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Abstract: y-Valerolactone (GVL) has been identified as a sustainable platform chemical for the
production of carbon-based chemicals. Here we report a screening study on the hydrogenation
of levulinic acid (LA) to GVL in water using a wide range of ruthenium supported catalysts in
a batch set-up (1 wt. % Ru, 90 °C, 45 bar of Hj, 2 wt. % catalyst on LA). Eight monometallic
catalysts were tested on carbon based(C, carbon nanotubes (CNT)) and inorganic supports (Al,Os,
SiO,, TiO,, ZrO,, Nb,O5 and Beta-12.5). 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 remaining product was
4-hydroxypentanoic acid (4-HPA). Catalytic activity for a bimetallic RuPd/TiO; catalyst was by far
lower than for the monometallic Ru catalyst (9% conversion after 2 h). The effects of relevant catalyst
properties (average Ru nanoparticle size, Brunauer-Emmett-Teller (BET) surface area, micropore area
and total acidity) on catalyst activity were assessed.

Keywords: levulinic acid hydrogenation; y-valerolactone; Ru-catalysts

1. Introduction

The conversion of biomass into platform molecules with a broad application range has attracted
a great deal of attention in the last decade [1]. One of the interesting and promising examples of a
platform molecule is y-valerolactone (GVL). It has a large potential application range, including the use
as solvent, intermediate in fine chemicals synthesis and as a fuel (additive). In addition, GVL may serve
as a starting material for a number of interesting (bulk) chemicals (adipic acid, and pentanoic acid).

An efficient method for the synthesis of GVL involves the catalytic hydrogenation of levulinic acid
(LA). The latter can be obtained by the dehydration of C6-sugars in acidic media [2,3]. The catalytic
hydrogenation of LA is proposed to involve 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 1).
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Scheme 1. Reaction scheme for the catalytic hydrogenation of LA (levulinic acid) to GVL
(y-valerolactone).
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Extensive research has been performed on the hydrogenation of LA to GVL using homogeneous
and (mostly) heterogeneous catalysts [2,4]. Especially, supported metal catalysts have received high
attention. Manzer [5] screened the catalytic activity of Ir, Rh, Pd, Ru, Pt, Re and Ni supported
on activated carbon (5 wt. %) and showed that Ru was among the most active and selective for
GVL formation.

Most studies involve the use of Ru on a carbon support in various solvents (among others water,
dioxane, alcohols, dimethyl sulfoxide (DMSO), and various solvent combinations) and excellent yields
of GVL have been reported (>99%, Table 1). Water is the most environmentally friendly and easily
available solvent for the reaction and a number of studies have been reported in water [6-8].

Table 1. Literature overview on LA (levulinic acid) hydrogenation in batch set-ups using
carbon-supported ruthenium catalysts.

LA GVL

Catalyst Additives Solvent T Q) H, (Bar) Time (h) Conversion (%) Selectivity(%) Reference
Ru/C (5 wt. % Ru) - dioxane 150 55 2 80 92 [5]
H,O 99.5 86.6
methanol 99 85
ethanol 76 81
o _ 1-butanol 49 82
Ru/C (5 wt. % Ru) dioxane 130 12 2.7 % 98 [6]
methanol + H,O 96 88
ethanol + HO 99 90
butanol + H,O 99 76
Ru/C (3 wt. % Ru) - H,O 90 45 1 100 98 [8]
Ruyg9Nig 1 /OMC (0.56
wt. % Ru 0.08 wt. % Ni) H0 150 5 2 % 7 1l
Ru/C (5 wt. % Ru) - H,O 180 30 12 100 57 [10]
Ru/C (5 wt. % Ru) - H,0 (0.08 wt. %) 130 20.6 49.5 51 >99 [11]
o - 48 98
Ru/C (5 wt. % Ru) ATDA H,O 70 30 3 100 99 [12]
Ru/C (5 wt. % Ru) - methanol 130 12 2.7 92 99 [13]
methanol 93 929
1-butanol 0 0
Ru/C (5 wt. % Ru) - benzaldehyde 130 12 2.7 0 0 [14]
DMSO 0 0
dioxane 4 0
Ru/Starbon
(5 wt. % Ru) ethanol + HO 100 10 2.2 >99 <5 [15]
%BHI‘S(I)’“]' SH] 99 68
o 4
Ru/C, (5 wt. % Ru) A 15 methanol 130 345 2 99 14 [16]
SO4-ZTOZ 99 18

