-DMSO-THF solvent mixture. 
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The use of cellulose with various types of zeolites gave a maximum LA yield 
of 13.5 mol.% at 240°C with a ZSM-5 zeolite  [48]. Catalytic activity of a bifunc-
tional catalyst (HY-zeolite + CrCl

3
) was investigated for LA synthesis from empty 

fruit bunches and kenaf  [64]. Similar LA yields were obtained from both feed-
stocks, around 15 mol.% at 145°C. 

3.2.3. Overview of studies with mesoporous materials

A comprehensive study of the catalytic activity of a number of porous materials 
was performed by Lourvanij [60]. In this research, partial degradation of glucose 
to organic acids was aimed for and porous catalysts (MCM-20 and MCM-41) 
were tested. Unfortunately, both catalysts gave LA yields of only 5 mol.%, to-
gether with a large amount of formic acid (58 mol.%). Theoretically, formic acid 
and LA are produced in equimolar amounts from the cleavage and rehydration 
of 5-HMF. According to authors, the low yield of LA relative to formic acid in the 
presence of MCM catalysts is the result of acid-catalyzed degradation reactions 
of LA to solid coke or unknown water-soluble products. 

3.2.4. Overview of studies with inorganic oxides

A wide variety of metal oxides and modifications thereof were examined for LA 
synthesis. γ-Al

2
O

3
, TiO

2
 and ZrO

2
 were tested for cellulose [48]. The highest mass 

conversion (81%) and LA yield (42 mol.%) was achieved with ZrO
2
 as the cat-

alyst (240°C, 25 min). Modified ZrO
2
 catalysts were also evaluated at 180°C [63]. 

The highest LA yield was obtained with a commercial ZrO
2
 from Sigma-Aldrich 

(54 mol.% of LA), whereas the modification of this ZrO
2
 with phosphoric acid 

resulted in a decrease of LA yield to 35 mol.% at similar reaction conditions [63].

3.2.5. Overview of studies with inorganic hydroxides

Two types of mineral hydroxides were examined as a catalyst for LA synthe-
sis. The catalytic activity of A1-pillared montmorillonite was investigated for 
glucose at 150°C [60], giving only 3 mol.% of LA. A layered hydroxide (hydrotal-
cite) was tested for cellulose [48]. Unfortunately, even at relatively high reaction 
temperatures (240°C, 25 min), the use of this catalyst did not result in the for-
mation of LA.

3.2.6. Miscellaneous studies with heterogeneous catalysts

A heterogeneous graphene oxide (GO)-based catalyst with sulfonic acid (SO
3
H) 

groups (GO–SO
3
H) was used for the conversion of glucose to LA  [65]. The 

 GO–SO
3
H catalysts gave high yields of around 78 mol.% of LA with good possi-

bilities for reuse.
Very recent an interesting bifunctional acid-base catalyst (Lysine functional 

heterepolyacid nanospheres) was examined for sucrose and cellobiose conver-
sion to LA [67]. At best conditions (130°C, 30 min), a LA yield of 57.7 mol.% was 
obtained for sucrose at 93.2% conversion. 

The direct catalytic conversion of cellulose to LA using a Al-doped mes-
oporous niobium phosphate (AlNbOPO

4
) in aqueous solution resulted in 

52.9 mol.% of LA at 180°C after 24 h [66]. The high yield of LA was attributed to 
the strong acid strength and an optimum Brönsted/Lewis acid molar ratio (1.2:1) 
of this catalyst. 

3.2.7. Overview of biphasic systems in combination with 
heterogeneous catalysts

Significant progress has been made in recent years with respect to the use of 
heterogeneous catalysts for converting biomass-derived compounds to LA, see 
previous paragraphs for details. When using complex lignocellulosic biomass 
as the feed in combination with heterogeneous catalysts, two steps are import-
ant: i) depolymerisation of the solid biomass into smaller molecules, soluble in 
various solvents (e.g., water, ionic liquids), followed by ii) conversion of these 
smaller sugars on the heterogeneous catalyst to LA. In situ-extraction of the de-
polymersation products in an organic phase and subsequent conversion to LA 
by a heterogeneous catalyst in the organic phase may have a positive effect on 
product yield. An example of LA production in a biphasic system involves xy-
lose dehydration to furfural, furfural hydrogenation to furfurylalcohol and its 
subsequent conversion to LA. All steps have been combined in a single bipha-
sic reactor where the hydrophobic hydrogenation catalyst (Ru/C) is located in 
the organic phase and Amberlyst-15 in the aqueous phase [69]. The presence of 
an organic phase during the xylose dehydration step over Amberlyst-15 leads to 
a suppression of the rate of xylose hydrogenation into xylitol (Figure 1.4). High-
est LA yield (10.3 mol.%) was achieved in cyclohexane/water (1:1 v/v ratio) at 
165°C. 
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Figure 1.4 Solvent effect on xylose dehydration combined with furfural hydrogenation [69]. 

COL: cyclopentanol, CON: cyclopentanone, FA: furfuryl alcohol, THFA:  tetrahydrofurfuryl 

alcohol, GVL: γ-valerolactone, LA: levulinic acid, PD: pentanediols (1,4-pentanediol and 

1,2-pentanediol).

3.3. Metal salts catalysts

A wide range of metal salts have been tested as catalysts for the synthesis of LA 
from various C6 sugars feeds, see Table 1.3 for details. The role of the metal salt 
is not always clear and both Lewis and Brönsted acidity have been mentioned to 
explain the results. In addition, anion effects also seem to play a role. 

3.3.1. Overview of studies using metal salt catalysts

A screening study using 4 metal chlorides for glucose conversion to LA at 180°C 
showed that the LA yield decreased in the order AlCl

3
 > CrCl

3
 > FeCl

3
 > CuCl

2
 [71]. 

A mechanism was proposed involving initial glucose to fructose isomerization 
followed by the conversion of fructose to HMF and subsequently to LA. Based 
on the experimental results, it was concluded that AlCl

3
 is the best catalyst for 

the isomerization of glucose to fructose. Rasrendra et al. also showed that AlCl
3
 

catalyzes the conversion of glucose to LA, though with low yields (10 mol.% LA) 
(6 h, 140°C) [70]. 

Table 1.3 Overview of the use of metal salt catalysts for LA synthesis.

Feedstock Catalyst T, °C Reaction time LA yield, mol. % Ref

Metal salts as a catalyst

Glucose

AlCl3

140 6 h

10

[70]
Al2(SO4)3 5

CrCl2 8

CrSO4 7

CuCl2

180 2 h

23

[71]
FeCl3 25

AlCl3 70

CrCl3 58

Cellulose

LaCl3 250 150 s 2.3 [72]

LiCl

180 2 h

0

[71]

NaCl 0

KCl 0

MgCl2 0

CaCl2 0

AlCl3 23

MnCl2 2

C°Cl2 3

ZnCl2 4

CuCl2 7

FeCl3 8

CrCl3 35

ZrSO4 180 3h 22 [63]

Corn stalk FeCl3 230 10 min 48.73 [73]

Bifunctional catalysts

Glucose CrCl3+HCl 140 350 min 46 [74]

Corncob residue

AlCl3

180 2h

18

[75]
AlCl3+NaCl 42

AlCl3+KCl 40

AlCl3+LiCl 41

Non-catalytic reaction

Glucose - 220 1.5 h 2 [76]

Screening experiments with 12 metal chlorides demonstrated than alkali 
and alkaline earth metal chlorides are not very effective for the conversion of 
cellulose to LA [71]. By contrast, several transition metal chlorides (CrCl

3
, FeCl

3
 

and CuCl
3
) and the group IIIA metal chloride (AlCl

3
) showed significant better 

performance (up to 35 mol.% of LA). The yield of LA decreased in the order  
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CrCl
3
 > AlCl

3
 > FeCl

3
 > CuCl

2
. Iron chloride was also used for LA synthesis from 

corn stalk (230°C) and a LA yield of 48.7 mol.% was reported for a reaction time 
of 10 min [73].

3.3.2. Overview of studies using metal chlorides in combination with 
other catalysts

Combinations of metal chlorides with Brönsted acids and other salts have been 
applied to improve LA yields. For example, glucose conversion to LA was exam-
ined using a Lewis acid catalyst (CrCl

3
) together with a Brönsted acid catalyst 

(HCl) in water [74]. A LA yield of 46 mol.% was reported (140°C). The combina-
tion of AlCl

3
 catalyst with different promoters (NaCl, KCl and LiCl) was inves-

tigated in for corncob residue to LA [75]. The highest LA yield was 46.8 mol.% 
when NaCl (40 wt.%) was added to the reaction mixture (180°C). 

3.4. Commercial status

Based on the literature overview presented in Table 1.1-1.3 and illustrated in Fig-
ure 1.5, we can conclude that C6 sugars have been used mainly as the source for 
LA synthesis. This is not the preferred feedstock for commercial LA production. 
It is by far more expensive than lignocellulosic biomass and it is in competition 
with food products, fueling the food versus fuel debate. 

Other important issues to be addressed during scale up of LA production pro-
cesses include i) the far from quantitative yields of LA, ii) the formation of solid 
byproducts (humins) leading to  operational issues like fouling and plugging, iii) 
the inherent formation of FA as the byproduct, and iv) efficient separation trains 
including catalyst recycle options. 

A number of companies have been involved in the commercialization of LA 
production. One of the earliest examples is the company Biofine. In a patent 
from 1990, a continuous process for the production of furfural and LA from 
lignocellulosic biomass with acid catalysts (HCl, HBr, H

2
PO

4
, H

2
SO

4
) is de-

scribed [77]. The process includes acid degradation of lignocellulose in a tubular 
reactor, followed by conversion of the resulting mixture to LA in a stirred tank 
reactor (Figure 1.6). 

The first step of the process is performed in a tubular reactor for a very short 
reaction time. The feed consists of 5-25 wt.% of lignocellulosic biomass in water 
and 2-7 wt.% of a mineral acid. These concentrations allowed for high reaction

 

Figure 1.5 Feeds used for LA synthesis (based on data in Table 1.1-1.3).

Figure 1.6 Schematic representation of the Biofine process. 1 – feed pump, 2 – tubular reac-

tor, 3 – back pressure valve, 4 – stirred tank reactor, equipped with a stirrer, 5 – furfural vapor 

stream, 6 – liquid stream with LA.

rates and reduce the costs associated with water recycle. The temperature in 
the tubular reactor is about 210-250°C, the residence time between 7-25 s. This 
time was found to be sufficient for the depolymerization of the lignocellulosic 
biomass without excessive degradation of the furfural produced from C5 sugars. 
The reaction mixture is transferred to a stirred tank reactor. The reaction condi-
tions (150-200°C, 1-30 min) are such that the hexose monomers are converted to 
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LA with 5-hydroxymethylfurfural (HMF) as the intermediate. In this reactor, the 
furfural is flashed and obtained as a separate stream. 

One of the best experiment was performed with hard wood and H
2
SO

4
 

(7.5 wt.%) at 213.8°C in the first and 185°C in the second reactor. The products 
yields were 55 mol.% of LA (based on hexose polymer content of the wood feed) 
and 83.5 mol.% of furfural (molar yield based on pentose  content of the wood).

Recently Segetis Inc. has published several patents which describe an im-
proved process for LA production at lower reaction temperatures and including 
an efficient way to separate LA from the mineral acid catalyst [78],[81]. This pro-
cess is estimated to reduce the LA production costs significantly. The use of high 
acid concentrations (e.g. 20-80 wt.%) and relatively low reaction temperatures 
(between 60-160°C) lead to improved yields of LA  [78]. The highest LA yield 
(93 mol.%) was obtained in a semi-batch mode at 90°C using fructose as the 
feed and sulfuric acid as the catalyst (40 wt.%). The fructose concentration in 
the reactor was maintained at a low level by adding the fructose over a course of 
2.5 h. Moreover, with this technology, the humin byproducts are well-dispersed 
in the reaction medium, which facilitates its separation. LA separation is per-
formed by extraction with an organic solvent (Figure 1.7). 

Figure 1.7 Process flow diagram for LA preparation and/or purification [79].

The isolation of LA (and formic acid) from the product stream of a LA pro-
cess was addressed in a number of patents from DSM [82],[83]. A combination of 
solvent extraction and nano-filtration was used to separate LA from the humins 
and colorants. The first step involves a solvent extraction using an organic sol-
vent. The LA and part of the soluble humins are transferred to the organic phase. 
The organic phase is then subjected to a nano-filtration step to remove some or 
all of the soluble humins. As a result, more than 80% of LA was recovered and 
full retention of the humins and dissolved tar was achieved.

In 2008, a start-up biochemical company GFBiochemicals (Milan, Italy) was 
established with the mission to bring LA to the market. At the BIO World Congress 
on Industrial Biotechnology in Montreal (July 2015), the company announced 
that LA production in their Caserta (Italy) plant will be 10,000 annual metric ton 
in 2017. This achievement will make GFBiochemicals the first company to pro-
duce LA at commercial scale directly from biomass. In 2016,  GFBiochemicals ac-
quired the assets and intellectual property of Segetis, a US-based LA derivatives 
producer. 

4. LA derivatives

Due to the presence of two reactive functional groups (ketone and  carboxylic 
acid) LA has been identified as a valuable bio-based multi-purpose building 
block [11]. LA-derived products have potential to be used in many product  sectors 
such as building blocks for polymers, additives, resins, herbicides and pharma-
ceuticals. In addition, applications as antifreeze, solvent, plasticizer, oxygenated 
fuel additive or biofuel have been mentioned  [2],[4],[5],[6],[84]. An overview of 
potentially interesting LA derivatives is presented in Figure 1.8.

