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Abstract

γ-Valerolactone (GVL) has been identified as a sustainable platform chemical 
for the production of carbon-based chemicals. We here report an experimental 
study on the catalytic hydrogenation of levulinic acid (LA) in water to GVL in 
a packed bed reactor using supported Ru catalysts (carbon, alumina, and titania) 
with particle sizes in the millimeter range (C

LA,0
 = 1.2 mol/L, LA feed = 1 mL/min, 

H
2
 feed = 30 mL/min, 90°C, 45 bar, and WHSV = 30 g

feed
/g

cat
·h). Intraparticle dif-

fusion limitations for hydrogen and LA were confirmed by performing LA hy-
drogenation experiments with different catalyst particle sizes (0.5 wt.% Ru/C) 
and supported by calculations. The best performance was obtained with Ru/C, 
showing high LA conversion during 6 h on stream with negligible deactivation. 
Ru/Al

2
O

3
 was found to be less active, and stability was also considerably reduced 

due to the reactivity of the support. Ru/TiO
2
 was considerably less reactive, 

though stability was better than that for the alumina based counterpart. A long 
duration test (52 h) for Ru/C (0.5 wt.% of Ru) showed a small though significant 
reduction in LA conversion (from 95 to 82 mol.%). Catalyst characterization 
studies showed a significant decrease in the specific surface area of the catalyst 
(from 1110 m2/g to 390 m2/g) and sintering of the Ru particles (TEM-HAADF).

Keywords: levulinic acid hydrogenation, γ-valerolactone, Ru-catalysts, packed 
bed reactor, flow chemistry

1. Introduction

The conversion of biomass into platform molecules with a broad application 
range has attracted a great deal of attention in the last 15 years [1]. γ-valerolac-
tone (GVL) is an example of a platform molecule and has large potential to serve 
as a feed for renewable chemicals like solvents, for bulk chemicals like methyl-
pentenoates and adipic acid, as an intermediate in fine chemicals synthesis and 
for fuel (additives), commonly referred to as “valeric biofuels” [2]-[5]. 

The catalytic hydrogenation of levulinic acid (LA) is an effective synthetic 
methodology for the synthesis of GVL. The latter can be obtained by the de-
hydration of C6-sugars in acidic media  [6],[7]. The catalytic hydrogenation of 
LA involves a two-step sequence: a metal-catalyzed hydrogenation of LA to 
4-hydroxypentanoic acid (4-HPA) followed by an acid-catalyzed intra molecular 
esterification to GVL (Scheme 5.1). 

Scheme 5.1 Proposed reaction scheme for the catalytic hydrogenation of LA to GVL.

Extensive research has been performed on the hydrogenation of LA to GVL 
using homogeneous  [8]-[11] and heterogeneous  [12]-[27] catalysts. Especially, 
supported metal catalysts have received high attention. Manzer  [17] screened 
the catalytic activity of Ir, Rh, Pd, Ru, Pt, Re and Ni supported on activated car-
bon (5 wt.% Ru) and showed that Ru was the most active and selective for GVL 
formation. An overview of the performance of Ru catalysts on various supports 
in batch set-ups is given in Table S5.1 (Appendices). Most studies involve the 
use of Ru on a carbon support in various solvents (among others water, diox-
ane, alcohols, DMSO, and various solvent combinations), and excellent yields 
of GVL have been reported (> 99%). The addition of a solid acid (e.g. amberlyst, 
sulphated zirconia) was shown to be beneficial in some cases. Other supports 
have been tested as well, and examples include silica, alumina, niobia, titania, 
ZSM-5 and hydroxyapatite. Significant support effects were observed, though 

Piskun, A.S.; de Haan, J.E.; Wilbers, E.; van de Bovenkamp, H.H.; Tang, Z.; Heeres, H.J. Hydro-

genation of Levulinic Acid to γ-Valerolactone in Water Using Millimeter Sized Supported Ru 

Catalysts in a Packed Bed Reactor. ACS Sustainable Chem. Eng. 2016, 4(6), 2939-2950.
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a proper comparison is difficult as most studies are focused on one support only 
and systematic studies are generally lacking. 

Besides batch studies, the catalytic hydrogenation of LA to GVL using sup-
ported catalysts has also been reported in continuous set-ups, and an overview 
is given in Table 5.1. In the Table, not only the performance of Ru catalyst are 
provided, but data for bimetallic Ru catalysts (with Re, Sn) and monometallic 
Rh, Pd and Pt are given as well. A wide variety of supports, solvents and reaction 
conditions were tested. Most of the reactions were performed in water and typi-
cal reaction conditions are between 50 and 265°C with hydrogen pressures rang-
ing 4-60 bar, though in some cases formic acid was used as the hydrogen 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 conversions 
were in general excellent (90% plus), with GVL selectivity’s between 4 and 99%.   

However, most studies describe the use of heterogeneous catalysts with 
small particle sizes (d

p 
≤ 100 μm). Typical particle sizes for packed bed reactors 

in commercial operation are normally in the mm range to avoid excessive pres-
sure drop. Only a few studies were performed with particles sizes > 100 μm, 
see Table  5.1 for details. Lange and co-workers, used 1% Pt/TiO

2
 extrudates 

(1.6 mm) [41] for the hydrogenation of LA with GVL as the solvent (200°C and 
40 bar of H

2
). High LA conversion (> 85%), high selectivity to GVL (> 95%) and 

a low level of deactivation for 100 h on stream (conversion of LA decreased 
from 98 to 85%) were observed. In very recent paper, Moreno- Marrodan re-
ported the catalytic activity of a bifunctional Ru on DOWEX (gel-type resin) 
in water at mild conditions (70°C, 5 bar H

2
)  [36]. Catalysts with two different 

bead sizes (84 ± 8 and 276 ± 2 μm) were prepared and tested. The catalyst with 
smaller particle diameters resulted 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 intrinsic kinetics are similar or faster than intra-particle mass 
transfer rates. This is an important finding as optimization strategies for hy-
drogenations performed in the kinetic regime are different for those in the 
mass transfer limited regime.  

We here report an experimental study on the catalytic hydrogenation of LA 
with Ru based catalysts on various supports with particle sizes in the millimeter 
range in a continuous packed bed reactor. Such systematic studies on represen-
tative Ru catalyst particles in the millimeter range have not been reported in the 
literature (Table 5.1). Initial experiments in the packed bed reactor were carried 
out using Ru/C, the benchmark catalyst of this study. Process conditions like 

Table 5.1 Literature overview on LA hydrogenation in continuous set-ups using heteroge-

neous catalysts.

Catalyst Solvent Reaction conditions
WHSV, 

gfeed/gcat.h
LA con-

version, %
GVL selec-

tivity, %
Ref

Catalyst powder (dp ≤ 100 μm)
Ru/C
(5 wt.% Ru)

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

32
Start: 90
106 h: 68

Start: 96
106 h: -

[28]

Ru/C
(5 wt.% Ru)

H2O
Packed-bed (downflow), 150°C, 
FA + H2 (35 bar)

- 35 > 98 [29]

Ru/C
(5 wt.% Ru) 
(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-81

[30]

Ru/C
(5 wt.% Ru)

1-Butanol/
H2O

Packed-bed (downflow), 180°C, 
H2 (35 bar)

0.9 91 97.8 [31]

Ru/C
(5 wt.% Ru)

Dioxane
Packed-bed (downflow), 265°C, 
H2 (1-25 bar)

0.5 100 > 96 [32] 

Ru/C
(5 wt.% Ru)

2-sec bu-
tylphenol

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

3.6 - 77 [33]

RuRe(3:4)/C
(15 wt.% RuRe)

H2O Packed-bed (downflow), 150°C, 
FA + H2 (35 bar)

- 15-40 > 95 [29]

Ru-Sn(1:4)/C GVL Packed-bed (upflow), 180-260°C, FA 0.36-2.4 - - [34]
RuSn (3,6:1)/C
(5 wt.% RuSn)

2-sec-bu-
tylphenol

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

2.2 98 96
[35]

1.5 46 93

RuxSny/C
2-sec bu-
tylphenol

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

1.2 - 73-100 [33]

Ru/DOWEX
(0.87 wt.% Ru) 
(dp=84 μm)

H2O
Fixed-bed (concurrent flow), 70°C, 
H2 (5 bar)

0.52 100 99 [36]

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

-
Packed-bed (downflow), 180°C, 
FA + butylformate + H2 (35 bar)

0.9 96 99 [31]

Zr/Beta-100
sec- 
alcohols

Fixed-bed (downflow), 118°C, 
2-pentanol

- 100 > 96 [37]

Rh/SiO2

(4 wt.% Rh)
H2O

Tubular-flow reactor, 80°C, 
H2 (60 bar)

- 100 77
[38]

Rh-MoOx/SiO2

(4 wt.% Rh)
- 100 35

Mo2C/CNT
(20 wt.% Mo)

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

LHSV=3 h-1 100 > 90 [39]

Catalyst particles (dp ≥ 100 μm)

Ru/DOWEX 
(0.87 wt.% Ru) 
(dp=276 μm)

H2O
Fixed-bed (concurrent flow), 70°C, 
H2 (5 bar)

0.47 90 99 [36]

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: 92

460 h: 83
[40]

Pt/TiO2

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

GVL Packed-bed, 200°C, H2 (40 bar) 9
Start: 98
100 h: 85

> 95 [41]
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temperature and initial concentration of LA were varied, and the effects on the 
LA conversion and GVL selectivity were determined. Effects of mass-transfer 
on catalyst performance and particularly intraparticle hydrogen and LA mass 
transfer were assessed experimentally by performing experiments with different 
particle sizes. The findings are supported by the determination of relevant mass 
transfer limitation criteria. Finally, support effects and Ru loading (Ru/Al

2
O

3
, 

0.3 and 0.5 wt.% Ru; Ru/TiO
2
, 1 wt.% Ru; and Ru/C, 0.5, 2, and 5 wt.% Ru) were 

probed at benchmark conditions. Catalyst performance at longer runtimes was 
investigated, and the catalysts were analyzed in detail (TEM-HAADF, BET) after 
reaction to gain insight into possible deactivation pathways.