2 A = Amberlyst.

For Ru/C, slow though irreversible deactivation was observed in water, due to Ru sintering
and a reduction in the BET surface area due to coke deposition [17-19]. Other forms of carbon, like
carbon nanotubes and few-layer graphene (FLG), have also been identified as promising support
materials for many metal catalysts [20-22]. Advantages of CNTs as a support compared to active
carbons are a higher catalyst stability and lower intra-particle diffusion limitations of reactants [23].
For LA hydrogenations in water, iridium nanoparticles supported on CNT were examined at mild
reaction conditions (50 °C and 20 bar of hydrogen) resulting in excellent performance with quantitative
LA conversion and 99% GVL selectivity within 1 h [20]. In the same study, ruthenium nanoparticles
on CNT resulted in 65% LA conversion with 100% GVL selectivity. Graphene is a promising catalyst
support due to its excellent thermal and chemical stability and high surface area. The ability of
Ru/FLG (2 wt. %) to catalyze LA hydrogenation to GVL was recently demonstrated [22]. In this study,
quantitative LA conversion with 100% GVL selectivity was obtained in water at room temperature
(40 bar Hy, 12 h). The catalyst showed stable performance for five successive batch runs at the same
reaction conditions.
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Inorganic oxides (5iO,, Al,O3, NbyOs, ZrO,, and TiO;) have also been tested as a support for
LA hydrogenation with Ru as the active metal (Table 2). One of the major advantages of inorganic
oxides as a support is the possibility for oxidative catalyst regeneration due to their high stability at
oxidative decoking conditions. However, for some of the supports (Al;O3 and Si0O5), the stability at
hydrothermal conditions, particularly at elevated temperatures and acidity, is known to be limited,
which is of relevance for LA hydrogenations carried out in water [6,24]. TiO, and ZrO, seem to be
very promising supports, as was evident from a study by Lange et al. [25].

Table 2. Literature overview on LA hydrogenation in batch set-ups using supported ruthenium
catalysts (excluding carbon).

LA GVL
Catalyst Additives Solvent T(°Q) H; (Bar) Time (h)  Conversion Selectivity ~ Reference
(%) (%)
Ru/SiO, _ ethanol 83 93
(5 wt. % Ru) ethanol + H,O 130 12 27 98 77 (6]
Ru/Al,O3 ~ ethanol 38 86
(5 wt. % Ru) ethanol + H,0 130 12 27 95 80 (6]
Ru/TiO; (Rutile) ethanol 0 -
(5 wt. % Ru) ethanol + H,O 130 12 27 0 - (6]
Ru/TiO; (P25) (5 ethanol 68 92
wt. % Ru) ethanol + H,0O 130 12 27 81 88 (6l
Ru/TiO, . H,0 99 95
(1 wt. % Ru) THF 70 50 1 0 0 7]
Ru / Nb205 .
(L, % Re) - dioxane 200 40 4 72 86 [26]
Ru/TiO, .
(1 wt. % Ru) - dioxane 200 40 4 100 92 [26]
Ru/Beta-12.5 .
(1 wt. % Ru) - dioxane 200 40 4 100 60 [26]
Ru/H-ZSM-5-11.5 .
(1 wt. % Ru) - dioxane 200 40 10 100 70 [27]
Ru/Al,Os - 24 9%
(5 wt. % Ru) A70 H,0 70 30 3 57 98 (12]
Ru/SiO, a
wt. % R) 5cCO, H,0 200 100 na. 98 >99 [28]
Ru/Al,O3 a
Gwt, %Rw) scCO, - 150 145 na. 99 99 [29]
RuPd/TiO, .
(1 wt. % Ru) - dioxane 200 40 0.5 99 99 [30]
H,0 99 99
Ru/hydroxyapatite B ethanol 70 5 4 92 76 (1]
(5 wt. % Ru) ethanol + H,O 92 82
toluene 30 92
Ru/SPES
(polyethersulfone) - H,O 70 30 2 88 99 [32]

