
 

 

 University of Groningen

Catalytic Conversion of Levulinic Acid to γ-Valerolactone Using Supported Ru Catalysts:
From Molecular to Reactor Level
Piskun, Anna Sergeevna

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Piskun, A. S. (2016). Catalytic Conversion of Levulinic Acid to γ-Valerolactone Using Supported Ru
Catalysts: From Molecular to Reactor Level. [Thesis fully internal (DIV), University of Groningen].
Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/663ff81c-7afe-4684-8b2f-bca986683494


221 SUMMARY

Summary

Biomass is the only abundant and concentrated source of non-fossil carbon 
available on earth. The conversion of biomass to bio-based chemicals and bio-
fuels has been the focus of intense research and development activities in the 
past decade, with the major objectives to develop effective and environmen-
tally benign technologies, as well as to stimulate the agricultural sector by for 
instance promoting the use of agricultural and forestry residues as input. Recent 
studies predict that the market share of bio-based chemicals in the global chem-
ical industry will increase to 22% in 2025.

Levulinic acid (LA), accessible from C6-sugars, present in a wide variety of 
biomass sources (e.g. lignocellulosic biomass and starch), is considered a very 
attractive platform molecule in current and future biorefinery schemes. The 
use of LA as a resin, plasticizer, textile additive, animal feed, coating material 
and as antifreeze was already recognized long ago. Recently, its potential appli-
cation 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. The presence of both a ketone 
and carboxylic acid group results in high reactivity and interesting modification 
options. Of particular interest is the LA hydrogenation platform, producing in-
teresting chemicals like γ-valerolactone (GVL), pentanoic acid, 1,4-pentanediol 
and methyltetrahydrofuran. GVL is considered as one of the most interesting LA 
derivatives due to its attractive properties. 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. All these properties 
make GVL an ideal sustainable liquid. However, GVL also can be converted to 
interesting derivatives using catalytic technologies. 

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 
investigated, both homogeneous and heterogeneous ones. However, the focus 
has been mainly on exploratory catalyst screening studies in particularly batch 
set ups, and more applied studies are close to absent. 

The primary objective of this thesis is to bridge the gap between fundamental 
studies on molecular level and those required for the efficient design of reactors 
and processes for GVL synthesis. The majority of the studies were performed in 
water, an example of an environmentally benign solvent, which has shown to be 
a particularly good solvent for LA hydrogenation in combination with Ru, the 
benchmark catalyst for LA hydrogenation.  
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In Chapter 2, a systematic experimental study on the catalytic hydrogenation 
of LA with a number of mono- and one bimetallic Ru catalysts (1 wt.% Ru) on 
various supports in water in a batch set up is reported (90°C, 45 bar of H

2
, 2 wt.% 

catalyst on LA). Eight monometallic catalysts were tested on carbon (C, CNT) 
and inorganic supports (Al

2
O

3
, TiO

2
, ZrO

2
, SiO

2
, Nb

2
O

5
 and Beta-12.5). For all cat-

alysts, GVL and 4-hydroxypentanoic acid (4-HPA) were the main products and 
over hydrogenation product were not observed. The best result was found for 
Ru/Beta-12.5 with almost quantitative LA conversion (94%) and 66% of GVL 
yield after 2 h reaction, the remainder being 4-HPA, see Figure 6.1 for details. 
In addition, also very promising results were obtained for Ru/TiO

2
, giving 93% 

LA conversion with 85% of GVL yield and 14% of 4-HPA. Catalyst activity for 
a bimetallic RuPd/TiO

2
 catalyst was by far lower than for the monometallic Ru 

catalyst (9% conversion after 2 h). 

Figure 6.1 Conversion of LA and yield of GVL and 4-HPA after 2 h batch time. Reaction condi-

tions: 90°C, 45 bar H2, CLA,0 = 0.6-0.7 mol/L, mcat = 0.06 g, stirring rate = 2000 rpm.

The catalytic activity was found to be a strong function of the support and 
the highest activity (TOF up to 2.4 mol

LA
/mol

Ru
·s) was observed for Ru/Beta-12.5. 

Relevant catalyst properties were determined (average Ru nanoparticle size, BET 

surface area, micropore area and total acidity) and used to determine correla-
tions between catalyst activity and catalyst properties. It was found that TOF 
values of the catalysts are essentially independent of the catalyst properties 
for Ru/C, Ru/Al

2
O

3
 and Ru/TiO

2
, indicative for a structure insensitive reaction. 

However, the Ru-Beta-12.5 catalyst is a clear exception and the TOF for this 
catalyst is by far higher (factor 5) than for the others (Figure 6.2). This implies 
that the use of very acidic, highly porous supports leads to dramatic changes in 
 support-Ru nanoparticle interactions and has a major (positive) impact on activ-
ity. The exact reason for the high activity of the Ru-Beta-12.5 catalyst needs to 
be established, e.g. by carrying out an experimental study on LA hydrogenation 
using a wider range of zeolite based Ru catalysts with different acidity and other 
structural properties.      

Figure 6.2 Dependence of TOF on catalyst specific surface area (left) and micropore surface 

area (right).