2. Experimental section

2.1. Materials

Levulinic acid (purity > 98%, less than 1 wt.% H
2
O) and dioxane (purity > 99%) 

were purchased from Acros Organics. Deuterium oxide (purity 99.9%) and 
RuCl

3
·xH

2
O (35-40 wt.% Ru) were purchased from Sigma-Aldrich. Hydrogen 

and nitrogen gas were from Linde Gas (purity 99.9%). All chemicals were used 
without purification. 

All catalysts/supports were provided in the mm range and, when required, 
were crushed and  sieved to particle diameters between 1.25-2.5 mm. Ru/C 
(0.5 wt.% Ru, 3.98 wt.% H

2
O and 2 wt.% Ru, 1.3 wt.% H

2
O) and Ru/γ-Al

2
O

3
 

(0.5 wt.% Ru, 2.2 wt.% H
2
O) were obtained from Johnson Matthey, Ru/C (5 wt.% 

Ru, 43.6 wt.% H
2
O) from (Evonik) and Ru/γ-Al

2
O

3
 (0.3 wt.% Ru, < 5 wt.% H

2
O) 

from BASF. The TiO
2
 support (Ti 1100E, anatase phase) was obtained from BASF. 

Ru/TiO
2
 (1 wt.% Ru) was prepared by a wet impregnation procedure in water 

using RuCl
3
·xH

2
O as the precursor (50°C for 24 h). The catalyst was reduced at 

450°C for 4 h in a H
2
/N

2 
flow (10% H

2
). 

2.2. Catalyst characterization

TEM on catalyst samples was performed uisng an electron microscope CM12 
(Philips, Eindhoven, The Netherlands) operating at 120 keV. Samples were made 
by ultra-sonication in ethanol and dropping the suspension onto carbon coated 
400 mesh copper grids. Images were taken on a slow scanning CCD camera. At 

least 100 nanoparticles were measured to determine the average Ru nanoparti-
cle size diameter.

Nitrogen physisorption experiments (BET) were carried out in a  Micromeritics 
ASAP 2020 at -196.2°C. The samples were degassed in vacuum at 200°C for 10 h. 
The surface area was calculated using the standard BET method (SBET). The 
 single point gas adsorption pore volume (VT) was calculated from the amount 
of gas adsorbed at a relative pressure of 0.98 in the desorption branch. The pore 
size distributions (PSD) were obtained from the BJH method using the adsorp-
tion branch of the isotherms. The mean pore size (ФBJH) is given by the position 
of the PSD maximum. The t-plot method was employed to quantify the microp-
ore volume (V

m
).

2.3. Description of the hydrogenation set-up

The hydrogenation set-up is schematically depicted in Figure 5.1 and is con-
structed from stainless steel 316L. The set-up consists of a feeding section, 
a preheating section (ID = 0.6 cm, L = 13.5 cm), a reaction section (ID = 0.6 cm, 
L = 13.5 cm) and a gas-liquid separator. The liquid feed is fed to the setup  using 
a piston pump (Williams P250 V225), the hydrogen is fed from a cylinder, the 
pressure and flow rate are controlled by a Brooks 5866 pressure controller and 
Bronkhorst F-211-C-FA-11-V flow controller. The reactor and pre-heater are 
 heated electrically. After the reactor, a back pressure valve (Tescom 26-1726-24) 
is installed to reduce the pressure to atmospheric values. Subsequently, the 
liquid and gas phases are separated in a gas-liquid separator. The gas, mainly 
hydrogen, is mixed with nitrogen and vented. The liquid phase is collected and 
weighed. Temperature and pressure are monitored at various locations; viz. at 
the entrance and exit of the reactor (temperature), and before the preheating 
section and after the reactor section (pressure).   

2.4. Experimental procedure for the packed bed set-up

All experiments were carried out in the hydrogenation setup as described in 
the previous section. The following ranges of process conditions were tested: 
 reactor temperatures between 90 and 150°C, a LA feed concentration in water 
between 0.1 and 11.2 M and catalyst intakes between 2 and 5 g. 
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Figure 5.1 Schematic representation of the continuous reactor set-up.

The aqueous LA feed solution at the desired concentration was prepared by di-
luting pure LA with deionized water (Milli-Q water). During all experiments, the vol-
umetric feed flow rate was kept constant (1 mL/min). All catalysts were used without 
a preliminary reduction/activation step, and fresh catalyst was used for each ex-
periment. Typically, 2 g of catalyst was charged into the reactor. Subsequently, the 
aqueous LA solution was fed to the reactor and the pressure was increased to 45 bar. 
The reactor was heated to the pre-determined temperature (between 90 and 150°C), 
and the hydrogen flow was started. After the temperature of the liquid reactor exit 
reached 85°C, the outlet valve of the gas-liquid separator was closed, and this mo-
ment was set as the beginning of the reaction (t = 0 h). Liquid samples were taken 
every 15 minutes by emptying the content of the gas-liquid separator.

2.5. Analytical procedure

The composition of a reaction mixture (LA, 4-HPA and GVL) was determined 
quantitatively by 1H-NMR. A sample (approximately 200 µL) was weighed, 
dissolved in D

2
O and dioxane (internal standard, IS, 10 µL) was added. All 

spectra were integrated using MestReNova software. The number of moles of 

a component in a sample was calculated using Eq. 5.1:

168

standard, IS, 10 µL) was added. All spectra were integrated using MestReNova software. The number

of moles of a component in a sample was calculated using Eq. 5.1:  =     x       x       (5.1)

where Na is the number of moles of a in the sample, NIS the known amount of moles of the internal

standard in the sample, Ia is the peak area of the methyl group of component A (δ 2.1 ppm for LA, δ

1.03 ppm for 4-HPA and δ 1.3 ppm for GVL, IIS peak area of the CH2 groups in dioxane at δ 3.6 ppm

and HIS and Ha are the number of H atoms corresponding with the relevant NMR peak (3 for Ha and 8

for HIS). The concentrations of LA, GVL and 4-HPA in the samples were calculated using Eq. 5.2:  =
    ×             (5.2)

where Vt is the liquid volume in the NMR tube and Df the dilution factor, which was calculated using

Eq. 5.3.  =
           ℎ         +              +                                      ℎ             (5.3)

2.6. Mole balance closure 
The mole balance closure for the continuous runs was evaluated by comparing the sum of

the amounts of products (4-HPA and GVL) and unconverted LA with the initial intake of LA. Mole

balance closure at steady state operation of the set-up was very good and was between 97.8 and >

99.9%.

2.7. Definitions 
The conversion of LA, the yield and the selectivity of 4-HPA and GVL were calculated

according to Eq. 5.4-5.7:    =
   , −       , × 100 % (5.4)

    =
   , −    −          , × 100 % (5.5)

      =
   , −    −        , × 100 % (5.6)

  =
     × 100% (5.7)

where XLA is the conversion of LA (mol.%); CLA,0 the inlet concentration of LA (mol/L); CLA the

concentration of LA in the exit stream (mol/L); YGVL the yield of GVL (mol.%); Y4-HPA the yield of 4-HPA

(mol.%) and Si the selectivity to GVL or 4-HPA (mol.%).

 (5.1)

where N
a
 is the number of moles of a in the sample, N

IS
 the known amount of 

moles of the internal standard in the sample, I
a
 is the peak area of the methyl 

group of component A (δ 2.1 ppm for LA, δ 1.03 ppm for 4-HPA and δ 1.3 ppm 
for GVL, I

IS 
peak area of the CH

2
 groups in dioxane at δ 3.6 ppm and H

IS 
and H

a
 

are the number of H atoms corresponding with the relevant NMR peak (3 for H
a
 

and 8 for H
IS

). The concentrations of LA, GVL and 4-HPA in the samples were 
calculated using Eq. 5.2:
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t
 is the liquid volume in the NMR tube and D

f
 the dilution factor, which 

was calculated using Eq. 5.3.
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where X
LA

 is the conversion of LA (mol.%); C
LA,0

 the inlet concentration of LA 
(mol/L); C

LA
 the concentration of LA in the exit stream (mol/L); Y

GVL
 the yield of 

GVL (mol.%); Y
4-HPA

 the  yield of 4-HPA (mol.%) and S
i
 the selectivity to GVL or 

4-HPA (mol.%).
The space time yield (STY g

LA
/g

Ru
·h) was calculated using Eq. 5.8. 
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The space time yield (STY gLA/gRu·h) was calculated using Eq. 5.8.   =
(   , −    ) ×  ×                   (5.8)

where φ is the volumetric flow rate of the feed (L/h); MLA the molar mass of LA (g/mol); mRu the mass

of ruthenium in the catalyst in the packed bed reactor (g).

3. Results and discussion 

3.1. Catalyst characterization 
The catalysts were characterized using nitrogen physisorption (BET surface area) and TEM.

The latter was used to determine the average metal nanoparticle size distribution, which is an

important characteristics for catalyst performance. An overview of the data is given in Table 5.2.

Representative TEM images are given in Figure 5.2.

Table 5.2 Overview of catalysts characterization studies.

Catalyst Ru loading, wt.% BET surface area, m2/g Average diameter of Ru nanoparticles, nm 
Ru/C 0.5 1110 8.4a

Ru/C 2 950 6.5
Ru/C 5 1030 9.2
Ru/γ-Al2O3 0.3 180 1.9
Ru/γ-Al2O3 0.5 102 5.8
Ru/TiO2 1 96 2.0

a Strongly agglomerated nanoparticles

Considerable differences in the average Ru nanoparticle sizes were observed (between 1.9

and 9.2 nm). The ruthenium particle sizes for the C based catalysts are at the high end of the range

and all above 6.5 nm. However, the particles for the Ru/C (0.5 wt.% Ru) are strongly agglomerated,

and the individual particles are by far smaller. The particles sizes for the two alumina based catalysts

differ considerably (5.8 and 1.9 nm).