(2 wt. % Ru)

2 not available.

Zeolites have also been considered as promising supports for LA hydrogenation reactions.
Luo et al. investigated the activity, selectivity and stability of ruthenium nanoparticles on strongly
acidic zeolites like H-ZSM-5 and H-Beta-12.5 [26]. The reactions were carried out at elevated
temperatures (40 bar Hj, 200 °C) in dioxane. Full LA conversion was achieved in both cases for
4 h reaction time but, in addition to GVL, other hydrogenation products (pentanoic acid) and
corresponding esters were obtained in considerable amounts. The selectivity to GVL was around 60%
for Ru/H-Beta-12.5 and around 50% for Ru/H-ZSM-5. More recently, the same group investigated
the influence of the ZSM-5 cation form (H* versus NHy*), Si/ Al ratio and Ru precursor on metal
dispersion and acidity on product yields in LA hydrogenation [27]. The best results in terms of GVL
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yield (91.6% after 10 h) were obtained using Ru/H-ZSM-5-11.5 with 1 wt. % Ru, prepared with a RuCl;
precursor from the H* form of ZSM-5.

The one pot conversion of biomass or Cé6 sugars derived thereof to GVL is of high interest
to eliminate an expensive separation step of the intermediate LA. It requires the use of an acid
catalyst in combination with a hydrogenation catalyst. For instance, Heeres et al. have reported a
one-pot synthesis of GVL from fructose using trifluoroacetic acid (TFA) and Ru/C as the catalysts [33].
A maximum GVL yield of 62 mol. % (based on fructose) at quantitative fructose conversion was
obtained under optimized reaction conditions (180 °C, 94 bar Hj, 8 h). The direct synthesis of GVL from
giant reed was achieved by treatment of the biomass in water with HCl and Ru/C as the catalysts [34].
Under mild reaction conditions (70 °C, 30 bar Hy, 5 h) 83 mol. % of GVL was obtained (on basis of
C6 sugars in the giant reed) with full LA conversion. The use of formic acid as an acid catalyst and
hydrogen source in the transformation of fructose to GVL was investigated using gold-based catalysts
(150 °C, 5 h) [35]. Highest GVL yields were obtained with Au/ZrO, (48%) and Au/C (47%) catalysts.

On the basis of the available literature, we can conclude that a large number of supports have
been tested for the hydrogenation of LA to GVL in water and organic solvents. However, a proper
comparison is difficult as most studies are focused on one support only and a limited number of
systematic studies with different supports is available. Recently, Abdelrahman et al. reported an
experimental study on LA hydrogenation in water in a continuous packed-bed reactor using Ru on
four different supports (C, SiO,, y-Al,O3 and TiO;) [17]. The initial intrinsic hydrogenation activity
was shown to be essentially independent of the support type under the prevailing conditions.

We here report an experimental study on the catalytic hydrogenation of LA with Ru based
catalysts on various supports (C, CNT, 5iO,, Al,O3, TiO,, ZrO,, NbyOs and Beta-12.5) in water in a
batch set-up. Reactions were performed at similar conditions, allowing for a proper comparison of
catalyst performance. Catalyst activity (in terms of initial rate and turnover frequency (TOF)) and
the selectivity to GVL, two important performance criteria, were determined and the best catalyst
for subsequent studies was selected. In addition, relevant catalytic properties were determined and
correlations between catalyst properties and performance were investigated.