Figure 1.8 Potentially interesting LA derivatives. 
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Diphenolic acid (4,4-bis-(4’-hydroxyphenyl)-pentanoic acid, DPA) is typi-
cally prepared by the condensation reaction of LA with two molecules of phe-
nol  [11],[84]. DPA is considered a promising substitute for bisphenol A, the pri-
mary starting material for epoxy resin and polycarbonates [85], which are widely 
used in paint formulations, protective and decorative coatings and finishes, 
lubricating oil additives, cosmetics, surfactants, plasticizers and textile chemi-
cals [86]. Besides, DPA contains multifunctional groups, which can be modified 
through chemical methods, potentially allowing for the synthesis of highly 
functionalized materials [84]. 

Delta-aminolevulinic acid (5-aminolavulinic acid, DALA) is a naturally occur-
ring substance present in all plant and animal cells [87]. It is an active ingredient in 
a range of environmentally benign, highly selective, broad-spectrum herbicides. 
DALA has also been used as an insecticide [88] and for cancer treatment [89].

Levulinate esters, produced using LA and the corresponding alcohol with acid 
catalysts, are certified additives for gasoline and diesel transportation fuels. The 
esters also can be obtained by an acid-catalysed reaction of α-angelicalactone 
(α-AL) with the respective alcohols [90],[91]. Some levulinate esters, such as 
methyl-, ethyl- and butyl levulinate, display similar properties as biodiesel fatty 
acid methyl esters (FAME)  [92]. Besides, levulinate esters have also been recog-
nized as important platform chemicals and have a wide range of applications [93]. 
α-Angelica lactone (α-AL) can be easily prepared by dehydration of LA acid in 

the presence of an acid catalysts at elevated temperatures [50],[94].  
2-Methyltetrahydrofuran (2-MTHF) can be obtained directly from LA by 

a multi-step hydrogenation sequence using bimetallic catalysts and hydro-
gen  [95]. Improved yields can be obtained when using γ-valerolactone (GVL) 
as an intermediate [84],[96]. 2-MTHF is proposed as a fuel extender, and can be 
blended up to 70% with gasoline without modification of current internal com-
bustion engines [4]. 
γ-valerolactone (GVL), is recently proposed as a sustainable platform chemi-

cal with a broad application range [7],[9],[10],[97]. GVL has potential to be used as 
a fuel additive [98] and an environmentally benign solvent [2],[10],[51],[98],[100]. 
More details are given in the following paragraph.

5. Platform chemicals: γ-Valerolactone

γ-Valerolactone (GVL) is considered as one of the most interesting levulinic acid 
derivatives. For instance, Horvath and co-workers proposed that GVL is an at-
tractive sustainable compound for the production of liquid transportation fuels 

and carbon-based products  [98]. GVL is renewable, easy and safe to store and 
transport, has a low melting point (-31°C), high boiling point (207°C) and open 
cup flash (96°C) point, and is miscible with water [97],[98],[100]. In comparison 
to other oxygenates like methanol, ethanol, MTBE, and ETBE, GVL has a signifi-
cantly lower vapor pressure [98]. All these properties make GVL an ideal sustain-
able liquid. However, GVL also can be converted to interesting derivatives using 
catalytic technologies (Figure 1.9). 

Figure 1.9 Potentially interesting derivatives of GVL. 

Most of the conversion technologies involve hydrogenation reactions, see Ta-
ble 1.4 for details. GVL can be hydrogenated to 1,4-pentanediol (PD) [101], which 
readily undergoes dehydration to form 2-MTHF [20],[65],[102],[103]. By reaction 
with formaldehyde, GVL can be converted into α-methylene-γ-valerolactone, 
a precursor for acrylic polymers [6],[10],[90],[96]. In water, GVL can be convert-
ed into isomeric mixtures of pentenoic acids by a sequence of a ringopening 

5. Platform chemicals: γ-Valerolactone
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Table 1.4 Overview of synthetic pathways to interesting GVL derivatives.

Catalyst Reaction conditions
GVL 
conversion, %

Product 
selectivity, %

Ref

1,4-pentanediol

Cu/Ba/Cr oxide 250°C, 200-300 bar H2 n.a. 78.5 [107]

Copper-chromium oxide 240-260°C n.a. 83 [108]

Cu/ZrO2 (30 wt.% Cu) Ethanol, 200-260°C, 2-6 h 200°C, 6 h: 97 99 [109]

Rh-MoOx/SiO2 (4 wt.% Rh) H2O, 80°C, 60 bar of H2 100 70 [110]

2-methyltetrahydrofuran

Cu/ZrO2 (30 wt.% Cu) Ethanol, 200-260°C, 2-6 h 260°C, 2 h - 80 13 [109]

α-methylene-γ-valerolactone

Ba/SiO2 H2O, 340°C, 15 min 60 > 95 [96]

Aromatic hydrocarbons

MCM-41

Catalytic pyrolysis, 500°C

100 1.74

[111]
Beta-zeolite 89.7 7.5

ZSM-5 100 28.5

H-ZSM-5-25 100 41.85

Ethyl valerate

Cu/SiO2-ZrO2 (8 wt.% Cu, 
4.7 wt.% ZrO2) Ethanol, 250°C, 20 h

69 59

[112]
Cu/SiO2-Al2O3 (8 wt.% Cu) 77 32

Cu/ZSM-5 (8 wt.% Cu) 54 14

Methyl pentenoate

pTSAa

Methanol, 200°C, 25 h
100

98 
(1.5-3.4 g/gcat h) [104]

H2SO4 n.a. 3.4 g/gcat h

Pentanoic acid and isomers

SiO2/Al2O3 Solvent-free, 623°C 53 47 [113]

Pt/H-ZSM-5/SiO2 (0.7 wt.% Pt) Solvent-free, 250°C, 2 h 67 85 [105]

Pd/Nb2O5 (0.1 wt.% Pd) H2O, 325°C, 35 bar H2 100 92 [106]

Ru/Nb2O5 (1 wt.% Ru)

1,4-dioxane, 200°C, 40 bar 
of H2, 4 h

LA – 72 0

[114]
Ru/TiO2 (1 wt.% Ru) LA – 100 0

Ru/H-Beta-12.5 (1 wt.% Ru) LA – 100 37.5

Ru/ZSM-5-11.5 (1 wt.% Ru) LA – 100 45.8

Pentyl pentanoate

Cu/SiO2-ZrO2 (8 wt.% Cu, 
4.7 wt.% ZrO2)

Pentanol, 250°C, 20 h 92 72 [112]

a – para-toluene sulfonic acid; n.a. – information is not available

followed by a dehydration reaction. The pentenoic acids are building blocks 
for caprolactone, caprolactam and adipic acid  [104]. Alkyl pentenoates may 
be obtained by a catalytic transesterification of GVL using alcohols instead of 
 water  [104]. Deep hydrogenation to pentanoic (valeric) acid esters is also possi-
ble. For instance, Lange et al. and Serrano-Ruiz et al. have synthesized valeric acid 

from LA using a hydrogenation to GVL followed by an acid-catalyzed ring-opening 
to pentenoic acid and a successive hydrogenation reaction [106]. Valeric acid has 
been successfully esterified with various alcohols [105],[106]. All esters may be used 
as oxygenated fuel additives for gasoline and/or diesel. Compared with levulinic 
acid esters, the valeric acid esters have a higher energy density due to a higher 
C/O ratio. Serrano-Ruiz and co-workers reported the synthesis of  5-nonanone by 
the conversion of GVL to valeric acid followed by ketonization [106]. 

6. Synthesis of GVL from LA

GVL is typically prepared from LA by a hydrogenation reaction. The reaction has 
been investigated since the 1930’s and a wide range of catalysts has been investi-
gated, both homogeneous and heterogeneous. Many hydrogen sources have been 
applied, examples are molecular H

2
, formic acid (FA) and alcohols. In this para-

graph, the synthesis of GVL from LA will be discussed in the following order i) 
hydrogenation of LA using molecular hydrogen with homogeneous and heteroge-
neous catalysts, ii) hydrogenation of LA using formic acid as the hydrogen donor 
and iii) hydrogenation of LA by catalytic transfer hydrogenations with alcohols. 

6.1. Hydrogenation of LA using molecular hydrogen

6.1.1. Homogeneous catalysts

An overview of homogeneous catalytic systems for the hydrogenation of LA 
to GVL is provided in Table 1.5. Mainly Ru based catalysts are applied, though 
recently the use of Ir was also reported. Typical reaction temperatures are be-
tween 60 and 180°C and hydrogen pressures between 0.8 and 50 bar. A variety 
of solvents has been explored, ranging from apolar (hexane) to polar (water), in-
cluding biphasic systems. Quantitative yields of GVL have been reported. 

6.1.1.1. Overview of studies with ruthenium phosphine complexes

Joo et al. were the first to use homogeneous ruthenium phosphine catalysts for 
LA hydrogenation to GVL [115]. Unfortunately, only catalytic activity was report-
ed and information about GVL yields is lacking. Later, a number of ruthenium 
phosphine complexes were studied in toluene by Japanese researchers [116]. The

5. Platform chemicals: γ-Valerolactone
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Table 1.5 Overview of homogeneous catalysts for GVL synthesis from LA using molecular H2.

Catalyst Solvent T, °C
P (H2), 
bar

Time, 
h

LA 
conversion, %

GVL yield,   
mol.%

Ref

Ruthenium phosphine complexes

HRu(OOCCH3)(Dppm)3

acetate 
buffer (0.1 M) 60 0.8 n.a.

n.a. n.a.
[115]

HRuCl(Dppm)3 0.1M HCl 13 n.a.

RuCl2(PPh3)3 toluene 180 11.8 24
n.a. 86

[116]
RuH2(PPh3)4 n.a. 40

Ru(acac)3+TPPTS H2O 140 69 12 > 99 95
[101]

Ru(acac)3+PBu3+NH4PF6 - 135 100 8 100 37

Ru(acac)3+PnOct3+NH4PF6

- 160 100 18

> 99 > 99

[102]

Ru(acac)3+Dppb+NH4PF6 > 99 89

Ru(acac)3+Triphos+NH4PF6 > 99 8

Ru(acac)3+Triphos+p-TsOH > 99 58

Ru(acac)3+Triphos+aIL > 99 5

Ru-(TPPTS) DCM/H2O 90 45 1 81 80 [117]

Alkyl-bis(m-sulfonated- 
phenyl)-((C6H4-m-

-SO3Na)2P-n-butyl-DPPDS
H2O 140 100 1.8 TON=6370 > 99.9 [118]

Ru(acac)3+TPPTS H2O 140 50 5
99 
TOF (h-1)=202

97 [119]

Ru(acac)3+Bu-DPPDS
- 140 100

1.8 TOF (h-1)=3538 > 99
[120]

Ru(acac)3+DPPB 1 TOF (h-1)=6370 > 99

Non-phosphine ruthenium-based catalysts

Ru(CO4)I2 H2O 150 100 8 n.a. 87 [121]

Ru(acac)3 H2O 140 50 5
100 
TOF (h-1)=569 

98 [119]

Ru(acac)3 H2O 130 25 12 100 99 [122]

Iridium-based catalysts

[Ir(COE)2Cl]2+KOH+pyridine- 
based pincer ligand

ethanol 100 50 15 > 99 96 [123]

n.a. – information is not available

highest GVL yield (86 mol.%) was achieved with RuCl
2
(PPh

3
)

3
 at 180°C after 24 h. 

Quantitative conversion of LA combined with 95 mol% GVL yield was achieved 
in water using water-soluble ruthenium catalyst prepared in situ from Ru(acac)

3
 

and triphenylphosphine-3,3′,3ʺ-trisulfonic acid trisodium salt (Na
3
TPPTS) [101]. 

In neat LA, 37 mol.% of GVL at quantitative LA conversion was obtained us-
ing Ru(acac)

3 
and tributylphosphine (PBu

3
) in combination with NH

4
PF

6
  [101]. 

Geilen studied the use of Ru(acac)
3 

in combination with mono-, bi-, and triden-
tate phosphine ligands, and ionic and/or acidic additives [102]. The most active 
catalyst was formed using the triphos ligand. Besides GVL, further hydrogena-
tion products such as PD, 2-MTHF and 1-pentanol were formed in significant 

amounts. Selectivity control was possible by tuning the acidity of the system. 
For example, when using a slightly acidic additive like NH

4
PF

6
, the selectivity to 

PD increased to 95%. On the other hand, the use of the stronger p-toluenesul-
fonic acid (p-TsOH) gave the cyclic ether 2-MTHF in 39 mol.% yield [102]. 

A significant role of the electronic and steric properties of the sulphonated 
phosphines in Ru catalyzed hydrogenation of LA was reported by Tukacs and 
co-workers [118]. It was clearly demonstrated that the catalytic activity may be 
considerably enhanced by the incorporation of one or two alkyl group(s) into 
the phosphorous ligands. 

6.1.1.2. Overview of studies with non-phosphine ruthenium–based 
catalysts

Not only phosphine ruthenium complexes have been tested for LA hydrogena-
tions. Braca et al. reported the use of ruthenium iodocarbonyl (Ru(CO

4
)I

2
) with 

HI or NaI as co-catalyst  [121]. The overall yield of GVL, starting form glucose, 
was 39.5 mol.%. The use of Ru(acac)

3
 in water without additional ligands was in-

vestigated as well [119],[122]. Full LA conversion with 98 mol.% of GVL yield was 
obtained after 5 h (TOF = 569 mol

GVL
/mol

Ru
 h) [119]. However, fast discoloring of 

the reaction solution and black particles in the reaction mixture were observed 
after 1 h, indicative for the formation of Ru (nano-)particles, which are likely the 
active components. (Ru

3
(CO)

12
) can also be used instead of Ru(acac)

3
  [122] and 

GVL was obtained in very high yield (99 mol.%) at quantitative LA conversion. 
Catalyst recycle studies in batch showed a drop in LA conversion from 99% to 
40% after 3 recycles and the catalyst became inactive in the following cycle, pre-
sumably due to metal nanoparticle agglomeration. 