The highest catalyst surface area was detected for the Ru/C catalysts and varied in range 950-

1110 m2/g; the exact value depends on ruthenium loading. The smallest surface areas (around 100

m2/g) were found for the Ru/γ-Al2O3 (0.5 wt.% Ru) and Ru/TiO2 (1 wt.% Ru) catalysts.

 (5.8)

where Φ is the volumetric flow rate of the feed (L/h); M
LA

 the molar mass of LA 
(g/mol); m

Ru
 the mass of ruthenium in the catalyst in the packed bed reactor (g). 

3. Results and discussion

3.1. Catalyst characterization

The catalysts were characterized using nitrogen physisorption (BET surface 
area) and TEM. The latter was used to determine the average metal nanoparticle 
size distribution, which is an important characteristics for catalyst performance. 
An overview of the data is given in Table 5.2. Representative TEM images are 
given in Figure 5.2.

Table 5.2 Overview of catalysts characterization studies.

Catalyst Ru loading, wt.% BET surface area, m2/g Average diameter of Ru nanoparticles, nm

Ru/C 0.5 1110 8.4a

Ru/C 2 950 6.5

Ru/C 5 1030 9.2

Ru/γ-Al2O3 0.3 180 1.9

Ru/γ-Al2O3  0.5 102 5.8

Ru/TiO2 1 96 2.0

a Strongly agglomerated nanoparticles

Figure 5.2 Representative TEM images for Ru/C (5 wt.% Ru) (left) and Ru/TiO2 (1 wt.% Ru) 

(right).

Considerable differences in the average Ru nanoparticle sizes were observed 
(between 1.9 and 9.2 nm). The ruthenium particle sizes for the C based catalysts 
are at the high end of the range and all above 6.5 nm. However, the particles for 
the Ru/C (0.5 wt.% Ru) are strongly agglomerated, and the individual particles 
are by far smaller. The particles sizes for the two alumina based catalysts differ 
considerably (5.8 and 1.9 nm).

The highest catalyst surface area was detected for the Ru/C catalysts and var-
ied in range 950-1110 m2/g; the exact value depends on ruthenium loading. The 
smallest surface areas (around 100 m2/g) were found for the Ru/γ-Al

2
O

3
 (0.5 wt.% 

Ru) and Ru/TiO
2

 (1 wt.% Ru) catalysts.

3.2. Initial screening studies with a mm sized Ru/C catalyst

Initial experiments were performed using a mm sized Ru/C (0.5 wt.% Ru) cata-
lyst average particle diameter of 1.88 mm) for a 6 h runtime. Benchmark reaction 
conditions are given in Table 5.3. 

The concentrations versus runtime profiles for the three main components 
(LA, 4-HPA, and GVL) for a representative run are given in Figure 5.3. The ex-
periment was carried out in triplicate, and the average value as well as the error 
bars are given. Clearly, the experiments are reproducible, with relatively low 
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errors in the LA and GVL concentrations. The error in the 4-HPA concentration 
is slightly higher, likely due to analytical issues related to the thermal sensitivity 
of 4-HPA and its conversion to GVL upon storage.

Table 5.3 Benchmark conditions for a continuous experiment.

LA inlet concentration 1.2 mol/L

LA feed rate 1 ml/min

H2 feed rate 30 ml/min

Temperature 90 °C

Hydrogen pressure 45 bar

WHSV 30 gfeed/gcat·h

Time on stream 6 h

Figure 5.3 Exit concentrations versus runtime profiles for a continuous LA hydrogenation ex-

periment using Ru/C (0.5 wt.% Ru) catalyst. Conditions: see Table 5.3.

It is evident that steady state is achieved after about 1-2 h on stream. In the 
steady state regime, the LA conversion was high (92%), and negligible deacti-
vation was observed after 6 h on stream. The selectivity toward GVL was about 
77%, the remainder being 4-HPA. Other byproducts like hydrogenation prod-
ucts of GVL (methyl-tetrahydrofuran and pentanoic acid) were not observed, 
and the selectivity toward the sum of 4-HPA and GVL was close to quantitative. 
The ratio GVL/4-HPA after the 6 h runtime is 8.0, which is far from the equilib-
rium constant for the intramolecular esterification reaction of 4-HPA to GVL in 

water at 90°C (17-19)  [42]. This suggests that equilibrium is not attained under 
the prevailing experimental conditions.

3.3. Effect of pre-reduction of the catalyst

The catalytic hydrogenation described above was carried out using a catalyst 

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) at conditions given in Table 5.3, 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 5.4 and reveal that the pre-activation step 
has a negative effect on catalyst performance. LA conversion (average value in 
the steady state) dropped from 95% to 75% after the activation step. A possi-
ble explanation involves an increase in the average Ru-nanoparticle size by the 
reduction step, which is known to affect the rate of the hydrogenation reac-
tion [43],[44]. As such, the catalysts after reaction were analyzed using TEM, and 
the results are given in Figure 5.5.

Figure 5.4 Conversion of LA with as received and pre-reduced Ru/C catalysts (0.5 wt.% Ru).  

Conditions: see Table 5.3.
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Figure 5.5 TEM images of a Ru/C catalyst (0.5 wt.% Ru) after a hydrogenation reaction with-

out (left) and with (right) prior catalyst activation. Reaction conditions: see Table 5.3.

The average ruthenium nanoparticle size after reaction differs slightly for 
both samples and is 1.5 nm at standard conditions and 1.9 nm when using a re-
duction step. As such, the observed reduced activity after the reduction step 
may be due to a slightly higher Ru-nanoparticle size. 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 (vide infra).

3.4. Effect of LA feed concentration

When considering process economics, the use of an external solvent should be 
avoided to reduce workup and solvent recycle costs. DSM recently reported [14] 
the hydrogenation of LA with molecular hydrogen and Ru/C (5 wt.% Ru) in 
batch setups using highly concentrated LA solutions (130°C, 20.6 bar of hydro-
gen pressure). This shows that operation at high LA concentrations is possible. 
Al-Shaal et al. also reported experiments in neat LA, and quantitative LA con-
version was observed within 40 min in a batch set up [20]. In this study, consid-
erably higher temperatures (190°C) and Ru/C with a small average particle size 
(< 100 μm) were used.

We have performed a number of experiments at benchmark conditions (Ta-
ble  5.3), using a Ru/C catalyst (0.5 wt.% Ru) with different inlet LA concentra-
tions (0.1 to 11.2 mol/L) to determine the effect of initial LA concentration on the 
conversion and selectivity and to assess whether operation with an undiluted 
LA feed is feasible in a continuous setup. A summary of the average steady state 
conversion for 6 h on stream experiments with different inlet LA concentrations 
is shown in Table 5.4.

Table 5.4 Overview of LA hydrogenation experiments with different LA inlet concentrations.a 
# Inlet LA concentration, mol/L Average LA conversionb, mol.% STY, gLA/gRu·h

1 0.1 100 77

2 0.5 100 369

3 1.1 92 770

4 5.8 20 1033

5 11.2 5 367

a Reaction conditions: see Table 5.3. b Average conversion for a 6 h run.

The inlet LA concentration has a remarkable effect on the LA conversion 
(Table 5.4). Quantitative LA conversion is possible only at low initial LA con-
centrations (0.1 and 0.5 mol/L). With increasing inlet LA concentration, the LA 
conversion decreases and is less than 6% at 11.2 mol/L (pure LA).

The STY versus the inlet LA concentration is given in Figure 5.6 and shows 
an optimum at a LA concentration of about 6 mol/L. Possible explanations for 
the observed reduction in activity at high LA concentration are medium effects 
(solvent properties of water and LA differ considerably), which will affect both 
the intrinsic catalyst activity as well as the rate of mass transfer, which plays 
a major role in the packed bed reactors with larger catalyst particles (vide infra).

To enhance the LA conversion at high LA inlet concentrations, two  additional 
experiments were performed. The first was carried out at a higher reaction tem-
perature (150°C instead of 90°C), higher hydrogen flow rate (120 mL/min instead 
of 30 mL/min), and higher catalyst intake (5 g instead of 2 g); see Table 5.5 for 
details. The LA conversion increased to 54% (compared to 5% at standard con-
dition; Table 5.4, entry 3).
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Figure 5.6 Effect of inlet LA concentration on the STY for 6 h experiments with the Ru/C 

(0.5 wt.% Ru) catalyst. Conditions: see Table 5.3.

Table 5.5 Catalyst performance for LA hydrogenation in the continuous set up at different 

temperatures using Ru/C.a 

# T, °C H2 feed, ml/min mcat, g
Inlet LA
concentration, mol/L

XLA
b, 

mol.%
WHSV, 
gfeed/gcat·h

STY, gLA/gRu·h

1 90 30 2 1.2 92 30 770

2 130 30 2 1.2 99 30 830

3 130 30 1.4 1.3 75 48 990

4 150 30 1.4 1.4 84 48 1240

5 150 120 5 11.2 54 12 1685

aAll experiments were performed using Ru/C (0.5 wt.% Ru), 45 bar Hydrogen pressure, a LA 

feed rate of 1 ml/min. b Average LA conversion for the 6 h run.

The second experiment was performed at a higher catalyst intake (4.75 g in-
stead of 2 g) and hydrogen flow rate (200 mL/min instead of 30 mL/min) at 90°C. 
During this experiment, the feed mass flow rate was slowly reduced, and the re-
sults are given in Figure 5.7. The LA conversion increased from 30% at the high-
est flow rate to 70% at the lowest. Higher LA conversion could not be attained 
as the flow rate could not be reduced below 0.2 g/min (lower limit of the pump). 
Thus, higher LA conversions when using concentrated LA feeds are possible by 
tuning reaction conditions, though quantitative LA conversion for a high LA 
 inlet concentration was not possible at the experimental window of operation.

Figure 5.7 LA hydrogenation using a concentrated LA feed versus runtime and feed mass 

flow rate for a Ru/C catalyst (0.5 wt.% Ru, CLA,0 = 8.9 mol/L, LA feed = 1 – 0.2 g/min, H2 

feed = 200 ml/min, 90°C, 45 bar, mcat = 4.75 g).