2. Results and Discussion

2.1. Catalyst Characterization

All Ru-based catalysts were characterized by ammonia-TPD, N,-physisorption and tansmission
electron microscopy (TEM). In addition, the actual Ru content of the catalysts was determined by X-ray
fluorescence (XRF) and inductively coupled plasma (ICP). An overview of the catalyst characterization
results is presented in Table 3.

Table 3. Overview of catalyst characterization results.

Actual Ru Total Average Ru Specific Micropore
Catalyst Content Acidity Type of Acid Sites Particle Size Surface Surface
(wt.%) P (umol/gcat) (TEM), (nm)  Area (m?/g)  Area (m?/g)
Ru/Beta-12.5 0.97 1070 weak and medium 3.5 515 329
Ru/CNT n.d. ¢ 46 strong 1.1 272 14
Ru/C 14 99 medium 0.9 911 487
Ru/TiO, 0.85 2.5 weak 14 13 0.8
Ru/SiO, 0.71 57 weak, medium and strong n.d. 230 9
Ru/Al,O3 1.2 38 weak, medium and strong 12 247 4.8
Ru/ZrO, 0.71 22 weak and medium n.d. 83 2.1
Ru/Nb,Os5 2 n.d. 140 weak n.d. 98 0

2 ruthenium particle diameter of the Ru/Nb,Os catalyst could not be determined by TEM due to lack of contrast;
b by XRF or ICP (Ru-Beta-12.5); ¢ n.d.: not determined; ¢ commercial catalyst, value taken from supplier.

The Ru particle size distribution was determined by TEM and some representative images are
presented in Figure 1. All catalysts showed average Ru particle sizes smaller than 2 nm, except
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of Ru/Beta-12.5 (3.5 nm). Unfortunately, the average Ru particle size of Ru/Nb,Os5 could not be
determined by TEM due to lack of contrast. The average size of the Ru particles for Ru/ZrO; and
Ru/SiO, were also difficult to determine accurately, though it appears that these are small and on
average below 1 nm.

(b)

Figure 1. TEM (transmission electron microscopy) ages of: (a) Ru/CNT; (b) Ru/TiO,; and
(c) Ru/Beta-12.5.

The total acidity of the catalysts, as determined by ammonia TPD, span a large range and vary
from 2.5 to 1070 umol/g (Table 3). The Ru/Beta-12.5 catalyst demonstrated the highest acidity
(1070 pmol/g), whereas the acidity for Ru/TiO, was very low (2.5 pmol/g). The acidity of Ru/TiO, is
significantly lower than reported in the literature for P25 TiO,, for which the total acidity is in the range
of 100-300 pmol/gcat [26,36]. However, comparison is cumbersome as we used pure anatase TiO, in
the present study. Total acidity data for pure anatase have, to the best of our knowledge, not been
reported. In a recent paper, the acidic-basic properties of various TiO, polymorphs were evaluated by
means of a TPD method using N-propylamine as a probe and a linear relationship between the total
acidity and the BET specific surface area was demonstrated [37]. The Ru/TiO, catalyst used in the
present study has a low specific surface area (13 m?/ g) compared to P25 (52 m?/ g), and as such a low
acidity is expected, in line with the experimental data [37].