In Chapter 3 a detailed study on the effects of catalyst synthesis parameters 
(Ru-precursor, calcination and/or reduction conditions) on the performance of 
Ru/TiO

2
 (anatase) catalysts was performed. Catalyst performance was evaluated 

in a batch reactor at a hydrogen pressure of 45 bar and using either water (90°C) 
or dioxane (150°C) as solvent. Remarkable differences in catalyst activity was ob-
served for the three precursors (RuCl

3
, RuNO(NO

3
)

3
 and Ru(NH

3
)

6
Cl

3
), with the 

trends in activity being the same in both solvents. The catalyst prepared with 
RuCl

3 
was the most active in both cases and considerably lower LA conversions 

were seen after 4 h for RuNO(NO
3
)

3
 and Ru(NH

3
)

6
Cl

3
. In all cases, GVL was the 

major product, with, as expected, minor amounts of the intermediate 4-HPA for 
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Figure 6.3 Effect of the hydrogen amount in the reduction gas on the Ru particle size diam-

eter for Ru/TiO2 catalysts prepared with RuCl3 precursor with and without a calcination step.

  

the reactions performed in water. The partial pressure of hydrogen during the 
catalyst reduction step has a profound influence on activity. Again the order of 
activity was the same for both solvents, with the best results obtained with the 
catalyst reduced at 10 vol.% of H

2
. The TEM results showed the same particle 

 sizes of around 2.2 nm for the reduction with 10 and 50 vol.% H
2
, while 100 vol.% 

H
2
 leads to agglomeration and an average particle size of 8.4 nm (Figure 6.3).
A negative effect of an intermediate calcination step during catalyst prepa-

ration on the catalytic activity in water for the catalysts prepared with the RuCl
3
 

precursors was found (Figure 6.4). The activity for the calcined catalysts was in 
all cases lower than for the non-calcined ones. Thus, it can be concluded that 
an intermediate calcination step has a clear negative effect on the performance 
of the Ru/TiO

2
 catalysts. A possible explanation is an increase in the average Ru 

nanoparticle sizes when an intermediate calcination step is added to the syn-
thesis protocol. This indeed proved to be the case, see Figure 6.3 for details.

Catalyst characterization studies showed that the different preparation pro-
tocols lead to catalysts with differences in average Ru particle sizes. It was shown 
that catalyst activity (TOF and initial rates) in both water and dioxane is strongly 
correlated with the average Ru particle size, and an optimum activity was found 
for average Ru particle sizes of about 2 - 4 nm (Figure 6.5).

This implies that LA hydrogenation in water using the titania support is 
structure sensitive. The fact that catalysts with similar particle sizes though 
prepared with different precursors show different TOF values suggest that addi-
tional factors than particle size-dependent structure sensitivity must play a role.

Figure 6.4 Effect of the composition of the reduction gas and the use of an intermediate 

calcination step on the initial rate for the catalytic hydrogenation of LA in water for various 

Ru/TiO2 catalysts (prepared using RuCl3 as the precursor) under standard reactions conditions.

.

Figure 6.5 Initial rate and TOF for LA hydrogenation in water versus the average Ru-nanopar-

ticle for the Ru/TiO2 catalysts prepared in this study according to TEM. 

 A possible factor is the difference in amounts of charged and neutral ruthenium 
species, as observed for some selected samples by XPS. Taken together, the data 
suggests that the Ru nanoparticle size is of prime importance for catalytic activ-
ity and that these depend on the various synthesis protocols. 

Comparison of the LA conversion after 4 h reaction time for both water and 
dioxane in the form of a parity plot is provided in Figure 6.6. A reasonable fit 
was obtained, showing that the performance in water and dioxane follow a sim-
ilar trend. As such, the effect of Ru particle size distribution on catalytic activity 
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Figure 6.6 Parity plot with the LA conversion after 4 h reaction time in water and dioxane.

as shown for water, seems to be valid for dioxane as well. In addition, it suggests 
that the molecular mechanism for the hydrogenation reactions in both solvents 
is similar.

A detailed kinetic study on the conversion of LA to GVL using a benchmark 
Ru/C (3 wt.% Ru) catalyst in water is reported in Chapter 4. Reaction conditions 
like temperature, hydrogen pressure and initial LA concentration were varied in 
a systematic manner. A large number of experiments was performed in a tem-
perature range of 70-130°C, a hydrogen pressure range from 30-60 bar and initial 
LA concentrations between 300 and 2500 mol/m3. Only 4-HPA was observed 
as an intermediate in all experiments. In some of the cases,  particularly at low 
temperatures and low initial LA concentrations, the amount of 4-HPA showed 
a clear optimum, see Figure 6.7 (right) for details. These observations indicate 
that the conversion of LA to GVL involves two consecutive reactions: the hydro-
genation of LA to 4-HPA followed by intramolecular esterification of 4-HPA to 
GVL (Scheme 6.1). 

Scheme 6.1 Proposed and modeled reaction network for the hydrogenation of LA to GVL.

Figure 6.7 Experimental and model data for two selected experiments (left: run 7, 90°C, 

45 bar; right: run 11, 90°C, 45 bar).