Figure 5.8 Conversion of LA with the Ru/C (0.5 wt.% Ru) catalyst for reactions at 130 and 

150°C. Conditions: see Table 5.5, entries 3 and 4.

3.5. Catalyst performance of the Ru/C catalyst (0.5 wt.% Ru) at 
elevated temperatures

The performance and particularly the stability of the Ru/C catalyst at elevated 
temperature was determined by performing additional experiments with the 



195194

3. Results and discussionCHAPTER 5 CHAPTER 5 3. Results and discussion

Ru/C catalyst at 130 and 150°C (Table 5.5, entries 3 and 4). The results are provid-
ed in Figure 5.8. Catalyst activity at the start of the run is higher at 150°C (84%) 
than at 130°C (75%). This difference is relatively small, rationalized by consid-
ering that the overall reaction rate is also affected by mass transfer effects (vide 
infra), which are by far less temperature sensitive than intrinsic kinetics. The 
LA conversion is a function of the runtime, indicative for some catalyst deacti-
vation at these temperatures. The stability at 150°C is lower than that at 130°C, 
which is evident from the slope of the conversion versus time profiles. Thus, it 
appears that some catalyst deactivation occurs for runs at elevated temperature 
for runtimes of 6 h.

3.6. Mass transfer effects on observed reaction rates

In a three phase hydrogenation reaction (gas-liquid-solid), the observed rate of 
reaction depends on the intrinsic reaction rate and the rate of mass transfer of 
hydrogen and LA to the active sites on the catalyst surface. In the extreme case, 
mass transfer limitation determines the observed rate, for instance when using 
large catalyst particles, poorly soluble gases, and inappropriate mixing. In the 
case of pure hydrogen, mass transfer of soluble hydrogen in the liquid phase to 
the surface of the catalyst, as well as intraparticle hydrogen transport may be 

limiting, and the same holds for LA.
The experimental data allow the assessment of possible intraparticle mass 

transfer limitations using the criteria defined by Weisz and Prater (Equation 5.9).
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Figure 5.8 Conversion of LA with the Ru/C (0.5 wt.% Ru) catalyst for reactions at 130 and 1500C. Conditions: see

Table 5.5, entries 3 and 4.

3.6. Mass transfer effects on observed reaction rates 
In a three phase hydrogenation reaction (gas-liquid-solid), the observed rate of reaction

depends on the intrinsic reaction rate and the rate of mass transfer of hydrogen and LA to the active

sites on the catalyst surface. In the extreme case, mass transfer limitation determines the observed

rate, for instance when using large catalyst particles, poorly soluble gases, and inappropriate mixing.

In the case of pure hydrogen, mass transfer of soluble hydrogen in the liquid phase to the surface of

the catalyst, as well as intraparticle hydrogen transport may be limiting, and the same holds for LA.

The experimental data allow the assessment of possible intraparticle mass transfer

limitations using the criteria defined by Weisz and Prater (Equation 5.9).    =
−    ×      ×     ≤ 0.3 (5.9)

Here, Rexp = experimentally observed reaction rate (mol/m3
cat·s); rp = radius of catalyst

particle (m); Cs = concentration of the component at the catalyst surface (mol/m3); Deff = effective

diffusion coefficient of the component (m2/s).

The criteria were determined for the experiments reported in Table 5.5, and the data are

provided in Tables S5.5 and S5.9 (see Appendices). Strong intraparticle mass transfer limitations of

both hydrogen and LA, mainly due to the high reaction rates in combination with the relatively large

particle sizes, were found. Thus, the experiments with Ru/C were all performed in the regime where

the reaction rate is determined by both intrinsic kinetics of the reaction and the rate of mass transfer

of particularly hydrogen to the active sites. As such, the experimental reaction rates (in terms of STY)

are not the intrinsic reaction rates. Moreover, the catalyst deactivation rates reported later on, not

only for Ru/C but also for the other catalysts, are not the intrinsic catalyst deactivation rates but are

 (5.9)

Here, R
exp

 = experimentally observed reaction rate (mol/m3
cat

·s); r
p
 = radius of 

catalyst particle (m); C
s
 = concentration of the component at the catalyst surface 

(mol/m3); D
eff

 = effective diffusion coefficient of the component (m2/s).
The criteria were determined for the experiments reported in Table 5.5, and 

the data are provided in Tables S5.5 and S5.9 (see Appendices). Strong intra-
particle mass transfer limitations of both hydrogen and LA, mainly due to the 
high reaction rates in combination with the relatively large particle sizes, were 
found. Thus, the experiments with Ru/C were all performed in the regime where 
the reaction rate is determined by both intrinsic kinetics of the reaction and the 
rate of mass transfer of particularly hydrogen to the active sites. As such, the 

experimental reaction rates (in terms of STY) are not the intrinsic reaction rates. 

Moreover, the catalyst deactivation rates reported later on, not only for Ru/C but 
also for the other catalysts, are not the intrinsic catalyst deactivation rates but 
are also biased by mass transfer. Thus, catalyst performance trends cannot be 
related solely to intrinsic catalyst features (size of the Ru nanoparticles, BET sur-
face area, and so on).

3.7. Experimental verification of mass transfer effects

First, experimental evidence that mass transfer limitations indeed occur to a sig-
nificant extent were obtained from experiments with the Ru/C catalyst with dif-
ferent Ru loading at otherwise similar conditions (Table 5.6, entries 1-3). The 
conversion of LA was shown to be essentially independent of the Ru loading 
(0.5, 2, and 5 wt.% Ru on the carbon carrier). This confirms that mass transfer 
limitations play a major role and that the particle effectiveness factor for the cat-
alysts are by far less than 1.

Furthermore, continuous experiments were carried out using the Ru/C cata-
lysts with extremes regarding Ru loading (0.5 and 5 wt.% Ru) at variable LA inlet 
concentrations at standard conditions (Table 5.3), and the results are given in 
Figure 5.9.

Table 5.6 Catalyst performance and product distribution for the various catalysts in the 

packed bed reactor.a

# Catalyst
Ru load-
ing wt.%

LA conversionb, 
mol.%

GVL 
selectivity, %

4-HPA 
selectivity, %

STY, 
gLA/gRu·h

1 Ru/C 0.5 92 78 22 770

2 Ru/C 2 96 63 36 195

3 Ru/C 5 98 83 15 80

4 Ru/γ-Al2O3 0.3 31 31 69 420

5 Ru/γ-Al2O3 0.5 26 62 38 195

6 Ru/TiO2 1 26 54 47 105

a see Table 5.3 for reaction conditions. Concentration versus runtime profiles are given in Fig-

ures S5.1-S5.5 (see Appendices). b Average steady state conversion

Clearly, the catalytic performance for the Ru/C catalyst with 5 wt.% of Ru load-
ing is about similar to that for Ru/C with 0.5 wt.% of Ru, again a strong indication 
for mass transfer limitations. Further support for this statement was obtained 
by performing a number of experiments with the Ru/C catalyst (0.5 wt.% Ru) 
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Figure 5.9 Effect of initial LA concentration on average LA conversion over 6 hours on stream 

for two Ru/C catalysts with extremes toward Ru loading. Conditions: see Table 5.3.

with different particle sizes. For this purpose, the millimeter sized catalyst was 
crushed and sieved to obtain a fraction with particle sizes between 0.5 and 
0.6 mm. The smaller catalyst particles result in a considerably higher LA conver-
sion (34% higher than for the larger particles; see Figure S5.6, Appendices). As 
such, the experiments with the millimeter sized catalyst particles were not  carried 
out in the kinetic regime, where the intrinsic kinetics of the reaction determine 
the overall reaction rate, but in a regime where mass transfer plays a major role. 
The positive effect of the use of smaller catalyst pellets for LA  hydrogenations 
has already been reported in the literature. For instance, a Ru/DOWEX catalyst 
showed a 10% higher LA conversion when decreasing the catalyst particle size 
from 276 to 84 μm [36]. 

3.8. Support effects on catalytic performance for Ru based 
catalysts

Profound support effects on the catalytic performance of Ru based catalysts 
have been reported when using small particles (< 100 μm). In this study, a num-
ber of continuous LA hydrogenation experiments was carried out using mil-
limeter sized Ru particles on various supports (C, γ-Al

2
O

3
, and TiO

2
 ) and with 

different Ru loadings. All experiments were performed at benchmark reaction 
conditions (Table 5.3), and the results are given in Table 5.6. The Weisz-Prater 
criteria for the experiments reported in Table 5.6 were determined and reveal 

strong intraparticle mass transfer limitations of both hydrogen and LA, main-
ly due to the relatively large particle sizes (see Appendices, Tables S5.6 and 
S5.10). Thus, we can conclude that the observed support effects on catalyst 
performance cannot be solely ascribed to differences in intrinsic catalyst fea-
tures (Ru-nanoparticle size, surface area, etc.) but are biased by mass transfer 
effects. As such, it is not possible to draw sound conclusions regarding catalyst 
structure-performance relationships. The LA conversion varied between 25 and 
98%, and in all cases, the sole products were GVL and 4-HPA. The Ru/C catalysts 
showed the highest activity (LA conversion between 92 and 98%) and GVL yield. 
The LA conversion for the alumina (26-31%) and titania supported catalysts 
(26%) was  significantly lower. However, direct comparison is cumbersome as 
the metal loadings for each catalyst are different. As such, it is better to compare 
the STY for the catalyst on a gram Ru basis (Table 5.6). Again, the Ru/C catalyst 
with a 0.5 wt.% Ru loading is by far more active than all other catalysts (STY: 770 
g

LA
/g

Ru
·h), which is in line with literature data [3],[5],[20].

An overview of the reported STY’s of different ruthenium catalysts in contin-
uous reactors is given in Table 5.7. The STY’s obtained with the millimeter sized 
Ru catalysts in this study are at the high end when compared to the best results 
obtained so far (780 g

LA
/g

Pt
·h for 1% Pt/TiO

2
 [41]). However, in the latter case, the 

hydrogenation was performed at 200°C, which is much higher than our bench-
mark temperature (90°C).