The various types of acid sites may be classified by the abundance of peaks in certain temperature
ranges and are ordered as weak (<250 °C), medium (250400 °C) and strong (>400 °C) acidic sites [38].
The results for all catalysts based on the NH3-TPD (temperature programmed desorption of ammonia)
profiles (Figure S1) are given in Table 3. Only weak acid sites were detected for the Ru/TiO; and
Ru/Nb;,Os catalysts, in line with literature [26]. Medium acid sites were observed for the Ru/C
catalyst, with two desorption peaks between 250 and 400 °C, in agreement with literature data for
Ru/C (5 wt. % Ru) [38]. Despite the lower total acidity of Ru/CNT compared to Ru/C, the acid sites
are strong in nature (compared to medium acidity for Ru/C). The acidity and type of active sites for
various Ru/CNT catalysts reported in the literature varies considerably and is known to be a function
of the preparation procedure (e.g., acid pre-treatment conditions) [39,40]. Weak and medium acid
sites were observed for the Ru/ZrO; catalyst with two desorption peaks below 400 °C (Figure S1), in
line with literature data [41,42]. For Ru/SiO; and Ru/AlL;Oj3, all three types of acid sites are present.
The acid sites on Ru/Beta-12.5 may be classified as weak and medium acid sites, in line with literature
data [43].

The specific surface area and micropore surface area of the Ru-based catalysts were determined
using Np-physisorption and results are presented in Table 3. The highest values were observed for the
Ru/C catalyst. The presence of high amount of micropores together with a high specific surface area
is common for catalysts supported on activated carbon [6,17]. The specific surface area for Ru/CNT
catalyst (272 m?/g) is lower than the value for Ru/C (911 m?/g), though in the range typically observed
for multi-walled CNT (200-400 m?/g) [44]. A high specific surface area (515 m?/g) together with a
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high micropore surface area was also observed for Ru/Beta-12.5 catalyst. Typical literature values
range from 500 to 750 m?/g, and are known to be a function of amongst others, the Si/ Al ratio, nature
of the cation and metal loading [26,45].

The specific surface areas of the oxide-supported ruthenium catalysts varied from 13 to 247 m?/g.
The lowest specific surface area was observed for the Ru/TiO, catalyst, which is on the low site
compared to the specific surface areas reported for most common TiO; type P25 (40-60 m?/g). This is
likely due to the fact that we used the anatase phase of the catalyst, whereas P25 is a mixture of the
anatase and rutile phase. The specific surface areas for the other catalysts on inorganic supports are
within the ranges reported in the literature [26,46—48].

2.2. Catalytic LA Hydrogenation Experiments

Catalytic LA hydrogenation experiments were carried out in water at 90 °C, 45 bar hydrogen
pressure, a stirring speed of 2000 rpm, and a LA concentration of 0.6-0.7 mol/L. The intended Ru
loading on all catalysts was 1 wt. % on support, the actual loading varied between 0.71 and 1.2 wt. %
(Table 3). A typical concentration profile of the reaction using Ru/C is shown in Figure 2. Full LA
conversion was achieved after 4.5 h with a GVL yield of 87%, the remainder being 4-HPA. The 4-HPA
concentration shows a maximum and this confirms that the hydrogenation of LA to GVL involves
two-consecutive reactions, viz. the hydrogenation of LA to 4-HPA, followed by the intramolecular
esterification of 4-HPA to GVL [8,49]. The latter reaction in water is known to be an equilibrium
reaction, of which the equilibrium position is a function of the temperature. Subsequent hydrogenation
products of GVL (methyl-tetrahydrofuran (MTHF), 1,4-pentanediol (PD), pentanoic acid etc.) were not
detected for all catalytic experiments.

0.7 4

| —m—LA 4 GVL —e—4-HPA |

0.6—.
0.5—.
0.4—- A
0.3—-

0.2+

Concentration, mol/L

0.1+

0.0 T T T T T T T T T T T T T T T T T T
0 30 60 90 120 150 180 210 240 270
Time, min

Figure 2. Typical concentrations profile for LA hydrogenation using Ru/C (1 wt. % Ru). Reaction
conditions: 90 °C, 45 bar Hp, Cy a0 = 0.6-0.7 mol/L, mcat = 0.06 g, stirring rate = 2000 rpm.