6.1.1.3. Overview of studies with iridium–based catalysts

Recently, iridium was introduced as the active metal for the hydrogenation of 
LA [123]. A homogeneous catalyst was generated in situ from chlorobis(cyclooc-
tene)iridium(I) dimer ([Ir(COE)

2
Cl]

2
) and various pincer ligands in combination 

with KOH. Quantitative GVL yields were obtained, explained by the  non-innocent 
nature of the pincer ligands and their actual involvement in the reactions.
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6.1.1.4. Overview of biphasic systems

A biphasic homogeneous Ru-catalyst prepared in situ from RuCl
3
 and Na

3
TPPTS 

in a dichloromethane/water mixture was examined for LA hydrogenation [117]. 
The LA conversion was 82% after 1 h (TOF = 100 mol

GVL
/mol

Ru
 h). In this study 

the effect of temperature, substrate and catalyst concentration, hydrogen pres-
sure and pH of the aqueous phase was investigated as well [117]. 

6.1.2. Heterogeneous catalysts

Homogeneous catalysts, though very active, have some drawbacks such as the 
use of expensive ligands and issues related to reuse/recycle of the catalyst. The 
use of heterogeneous catalysts may circumvent some of these issues. In this 
paragraph, the use of heterogeneous catalysts for LA hydrogenation to GVL will 
be discussed in the following order: i) overview of batch studies with a distinc-
tion between non-noble metal and noble metal catalysts followed by ii) studies 
in continuous set-ups.

6.1.2.1. Overview of studies in batch set-ups 

6.1.2.1.1. Non-noble metal catalysts

Ni on different supports and promoted with various other metals have been 
used extensively for hydrogenation of LA to GVL. Besides Ni, the use of Cu and 
Fe-based catalysts has also been explored. Typical reaction temperatures are 
 between 70 and 200°C and hydrogen pressures between 5 and 70 bar. In most 
cases, water is used as the solvent, though alcohols (methanol, ethanol, propa-
nol) as well as neat LA have also been studied. Quantitative LA conversions and 
GVL yields have been reported in a number of studies.   

Overview of studies with nickel-based catalysts

Ni catalysts in various form have been used, examples are Raney Ni, Urushibara 
Ni, supported Ni and bimetallic Ni catalysts (Table 1.6).

Raney-type catalysts are widely used in both industry and academia  owing 
to their low cost and high activity [129]. 94 mol.% GVL yield was obtained when  

Table 1.6 Literature overview of studies for the hydrogenation of LA to GVL with nickel-based 

catalysts. 

Catalyst Add. Solvent T, °C
P (H2), 
bar

Time, 
h

LA 
conversion, %

GVL yield, 
mol.%

Ref

Raney Ni - - 100-150 48 3 n.a 94 [108]

Raney Ni
- Methanol (95%) 130 12 2.67

19 32
[124]

Urushibara Ni 46 8

Raney Ni - Methanol 120 20 2 99.5 94.4 [125]

Ni/HAPa

(5 wt.% Ni)
- H2O 70 5 4 18 65 [126]

Ni/C
(10 wt.% Ni)

- - 140 8 5

15 10

[127]

Ni/MoOx

(10 wt.% Ni)
7 1

Ni/CeO2

(10 wt.% Ni)
18 5

Ni/SiO2

(10 wt.% Ni)
8 8

Ni/Al2O3

(10 wt.% Ni)
18 11

Ni/MgO
(10 wt.% Ni)

12 0

Ni/TiO2

(10 wt.% Ni)
38 38

Ni/Al2O3

(15 wt.% Ni)
-

-

150 10 6

2 2

[128]

Methanol 100 3

Ethanol 75 9

2-Propanol 87 34

1-Butanol 100 19

1-Pentanol 100 19

- 200 50 4 92 92

a HAP: hydroxyapatite; n.a. – information is not available

using Raney Ni (neat LA, 100-150°C, 3 h)  [108]. When using methanol as the 
solvent, the GVL yield was only 32 mol.% (130°C, 12 bar H

2
)  [124]. Rong et al. 

studied  various types of Raney Ni catalysts obtained using different prepara-
tion methods [125]. For a commercial Raney Ni catalyst, the LA conversion was 
93.6% with 87.6 mol.% of GVL yield, while improved yields (94.4 mol.%) were 
obtained with Raney Ni prepared from melt-quenching Ni-Al alloys. 

Supported Ni catalysts have been studied extensively the last 5 years. The cat-
alytic performance of Ni/hydroxyapatite catalyst was examined at mild reaction 
conditions (70°C, 5 bar H

2
) and resulted in 18% of LA conversion after 4 h with 

65 mol.% selectivity to GVL [126]. An extended  study using seven Ni catalysts 
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on various supports (neat LA, 140°C, 5 h) was reported recently  [127]. Highest 
catalytic activity was demonstrated for Ni/TiO

2
 (10 wt.% Ni) with 38% LA con-

version and 38 mol.% GVL yield. Recently the synthesis of GVL over Ni/Al
2
O

3
 in 

various alcohols and water was investigated  [128]. Quantitative LA conversion 
was obtained using methanol, 1-butanol and 1-pentanol (150°C, 6 h). The GVL 
yields were relatively low in alcohols with the highest value of 34 mol.%, ob-
tained in 2-propanol, compared to 100% when using water. The low selectivity 
toward GVL in alcohols was explained by a competing esterification reaction of 
LA to the corresponding levulinic acid esters, which are less reactive than LA. To 
prevent the side reaction of LA with alcohols, the hydrogenation of LA to GVL 
was conducted in the absence of solvents and this resulted in 92% LA conver-
sion with 100% selectivity to GVL (200°C, 50 bar of H

2
, 4 h batchtime). 

Overview of studies with copper-based catalysts

A number of heterogeneous Cu complexes have been tested for LA hydrogena-
tion to GVL and the results are given in Table 1.7.

Table 1.7 Literature overview of studies for the hydrogenation of LA to GVL with copper-based 

catalysts.

Catalyst Add. Solvent T, °C P (H2), bar Time, h LA conversion, % GVL yield, mol.% Ref

Cu/ZrO2

-

H2O

200 34.5 5

100 100

[130]

Methanol 100 90

Cu/Al2O3

H2O 100 100

Methanol 100 86

Cu/Cr2O3

H2O 9 100

Methanol 72 45

Cu/BaO
H2O 12 100

Methanol 78 41

Raney Cu - Methanol 120 20 2 62.1 23.3 [125]

The efficiency of copper-based catalysts for the hydrogenation of LA to GVL 
in water and methanol was demonstrated for the first time in 2012 by Hengne 
and co-workers [130]. Copper on ZrO

2
 and Al

2
O

3
 supports showed quantitative 

LA conversion in both water and methanol, and quantitative GVL selectivity was 
obtained in all the cases. The excellent catalytic performance of the Cu/ZrO

2
 cat-

alyst was attributed to (i) strong surface acidity which catalyzes the intramolec-
ular esterification of the intermediate 4-hydroxypentanoic acid  (4-HPA) to GVL, 

ii) the microporous nature of Cu/ZrO
2
, (iii) dissociative hydrogen adsorbion on 

ZrO
2
 and  iv) a low leaching level of Cu.

The use of non-supported Raney Cu resulted in 62.1% LA conversion with 
only 23.3 mol.% GVL yield (methanol, 120°C)  [125]. The main by-product was 
pseudo-levulinic acid, an intermediate that may be further converted to GVL.

Miscellaneous studies with heterogeneous non-noble metal catalysts

Different Raney catalysts (Co and Fe) were tested for LA hydrogenation (meth-
anol, 120°C) (Table 1.8). Highest LA conversion (87%) and GVL yield (74 mol.%) 
were achieved with Raney Co. The possibility of leaching of active metal during 
the hydrogenation reaction encouraged Park and co-workers to develop a carbon- 
encapsulated Fe catalyst for GVL synthesis  [131]. The LA hydrogenation reac-
tion was performed at 170°C and 5 bar of H

2
 in water as a green solvent. The 

carbon-encapsulated Fe catalyst gave 99.6 mol.% of GVL yield at 99.5% of LA 
conversion within 3 h and reusability was demonstrated by recycling the cata-
lyst 5 times. 

Table 1.8 Literature overview of studies for the hydrogenation of LA to GVL with various 

non-noble metal catalysts.

Catalyst Add. Solvent T, °C P (H2), bar Time, h LA conversion, % GVL yield, mol.% Ref

Fe/C - H2O 170 5 3 98 99 [131]

Raney Co
- Methanol 120 20 2

87 74
[125]

Raney Fe 65.5 29.6

Overview of studies with bimetallic catalysts

One of the first non-noble bimetallic catalyst used for LA hydrogenation was 
copper-chromium oxide [108] (Table 1.9). Reduction of neat LA gave 11 mol.% of 
GVL and 44 mol.% of 1,4-pentanediol (190°C, 267 bar of H

2
). 

Copper-based bimetallic catalysts supported on Al
2
O

3
 were examined for 

LA hydrogenation in water and methanol at 200°C  [130]. Copper catalysts in 
combination with Cr

2
O

3
 and BaO gave a much higher LA conversion in metha-

nol  (89-92%) than in water (40-45%). The Cu-BaO/Al
2
O

3
 catalyst demonstrated 

highest LA conversion (92%) and GVL yield (79 mol.%) in methanol (5 h reaction  
time). Bimetallic Cu-Fe catalysts with different Cu-Fe ratios were investigated for 
the hydrogenation of LA and furfural into GVL (water, 200°C, 70 bar H

2
)  [132]. 
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Table 1.9 Literature overview of studies for the hydrogenation of LA to GVL with bimetallic 

non-noble catalysts.

Catalyst Add. Solvent T, °C
P (H2), 
bar

Time, 
h

LA 
conversion, %

GVL yield, 
mol.%

Ref

Cu/Cr oxide - -
190-300 267 n.a n.a 11

[108]
273 100 1.33 n.a 62

Cu-Cr2O3/Al2O3 -
H2O

200 34.5 5

40 40

[130]
Methanol 89 73

Cu-BaO/Al2O3 -
H2O 45 45

Methanol 92 79

CuO-CuFe2O4 - H2O 200 70 10 99.9 90.4 [132]

Ru0.9Ni0.1/OMC 
(0.56 wt.% Ru
0.08 wt.% Ni)

- - 150 45 2 99 97 [133]

Ni-MoOx/C
(10 wt.% Ni
7 wt.% Mo)

-

-

140 8 5

100 97

[127]

Toluene 24 21

Dioxane 13 4

H2O 2 2

Ni-MoOx/SiO2

(10 wt.% Ni
7 wt.% Mo)

- - 64 64

Ni-MoOx/Al2O3

(10 wt.% Ni
7 wt.% Mo)

- - 59 59

Ni-MoOx/TiO2

(10 wt.% Ni
7 wt.% Mo)

- - 50 50

Highest activity was achieved with the Cu–Fe catalyst with a Cu/Fe ratio of 1.0 
(90.4 mol.% GVL yield at 98.7% LA conversion). It was shown that Cu sites are 
responsible for the dissociative activation of H

2
 which was postulated to be of 

prime importance for good catalytic performance. Bimetallic Ru-Ni catalysts 
supported on ordered mesoporous carbon (OMC) were examined at 150°C and 
45 bar of hydrogen [133]. In terms of GVL yield, the best result was obtained  using 
a Ru

0.9
Ni

0.1
/OMC catalyst with 97 mol.% GVL yield after 2 h (TOF = 2501 h-1). It 

was demonstrated that the LA conversion and GVL yield are higher when the 
amount of Ru in the catalyst composition is increased, suggesting that the Ru 
nanoparticles are the active component. 

Shimizu et al. reported a detailed study on the catalytic activity of non-noble 
bimetallic catalysts on various supports under solvent-free conditions. The best 
catalyst, Ni-MoO

x
/C, showed an activity comparable to Ru-based heterogeneous 

catalysts [127]. Generally, the Ni and MoO
x
 co-loaded catalysts on different sup-

ports showed higher GVL yield (50–97 mol.%) than the conventional Ni-loaded 
metal oxides (< 1–38 mol.%) and MoO

x
/C itself (< 1 mol.%). 

6.1.2.1.2. Noble metal catalysts

Despite the fact that non-noble metal catalysts are cheaper and abundantly 
available, they often require harsh reaction conditions to achieve high LA con-
version and GVL yield. The use of more active noble metal catalysts allows to 
operate the reaction at lower temperature, hydrogen pressure and reaction time, 
which is expected to have a positive effect on the production costs. Most ac-
tive catalysts for the hydrogenation of LA to GVL are metals from the platinum 
group on various supports. To determine the optimum reaction conditions for 
highest GVL yield, different solvents and reaction conditions were applied for 
each metal. In the following sections, an overview of available studies with rele-
vant noble metal catalysts (Pt, Pd, Ir, Ru) is presented.