The home-made Ru/TiO
2
 mm sized catalyst (anatase phase with a BET surface 

area of around 100 m2/g) was the least active of all catalysts. These findings are in 
contrast to a screening study in our group using smaller catalyst particle sizes in 
a batch set-up. Here, Ru/TiO

2
 (1 wt.% Ru) showed comparable results with Ru/C 

(1 wt.% Ru) and full LA conversion was achieved within 4 h with 90% selectivity 
to GVL  [43]. Experiments in batch systems by other groups also reported excel-
lent activity for Ru/TiO

2 
in water [20],[43] as well as in organic solvents [25]. 

A possible explanation for the low activity of the Ru/TiO
2
 catalyst in the  current 

study using a continuous set-up is the occurrence of significant intra-particle 
mass transfer effects for the mm sized particles used in this study compared to the 
smaller sized ones in most batch studies (vide infra). However, also the support 
structure and the preparation method of the catalyst may affect catalyst activity 
and play a role. For instance, Al-Shaal et al. reported support structure effects 
for LA hydrogenation experiments in ethanol-water mixtures for TiO

2
  supports 

in a batch set-up  [20]. The use of TiO
2
 with a rutile structure resulted in inac-

tive catalysts whereas TiO
2 

containing both rutile and anatase phases gave 81% 
LA conversion under the same reaction conditions (130°C, 12 bar H

2
, 160 min). 
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Table 5.7 Overview of STY’s for the hydrogenation of LA to GVL in continuous set-ups.

Catalyst Reaction conditions STY, gLA/gmetal·h Ref

dp ≥ 100 μm

Ru/C (0.5 wt.% Ru) 90°C, 45 bar H2, H2O 770 This work

Ru/C (2 wt.% Ru) 90°C, 45 bar H2, H2O 190 This work

Ru/C (5 wt.% Ru) 90°C, 45 bar H2, H2O 80 This work

Ru/Al2O3 (0.3 wt.% Ru) 90°C, 45 bar H2, H2O 420 This work

Ru/Al2O3 (0.5 wt.% Ru) 90°C, 45 bar H2, H2O 195 This work

Ru/TiO2 (1 wt.% Ru) 90°C, 45 bar H2, H2O 106 This work

Ru/DOWEX (0.87 wt.% Ru)
(dp=276 μm)

70°C,  7 bar H2, H2O 60 [36]

Pt/SiO2 (0.8 wt.% Pt)
(dp=1.6 mm)

200°C, 40 bar H2, H2O 15h: 210 [40]

Pt/TiO2 (1 wt.% Pt)
(dp=1.6 mm)

200°C, 40 bar H2, H2O Start: 780 [41]

dp ≤ 100 μm

Ru/C (5 wt.% Ru) 
(dp=45-90 μm)

50-150°C, 4-41 bar H2, H2O
50°C - 100

[30]
150°C - 900

RuSn(3.6:1)/C (5 wt.% Ru) 220°C, FA, alkylphenol 55 [35]

Ru/DOWEX (0.87 wt.% Ru)
(dp=84 μm)

70°C, 7 bar H2, H2O 60 [36]

Mo2C/CNT (20 wt.% Mo) 150°C, 30 bar H2, H2O 15 [39]

Table 5.8 Ruthenium leaching levels, surface area and pore volume for fresh and spent cat-

alysts.

# Catalyst
CLA.0, 
mol/L

T, °C
Leached 
Ru, mga

Leached 
Ru, wt.%

Surface area, 
m2/gb

Pore volume, 
cm3/g

1
Ru/γ-Al2O3 

(0.3 wt.% Ru)
1.2 90 2.7 45

180 (F)
215 (S)

0.6 (F)
0.67 (S)

2
Ru/γ-Al2O3 
(0.5 wt.% Ru)

1.2 90 4.2 42
102 (F)
104 (S)

0.22 (F)
0.23 (S)

3
Ru/TiO2 
(1 wt.% Ru)

1.2 90 0.02 0.1
96 (F)
105 (S)

0.28 (F)
0.29 (S)

4
Ru/C 
(0.5 wt.% Ru)

1.2 90 0.08 0.8
1110 (F)
850 (S)

0.48 (F)
0.33 (S)

5
Ru/C 
(0.5 wt.%)

11.8 150 0.3 1.2
1108 (F)
792 (S)

0.48 (F)
0.30 (S)

6
Ru/C
(2 wt.% Ru)

1.2 90 1.8 4.5
950 (F)
590 (S)

0.34 (F)
0.22 (S)

7
Ru/C
(5 wt.% Ru)

1.2 90 0.22 0.02
1030 (F)
940 (S)

0.39 (F)
0.35 (S)

a On the basis of a liquid sample taken at the end of a run. b F: fresh, S: spent 

All catalysts appear to be stable under the prevailing conditions (90°C) in 
the continuous reactor (Table 5.3), and a clear reduction in the LA conversion 
was not observed after a 6 h runtime. However, catalyst deactivation may oc-
cur to some extent, though it will not be clearly visible in the profiles, as the 
experiments were carried out in the regime where mass transfer limitations 
play a major role. To gain insights into structural changes in the catalysts during 
reaction, some of the catalysts were analyzed before and after reaction (XRD 
and BET surface area). In addition, the level of Ru leaching was determined by 
analyzing the liquid product phase in the outlet at various stages of the run 
(5 samples in total, after 15, 30, 75, 195, and 345 min). The results are compiled in 
Table 5.8.The extent of leaching for the Ru/C catalysts with 0.5 and 5 wt.% of Ru 
at benchmark conditions was below 1 wt.% after the 6 h run. ICP measurement 
of samples taken at different runtimes showed that, particularly at the start of 
the run, some Ru leaching occurred, presumably loosely bound Ru at the outer 
surface of the particles. An experiment with LA at higher concentrations and 
temperature (Table 5.8, entry 5) using Ru/C (0.5 wt.% Ru) gave a slightly higher 
extent of leaching (1.2 versus 0.8 wt.%) than an experiment at 90°C and using 
a more diluted feed.

Remarkably, higher Ru leaching levels (4.5 wt.%) were observed for Ru/C 
with 2 wt.% of Ru, again by far the most at the start of the reaction. Apparently, 
the catalyst preparation procedure for this particular catalyst was different from 
that for the two others, which could be related to the type of Ru precursor, the 
calcination, and reduction procedures [45].

All Ru/C catalysts showed a significant reduction in the specific surface area 
and total pore volume after 6 h on stream. Similar observations were made by 
Chalid et al. for batch experiments with Ru/C [46]. This reduction in surface area 
does not have a dramatic effect on the catalytic activity, as no significant deac-
tivation was observed for the 6 h run. This is (partly) due to significant mass 
transfer limitations of particularly hydrogen which obscure intrinsic catalyst 
deactivation rates (vide supra). However, changes in the texture of the catalyst, 
e.g., micropore blockage by small amounts of solids (coke), may also play a role.

For both Ru/γ-Al
2
O

3
 catalysts, high amounts of ruthenium were found in the 

liquid samples taken during the continuous catalytic experiments. Almost half 
of the Ru amount was leached from the catalysts during the first 2 h on stream, 
even before the reactor achieved steady state (Table 5.8). The LA conversion 
versus runtime data (Figure S5.3 and S5.4, Appendices), however, show that 
the LA conversion is about constant in the steady state part of the run (2-6 h). 
Thus, it appears that considerable irreversible loss of Ru occurs at the start of 
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the reaction but that this does not affect the steady state conversion. This effect 
may be partly due to mass transfer limitations. In this regime, the observed cat-
alyst activity is not the intrinsic activity of the catalyst. However, it also is very 
possible that the observed steady state LA conversion for Ru/γ-Al

2
O

3
 is that of 

a catalyst with a significant reduced Ru content.
Ru leaching may be associated with irreversible changes in the structure of 

the alumina support. It is well established that γ-Al
2
O

3
 may rehydrate in the 

presence of water to form boehmite (AlOOH) [47], which is thermodynamically 
favored at temperatures above 150°C. For instance, this transformation was ob-
served in the literature for Ru/γ-Al

2
O

3
 treated with H

2
-saturated water at 200°C 

and 40 atm over 5 h  [48]. Moreover, a hydrothermal treatment of γ-Al
2
O

3
 may 

also lead to (partly) conversion of the support to the α-phase [49]. To get insight 
into changes in the support structure during a run, XRD analysis on fresh and 
spent catalysts was performed (Appendices, Figure S5.7), and both are remark-
ably similar and show peaks corresponding to the γ-Al

2
O

3
 phase  [49]. Clear re-

flections from boehmite or α-Al
2
O

3
 were not observed. Thus, the alumina sup-

port did not change significantly during the 6 h on stream, presumably due to 
the relatively low reaction temperature of 90°C.

Another possible explanation for the loss of Ru is (partly) dissolution of the 
alumina support in the rather acidic aqueous media with the concomitant dis-
solution of Ru. This was investigated by determination of the Al content in the 
liquid phase at various runtimes. The results are shown in Table 5.9.

Clearly, a considerable amount of Al is leached from the catalysts. The extent 
of leaching is a function of the runtime, with higher leaching level at the start of 
the run. A possible explanation for the observation that only a limited amount 
of Al (< 2 wt.%, Table 5.9) compared to Ru (42-25 wt.%, Table 5.8) is leached is

Table 5.9 Aluminum content of liquid samples taken at different runtimes for LA hydrogena-

tion experiments with Ru/γ-Al2O3 catalysts.a 

Catalyst Time on stream, min Concentration of Al, mg/L Total leached Al, wt.%

Ru/γ-Al2O3 (0.3 wt.% Ru)

15
30
195
345

320
255
120
105 1.6

Ru/γ-Al2O3 (0.5 wt.% Ru)

15
30
195
345

130
90
45
35 0.6

a For conditions, see Table 5.3

an anisotropic distribution of Ru in the millimeter sized catalyst particles with 
relatively large amounts of Ru present on the external surface of the catalyst 
(egg shell catalyst). This is commonly observed for millimeter particles and is 
related to catalyst preparation procedures. Further studies using TEM-HAADF 
analysis will be required to confirm this statement.