A plot of the LA conversion vs. reaction time for all catalysts is shown in Figure 3 and the results
are summarized in Table 4.
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Figure 3. LA conversion in the reaction with Ru-based catalysts (1 wt. % Ru). Reaction conditions:
90 °C, 45 bar Hp, Cpp 0 = 0.6-0.7 mol/L, mcat = 0.06 g, stirring rate = 2000 rpm.

Table 4. Results of LA hydrogenation reaction in presence of ruthenium-based catalysts (1 wt. % Ru)
in water in a batch set-up °.

Ca’talyst XLA (%) SGVL (%) YGVL (%) s4-HPA (%) Y4-HPA (%) [4-HPAJ/[GVL] RO (molLA/s~gRu b)

Ru/C 61 77 47 23 14 0.33 52 x 1073
Ru/CNT 74 83 61 17 13 0.21 nd. ¢
Ru/SiO, 47 97 46 3 1 0.11 4.0 x 1073
Ru/AlO3 33 56 18 44 14 0.79 24 x 1073
Ru/ZrO, 1 >99 1 0 0 0 6.4 x 1075

Ru/Nb,O5 2 >99 2 0 0 0 nd. ¢
Ru/TiO, 44 85 37 15 7 0.18 3.8 x 1073
Ru/Beta-12.5 94 70 66 30 28 0.41 8.9 x 1073
RuPd/TiO, 9 51 5 49 4 0.96 nd. ¢

2 Reaction conditions: 90 °C, 45 bar Hy, Cpa 0 = 0.6-0.7 mol/L, ¢t = 0.06 g, stirring rate = 2000 rpm, 2 h; b
Normalized on gg, intake based on actual Ru loading of the catalyst as determined experimentally (ICP, XRF);
not determined.

Clear differences in catalytic activity were observed for the various catalysts, see Figure 3 for
details. The most active in the series is Ru on Beta, with a 94% conversion of LA after 2 h. By far the
lowest activity was found for Ru on ZrO, and NbyOs (<5% LA conversion) For a better comparison,
the activity in terms of the LA conversion after 2 h and the initial rates of the catalyst are provided in
Table 4. Here, the ratio of 4-HPA and GVL at the end of the run is also provided. Good agreement
between the two catalyst activity measures (initial rate and LA conversion after 2 h) was observed
(see Figure S2 (Supplementary Materials)).

When considering the carbon supports, the catalytic activity of the Ru/CNT catalyst was higher
than for Ru/C at the start of the reaction, see Figure 4 for details. However, after 4 h, the LA conversion
for Ru/C was slightly higher than for Ru/CNT (96% and 91%, respectively). The concentration-time
profile for Ru/C shows the peculiar features of an S-shaped curve. As such the initial activity is lower
than expected and this could be due to a relatively slow in-situ activation of the catalyst (e.g., by
molecular hydrogen). The yield of GVL after 4 h was rather similar for both catalysts (80% and 81%
respectively). Only 4-HPA was detected as an intermediate and the selectivity to both products was
close to quantitative (100% for Ru/C and 99% for Ru/CNT).
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Il Conversion of LA after 2 h
904 I Yield of GVL after 2 h
| I Vield of 4-HPA after 2 h

Conversion of LA / Yield, %

Figure 4. Conversion of LA and yield of GVL (y-Valerolactone) and 4-HPA after 2 h batch time.
Reaction conditions: 90 °C, 45 bar Hy, Cpa o = 0.6-0.7 mol/L, mcat = 0.06 g, stirring rate = 2000 rpm.

The differences in initial rates for Ru/C and Ru/CNT may be related to the rate of catalyst
activation by molecular hydrogen, which in turn is expected to be a function of the hydrogen adsorption
capacity. CNTs are known for their high H, adsorption capacity compared to activated carbon [44].
A higher catalytic activity of metal catalysts supported on CNTs was also shown for LA hydrogenation
in water for iridium catalysts [20]. Hy temperature-programmed desorption measurements (Hy-TPD)
revealed that a significantly higher amount of Hy was desorbed from Ir/CNT compared to Ir/C.
This higher hydrogen adsorption capacity for CNTs was put forward as the reason for its superior
performance for LA hydrogenation to GVL [20].