Overview of studies with platinum-based catalysts

One of the earliest systematic study on GVL synthesis from LA is from 1930 and 
involves the use of PtO

2
 (Table 1.10) [134]. Here, the effect of the solvent was ex-

amined on the GVL yield and the highest GVL yield (87 mol.%) was achieved in 
diethyl ether at room temperature after 48 h. A disappointingly low catalytic ac-
tivity was detected for Pt/C (5 wt.% Pt) in dioxane, with only 11 mol.% GVL yield 
at 14% LA conversion (150°C, 50 bar H

2
, 2 h)  [96]. Recent studies involved the 

use of platinum supported on carbon nano-tubes (CNT) at mild reaction condi-
tions in water (50°C, 20 bar H

2
) [135]. A 53% LA conversion with 51.4 mol.% GVL 

yield were achieved after 1 h. Inorganic supports have also been tested. For in-
stance, Pt/TiO

2
 was examined in water and tetrahydrofuran (THF) [136]. At mild 

reaction conditions (70°C, 50 bar H
2
, 1 h) the highest GVL yield was 20 mol.% 

and was achieved in water. A reasonable activity (42 mol.% LA conversion) was 
observed for Pt/hydroxyapatite (HAP) at similar reaction conditions (H

2
O, 70°C, 

5 bar, 4 h) [126], giving GVL in 88 mol.% selectivity, the remainder being α- and 
β-angelicalactone (12 mol.%).
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Table 1.10 Literature overview of studies on the hydrogenation of LA to GVL with plati-

num-based catalysts.

Catalyst Add. Solvent T, °C P (H2), bar Time, h LA conversion, % GVL yield, mol.% Ref

PtO2 -

Diethyl ether

22-24 2.3-3.0 48

n.a 87

[134]Ethyl alcohol n.a 52

Acetic acid n.a 48

Pt/C
(5 wt.% Pt)

- Dioxane 150 55 2 14 11 [96]

Pt/CNT
(5 wt.% Pt)

- H2O 50 20 1 53 51 [135]

Pt/TiO2

(1 wt.% Pt)
-

H2O
70 50 1

25 20
[136]

THF 18 15

Pt/HAPa

(5 wt.% Pt)
- H2O 70 5 4 42 88 [126]

a HAP: hydroxyapatite

Overview of studies with palladium-based catalysts

An overview of studies using Pd as an active metal for LA hydrogenation is pre-
sented in Table 1.11.

Palladium supported on activated carbon was examined for LA hydrogena-
tion in various solvents. In dioxane (150°C, 55 bar H

2
, 2 h) 27 mol.% GVL yield 

was achieved at 30% of LA conversion [96]. Pd/C in methanol (130°C, 12 bar H
2
, 

160 min) gave lowest yield of GVL (7 mol. %) at 18% LA conversion [124]. Solvent 
effects on the catalytic activity of Pd/TiO

2
 was studies by performing reactions 

in water and THF (70°C, 50 bar H
2
, 1 h)  [136]. LA conversion was low (5%) in 

 water and  GVL was not detected in the reaction mixture.
Pd nanoparticles encapsulated in the mesoporous channels of various sup-

ports (MCM-41, ZrMCM-41 and TiMCM-41), were investigated for GVL synthe-
sis (water, 140-240°C, 60 bar H

2
)  [137]. At the lowest temperature in the range 

(140°C), all catalysts display relatively low activities in terms of LA conversion 
and GVL yield. The highest activity was obtained with 5 wt. % Pd/MCM-41, 
which displayed 57.3 mol.% GVL yield at 57.8% LA conversion after 6 h. To im-
prove catalyst performance, the reaction temperature was increased to 240°C, 
which resulted in 92.7% LA conversion and 91.9% GVL yield. 

Mono- and bimetallic Pd-containing catalysts on mesoporous silica (HMS) were 
tested for LA hydrogenation in water (160°C, 150 bar H

2
) [138]. Quantitative LA con-

version was obtained in with Pd/HMS and PdAu/TiHMS, with highest GVL yield 
for the monometallic catalyst (89 mol.% versus 82 mol.% for the bimetallic one). 

Table 1.11 Literature overview of studies on the hydrogenation of LA to GVL with palladium- 

based catalysts.

Catalyst Add. Solvent T, °C
P (H2), 
bar

Time, 
h

LA 
conversion, %

GVL yield, 
mol.%

Ref

Pd/C
(5 wt.% Pd)

- Dioxane 150 55 2 30 27 [96]

Pd/C - Methanol (95%) 130 12 2.67 18 7 [124]

Pd/C
(5 wt.% Ru)

- H2O 50 20 1
7 7

[135]
Pd/CNT
(5 wt.% Ru)

19 18

Pd/TiO2

(1 wt.% Pd)
-

H2O 70 50 1
5 0

[136]
THF 0 0

Pd/HAPa

(5 wt.% Pd)
- H2O 70 5 4 26 90 [126]

Pd/MCM-41
(5 wt.% Pd)

- H2O

140

60 6

58 57

[137]200 78.5 78

240 93 92

Pd/ZrMCM-41
(5 wt.% Pd)

- H2O 140 60 6
41 40

[137]
Pd/TiMCM-41
(5 wt.% Pd)

49 49

Pd/HMSb

(2 wt.% Pd)
- H2O 160 150 6

100 89
[138]

Pd/TiO2/HMS
(2 wt.% Pd)

86 99

Bimetallic palladium catalysts

PdAu/HMS, 
(2wt.% Pd
2 wt.% Au)

- H2O 160 150 6

78 62

[138]
PdRe/HMS
(2 wt.% Pd
2 wt.% Re)

93 84

PdAu/TiHMS
(2 wt.% Pd
2 wt.% Au)

100 82

a HAP: hydroxyapatite; b HMS: mesoporous silica

Overview of studies with iridium-based catalysts

The use of iridium as an active metal for LA hydrogenation was first reported in 2004 
(Table 1.12). Ir/C (5 wt.% Ir) was tested in dioxane (150°C, 55 bar H

2
, 2 h) [96], giving 

38% LA conversion and a GVL yield of 36 mol.%. Later, a detailed study on iridium- 
based catalysts was performed to determine support and solvent effects on catalytic 
activity at mild reaction conditions (50°C, 20 bar H

2
, 1 h) [135]. Highest activity was 
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demonstrated for Ir/CNT with quantitative LA conversion and 99 mol.% of GVL yield. 
Experiments in different solvents revealed that Ir/CNT is the most active in  water and 
chloroform (93% LA conversion, 91 mol.% GVL yield). Within a series of support-
ed Ir catalysts, best results were obtained with Ir/C (78% LA conversion, 76 mol.% 
GVL yield) while Ir on inorganic oxides gave at GVL in max. 65 mol.% yield (Ir/CeO

2
). 

Table 1.12 Literature overview of studies on the hydrogenation of LA to GVL with iridium- 

based catalysts.

Catalyst Add. Solvent T, °C
P (H2), 
bar

Time, 
h

LA 
conversion, %

GVL yield, 
mol.%

Ref

Ir/C (5 wt.% Ir) - Dioxane 150 55 2 38 36 [96]

Ir/CNT (4.5 wt.% Ir) -

Chloroform

50 20 1

93 91

[135]

Toluene 68 66

Methanol 20 18

Acetone 7 7

Dioxane 2 2

H2O 100 99

Ir/C (4.5 wt.% Ir)

- H2O 50 20 1

78 76

[135]

Ir/CeO2 (4.5 wt.% Ir) 65 65

Ir/TiO2 (4.5 wt.% Ir) 55 55

Ir/Al2O3 (4.5 wt.% Ir) 52 51

Ir/ZnO(4.5 wt.% Ir) 51 51

Ir/SiO2 (4.5 wt.% Ir) 38 37

Ir/MgO (4.5 wt.% Ir) 20 20

Overview of studies with carbon supported ruthenium catalysts

One of the first screening studies on the catalytic activity of metals from the 
platinum group for LA hydrogenation was performed by Manzer  [96]. He 
screened the catalytic activity of Ir, Rh, Pd, Ru, Pt, Re and Ni supported on ac-
tivated carbon (5 wt.%) and showed that Ru was among the most active and 
selective for GVL formation. Since this report, extensive research on Ru based 
catalysts has been reported. Activated carbons in various forms are frequently 
used as the support and Ru/C is often used as the benchmark catalyst.

An overview of the performance of heterogeneous Ru catalysts on various 
supports in batch set-ups is given in Table 1.13. Most studies involve the use of Ru 
on a carbon support in various solvents (among others water, dioxane,  alcohols, 
DMSO, and solvent combinations) and excellent yields of GVL have been report-
ed (> 99 mol.%). Water is the most environmentally friendly and easily available 
solvent for the reaction and a number of studies have been reported in water.

Table 1.13 Literature overview of studies on the hydrogenation of LA to GVL with carbon 

supported ruthenium catalysts. 

Catalyst Add. Solvent T, °C
P (H2), 
bar

Time, 
h

LA 
conversion, %

GVL yield, 
mol.%

Ref

Ru/C 
(5 wt.% Ru)

- Dioxane 150 55 2 80 72 [96]

Ru/C 
(5 wt.% Ru)

TFAa-H2O 180 94 8
X(glucose)- 
100

62 [49]

Ru/C 
(5 wt.% Ru)

- Methanol 130 12 2.7 92 83 [139]

Ru/C -
Methanol 
(95%)

130 12 2.67 92 91 [124]

Ru/C -

Absolute 
methanol

130 12 2.67

93 92

[124]
n-Butanol 0 0

Benzaldehyde 0 0

DMSO 0 0

Dioxane 4.32 0

Ru/C
(5 wt.% Ru)

-

Methanol

130 12 2.67

99 84

[140]

Methanol-H2O 96 84.5

Ethanol 75.5 61

Ethanol-H2O 99 89

1-Butanol 49 40

1-Butanol-H2O 99 75

Dioxane 99 96

H2O 99.5 86

Ru/C
(5 wt.% Ru)

- - 25 12 50 100 97.5 [140]

Ru/C 
(5 wt.% Ru)

- H2O 180 30 12 100 57 [66]

Ru/C
(5 wt.% Ru)

-

H2O 70 30 3

48 47

[141]

A 15b 91 90

Nb2O5 75 73.5

NbOPO4 82 81

A 70c 100 100

Ru/C
(5 wt.% Ru)

[BMIm-SH][HSO4]

Methanol 130 34.5 2

99 67

[142]
A 15b 99 14

SO4-ZrO2 99 18

H2SO4 99 31

Ru/C
(5 wt.% Ru)

- H2O-Ethyl 
acetate

100 35 4
100 91

[143]
IL [N8,8,8,1][Cl] 56 55

Ru/Starbon
(5 wt.% Ru)

- Ethanol-H2O 100 10 2.2 > 99 < 5 [144]

Ru/CNT
(5 wt.% Ru)

- H2O 50 20 1 65 65 [135]

Ru/OMC - - 150 45 2 99 97 [133]

a TFA - trifluoroacetic acid; b A15 - Amberlyst 15; c A70 - Amberlyst 70 
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The hydrogenation activity of Ru catalysts is strongly modulated by the sol-
vent  [124],[136],[145]. One of the first systematic studies on solvent effects on 
the catalytic activity of Ru/C catalysts was reported in 2011 [124]. A number of 
 solvents (absolute methanol, n-butanol, benzaldehyde, DMSO and dioxane) 
were screened and the highest LA conversion (93%) and GVL yield (92 mol.%) 
were achieved with absolute methanol while all other solvents led to negligible 
LA conversion (130°C and 12 bar H

2
). Solvents are not necessary non-reactive 

and, for instance when alcohols are employed, both LA and intermediates can 
be esterified leading to lower GVL yields [146]. With the goal of assessing the im-
pact of ester formation upon LA hydrogenation, Al-Shaal and co-workers exam-
ined Ru/C in methanol, ethanol and 1-butanol (130 °C, 12 bar H

2
, 160 min) [140]. 

Methanol gave the highest LA conversion and GVL yield (99 and 84 mol.% 
 respectively). The difference in reactivity between the various alcohols was 
 explained by considering the solubility of hydrogen in the various alcohols [147]. 
The addition of water to the organic solvent on catalytic activity was also inves-
tigated. For methanol, water addition did not lead to a significant higher GVL 
yield, whereas the use of ethanol–water enhanced the GVL yield and LA con-
version considerably (from 61 to 89 mol.% and from 75.5 to 99%, respectively). 
More noticeably, a mixture of water and 1-butanol resulted in a substantial in-
crease in LA conversion (from 49 to 99%), with considerable higher GVL yields 
(from 40 to 75 mol.%). According to the authors, this beneficial effect is due to 
a higher hydrogen solubility when adding water, which is highly doubtful when 
considering the solubility of hydrogen in water compared to other solvents [148]. 
LA hydrogenation in pure LA without an external solvent (25°C, 12 bar H

2
, 50 h) 

was also successful with Ru/C and quantitative conversion of LA with 97.5 mol.% 
of GVL yield was obtained [140]. 

A number of acid co-catalysts (cationic exchange resins, niobium oxide and 
niobium phosphate) were successfully applied to increase the catalytic activ-
ity of Ru/C (water, 70°C, 30 bar H

2
, 3 h)  [141]. Quantitative LA conversion with 

99.9 mol.% of GVL yield was obtained with the Amberlyst 70 co-catalyst. A Ru/C 
catalyst in combination with an ILs was also used for the hydrogenation of LA 
to GVL (water-ethyl acetate, 100°C, 35 bar H

2
, 4 h)  [143]. The main advantage of 

this system is a perfect confinement of the Ru/C in the IL phase that not only 
facilitated isolation of the product but also allowed for an efficient reuse of the 
catalyst. Unfortunately, the catalytic activity of Ru/C in this system is lower than 
in aqueous solution (56% of LA conversion vs. 100%; 55 mol.% of GVL yield vs. 
91 mol.%).