The BET surface area and the pore volume of both the Ru on alumina cata-
lysts are slightly higher for the spent catalyst than for the fresh one. This may be 
the results of excessive Ru leaching and/or partly opening/widening of the pores 
due to partly dissolution of the structure by acids, as observed experimentally 
(see above).

The Ru/TiO
2

 catalyst was also analyzed before and after reaction (Table 5.8). 
The specific surface area and total pore volume for this particular catalyst were 
not reduced after the 6 h run as for the carbon and the alumina support. In addi-
tion, no titanium was found in the liquid phase. This observation suggests that 
the low activity of the Ru/TiO

2
 catalyst is not due to the leaching of active metal 

from the catalyst particles but more likely due to a poor radial ruthenium dis-
tribution on the catalyst pellets. To optimize the catalytic performance of the 

Ru/TiO
2

 catalyst, an alternative synthesis method is required, e.g., preparation 
of catalyst in powder and subsequent pelletizing, which is beyond the scope of 
this study.

3.9. Experimental studies with Ru/C at prolonged runtimes

As shown in the previous paragraph, the most promising catalyst when con-
sidering activity and stability is Ru on carbon. However, stability was only so 
far assessed for a 6 h run. To determine the long-term stability, a 52 h run was 
carried out with the Ru/C (0.5 wt.% Ru) catalyst at benchmark conditions (Ta-
ble 5.3). The concentrations of LA, GVL, and 4-HPA versus run time are given in 
Figure 5.10.

The LA conversion at the start of the run was about 95%, and the main prod-
ucts were, as for the short runs, 4-HPA and GVL. Mass balance closure through-
out the experiment was very good, indicating that significant amounts of prod-
ucts others than GVL and 4-HPA were not formed. Clearly, a small, though 
significant, increase in the concentration of LA in the outlet was observed after 
a runtime of 52 h (Figure 5.10), and the initial LA conversion (95%) decreased to 
82%. Thus, some deactivation was observed during the run. These findings are in 
line with literature data for LA hydrogenation using Ru/C catalysts in the form of
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Figure 5.10 Reaction profile for a continuous LA hydrogenation experiment over Ru/C 

(0.5 wt.% Ru) catalyst. Conditions: see Table 5.3.

small particles (d
p
 < 100 μm). For instance, Serrano-Ruiz et al. performed exper-

iments in a packed bed reactor (8.6 mol/L LA, 150°C, and WHSV = 32 gf
eed

/g
cat

·h) 
using the Ru/C (5 wt.% of Ru) catalyst in powder form [28]. Here, a drop in the 
LA conversion from 90% to 68% after 106 h on stream was observed. Despite 
different reaction conditions, the extent of reduction of the LA conversion (ap-
proximately 0.2% per h) was similar to our experiments. Braden et al. used Ru/C 
(5 wt.% of Ru) powder in a packed bed at 150°C and 35 bar H

2
 with a feed con-

sisting of 0.3 mol/L of both LA and FA [29]. A steady decrease in LA conversion 
over 50 h on stream was reported. In the group of Dumesic, a number of studies 
were performed to increase the stability of Ru/C catalyst for LA hydrogenation 
reaction in the presence and absence of acids (formic and sulfuric) [31],[33],[35]. 
The addition of tin to a Ru/C catalyst (5 wt.% Ru and Ru/Sn molar ratio of 3.6:1) 
led to improved catalyst stability [35], and stable performance was observed for 
runs exceeding 230 h. In a very recent paper, Abdelrahman et al. observed that 
the TOF’s for the hydrogenation of LA using a Ru/C (5 wt.% Ru) catalyst dropped 
to 20-30% of the initial values after 48-72 h on stream [30]. 

Literature findings, as well as the experimental data for the 6 h runs (vide 
supra), indicate that the loss of activity may be due to Ru leaching and loss of 
surface area due to, among others, coke deposition. As such, liquid samples 
 taken during the 52 h run were analyzed with ICP-OES to determine the extent 
of ruthenium leaching. The results are given in Figure 5.11. A total of 0.37 mg Ru 
was leached, corresponding to 3.47 wt.% on total Ru intake.

Figure 5.11 Ruthenium leaching level during experiment with Ru/C (0.5 wt.% Ru) catalyst over 

52 h on stream. Conditions: see Table 5.3.

Only a minor amount of ruthenium leached from the Ru/C catalyst was ob-
served in the initial phase of the experiment(< 45 min). The amount of ruthe-
nium in the liquid phase was below the detection limit (ICP) for a sample taken 
after 45 min on stream. Similar behavior was observed for this catalyst during 
the catalyst screening study, indicating good reproducibility. As such, rutheni-
um leaching to the liquid is not the reason for the decrease in LA conversion 
upon longer runtimes.

Nitrogen physisorption experiments were performed on fresh and spent cat-
alysts to determine changes in the surface area and pore volume. A significant 
decrease in the specific surface area (from 1110 to 390 m2/g) and pore volume 
(from 0.48 to 0.21 cm3/g) was observed after 52 h on stream. The reduction in 
specific surface area is 3 times higher than that measured for this catalyst after 
a 6 h run (vide supra). As already discussed, this decrease in specific surface area 
is probably caused by the formation of coke on the catalyst surface and/or sin-
tering of the ruthenium particles.

To get insight into structural changes in the catalyst during reaction, the fresh 
and spent Ru/C were analyzed using TEM-HAADF (Figure S5.8 in the Appendi-
ces). An increase in the diameter of the Ru nanoparticles is visible after 52 h on 
steam, though quantification is difficult. This indicates the occurrence of con-
siderable sintering of Ru nanoparticles on the catalyst surface, which is likely 
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also an important contributor for the reduction in catalyst activity for the 52 h 
run. Sintering is typically considered a high temperature phenomenon; however, 
water can facilitate particle agglomeration even close to room temperature [50]. 
These observations are supported by the works of Abdelrahman, who  reported 
Ru cluster growth for the hydrogenation of LA in water at 50°C from roughly 
3.6 to 6.8 nm after 65 h on stream [30]. In addition, similar effects were found by 
Davis for the aqueous phase hydrogenation of glucose over Ru/SiO

2
 at 100°C [51].

Thus, we can conclude that both Ru sintering and reduction in the specific 
surface area of the catalyst are the most likely causes for catalyst deactivation. 
Future efforts aimed toward a rational design of stable supported LA hydroge-
nation catalyst based on Ru should consider strategies for maintaining high Ru 
dispersions in the support phase. A possible solution is the use of bimetallic cat-
alysts. For instance, RuSn alloys were already shown to perform better in this 
respect, and negligible deactivation was observed for 300 h on stream [33]. How-
ever, despite a higher stability, the GVL production rate decreased from 0.5 to 
0.1 mmol/min·g when Sn was added.

4. Conclusions

An experimental study on the catalytic hydrogenation of LA with Ru catalysts on 
various supports (Al

2
O

3
, TiO

2
, and C) with particle sizes in the millimeter range in 

a continuous packed bed reactor is reported. For these millimeter sized catalyst 
particles, intraparticle mass transfer limitation of both hydrogen and LA occurs 
to a significant extent, as was proven by calculations and experimental studies. 
As such, the experimental data are strongly biased by mass transfer limitations, 
limiting conclusions regarding the intrinsic activity and stability of the catalysts. 
The highest activity (STY up to 770 g

LA
/g

Ru
·h at 90°C and a LA inlet feed concen-

tration of 1.2 mol/L) and stability were observed for the Ru catalyst (0.5 wt.%) on 
the carbon support. It was also shown that highly concentrated LA feeds may be 
used (> 11 mol/L), though this goes at the expense of LA conversion. Long dura-
tion experiments (52 h) for the Ru/C (0.5 wt.% Ru) catalyst reveal the occurrence 
of a small though significant reduction in catalyst performance (from 95 to 82% 
LA conversion), mainly caused by the loss of surface area (BET), 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 impor-
tance for further scale up, as loss of expensive Ru metal is highly undesirable and 
will have a strong negative effect on the techno-economic viability 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 promotors. 
In addition, coke removal strategies need to be developed, for instance by (mild) 
oxidation using air. This will require detailed insights in the nature of the coke, to 
avoid oxidation of the actual carbon support due to the regeneration step.

Finally, reactor modeling activities to identify optimum reactor configura-
tions, given the fact that mass transfer plays an important role, are in progress 
and will be reported in due course.

5. Appendices

5.1. Figures and Tables

Figure S5.1 Reaction profiles of LA hydrogenation over Ru/C (2wt.% Ru). CLA,0 = 1.2 mol/L, 

LA feed = 1 ml/min, H2 feed = 30 ml/min, Pcolumn = 45 bar, temperature = 90°C, mcat = 2 g, 

WHSV = 30 gfeed/gcat·h, 6 h.
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Figure S5.2 Reaction profiles of LA hydrogenation over Ru/C (5wt.% Ru). CLA,0 = 1.2 mol/L, 

LA feed = 1 ml/min, H2 feed = 30 ml/min, Pcolumn = 45 bar, temperature = 90°C, mcat = 2 g, 

WHSV = 30 gfeed/gcat·h, 6 h

Figure S5.3 Reaction profiles of LA hydrogenation over Ru/Al2O3 (0.3wt.% Ru). CLA,0 = 1.2 mol/L, 

LA feed = 1 ml/min, H2 feed = 30 ml/min, Pcolumn = 45 bar, temperature = 90°C, mcat = 2 g, 

WHSV = 30 gfeed/gcat·h, 6 h.

Figure S5.4 Reaction profiles of LA hydrogenation over Ru/Al2O3 (0.5wt.% Ru). CLA,0 = 1.2 mol/L, 

LA feed = 1 ml/min, H2 feed = 30 ml/min, Pcolumn = 45 bar, temperature = 90°C, mcat = 2 g, 

WHSV = 30 gfeed/gcat·h, 6 h.