When considering the inorganic supports, major differences in catalyst performance were
observed. The lowest activity was found for the Ru/ZrO, and Ru/Nb,Os catalysts and the LA
conversion for these catalysts after 2 h batch time was only 1% and 2%, respectively. Improved
performance was found for Ru/Al,O3 with 33% LA conversion after 2 h. The best results were
obtained with Ru/SiO; and Ru/TiO; (47% and 44%, respectively), though the activity is less than
found for Ru/C.

The best catalytic activity of the 8 catalysts tested was found for Ru-Beta-12.5. Almost full LA
conversion (94%) was achieved within 2 h, compared to 4 h for Ru/C. The selectivity to 4-HPA and
GVL was quantitative for both catalysts. The yield of GVL after 2 h was higher for Ru/Beta-12.5 (66%)
than for Ru/C (47%), which is, among others, due to different LA conversion levels (vide infra). Good
catalytic activity of this zeolite based catalyst was also demonstrated for LA hydrogenations in dioxane
at 200 °C [20]. However, at these more severe reaction conditions, subsequent GVL hydrogenation
products were observed, viz. pentanoic acid and pentenoic esters. At the milder reaction conditions
applied in present study, over hydrogenation does not occur and only GVL and 4-HPA were observed.

Thus, it is evident that the support structure has a major impact on the activity of the catalysts
and major differences in activity were observed.

2.3. LA Hydrogenation with a Bimetallic Catalyst

A recent study by Luo et al. [30] revealed positive effects of the use of bimetallic Ru based catalysts
when using dioxane as the solvent, particularly when considering catalyst activity. Therefore, we have
also included a bimetallic RuPd/TiO; catalyst in this catalyst screening study (Figure 5).
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Figure 5. LA conversion versus time for the bimetallic RuPd/TiO; catalyst. Reaction conditions: 90 °C,
45 bar Hyp, Cpa 0 = 0.6-0.7 mol/L, mcat = 0.06 g, stirring rate = 2000 rpm.

The addition of Pd to Ru/TiO, resulted in a lowering of the catalytic activity. After 5h, the LA
conversion was 93% for the monometallic catalyst compared to 34% for the bimetallic catalyst. As such,
the yield of GVL for the bimetallic catalyst was significantly lower (32%) than for the monometallic one
(83%). In addition, the GVL to 4-HPA ratio also differed considerably for both catalysts. This reduced
activity upon the addition of Pd is not in line with recent studies on LA hydrogenation in dioxane
at 200 °C. Here, the bimetallic catalyst showed higher catalytic activity, stability and GVL yield than
the monometallic one [30]. This was explained by considering that the active Ru sites are diluted and
isolated by the introduction of Pd, resulting reduced activity for consecutive hydrogenation reactions
of GVL. The lower performance in our study may be due to the use of water instead of dioxane and/or
temperature effects.

2.4. Comparison of Activity of the Catalyst with Literature Data

The activity of the catalysts used in this study in terms of initial rates (Rp), together with relevant
literature data, are given in Table 5. Here, only experimental data obtained in water and water-alcohol
mixtures are given, as solvent effects on the catalytic hydrogenation of LA are known to be pronounced.

The reported initial rates span 3 orders of magnitude and are between 6 x 10~ and
4.5 x 1072 moly o /(gru-s)- The values reported in our study are within the ranges reported in the
literature. However, a comparison is hampered as different reaction conditions and particularly
different temperatures are applied in the various studies. For example, Al-Shaal reported data at
130 °C, which, as expected, resulted in higher initial reaction rate than at 70 and 90 °C [6]. However,
the data do reveal some interesting trends regarding the activity of various catalysts at different
temperature levels. For instance, at 130 °C, the Ru/C catalyst was shown to be more active than
Ru/SiO;, Ru/Al,O3 and Ru/TiO,, and the same trend was found at 90 °C and 70 °C.
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Table 5. Catalyst activity data for LA hydrogenation in water in batch set-ups.