Despite the high activity of Ru/C, fast deactivation of the catalyst was observed 
in several studies. For instance, batch recycle studies by Yan showed that the 

initial LA conversion (92%) reduced to 50% after the 4th reuse, with a concomi-
tant drop in GVL yield from 83 to 20 mol.% (methanol, 130°C, 12 bar H

2
) [139]. For 

reactions in water, a drop in LA conversion from 99% in the first run to 80% for 
the second run was observed with a Ru/C catalyst (water, 90°C, 45 bar H

2
) [149]. 

In addition, reactivation of Ru based catalysts is known to be cumbersome, par-
ticularly when using oxidative routes. Other forms of carbon, like carbon nano-
tubes and mesoporous carbon, have also been identified as promising support 
materials for catalysts used in liquid-phase hydrogenation reactions  [135],[150]. 
Reported advantages for metal catalysts on CNT’s compared to active carbons 
are a higher catalyst stability and less issues with particularly intra particle dif-
fusion limitations of reactants [151]. For LA hydrogenations in water, ruthenium 
nanoparticles on CNT resulted in 65% LA conversion with 100% GVL selectivity 
(water, 50°C, 20 bar H

2
, 1 h) [135]. Mesoporous carbon is an attractive alternative 

to activated carbon due to its well-controlled mesoporous structure, which is 
favorable in case the reaction is intra particle mass transfer limited [152]. Ruthe-
nium supported on ordered mesoporous carbon (OMC) was examined for GVL 
synthesis in solvent-free conditions (150°C, 45 bar H

2
, 2 h) and quantitative LA 

conversion was obtained with 97 mol.% GVL yield  [133]. Luque has reported 
a patented class of bio-based mesoporous materials derived from modified poly-
saccharides (Starbon®) as a support for ruthenium nanoparticles for the hydroge-
nation of organic acids [144]. However, the hydrogenation of LA in the presence 
of Ru/Starbon® (5 wt.% Ru) gave limited GVL yields (< 5 mol%) at quantitative LA 
conversion (ethanol-water, 100°C, 10 bar H

2
).

Overview of studies with ruthenium catalysts supported on inorganic 
oxides

Metal oxides (SiO
2
, Al

2
O

3
, Nb

2
O

5
, ZrO

2
, TiO

2
) have also been tested as a support 

for LA hydrogenation with Ru as the active metal (Table 1.14). Typical reac-
tion temperatures are between 25 and 200°C while the H

2
 pressure is between 

12-50 bar. Most studies involve the use of Ru on an inorganic oxides in various 
solvents (among others water, alcohols, THF and various solvent combinations) 
and excellent yields of GVL have been reported (> 99 mol.%). 

One of the major advantages of metal oxides as the support is the possibility for 
oxidative catalyst regeneration due to their high stability at decoking conditions. 
However, for some of the supports (Al

2
O

3
 and SiO

2
), the stability at hydrothermal 

conditions, particularly at elevated temperatures and acidity, is knownto be lim-
ited, which is of relevance for LA hydrogenations carried out in water [140],[153]. 
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Table 1.14 Literature overview of studies on the hydrogenation of LA to GVL with ruthenium 

catalysts supported on inorganic oxides.

Catalyst Add. Solvent T, °C
P (H2), 
bar

Time, 
h

LA 
conversion, %

GVL yield,  
mol.%

Ref

Ru/Al2O3 catalyst

Ru/Al2O3

(5 wt.% Ru)
-

Ethanol
130 12 2.67

38 32
[140]

Ethanol-H2O 95 76

Ru/Al2O3

(5 wt.% Ru)
- - 25 12 50 8 6 [140]

Ru/Al2O3

(5 wt.% Ru)

-

H2O 70 30 3

24 23

[141]

A 15a 50 49

Nb2O5 32 31

NbOPO4 36 35

A 70b 57 56

Ru/Al2O3

(5 wt.% Ru)
- H2O 50 20 1 22 21.5 [135]

Ru/Nb2O5 catalyst

Ru/Nb2O5

(1 wt.% Ru)
-

Dioxane
200 40

4 72 62
[114]2-ethylhexanoic 

acid
10 100 98

Ru/SiO2 catalyst

Ru/SiO2

(5 wt.% Ru)
-

Ethanol
2.67

83 77
[140]

Ethanol-H2O 98 75

Ru/SiO2

(5 wt.% Ru)
- - 25 12 50 2 1.7 [140]

Ru/TiO2 catalyst

Ru/TiO2 (rutile,
5 wt.% Ru)

-
Ethanol

130 12 2.67
0 0

[140]
Ethanol-H2O 0 0

Ru/TiO2 (P25,
5 wt.% Ru)

-
Ethanol

130 12

2.67
68 62

[140]
Ethanol-H2O 81 71

Ru/TiO2

(1 wt.% Ru)
-

Dioxane 4 100 92
[114]2-ethylhexanoic 

acid
10 100 99

Ru/TiO2

(1 wt.% Ru)
- - 200 40 10 100 97.5 [114]

Ru/TiO2 
(1 wt.% Ru)

-
H2O 70 50 1

99 95
[136]

THF 0 0

a A15 - Amberlyst 15; b A70 - Amberlyst 70 

TiO
2
 and ZrO

2
 seem to be very promising supports, as was evident from a study 

by Lange et al.  [105]. A screening study on LA hydrogenation involving 50 cat-
alysts in a flow reactor system revealed the best performance for Pt (1 wt.%) 
on TiO

2
 and ZrO

2
, with constant GVL yields for runtimes exceeding 100 h 

(> 95 mol.% at 200°C and 40 bar H
2
, GVL was used as a solvent). 

A comprehensive study of Ru/Al
2
O

3
, Ru/SiO

2
 and Ru/TiO

2
 catalysts was per-

formed in ethanol and ethanol/water mixtures (130°C, 12 bar H
2
, 160 min) [140]. 

Ru/Al
2
O

3
 was active in ethanol, albeit the LA conversion (38%) and GVL yield 

(32 mol.%) were modest. Better results were obtained in ethanol/water mixtures 
(95% of LA conversion, 76 mol.% of GVL yield). For Ru/SiO

2
, a higher LA conver-

sion was obtained in the presence of water, although GVL yield was similar to 
that with Ru/Al

2
O

3
. When using pure LA, Ru/Al

2
O

3
 gave 8% LA conversion with 

6 mol.% GVL yield, while the  Ru/SiO
2
 catalyst was even less active (2.1% LA 

conversion with 1.7 mol.% GVL yield, room temperature). 
A number of acid co-catalysts (various cationic exchange resins, niobium ox-

ide and niobium phosphate) was investigated to increase the catalytic activity 
of Ru/Al

2
O

3
 (water, 70°C, 30 bar H

2
, 3 h)  [141]. Good results were obtained with 

an Amberlyst 70 resin: 57% LA conversion with 56 mol.% GVL yield versus 24% 
LA conversion and 23 mol.% GVL yield with only Ru/Al

2
O

3
.

Miscellaneous studies with ruthenium catalysts on varied supports

Miscellaneous LA hydrogenation studies using Ru catalysts on other, not yet 
discussed supports, are compiled in Table 1.15. 

Table 1.15 Literature overview of studies on the hydrogenation of LA to GVL with miscella-

neous supported ruthenium catalysts.

Catalyst Add. Solvent T, °C
P (H2), 
bar

Time, 
h

LA 
conversion, %

GVL yield, 
mol.%

Ref

Ru/Beta-12.5
(1 wt.% Ru)

-

Dioxane

200 40

4 100 60

[114]

2-ethylhexanoic acid 10 100 83

- 10 100 87

Ru/ZSM-5
(1 wt.% Ru)

Dioxane 4 100 50

2-ethylhexanoic acid 10 100 80

Ru/H-ZSM-5-11.5
(1 wt.% Ru)

- Dioxane 200 40 10 100 91.6 [154]

Ru/HAPa

(5 wt.% Ru)
-

H2O

70 5 4

99 98

[126]
Ethanol 92 70

Ethanol-H2O 92 75

Toluene 30 28

Ru/SPESb 
(2 wt.% Ru)

- H2O 70 30 2 88 87 [155]

RuPd/TiO2

(1 wt.% Ru)
- Dioxane 200 40 0.5 99 98 [156]

a HAP: hydroxyapatite; b SPES: polyethersulfone
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A systematic study on ruthenium catalysts supported on strongly acid ze-
olites (Ru/Beta-12.5 and Ru/ZSM-5) was performed in a batch set-up (200°C, 
40 bar H

2
)  [114]. Experiments were done either in organic solvents (diox-

ane, 2-ethylhexanoic acid) or with neat LA. Quantitative LA conversion was 
achieved in all experiments with both zeolite catalysts, and maximum GVL yield 
(87 mol.%) was obtained from neat LA with Ru/H-Beta after 10 h. When per-
forming the reaction in dioxane with both catalysts, the GVL yield dropped to 
around 60% for Ru/H-Beta-12.5 and around 50% for Ru/H-ZSM-5 catalyst and 
deep hydrogenation products like pentanoic acid and its esters where formed in 
considerable amounts. More recently, the same group investigated the influence 
of the ZSM-5 cation form (H+ versus NH

4
+), Si/Al ratio and Ru precursor on the 

activity and selectivity for LA hydrogenation [154]. The best results in terms of 
GVL yield (91.6 mol.% after 10 h) were obtained using a Ru/H-ZSM-5-11.5 cata-
lyst with 1 wt.% Ru, prepared with a RuCl

3
 precursor and the H+-cation form of 

the ZSM-5 zeolite.
Hydroxyapatite was also examined as a support for ruthenium in LA hydro-

genations [126]. The highest conversion of LA (99%) with 98 mol.% of GVL yield 
was achieved using water (70 °C, 5 bar H

2
). Yao et al. investigated the use of acid 

catalysts as supports for the hydrogenation of LA in water [155]. Sulfonated poly-
ethersulfone (SPES) was used as a support for ruthenium nanoparticles at mild 
reaction conditions (30°C, 30 bar H

2
). 88% of LA conversion was achieved with 

100% selectivity to GVL, while only 2.4% of LA conversion was obtained with 
pure support. 

The use of bimetallic Ru/Pd-TiO
2
 catalyst in dioxane resulted in quantita-

tive LA conversion after 0.5 h with 98 mol.% of GVL yield (200°C, 40 bar) [156], 
which was better than for the monometallic Ru/TiO

2
 catalyst. This was ex-

plained by considering that the active Ru sites are diluted and isolated by the 
introduction of Pd, resulting in reduced activity for consecutive hydrogenation 
reactions of GVL. 

6.1.2.2. Overview of LA hydrogenation studies in continuous set-ups 

Besides batch studies, the catalytic hydrogenation of LA to GVL using supported 
catalysts has also been reported in continuous set-ups, particularly to explore 
catalyst stability and scalability of the reaction. A wide variety of active metals, 
supports, solvents and reaction conditions were tested. Most of the hydrogena-
tions were performed in packed bed reactors with the catalyst in powder form. 
Typical reaction conditions are between 50 and 265°C with hydrogen pressures 

ranging from 4-60 bar, though in some cases formic acid was used as the hydro-
gen source. WHSV’s are between 0.5-1500 g

feed
/g

cat
·h, typically between 0.5 and 5, 

and both up- and down flow reactor configurations have been applied. LA con-
versions were in general excellent (90% plus), with GVL selectivities between 
4 and 99%.   

6.1.2.2.1. Non-noble metal catalysts

Ni on different supports has been used extensively for the hydrogenation of LA 
to GVL in continuous set-up. Besides Ni, the use of Cu and Mo-based catalysts 
has also been explored. Typical reaction temperatures are between 200 and 
275°C and hydrogen pressures between 1 and 30 bar. In most cases, water is used 
as the solvent, though alcohols (methanol, ethanol) as well as neat LA have also 
been used as well. Quantitative LA conversions and GVL yields have been re-
ported in a number of studies.   

   
Overview of studies with nickel-based catalysts

Supported Ni catalysts on various inorganic oxides, zeolites and mineral have 
been studied for LA hydrogenation in continuous set-up (Table 1.16). Typically 
the reactions were carried out in fixed bed reactors, at 250-295°C and ambient 
pressure, with a WHSV of 1.4 and a GHSV between 2.6 and 3.3 ml/g·s.   

Support effects have been studied for LA hydrogenation of neat LA using 
Ni-based catalysts (250°C, 1 bar H

2
] [157]. The most effective catalyst was Ni/SiO

2
, 

which gave 97% LA conversion and 82 mol.% of GVL yield for 25 h on stream. 
Lower LA conversions were observed for Ni/ZrO

2
, Ni/ZnO and Ni/TiO

2
 catalysts. 

These findings were rationalized by considering rapid nucleation and aggre-
gation and the formation of large Ni crystallites. A more acidic zeolite support 
(H-ZSM-5-40) was tested as a carrier for Ni particles and effect of metal loading  
on catalyst activity was studied at 295°C [158]. At higher Ni loadings (from 5 to 
30%) an increase in the LA conversion (from 78 to 89%) was detected, which 
was correlated to an increase in amount of active Ni species. However, upon 
a subsequent increase of the Ni loading (from 30 to 50%) the LA conversion 
dropped, which was explained by considering the formation of large Ni agglom-
erates. The catalytic activity of the most active catalyst in the series (30 wt.% 
Ni/H-ZSM-5-40) dropped from 100 to 82% LA conversion for 5 hon stream. 
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Table 1.16 Literature overview of studies for the hydrogenation of LA to GVL with nickel-based 

catalysts in continuous set-ups.