Figure S5.5 Reaction profiles of LA hydrogenation over Ru/TiO2 (1 wt.% Ru). CLA,0=1.2 mol/L, 

LA feed = 1 ml/min, H2 feed = 30 ml/min, Pcolumn = 45 bar, temperature = 90°C, mcat = 2 g, 

WHSV = 30 gfeed/gcat·h, 6 h
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Figure S5.6 Reaction profiles for the continuous hydrogenation of LA in water using a Ru/C 

catalyst (0.5 wt.% Ru) with different catalyst particle diameters (left): 1.25-2.5 mm particles, 

(right): 0.5-0.6 mm particles. Conditions: see Table 5.3 in manuscript

Figure S5.7 XRD pattern of the Ru/γ-Al2O3 (0.5 wt.% Ru) catalyst:  (left) - fresh; (right) – spent

Figure S5.8 TEM-HAADF images of fresh 0.5% Ru/C catalyst (left) catalyst and catalyst after 

52 hours on stream of reaction (right). The white dots represented the Ru-particles.

Table S5.1 Literature overview on LA hydrogenation in batch set-ups using Ru-based cata-

lysts.

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

Time, 
h

LA con-
version, %

GVL selec-
tivity, %

Ref

Carbon support

Ru/C 
(5 wt.% Ru)

- H2O 180 30 12 100 57 [12]

Ru/C 
(3 wt.% Ru)

- H2O 90 45 1 100 98 [13]

Ru/C 
(5 wt.% Ru)

-
H2O 
(0.08 wt.%)

130 20.6 49.5 51 > 99 [14]

Ru0.9Ni0.1/OMCa

(0.56 wt.% Ru
0.08 wt.% Ni)

- H2O 150 45 2 99 97 [15]

Ru/C 
(5 wt.% Ru)

-
H2O 70 30 3

48 98
[16]

A 70b 100 99

Ru/C 
(5 wt.% Ru)

- Dioxane 150 55 2 80 92 [17]

Ru/C 
(5 wt.% Ru)

- Methanol 130 12 2.7 92 99 [18]

Ru/C 
(5 wt.% Ru)

-

Methanol

130 12 2.7

93 99

[19] 

1-Butanol 0 0

Benzaldehyde 0 0

DMSO 0 0

Dioxane 4 0
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Catalyst Add. Solvent T, °C
P(H2), 
bar

Time, 
h

LA con-
version, %

GVL selec-
tivity, %

Ref

Ru/C
(5 wt.% Ru)

-

Methanol

130 12 2.7

99 85

[20]

Ethanol 76 81

1-Butanol 49 82

Dioxane 99 98

Methanol+H2O 96 88

Ethanol+H2O 99 90

Butanol+H2O 99 76

Ru/Starbon
(5 wt.% Ru)

- Ethanol+H2O 100 10 2.2 > 99 < 5 [21]

Ru/C
(5 wt.% Ru)

[BMIm-SH]
[HSO4]

Methanol 130 34.5 2

99 68

[22]
A 15c 99 14

SO4-ZrO2 99 18

Other supports

Ru/SiO2

(5 wt.% Ru)
scCO2 H2O 200 100 - 98 >99 [23]

Ru/SiO2

(5 wt.% Ru)
Ethanol

130 12 2.7
83 93

[20]
Ethanol+H2O 98 77

Ru/Al2O3 
(5 wt.% Ru)

scCO2 - 150 145 99 99 [24]

Ru/Al2O3

(5 wt.% Ru)
Ethanol

130 12 2.7
38 86

[20]
Ethanol+H2O 95 80

Ru/Al2O3

(5 wt.% Ru)
-

H2O 70 30 3
24 96

[16]
A 70b 57 98

Ru/Nb2O5

(1 wt.% Ru)
- Dioxane 200 40 4 72 86 [25]

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

Ethanol
130 12 2.7

0 -
[20]

Ethanol+H2O 0 -

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

Ethanol
130 12 2.7

68 92
[20]

Ethanol+H2O 81 88

Ru/TiO2 
(1 wt.% Ru)

- Dioxane 200 40 4 100 92 [25]

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

- Dioxane 200 40 4 100 50 [25]

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

- Dioxane 200 40 4 100 60 [25]

Ru/HAPd

(5 wt.% Ru)
-

H2O

70 5 4

99 99

[26]
Ethanol 92 76

Ethanol+H2O 92 82

Toluene 30 92

Ru/SPESe 
(2 wt.% Ru)

- H2O 70 30 2 88 99 [27]

 a OMC - ordered mesoporous carbon; b A70 - Amberlyst 70; c A15 - Amberlyst 15; d HAP - hy-

droxiapatite; e SPES - polyethersulfone

5.2. Calculations of intraparticle diffusion of LA and hydrogen 

5.2.1. Introduction

The extent of intra-particle diffusion limitation for a component may be  assessed 
using the Weisz-Prater criterion (N

W-P
), see Eq. S5.1 for details [52].  According to 

this criterion, a value 0.3 for a reaction order in substrate of 2 or less implies that 
mass transfer limitation of a component is negligible. 
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−    ×      ×     ≤ 0.3            (S5.1)

Here: Rexp is the initial reaction rate, mol/m3
cat·s; rp is the radius of catalyst particle, m; Cs is

the concentration of the component at the catalyst surface, mol/m3; Deff is the effective diffusion

coefficient of the component, m2/s.

5.2.2. Assessment of the NW-P criterion for LA 
The values for the individual contributions in the NW-P criterion (Eq. S5.1) will be discussed

below.

5.2.2.1. Radius of the catalyst particle  
All catalysts/supports were provided in the mm range and were crushed and sieved to

particle diameters between 1.25-2.5 mm. As such, an average particle radius of 8.13 x 10-4 m was

taken for the particle radius

5.2.2.2. Concentration of LA at the catalyst surface  
When assuming that external mass-transfer limitations can be neglected, the concentration

of substances at catalyst surface are taken equal to the bulk concentration of substances (Cs = Cb).

The bulk concentration of LA at the start of the reaction (highest value, worst case scenario) is known

for all experiments.

5.2.2.3. Effective diffusion coefficient  
 The diffusion coefficient for LA in water was estimated using the Wilke-Chang equation [53]

(Eq. S5.2):    =
7.4 × 10  ×  × (Ф   ) /     . × μ   (S5.2)

 (S5.1)

Here: R
exp

 is the initial reaction rate, mol/m3
cat

·s; r
p
 is the radius of catalyst parti-

cle, m; C
s
 is the concentration of the component at the catalyst surface, mol/m3; 

D
eff

 is the effective diffusion coefficient of the component, m2/s.

5.2.2. Assessment of the NW-P criterion for LA

The values for the individual contributions in the N
W-P

 criterion (Eq. S5.1) will be 
discussed below.

5.2.2.1. Radius of the catalyst particle 

All catalysts/supports were provided in the mm range and were crushed and  
sieved to particle diameters between 1.25-2.5 mm. As such, an average particle 
radius of 8.13 × 10-4  m was taken for the particle radius

5.2.2.2. Concentration of LA at the catalyst surface 

When assuming that external mass-transfer limitations can be neglected, the 
concentration of substances at catalyst surface are taken equal to the bulk con-
centration of substances (C

s
 = C

b
). The bulk concentration of LA at the start of 

the reaction (highest value, worst case scenario) is known for all experiments. 
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5.2.2.3. Effective diffusion coefficient 

The diffusion coefficient for LA in water was estimated using the Wilke-Chang 
equation [53] (Eq. S5.2):
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All catalysts/supports were provided in the mm range and were crushed and sieved to

particle diameters between 1.25-2.5 mm. As such, an average particle radius of 8.13 x 10-4 m was

taken for the particle radius

5.2.2.2. Concentration of LA at the catalyst surface  
When assuming that external mass-transfer limitations can be neglected, the concentration

of substances at catalyst surface are taken equal to the bulk concentration of substances (Cs = Cb).

The bulk concentration of LA at the start of the reaction (highest value, worst case scenario) is known

for all experiments.

5.2.2.3. Effective diffusion coefficient  
 The diffusion coefficient for LA in water was estimated using the Wilke-Chang equation [53]

(Eq. S5.2):    =
7.4 × 10  ×  × (Ф   ) /     . × μ   (S5.2) (S5.2)

where all symbols with indicator A are for solute (LA), with B – for solvent (H
2
O):

DAB - diffusivity of LA in very dilute solution in H
2
O, cm2/s

MB - molecular weight of H
2
O, g/mol

T - temperature, K
µ - viscosity of H

2
O, cP (1cP = 0.001Pa*s)

VbA - LA molar volume at its normal boiling point, cm3/mol
ФB – association factor of H

2
O (2.26)

The effective diffusion coefficient (D
eff

) was taken as 10% of the diffusion co-
efficient, as calculated from the Wilke-Chang equation. The results are given in 
Table S5.2.

Table S5.2 Calculation of the effective diffusion coefficient of LA in water.

T, K μ, cP DLA-water, m
2/s Deff(LA-water), m

2/s

363 0.315 2.93×10-9 2.93×10-10

383 0.254 4.04×10-9 4.04×10-10

403 0.204 5.03×10-9 5.03×10-10

423 0.181 5.95×10-9 5.95×10-10

5.2.2.4. Experimental reaction rates 

The experimental reaction rates (STY, in g
LA

/g
cat

·h)  were determined from the 
measured in and outlet molflow rates of levulinic acid and the catalyst intake. 
This is the average reaction rate in the packed bed reactor. The reaction rate 
was converted to g

LA
/m3

cat
·s) by using a catalyst bulk density. The catalyst bulk 

 density for different catalysts are:
•	 Ru/C  (0.5, 2 and 5 wt.% Ru) – 350000 g/m3

•	 Ru/Al
2
O

3
 (0.3 and 0.5 wt.% Ru) – 3980000 g/m3

•	 Ru/TiO
2
 (1 wt.% Ru) – 3970000 g/m3

For the experimental data reported in Table 5.5 in the manuscript (using 
Ru/C catalyst with 0.5 wt.% Ru), the experimental reaction rates are presented 
in Table S5.3.

Table S5.3 Calculation of the experimental reaction rates for experiments reported in Ta-

ble 5.5 in the manuscript.