Kinetic modelling activities revealed that particularly intra-particle diffusion 
limitation of both LA and hydrogen affect the overall reaction rates. As such, 
a heterogeneous model was developed incorporating both diffusion and reac-
tion rates. The intrinsic kinetics of the hydrogenation reaction of LA to 4-HPA 
was successfully modelled using a Langmuir-Hinshelwood type expressions 
with competitive adsorption of LA and GVL on the surface of catalyst. The sub-
sequent intramolecular esterification of the hydrogenation product 4-HPA to 
GVL was modelled as a homogeneous acid catalyzed equilibrium reaction. Good 
agreement between experimental concentration versus time profiles and the 
model was obtained (Figure 6.7). 

The kinetic parameters extracted from the heterogeneous model were com-
pared with that of a homogeneous model, which assumes the absence of diffusion 
limitations. The main difference between both models is the activation  energy 
for the hydrogenation reaction, which was by far lower for the homogeneous 
model. The modelling activities indicated that the hydrogenation of LA with hy-
drogen in water using Ru/C is a fast reaction, for which diffusion limitations and 
particularly intra-particle limitations of both LA and hydrogen play a significant 
role, even with the relatively small catalyst particle sizes (d

p
 = 60 × 10-6 m) and 

the low catalyst hold-up used in this study. As such, experimental data on LA hy-
drogenations in water using supported Ru catalysts should be considered care-
fully as the reported conversion rates may have been affected by intra-particle 
diffusion limitation. The kinetic model developed here may be used for further 
reactor engineering studies and particularly for selection of the most suitable 
reactor configuration (e.g. packed bed versus slurry reactors) and reactor sizing.  
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In Chapter 5 an experimental study on the catalytic hydrogenation of LA to 
GVL in a continuous packed bed reactor is reported. Ru catalysts on various sup-
ports (C, γ-Al

2
O

3
, TiO

2
) with particle sizes in the mm range were examined in 

water (90°C, 45 bar oh hydrogen, WHSV = 30 g
feed

/g
cat

·h, 2 g of catalyst). 
For millimeter sized catalyst particles, intraparticle mass transfer limitation 

of both hydrogen and LA occurred to a significant extent, as was proven by cal-
culations and experimental studies (Figure 6.8). As such, the experimental data 
are strongly biased by mass transfer limitations, limiting conclusions regarding 
the intrinsic activity and stability of the catalysts. 

Figure 6.8 Effect of initial LA concentration on average LA conversion over 6 hours on stream 

for two Ru/C catalysts with extremes toward Ru loading. 

Within the range of ruthenium catalysts, the Ru/C showed the highest ac-
tivity (LA conversion between 92 and 98%) and GVL yield for 6 h on stream 
with negligible deactivation. Ru/Al

2
O

3
 was found to be less active (26-31% of LA 

conversion) and stability was also considerably reduced due to reactivity of the 
support. Ru/TiO

2
 was considerably less reactive (26% of LA conversion), though 

stability was better than for the alumina based counterpart.
 Long duration experiments (52 h) for the Ru/C (0.5 wt.% Ru) catalyst revealed 

the occurrence of a small though significant reduction in catalyst performance 
(from 95 to 82% LA conversion), as shown in Figure 6.9. This deactivation is 
mainly caused by the loss of surface area (BET, from 1110 m2/g to 390 m2/g), 
 likely by coke deposition, and Ru sintering (TEM-HAADF), whereas Ru leaching 
(below 3% on intake) appears to be of minor importance. However, the latter is 
of prime importance for further scale up, as loss of expensive Ru metal is highly 

undesirable and will have a strong negative effect on the techno-economic vi-
ability of the process. Further catalyst development will be required to reduce 
Ru leaching levels, e.g., by optimization of the catalyst synthesis procedure and 
the addition of promoters. In addition, coke removal strategies need to be de-
veloped, for instance by (mild) oxidation using air. This will require detailed in-
sights in the nature of the coke, to avoid oxidation of the actual carbon support 
due to the regeneration step.

Figure 6.9 Reaction profile for a continuous LA hydrogenation experiment over Ru/C (0.5 wt.% 

Ru) catalyst. 

The catalytic hydrogenation described above was carried out using a cata-
lyst as received, i.e., without a pre-reduction step before reaction. To determine 
the effect of a pre-reduction step with hydrogen, an experiment was carried 
out using the Ru/C catalyst (0.5 wt.% Ru) with pre-reduction of the catalyst 
in the reactor at 350°C for 4 h (250 mL/min gas flow consisting of 10 vol.% H

2
 

in 90 vol.% N
2
 at 20 bar pressure). The results of the experiment are given in 

Figure 6.10 and reveal that the pre-activation step has a negative effect on cat-
alyst performance. LA conversion (average value in the steady state) dropped 
from 95% to 75% after the activation step. The observed reduced activity after 
the reduction step may be due to a slightly higher Ru-nanoparticle size, what 
was proven by TEM-analysis. This increase could be due to some sintering of 
the Ru-nanoparticles during the activation step. However, other factors may 
play a role as well, for example, differences in the extent of Ru leaching during 
a run.