Catalyst Solvent
Reaction 
conditions

WHSV, 
gfeed/gcat.h

LA 
conversion, %

GVL yield, 
mol. %

Ref

Ni/Al2O3

(30 wt.% Ni)

-
Fixed-bed, 250°C, H2 
(1 bar)

1.4

95 79

[157]

Ni/MgO
(30 wt.% Ni)

80 79

Ni/SiO2

(30 wt.% Ni)
97 82

Ni/TiO2

(30 wt.% Ni)
22 20

Ni/ZnO
(30wt.% Ni)

15 10

Ni/ZrO2

(30 wt.% Ni)
5 3

Ni/H-ZSM-5-40
(5 wt.% Ni)

-
Fixed-bed, 295°C, H2 
(1 bar)

1.4

78 40

[158]

Ni/H-ZSM-5-40
(10 wt.% Ni)

88 43

Ni/H-ZSM-5-40
(20 wt.% Ni)

86 49

Ni/H-ZSM-5-40
(30 wt.% Ni)

89 63

Ni/H-ZSM-5-40
(40 wt.% Ni)

87 63

Ni/H-ZSM-5-40
(50 wt.% Ni)

75 55

Ni/TiO2

(5 wt.% Ni)

H2O
Fixed-bed, 270°C, H2 
(20 ml/min)

GHSV=
3.247 ml/g·sa

26 23

[159]

Ni/TiO2

(10 wt.% Ni)
55 49

Ni/TiO2

(15 wt.% Ni)
80 74

Ni/TiO2

(20 wt.% Ni)
100 99

Ni/TiO2

(30 wt.% Ni)
92 89

Ni/TiO2

(20 wt.% Ni)

Methanol
Fixed-bed, 270°C, H2 
(20 ml/min)

GHSV=
3.247 ml/g·sa

79 64
[159]Ethanol 82 74

Dioxane 43.5 43
Ni/HAPb

(5 wt.% Ni)
H2O

Fixed-bed (down-
flow), 275°C, H2 (1 bar)

GHSV=
2.616 ml/g·sa

21 14 [160]

a WHSV data not provided by the authors; b HAP: hydroxyapatite

The authors did not investigate the origin of catalyst deactivation in detail but 
assumed that it was due to i) water produced during the reaction ii) by fouling 
of the catalyst surface by reactive intermediates, for example α-AL and iii) the 
formation of coke on the catalyst surface. 

Kumar et al studied the use of a Ni/TiO
2
 catalysts and particularly the Ni 

loading on the support in a fixed-bed reactor (H
2
O, 270°C)  [159]. 20 wt.% Ni 

demonstrated the highest LA conversion and GVL yield. A similar trend for cat-
alyst activity versus metal loading was reported by Mohan and was explained by 
considering the Ni dispersion on the catalyst surface. The influence of solvent on 
performance of Ni/TiO

2
 (20 wt.% Ni) was studied by Kumar et al. [159]. For all sol-

vents tested (alcohols like methanol and ethanol and others like dioxane) the LA 
conversion and GVL yield was lower than in water and best results were obtained 
in ethanol (82% LA conversion, 74 mol.% GVL yield). Nickel supported on hy-
droxyapatite was also tested in a fixed-bed reactor (water, 275°C, 1 bar H

2
) though 

showed a low activity (LA conversion of 21%) and GVL yield (14 mol.%)  [160]. 

Miscellaneous studies with heterogeneous non-noble metal catalysts

Supported molybdenum carbides have been suggested as a low-cost catalyst 
for GVL synthesis and their performance was examined in a trickle-bed reactor 
set-up (H

2
O, 200°C, 30 bar H

2
) [151]. Mo

2
C supported on activated carbon showed 

significant deactivation after 6 h on stream as is evident from a decrease of LA 
conversion from 95 to 60%. However, when using Mo

2
C supported on carbon 

nanotubes (CNT) stable and quantitative LA conversion was observed for a time 
of stream of 6 h. The higher stability of Mo

2
C on CNT’s compared to active car-

bon was ascribed to be either due to encapsulation of the active metals within 
the CNT’s, where they are better protected against leaching or oxidation, or due 
to changes in the d-band of the particles deposited on the external walls. 

The hydrogenation of aqueous LA solutions to GVL was investigated over 
Cu/γ-Al

2
O

3
 catalyst at 265°C and ambient pressure [161]. The best catalyst regard-

ing composition was shown to be 5 wt.% Cu on γ-Al
2
O

3
, which showed 98% LA 

conversion with 85 mol.% of GVL yield after 4 h on stream. However, a consid-
erable drop in LA conversion to 41% was observed after 60 h on stream. The 
origin of catalyst deactivation was studied and rationalized by agglomeration of 
alumina crystallites due to rehydration of alumina and coke formation on the 
acidic sites. Copper supported on hydroxyapatite was also tested in a fixed-bed 
reactor (water, 275°C, 1 bar H

2
), though low LA conversion (32%) and GVL yield 

(24 mol.%) were reported [160]. 
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Table 1.17 Literature overview of studies on the hydrogenation of LA to GVL with various 

non-noble metal catalysts in continuous set-ups.

Catalyst Solvent
Reaction 
conditions

WHSV, 
gfeed/gcat.h

LA 
conversion, %

GVL yield, 
mol. %

Ref

Molybdenum-based catalysts

Mo2C/CNT
(20 wt.% Mo)

H2O
Trickle-bed reactor, 
200°C, H2 (30 bar)

LHSV=3 h-1

100 > 90
[151]

Mo2C/C
(20 wt.% Mo)

1 h – 95
6 h – 60

> 90

Copper-based catalysts

Cu/γ-Al2O3

(2 wt.% Cu)

H2O
Fixed-bed (downflow), 
265°C, H2 (1 bar)

0.169

82 62

[161]

Cu/γ-Al2O3

(5 wt.% Cu)
98 85

Cu/γ-Al2O3

(10 wt.% Cu)
76 54

Cu/γ-Al2O3

(15 wt.% Cu)
69 45

Cu/γ-Al2O3

(20 wt.% Cu)
41 23

Cu/HAPb

(5 wt.% Cu)
H2O

Fixed-bed (downflow), 
275°C, H2 (1 bar)

GHSV=
2.616 ml/g·sa

32 24 [160]

a WHSV data not provided by the authors; b HAP: hydroxyapatite

 

6.1.2.2.2. Noble metal catalysts

In the following sections, an overview of available studies with relevant noble 
metal catalysts (Pt, Pd, Rh, Ru) in continuous set-ups is provided. A wide vari-
ety of supports, solvents and reaction conditions were tested. Most of the re-
actions were performed in water and typical reaction conditions are between 
50 and 265°C with hydrogen pressures ranging 1-60 bar, WHSV’s are between 
0.5-1500 g

feed
/g

cat·
h, typically between 0.5 and 50, and both up- and down flow 

reactor configurations have been applied. LA conversions were in general excel-
lent (90% plus), with GVL selectivities between 4 and 99%.     

Overview of studies with platinum-based catalysts

Despite the fact that typical particle sizes for hydrogenations in commercially 
operated continuous reactors are normally in the mm range to avoid excessive 
pressure drop, most studies on LA hydrogenation in continuous set-ups reported 

so far involve the use of small particle sizes (dp ≤ 100 μm). Only a few studies 
with Pt-based catalysts were performed with particles sizes > 100 μm, see Ta-
ble 1.18 for details. For instance, Pt/SiO

2
 particles (1.6 mm) were examined for 

GVL synthesis in an upflow packed-bed reactor in a biphasic water-GVL system 
(200°C, 40 bar H

2
) [162]. Significant catalyst deactivation was observed for 460 h 

on stream: conversion of LA decreased from 85 to 22% and the GVL yield from 
78 to 18 mol.%. Lange and co-workers used 1% Pt/TiO

2
 extrudates (1.6 mm) for 

the hydrogenation of LA with GVL as the solvent (200°C and 40 bar of H
2
) [105]. 

High LA conversion (> 85%), high selectivity to GVL (> 95 %) and a limited level 
of deactivation for 100 h on stream (conversion of LA decreased from 98 to 85%) 
were observed. Kumar et al also used Pt/TiO

2
 for LA hydrogenation in a fixed-

bed reactor (water, 270°C)  [159]. At the applied reaction conditions, 78% of LA 
conversion was obtained with 49 mol.% GVL yield. Byproducts, such as α-AL 
(23 mol.%), MTHF and pentanoic acid (6 mol.%), were observed in considerable 
amounts, the latter two indicative for overhydrogenation. Catalyst performance 
as a function of runtime was not provided. Platinum supported on hydroxyapa-
tite gave 88% of LA conversion with 69 mol.% GVL in a fixed-bed reactor (water, 
275°C, 1 bar H

2
) [160].

Table 1.18 Literature overview of studies on the hydrogenation of LA to GVL with platinum- 

based catalysts in continuous set-ups.

Catalyst Solvent Reaction conditions WHSV, gfeed/gcat.h
LA 
conversion, %

GVL 
yield, %

Ref

Pt/SiO2

(0.8 wt.% Pt)
(dp=1.6 mm)

H2O/GVL
Packed-bed (upflow), 
200°C, H2 (40 bar)

2
15 h: 85
460 h: 22

15 h: 78
460 h: 
18

[162]

Pt/TiO2

(1 wt.% Pt)
(dp=1.6 mm)

GVL
Packed-bed, 200°C, 
H2 (40 bar)

9
Start: 98
100 h: 85

> 93 [105]

Pt/TiO2

(5 wt.% Pt)
H2O

Fixed-bed, 270°C, H2 
(20 ml/min)

GHSV=3.247 ml/g·sa 78 49 [159]

Pt/HAPb

(2 wt.% Pt)
H2O

Fixed-bed (down-
flow), 275°C, H2 (1 bar)

GHSV=2.616 ml/g·sa 88 69 [160]

a WHSV data not provided by the authors; b HAP: hydroxyapatite

Overview of studies with palladium and rhodium-based catalysts 

An overview of LA hydrogenation studies in continuous set-ups with Pd and Rh 
supported catalysts is presented in Table 1.19. 
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Table 1.19 Literature overview on LA hydrogenation in continuous set-ups using heteroge-

neous catalysts in continuous set-ups.

Catalyst Solvent
Reaction 
conditions

WHSV, 
gfeed/gcat.h

LA 
conversion, %

GVL yield, 
mol., %

Ref

Palladium-based catalyst

Pd/TiO2

 (5 wt.% Pd)
H2O

Fixed-bed, 270°C, 
H2 (1 bar)

GHSV=
3.247 ml/g·sa

46 20 [159]

Pd/HAPb

(2 wt.% Pd)
H2O

Fixed-bed (down-
flow), 275°C, H2 
(1 bar)

GHSV=
2.616 ml/g·sa

25 17 [160]

Rhodium-based catalysts

Rh/SiO2

(4 wt.% Rh)
H2O

Tubular-flow, 80°C, 
H2 (60 bar)

0.3
100 77

[110]
Rh-MoOx/SiO2

(4 wt.% Rh)
100 35

 a WHSV data not provided by the authors; b HAP: hydroxyapatite

Only a very limited number of publications are available for Pd-based cata-
lysts for LA hydrogenation in continuous reactors. One of the few studies in-
volves the use of Pd/TiO

2
 and 46% LA conversion with 20 mol.% GVL yield was 

reported in water (270°C) [159]. Performance of Pd/HAP was worse at  fairly  similar 
conditions, giving only 25% LA conversion and 17 mol.% GVL yield ( water, 275°C, 
1 bar H

2
) [160].

Catalytic activity of a rhodium-based catalyst supported on SiO
2
 was stud-

ied in water at 80°C [110]. Quantitative LA conversion with 77 mol.% GVL yield 
was observed. Data on the stability of the catalyst were not provided. Upon cat-
alyst modification by the introduction of MoO

x
, the main hydrogenation prod-

uct was PD (45.3 mol.%) instead of GVL. A stability test for 4% Rh-MoO
x
/SiO

2
 

(Mo/Rh = 0.13) was performed and no significant drop in LA conversion and 
product selectivity was observed for 30 h on stream.

Overview of studies with ruthenium-based catalysts 

An overview of GVL synthesis studies in continuous set-ups with ruthenium- 
based catalysts is presented in Table 1.20. In the Table, not only the perfor-
mance of Ru catalyst are provided, but data for bimetallic Ru catalysts (with Re, 
Sn) are given as well. A wide variety of supports, solvents and reaction condi-
tions were tested. Most of the reactions were performed in water and typical 
reaction conditions are between 50 and 300°C with hydrogen pressures ranging  

Table 1.20 Literature overview on LA hydrogenation in continuous set-ups using ruthenium- 

based catalysts.