# Catalyst T, K CLA, mol/m3 STY, gLA/gcat·h Ro, gLA/m3
cat·s

1 Ru/C (0.5 wt.% Ru) 363 1200 3.85 3.22

2 Ru/C (0.5 wt.% Ru) 403 1200 4.14 3.47

3 Ru/C (0.5 wt.% Ru) 403 1300 4.96 4.15

4 Ru/C (0.5 wt.% Ru) 423 1400 6.21 5.20

5 Ru/C (0.5 wt.% Ru) 423 11200 8.42 7.05

For the experimental data reported in Table 5.6 in the manuscript (using 
Ru-based catalysts on different supports), the experimental reaction rates are 
 presented in Table S5.4.

Table S5.4 Calculation of the experimental reaction rates for experiments reported in  Table 5.6 

in the manuscript.

# Catalyst T, K CLA, mol/m3 STY, gLA/gcat·h Ro, gLA/m3
cat·s

1 Ru/C (0.5 wt.% Ru) 363 1200 3.85 3.22

2 Ru/C (2 wt.% Ru) 363 1150 193 3.23

3 Ru/C (5 wt.% Ru) 363 1120 77 3.21

4 Ru/γ-Al2O3 (0.3 wt.% Ru) 363 1150 422 12.05

5 Ru/γ-Al2O3 (0.5 wt.% Ru) 363 1110 195 9.30

6 Ru/TiO2 (1 wt.% Ru) 363 1150 104 9.89

5.2.2.5. Resuls

For the experimental data reported in Table 5.5 in the manuscript (using Ru/C 
catalyst with 0.5 wt.% Ru), see Table S5.5 below, the Weisz-Prater number of LA 
is considerably higher than 0.3, indicating significant mass transfer limitations 
of LA inside the catalyst particles for all catalysts. 
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Table S5.5 Calculation of Weisz-Prater number of LA for experiments from Table 5 in the 

manuscript.

# T, K CLA,s, mol/m3 M cat, g Ro, mol/m3cat·s XLA, mol.% DLA-water, m
2/s NW-P, LA

1 363 1200 2 3.22 92 2.93×10-10 6.11

2 403 1200 2 3.47 99 5.03×10-10 3.79

3 403 1300 1.4 4.15 75 5.03×10-10 4.13

4 423 1400 1.4 5.2 84 5.95×10-10 4.15

5 423 11200 5 7.05 54 5.95×10-10 0.69

For the experimental data reported in Table 5.6 in the manuscript (using 
Ru-based catalysts on different supports), see Table S5.6 below, the Weisz- 
Prater number of LA is considerably higher than 0.3, indicating significant mass- 
transfer limitations of LA inside the catalyst particles for all catalysts. 

Table S5.6 Calculation of Weisz-Prater number of LA for experiments from Table 5.6 in the 

manuscript. Conditions: T = 423K, m(cat) = 2 g.

# Catalyst CLA,s, mol/m3 Ro, mol/m3cat·s XLA, mol.% DLA-water, m
2/s NW-P, LA

1 Ru/C (0.5 wt.% Ru) 1200 3.22 92 2.93×10-10 6.11

2 Ru/C (2 wt.% Ru) 1150 3.23 96 2.93×10-10 6.40

3 Ru/C (5 wt.% Ru) 1120 3.21 98 2.93×10-10 6.53

4 Ru/γ-Al2O3 (0.3 wt.% Ru) 1150 12.05 31 2.93×10-10 23.9

5 Ru/γ-Al2O3 (0.5 wt.% Ru) 1110 9.30 26 2.93×10-10 19.3

6 Ru/TiO2 (1 wt.% Ru) 1150 9.89 26 2.93×10-10 19.6

5.2.3. Assessment of the NW-P criterion for hydrogen

The values for the individual contributions in the WP criterion (Eq. S5.1) will be 
discussed below.

5.2.3.1. Radius of the catalyst particle 

See above for LA.

5.2.3.2. Concentration of hydrogen at the catalyst surface 

The concentration of substances at the catalyst surface are equal to the bulk con-
centration of substances (C

s
 = C

b
) when assuming the absence of external mass 

transfer limitations.  The bulk concentration of H
2
 at the start of the reaction 

(highest value, worst case scenario) was calculated from the hydrogen pressure 
in the reactor using the Henry law (Eq. S5.3):
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of substances (Cs = Cb) when assuming the absence of external mass transfer limitations. The bulk

concentration of H2 at the start of the reaction (highest value, worst case scenario) was calculated

from the hydrogen pressure in the reactor using the Henry law (Eq. S5.3): =   ×    (S5.3)

Here, p is the partial pressure of the gas above the solution, atm; C is the concentration of

the dissolved gas, mol/L; and kH is Henry’s law constant for the gas phase component, L·atm/mol.

The temperature dependence of the kH is given by Eq. S5.4.  , =   ,   ×     [−   1 − 1
298

 ] (S5.4)

where kH,298 is 1282.05 L·atm/mol and C’ is a constant (in Kelvin), 500 K for hydrogen. An

overview of the calculated bulk concentration of hydrogen is given in Table S5.7.

Table S5.7 Calculated bulk hydrogen concentration in the water phase at different temperatures (44.4 atm).

T, K P, atm kH(T), L·atm/mol C(H2), mol/L C(H2), mol/m3

363 44.4 1730.59 0.026 26
383 44.4 1860.53 0.024 24
403 44.4 1985.08 0.022 22
423 44.4 2109.50 0.021 21

5.2.3.3. Effective diffusion coefficient of hydrogen  
The diffusion coefficient of hydrogen in water was taken from Verhallen et al. [54] and the

results are given in Table S5.8. The effective diffusion coefficient was set at 10% of the diffusion

coefficient of hydrogen in water.

Table S5.8 Calculated effective diffusion coefficient for hydrogen in water.

T, K DH2 , m2/s Deff (H2), m2/s
363 16.1×10-9 1.61×10-9

383 19.5×10-9 1.95×10-9

403 23×10-9 2.3×10-9

423 26×10-9 2.6×10-9

5.2.3.4. Results  
For the experimental data reported in Table 5.5 in the manuscript (using Ru/C catalyst with

0.5 wt.% Ru), see Table S5.9 below, the Weisz-Prater number of hydrogen is considerably higher than

0.3, indicating significant mass-transfer limitations of LA inside the catalyst particles for all catalysts.

 (S5.3)

Here, p is the partial pressure of the gas above the solution, atm; C is the con-
centration of the dissolved gas, mol/L; and k

H
 is Henry’s law constant for the gas 

phase component, L·atm/mol. The temperature dependence of the k
H 

is given by 
Eq. S5.4.  
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 (S5.4)

where k
H,298

 is 1282.05 L·atm/mol and C’ is a constant (in Kelvin), 500 K for hy-
drogen. An overview of the calculated bulk concentration of hydrogen is given 
in Table S5.7. 

Table S5.7 Calculated bulk hydrogen concentration in the water phase at different tempera-

tures (44.4 atm).

T, K P, atm kH(T), L·atm/mol C(H2), mol/L C(H2), mol/m3

363 44.4 1730.59 0.026 26

383 44.4 1860.53 0.024 24

403 44.4 1985.08 0.022 22

423 44.4 2109.50 0.021 21

5.2.3.3. Effective diffusion coefficient of hydrogen 

The diffusion coefficient of hydrogen in water was taken from Verhallen et 
al. [54] and the results are given in Table S5.8. The effective diffusion coefficient 
was set at 10% of the diffusion coefficient of hydrogen in water. 
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5.2.3.4. Results 

For the experimental data reported in Table 5.5 in the manuscript (using Ru/C 
catalyst with 0.5 wt.% Ru), see Table S5.9 below, the Weisz-Prater number of 
hydrogen is considerably higher than 0.3, indicating significant mass-transfer 
limitations of LA inside the catalyst particles for all catalysts. 

For the experimental data reported in Table 5.6 in the manuscript (using 
Ru-based catalysts on different supports), see Table S5.10 below, the Weisz-Prater 
number of hydrogen is considerably higher than 0.3, indicating significant 
mass-transfer limitations of LA inside the catalyst particles for all catalysts. 

For all experiments, the Weisz-Prater number for hydrogen is much higher 
than 0.3, indicating the presence  of significant mass-transfer limitations of H

2
 

inside the catalyst particles even at lower  reaction temperatures

Table S5.8 Calculated effective diffusion coefficient for hydrogen in water.

T, K DH2 , m
2/s Deff (H2), m

2/s

363 16.1×10-9 1.61×10-9

383 19.5×10-9 1.95×10-9

403 23×10-9 2.3×10-9

423 26×10-9 2.6×10-9

Table S5.9 Calculation of Weisz-Prater number for hydrogen for experiments from Table 5.5 

in the manuscript.

# T, K CH2, mol/m3 M cat, g Ro, mol/m3cat·s XLA, mol.% DH2-water, m
2/s NW-P, H2

1 363 26 2 3.22 92 1.61×10-9 51

2 403 23 2 3.47 99 2.3×10-9 45

3 403 23 1.4 4.15 75 2.3×10-9 54

4 423 21 1.4 5.2 84 2.6×10-9 63

5 423 21 5 7.05 54 2.6×10-9 85

Table S5.10 Calculation of Weisz-Prater number for hydrogen for experiments from Table 5.6 

in the manuscript. Conditions: T = 423K, m(cat) = 2 g.

# Catalyst CH2, mol/m3 Ro, mol/m3cat·s XLA, mol.% DLA-H2, m
2/s NW-P, H2

1 Ru/C (0.5 wt.% Ru) 26 3.22 92 1.61×10-9 51

2 Ru/C (2 wt.% Ru) 26 3.23 96 1.61×10-9 51

3 Ru/C (5 wt.% Ru) 26 3.21 98 1.61×10-9 51

4 Ru/γ-Al2O3 (0.3 wt.% Ru) 26 12.05 31 1.61×10-9 190

5 Ru/γ-Al2O3 (0.5 wt.% Ru) 26 9.30 26 1.61×10-9 145

6 Ru/TiO2 (1 wt.% Ru) 26 9.89 26 1.61×10-9 156
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