Catalyst Solvent Reaction conditions
WHSV, 
gfeed/gcat.h

LA 
conversion, %

GVL yield, % Ref

Carbon supported catalysts

Ru/C
(5 wt.% Ru)

H2O
Packed-bed (upflow), 
150°C, H2 (35 bar)

32
Start: 90
106 h: 68

Start: 86
106 h: -

[106]

Ru/C
(5 wt.% Ru)

Dioxane
Packed-bed (down-
flow), 265°C, H2 

 (1-25 bar)
0.5 100

98.6
[163]

Ru/C
(5 wt.% Ru)

2-sec bu-
tylphenol

Fixed-bed (upflow), 
180°C, H2 (35 bar)

3.6 n.a. 77 [164]

5% Ru/C 
(dp=45-90 μm)

H2O

Packed-bed (upflow), 
50-150°C, H2 (4-41 bar)

50°C-5
150°C-1500

50°C-99
150°C-3

50°C-4
150°C-2

[165]
5% Ru/C + 
Amberlyst 15

Stacked-bed, 50°C, H2 5-560
5 – 92
560 - 2

5 – 81
560 – 0.4

Ru/C
(5 wt.% Ru)

H2O
Packed-bed (upflow), 
50°C, H2 (24 bar)

520 2 STY=0.09 s-1

[166]
37 20 STY=0.08 s-1

Ru/C
(0.5 wt.% Ru)

34 8 STY=0.11 s-1

12 33 STY=0.15 s-1

Inorganic oxides as a support

Ru/SiO2

(2.7 wt.% Ru)

H2O
Packed-bed (upflow), 
50°C, H2 (24 bar)

32 16 STY=0.11 s-1

[166]

18 42 STY=0.16 s-1

Ru/SiO2

(0.3 wt.% Ru)
22 4 STY=0.1 s-1

Ru/γ-Al2O3

(1.3 wt.% Ru)

27 14 STY=0.09 s-1

11 35 STY=0.1 s-1

Ru/TiO2

(0.4 wt.% Ru)

25 3 STY=0.11 s-1

11 7 STY=0.12 s-1

Ru/TiO2

(5 wt.% Ru)
H2O

Fixed-bed, 270°C, H2 
(20 ml/min)

GHSV=
3.247 ml/g·sa

53 23 [159]

Other supports

Ru/DOWEX
(0.87 wt.% Ru) 
(dp=84 μm)

0.52 95
STY = 
0.1 kg/L·h

[167]
Ru/DOWEX 
(0.87 wt.% Ru) 
(dp=276 μm)

0.47 100
STY = 
0.12 kg/L·h

Ru/HAPb

(2 wt.% Ru)
H2O

Fixed-bed (downflow), 
275°C, H2 (1 bar)

GHSV=
2.616 ml/g·sa

9 92 [160]

Bimetallic ruthenium catalysts

RuSn (3,6:1)/C
(5 wt.% RuSn)

2-sec-bu-
tylphenol

Packed-bed (upflow), 
220°C, H2 (35 bar)

2.2 98 96 [168]

RuxSny/C
2-sec bu-
tylphenol

Fixed-bed (upflow), 
180°C, H2 (35 bar)

1.2 n.a. 73-100 [164]

Ru-MoOx/SiO2

(4 wt.% Ru)
H2O

Tubular-flow, 80°C, H2 
(60 bar)

0.24 100 79 [110]

a WHSV data not provided by the authors; b HAP: hydroxyapatite
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from 1-60 bar, WHSV’s between 0.2-1500 g
feed

/g
cat

·h, typically below 30, and both 
up- and down flow reactor configurations have been applied. LA conversions 
were in general excellent (90% plus), with GVL yield between 4 and 99 mol.%.

The use of Ru/C catalysts for LA hydrogenations has been explored in var-
ious solvents (water, organic solvents) and at a range of reaction conditions. 
Excellent LA conversions (> 90%) and GVL yields (> 80 mol.%) were reported. 
However, considerable deactivation of Ru/C catalysts was observed in a num-
ber of these studies. For instance, a considerable drop in LA conversion (from 
90  to 68%) was detected after 106 h on stream (water, 150°C, 35 bar H

2
)[106]. 

 Reductive treatment of the catalyst with H
2
 (400°C, 2 h) resulted in only a partial 

recovery of the initial catalytic activity (83% LA conversion). Similar behavior 
was observed when using 2-sec-butylphenol instead of water at 220°C  [164]. 
Here, a steady decline in catalyst activity was observed during 300 h on stream 
and the initial catalyst activity could not be restored by treatment of the cat-
alyst in a H

2
 atmosphere (450°C), suggesting irreversible catalyst deactivation. 

 Abdelrahman performed a detailed kinetic study on LA hydrogenation over 
Ru/C and catalyst stability was also included (water, WHSV between 5 and 
1500) [165]. It was found that the LA hydrogenation rate dropped rapidly during 
1 h on stream, even at mild temperature (50-90°C). However, the activity stabi-
lized for prolonged times on stream (48-72 h) to about 20-30% of its original 
value. Regeneration by in situ reduction (H

2
, 400°C, 4 h) restored the catalytic 

activity to only 50-60% of the initial value. These findings imply that activity 
loss is due to a combination of reversible and irreversible phenomena. The au-
thors propose that reversible deactivation may be attributed to either strongly 
bound hydrocarbon intermediates or surface oxidation of Ru nanoparticles. 
Neither Ru leaching nor significant physical changes of the carbon support was 
observed after reaction, a strong indication that irreversible deactivation is due 
to Ru particle agglomeration. CO chemisorption indeed revealed that the Ru 
particle size increased from 3.6 nm to 6.8 nm after 65 h on stream (50°C). The 
same conclusions were made for Ru based catalysts on other inorganic supports 
(SiO

2
 and TiO

2
)  [166]. Physical properties of both supports did not change sig-

nificantly during the reaction in water at 50°C. However, a particle growth and 
dispersion losses for all catalysts were clearly observed, and suggested as the 
primary cause of catalyst deactivation. 

The use of bimetallic catalysts with Ru as one of the metals has been ex-
plored to improve catalyst stability. For instance, the addition of Sn to Ru/C in-
creased catalysts stability and good stability was observed for experiments with 
runtimes up to 300 h (2-sec-butylphenol, 185°C) [164]. However, the activity of 
the bimetallic catalyst was a factor of 3 lower than for the monometallic one 

and the rate of LA hydrogenation decreased from 455 to 154 μmol min-1·g-1 [164]. 
This drop in catalytic activity was attributed to the fact that in the bimetallic cat-
alysts, the Ru ensembles comprise a small fraction of the total site density and 
are not substantial contributors to the initially observed activity. 

Alonso et al also investigated the addition of Sn to Ru/C for hydrogenations 
of LA in 2-sec-butylphenol with the incentive to prevent hydrogenation of the 
C=C bonds of the solvent and to increase its stability  [168]. Bimetallic RuSn/C 
catalyst did not undergo deactivation at 220°C for 300 h on stream and a steady 
state LA conversion of 98% was obtained with 95.8% of GVL yield. 

The effect of the catalyst support (activated carbon, SiO
2
, γ-Al

2
O

3
 and TiO

2
) on 

the performance of Ru-based catalysts was examined in water by  Abdelrahman 
et al. at mild reaction conditions (50°C, 24 bar H

2
)  [166]. The initial activity of 

the catalysts were about similar, suggesting that the intrinsic reaction rate of LA 
hydrogenation over Ru in water is not strongly affected by metal-support inter-
actions. However, catalyst stability was a function of the support. For Ru/SiO

2
, 

irreversible deactivation was observed, while the activity of the Ru/γ-Al
2
O

3
 cat-

alyst was restored after a reduction step at 50°C. The Ru/TiO
2
 and Ru/C catalysts 

showed both reversible and irreversible deactivation. 
Ru based hydrogenations in continuous set-ups have also been performed 

with acidic supports. In a very recent paper, Moreno-Marrodan reported the 
catalytic activity of a Ru on DOWEX support in water at mild conditions (70°C, 
5 bar H

2
)  [167]. Catalysts with two different bead sizes (84 ± 8 and 276 ± 2 μm) 

were prepared and tested. The catalyst with the smaller particle diameters re-
sulted in a ca. 10% higher LA conversion under otherwise similar conditions. 
This indicates that intra-particle mass transfer limitations play a role for larger 
catalyst particles, suggesting that the time scale of the  chemical reactions are 
similar or faster than intra-particle mass transfer rates. This is an important 
finding as optimization strategies for hydrogenations performed in the kinetic 
regime are different for those in the mass transfer limited regime.  

6.2. Hydrogenation of LA using formic acid as the hydrogen 
donor

The synthesis of LA from lignocellulosic biomass or individual C6-sugars is 
typically carried out in aqueous solutions containing a dilute mineral acid as 
a catalyst. This approach leads to the formation of LA together with equimolar 
amounts of FA  [49],[168]. FA is a known source for hydrogen and can be effec-
tively used as a hydrogen transfer agent. To minimize hydrogen consumption as 
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well as to avoid the (expensive) separation step of LA and FA in the synthesis 
of LA, the use of FA acids as a hydrogen source instead of molecular hydrogen 
could be very attractive.  

Till now, a limited number of studies have been performed on the use of formic 
acid as a hydrogen donor for GVL synthesis from LA. An overview of publications 
is given in Table 1.21 and involves studies in both batch and continuous set-ups. 
In batch set-ups, typically noble metals are used as the catalyst, water as a solvent 
and temperatures between 150-180°C. Quantitative LA conversions with high GVL 
yields (99 mol.%) were achieved. Most of the hydrogenations in continuous set-ups 
were performed in packed bed reactors with both noble and non-noble metal cat-
alysts. A number of solvents were examined (water, dioxane, butane, 2-sec-butyl-
phenol) in a wide temperature range (150-265°C). WHSV’s were between 0.36 and 
2.8 and high LA conversion (98%) and GVL yield (95 mol.%) were obtained. 

6.2.1. Overview of studies in batch set-ups

One of the most effective catalysts for LA hydrogenations is Ru/C (vide infra). 
In a number of studies, the catalytic activity of this catalyst for GVL synthesis 
was investigated with FA as the hydrogen source. Direct synthesis of GVL from 
C6-sugars source without an intermediate isolation of LA in trifluoroacetic acid 
(TFA) was proposed by Heeres et al. [49]. A maximum of 52 mol.% of GVL yield 
was obtained (water, 180°C,16 h) together with some unreacted LA (11%), the 
major by-products were insoluble humins. 

The catalytic performance of a range of metals on various supports for GVL 
synthesis from LA was studied using FA as a hydrogen source (water, 150°C, 
batch)  [170]. The effect of support materials was investigated mainly for Ru. 
 Similar activities for Ru/C and SBA-15 (ordered mesoporous SiO

2
) were observed 

(21-22 mol.% GVL yield), while metal oxide supported Ru catalysts showed 
a much lower activity and only trace amounts of GVL were detected (GVL yield 
below 3 mol.%). The activities of noble metals other than Ru (Pt, Pd and Au) sup-
ported on carbon were very low and for instance a max. 2 mol.% of GVL yield at 
13% LA conversion was found for Pt/C.

Au is known to be an excellent catalyst for the selective decomposition of 
FA [174] and this inspired Son to examine the use of various Au-supported cata-
lysts for LA hydrogenation with FA as the hydrogen donor (batch, water, 150°C). 
Among the catalysts tested, Au/ZrO

2
 showed the highest activity (74 mol.% yield 

of GVL after 5 h). Catalyst stability tests involving recycling of the catalyst in 
a batch set-up showed that catalyst stability is reasonably good as illustrated

Table 1.21 Literature overview on the hydrogenation of LA using heterogeneous catalysts and 

formic acid as a hydrogen source.

Catalyst Solvent
Reaction 
conditions

WHSV, 
gfeed/gcat·h

LA 
conversion, %

GVL yield, 
mol.%

Ref.

Batch set-up

Ru/C (5 wt.% Ru) TFAa-H2O
180°C, 50 bar, 
16 h

- n.a. 52 [49]

Au/ZrO2

H2O 150°C, 6 h -

100 99

[169]
Au/TiO2 n.a. 55

Au/SiO2 n.a. 1

Au/C n.a. trace

Ru/C (5 wt.% Ru)

H2O 150°C, 5 h -

29 21

[170]

Ru/SBA-15 (5 wt.% Ru) 31 22

Ru/Al2O3 (5 wt.% Ru) 16 3

Ru/TiO2 (5 wt.% Ru) 10 2

Ru/ZrO2 (5 wt.% Ru) 11 2

Pt/C (5 wt.% Pt)

H2O 150°C, 5 h -

13 2

[170]
Pd/C(5 wt.% Pd) 9 1.5

Au/C (5 wt.% Au) 13 1

Au/ZrO2 (5 wt.% Au) 96 74

Continuous set-up

Ru/C (5 wt.% Ru)
H2O

Packed-bed 
(downflow), 
150°C, 35 bar

- 35 34
[171]RuRe(3:4)/C

(15 wt.% RuRe)
- 15-40 14-38

RuSn (3,6:1)/C 
(5 wt.% RuSn)

2-sec- 
butyl-
phenol

Packed-bed 
(upflow), 220°C, 
35 bar

1.2 54 53

[168]1.5 46 43

2.8 27 24

Pd/C + Ru/C
(10 wt.% Pd
5 wt.% Ru)

Butane- 
H2O

Packed-bed 
(downflow), 
150°C, 35 bar

0.9 96 95 [172]

Ru-Sn(1:4)/C GVL
Packed-bed 
(upflow), 180-
260°C

0.36-2.4

180°C – 0.005 
mmol/min·gcat

260°C – 0.35
mmol/min·gcat

n.a. [51]

Ni/SiO2 (30 wt.% Ni) -
Fixed-bed, 
250°C, 1 bar

1 37 22 [157]

Cu/SiO2 (10-80 wt.% 
Cu)

Dioxane
Fixed-bed, 265°C, 
1 bar

0.512

10 wt.% Cu – 66
80 wt.% Cu - 83

10 wt.% 
Cu – 40
80 wt.% 
Cu - 81

[173]

Ni-Cu/SiO2 (20 wt.% Ni
60 wt.% Cu)

98 92

a TFA - trifluoroacetic acid; n.a. - information is not available
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by a small drop in GVL yield from 97 to 89 mol.% after 5 successive runs. Gold 
nanoparticles deposited on ZrO

2
 are a good catalyst for the hydrogenation of LA 

in water with FA as the hydrogen source (150°C, 6 h) [169]. Du found that the Au 
dispersion is of importance and Au/ZrO

2
 with small Au nanoparticles (1.8 nm) 

gave quantitatively LA conversion and GVLyield within 6 h batchtime. The 
catalyst was reused at least five times with a minimal decrease in the yield of 
GVL (95 mol.%). The use of TiO

2
 instead of ZrO

2
 resulted in a lower GVL yield 

(55 mol.%) under similar reaction conditions, while Au supported on silica and 
activated carbon were not active at all [169]. 

6.2.2. Overview of LA hydrogenations studies with FA in continuous 
set-ups

Braden et al. found that the performance of Ru/C for LA hydrogenation with FA 
in the presence of H

2
SO

4
 is lower than in its absence due to a slow deactivation 

of the catalyst by sulfuric acid  [171],[175],[176]. To obtain stable Ru catalysts in 
the presence of sulfuric acid, Re was used as the promotor [171]. The use of a cat-
alyst with 15 wt.% Ru-Re(3:4) on carbon showed stable activity in the presence 
of H

2
SO

4
 with a high selectivity to GVL (> 95%) after 150 h on stream with LA 

conversions between 15-40%. 
A similar approach to improve stability was proposed by Wettstein  [51]. In 

this study, LA was used which was contaminated with HCl and it was shown 
that HCl also has a negative effect on the performance of Ru. The Sn promoted 
Ru/C catalyst as a stable alternative to Ru/C was proposed and this bimetallic 
catalyst is also effective for hydrogenation of LA with FA. Stable LA conversion 
(0.17 mmol/min·g) was achieved in a continuous set-up for 26 h on stream (GVL, 
220°C, WHSV 0.36-2.4). 

Alonso et al. tried to solve the issue of catalyst deactivation by sulfuric acid 
in a different way. They showed that LA could be extracted from aqueous solu-
tions containing H

2
SO

4
 using 2-sec-butylphenol. The sulfuric acid has a very 

low affinity for the organic solvent and the subsequent hydrogenation reaction 
to GVL could now be carried out in this solvent with un-promoted Ru/C  [168]. 
However, hydrogenation of the C=C bonds in 2-sec-butylphenol was observed 
in combination with catalyst deactivation when using FA, even at low tempera-
tures. To eliminate these drawbacks, Sn was added to 5 wt.% Ru/C (Ru/Sn molar 
ratio of 3.6:1). The addition of Sn indeed improved the catalyst stability consid-
erably and, after slow deactivation over the first 100 h, stable performance was 
observed for more than 230 h. 

Gürbüz studied the hydrogenation of butyl levulinate (BL) to GVL with FA 
as the hydrogen source in butane-H

2
O at 150°C using a packed bed with two 

different catalyst (Pd/C followed by Ru/C)  [172]. The Pd/C was used to acceler-
ate the decomposition of FA  [177]. Good catalyst performance was observed, 
even with H

2
SO

4
 (0.01 M) in the feed, and a constant GVL production rate 

(0.05  mmol/min·g) was observed for 410 h on stream [172].
The hydrogenation of LA using FA as the hydrogen source with cheaper 

non-noble metal catalysts (Ni, Cu) was reported recently. Mohan et al. per-
formed studies on the hydrogenation of LA with FA over a Ni/SiO

2
 catalyst in 

a fixed-bed reactor (250°C, atmospheric pressure, solvent-free, WHSV = 1) [157]. 
37% LA conversion with 22 mol.% GVL yield were obtained and the catalyst 
demonstrated stable performance for 25 h on stream. Very recently, a highly sta-
ble Ni-promoted Cu on a SiO

2
 nanocomposite was studied for LA hydrogenation 

at atmospheric pressure using FA  [173]. The highest LA conversion (98% with 
92 mol.% of GVL yield) was obtained with Ni-Cu/SiO

2
 (20 wt.% Ni, 60 wt.% Cu). 

This catalyst also showed excellent stability for 200 h on stream.

6.3. Hydrogenation of LA using alcohols as the hydrogen donor

Aldehydes or ketones can be reduced to corresponding alcohols by a Meerwein- 
Ponndorf-Verley (MPV) reduction using alcohols as the hydrogen donor  [178]. 
This approach is also applicable for the hydrogenation of the ketone group of 
LA [179] (Figure 1.10). 

Figure 1.10 Catalytic transfer hydrogenation of levulinic acid and its esters to γ-valerolactone 

using alcohol as the hydrogen donor.
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Table 1.22 Literature overview on LA hydrogenation using heterogeneous catalysts and alco-

hols as a hydrogen source.

Catalyst
Solvent/
H2-donor

T, °C
Pressure, 
bar

Time
Substrate 
conversion, %

GVL yield, 
mol.%

Ref

Non-noble metal catalysts

ZrO2

2-Butanol 150 21 16 h

> 99.9 85

[180]

γ-Al2O3 37 30

CeZrOx 20 16

MgO/Al2O3 17 15

MgO/ZrO2 13 8

ZrO2

1-butanol
150 21 16 h

61 3
[180]

Ethanol 98 49

Raney Ni 2-Propanol r.t.a n.a. 9 h n.a. > 99 [181]

Zr(OH)4

Ethanol 200 1 1 h

51 43

[182]

La(OH)3 25 15

Ca(OH)2 55 14

Ba(OH)2 92 8

Fe(OH)3 13 7

Al(OH)3 10 5

Mg(OH)2 11 5

Sn(OH)4 13 1.5

Cr(OH)3 6 1

Ni(OH)2 3 1

NaOH 100 0

Zr-Beta-100

2-Propanol 82

n.a.

18 h 6 4

[183]
2-Butanol 100 18 h 77 72

2-Pentanol 100 18 h 58 55

Cyclohex-
anol

150 6 h 100 82

Noble metal catalysts

Pt/C
2-Propanol r.t. n.a. 9 h

n.a. 1
[181]

Ru/C n.a. 27

Pd/C + KOH 
(5 wt.% Pd)

-

microwave n.a. 50 s

n.a. 86

[184]

Methanol n.a. 32

2-Propanol n.a. 83

1-Butanol n.a. 65

2-Butanol n.a. 71

Ru/C (5 wt.% Ru)

2-Propanol
microwave
(140°C)

n.a. 0.5 h

43 41

[185]

Ru/CNT (5 wt.% Ru) 16 12

Ru/TiO2 (5 wt.% Ru) 14 11

Ru/SiO2 (5 wt.% Ru) 5 2

Ru/Al2O3 (5 wt.% Ru) 3 0

RuCl3·xH2O 10 1

a r.t. - room temperature; n.a. - information is not available

During reaction, the initial LA may be converted (partly) to the correspond-
ing ester and as such both acids and esters may be involved in ketone reduc-
tion. In the last 5 years a number of LA hydrogenation studies were reported 
with alcohols as the hydrogen donor in the presence of heterogeneous catalysts 
(Table 1.22).

The first reports are from 2011 when Chia and Dumesic showed that inex-
pensive metal oxides are suitable catalysts for the transfer hydrogenation of LA 
with a secondary alcohol (2-butanol) at 150°C [180]. The most active oxide was 
ZrO

2 
and quantitative conversion of LA was observed with 85 mol.% GVL yield. 

It was shown that primary alcohols (1-butanol and ethanol) are less suitable and 
quantitative LA conversion could not be obtained (60.5 and 98%, respectively). 
In addition, the GVL yield was significantly lower than for secondary alcohols 
(42-49 mol.%). Main byproducts were self-condensation products of the alde-
hyde formed after dehydrogenation of the hydrogen donor, and those formed 
by reactions of the aldehyde with levulinate esters. It was also shown that the 
reaction is slower when using LA instead of LA-esters, which was explained by 
assuming strong binding of the acid group of LA to basic sites on amphoteric 
ZrO

2
  [186], which have been proposed to be the active sites for the MPV reac-

tion  [187]. The stability and reusability of the ZrO
2
 catalyst were examined in 

a continuous flow reactor  [180]. The catalyst showed some deactivation in the 
first 100 h on stream and then stable performance was obtained. The initial cat-
alyst activity was fully regenerated after a calcination of the spent catalyst in air 
at 450°C. 

The use of metal hydroxides and particularly Zr(OH)
4
 for transfer hydrogena-

tions of ethyl levulinate (EL) to GVL was explored by Tang et al. [182]. The GVL 
yields were moderate (43.1 mol.%) when using ethanol as the hydrogen donor at 
an EL conversion of 50.9% (200°C, 1 h). Better performance was obtained with 
2-butanol and 2-propanol with an EL conversion of 91.9 and 93.6%,  respectively. 
The stability of the Zr(OH)

4
 catalyst in ethanol at 240°C was investigated in 

batch using recycle experiments [182]. Some deactivation after the first run was 
observed as was evident from a decrease in the EL conversion (from 90 to 78%). 
Catalyst deactivation was shown to be caused by carbon depositions and coke 
formation on the catalyst surface, what was proven by FT-IR, elemental analysis 
and N

2
-physisorption. 

Zirconium impregnated Beta zeolites were also examined as catalysts for 
LA conversion to GVL using secondary alcohols as the hydrogen source [183]. 
Zr-Beta zeolites with different Si/Zr ratios were tested and best results were 
obtained with Zr-Beta-100, with quantitative conversion and 96 mol.% GVL 
yield (118°C, 10 h). 
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Raney Ni showed excellent catalytic performance for the transfer hydrogena-
tion of EL to GVL using 2-propanol as hydrogen donor at room temperature [181]. 
After 9 h reaction with Raney Ni in argon > 99 mol.% GVL yield was achieved, 
which is considerably better than for supported noble metal catalysts (maxi-
mum 27 mol.% of GVL yield for Ru/C and 1 mol.% GVL yield for Pt/C). It was 
shown that air and water have a negative effect on the reaction. 

The use of microwave has been reported recently to improve catalyst activity 
for supported noble metal catalysts for the CHT reaction of LA. Mixture of LA, 
Pd/C and two equivalents of KOH in ethanol under microwave heating for 50 s 
produced GVL as sole isolable product in 86 mol.% yield [184]. Performance in 
2-propanol and 2-butanol was slightly worse than in ethanol. The Pd/C catalyst 
showed negligible loss in catalytic activity after 2 recycles. The positive influ-
ence of microwave heating for the reduction of LA and its esters in the presence 
of secondary alcohols and Ru-supported catalyst was also reported by Al-Shaal 
et al.  [185]. Hydrogenation of LA with 2-propanol over Ru/C catalyst under mi-
crowave heating was more rapid than in a conventional autoclave at 140 and 
160°C. Almost quantitative yield of GVL was observed under microwave heating 
after 1 h at 140°C, while considerable longer reaction times (3 compared to 1 h) 
were required for the same GVL yield using conventional heating [185]. 

7. Thesis outline

As is evident from the introduction given above, the conversion of LA to GVL 
has been studied in great detail the last 5 years. However, the focus has been 
mainly on exploratory catalyst screening studies in particularly batch set ups, 
and more applied studies are close to absent. For instance, detailed kinetics 
studies on the rate of the hydrogenation reaction are very scare, though these 
are essential for the design of efficient reactor configurations. In addition, stud-
ies on catalyst particle level to understand the interplay between mass transfer 
and the intrinsic rate of the hydrogenation reaction have not been reported, 
which is of particular relevance for scale up when larger, mm sized catalyst par-
ticles are used instead of fine powders. The primary objective of this thesis is to 
bridge the gap between fundamental studies on molecular level and those re-
quired for the efficient design of reactors and processes for GVL synthesis. The 
majority of the experiments are performed in water, an example of an environ-
mentally benign solvent, which has shown to be a particularly good solvent for 
LA hydrogenation (vide supra) in combination with Ru, the benchmark catalyst 
for LA hydrogenation.  

In Chapter 2, the effect of various supports for Ru-based catalysts on LA 
hydrogenation to GVL using molecular hydrogen in a batch set-up is reported. 
Catalyst activity and the selectivity to GVL, two important performance crite-
ria, were determined and the best catalysts for subsequent studies were selected. 
In addition, relevant catalytic properties were determined and attempts were 
made to determine correlations between catalyst properties and performance.

In Chapter 3, a systematic study on the influence of several important vari-
ables in the catalyst preparation procedure for the hydrogenation of LA with 
a Ru on titania (anatase) catalyst is provided. Catalyst activity and selectivity 
to GVL were determined in both water and dioxane, the latter being a typical 
example of an organic solvent. Catalyst characterization were carried out to 
rationalize the results and provided important insights in the relation between 
catalyst performance and catalyst preparation procedure.

A detailed kinetic study on the conversion of LA to GVL using a benchmark 
Ru/C catalyst is reported in Chapter 4. Reaction conditions like temperature, hy-
drogen pressure and initial LA concentration were varied in a systematic man-
ner. The experimental data for the hydrogenation of LA to 4-HPA were modeled 
using a Langmuir-Hinshelwood model, the ring-closure of 4-HPA to GVL as 
an acid catalyzed equilibrium reaction.

In Chapter 5 an experimental study on the catalytic hydrogenation of LA in 
a continuous packed bed reactor is reported using mm sized particles. Process 
conditions like temperature and initial concentration of LA were varied, and the 
effects on the LA conversion and GVL selectivity were determined.  Subsequently, 
support effects and Ru loading were probed at benchmark conditions. Catalyst 
deactivation was investigated, and the catalysts were analyzed in detail to gain 
insight in possible deactivation pathways. Finally, effects of mass-transfer on 
catalyst performance and particularly intra-particle hydrogen and levulinic acid 
diffusion limitations were assessed experimentally by performing experiments 
with different particle sizes.
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