LA GVL 4-HPA
Catalyst wt. % Ru T (°C) Conversion Selectivity Selectivity Rg (molyz/gRry-s ?) Reference
after 2 h, (%) after 2 h, (%) after 2 h, (%)
Ru/C 1 61 75 24 52x 1073
Ru/CNT 1 74 83 17 n.d.
Ru/SiO, 1 47 97 3 40 %1073
Ru/AlLO3 1 33 56 44 24 %1073
Ru/ZrO, 1 90 1 99 1 6.4 x 1075 This study @
Ru/Nb,O5 1 2 98 1 n.d.
Ru/TiO, 1 44 79 15 37 %1073
Ru/Beta-12.5 1 95 70 30 89 x 1073
RuPd/TiO, 1 9 51 49 nd.
Ru/C 5 160 min—99.5 160 min—=86.6 - 35 x 1074
Ru/SiO, 5¢ 130 160 min—98 160 min—76.5 - 35x 1074 (6]
Ru/AlL O3 5¢ 160 min—94.7 160 min—80.4 - 34x10°4
Ru/TiO, 5¢ 160 min—81.2 160 min—87.8 - 29 x 1074
Ru/TiO, 1 70 1h—99% 1h—95 - 7.9 x 1074 [71
Ru/C 3 90 50 min—100% 50 min—83% 50 min—17% 45 % 1072 [8]
Ru/C 5 70 3h—48 3h—97.5 - 7.5 x 1074 [12]
Ru/Al, O3 5 70 3h—24 3h—96 - 3.7 x 1074

2 Reaction conditions: 90 °C, 45 bar Hp, Cra0 = 0.6-0.7 mol/L, met = 0.06 g, stirring rate = 2000 rpm;
b Normalized on gg, intake based on actual Ru loading of the catalyst as determined experimentally;
¢ water-ethanol mixtures.

2.5. Catalyst Structure-Activity Relations

The combination of the catalytic activity data and the results from the catalyst characterization
study were used to gain insights in catalyst activity-structure relations. In this case, both the initial
reaction rate and the TOF values are used as activity indicator. The latter is a better measure as it is
based on the amount of Ru on the surface of the nanoparticles. For calculation of the TOF values,
the average Ru nanoparticle size (as determined by TEM) as well as the experimentally measured
actual Ru loading are required (see Equations (1) and (2) in the experimental section for calculation
details). These values are not available for all catalysts (Table 3) and as such TOF values could only be
determined for four of the catalysts.

In Figure 6, the initial rate of the catalysts, both in terms of Ru intake (Ry) and TOF, is provided as
a function of the average Ru-nanoparticle size. The TOF values for Ru/C, Ru/Al,O3; and Ru/TiO;
are rather similar and imply that the LA hydrogenation is structure insensitive for these supports
in the Ru nanoparticle size range considered here (0.9-1.5 nm). These findings are in line with data
by Abdelrahman et al. for Ru catalysts on C, Al;O3 and TiO; supports [17]. However, the Ru/beta
catalyst is a clear exception and by far higher TOF values are observed than for the others.

The initial rate versus the total acidity of the catalyst is given in Figure 7a. A clear correlation
between initial reaction rate and total catalyst acidity is visible, with a higher support acidity leading to
higher initial reaction rates. However, when plotting the TOF versus support acidity, a different trend
is visible (Figure 7b). Here, the TOF is essentially independent of the total acidity for the catalysts with
a low acidity (Ru/C, Ru/Al,O3 and Ru/TiO,), indicative for a structure insensitive reaction, whereas
the Ru/Beta-12.5 catalyst is again the clear exception.

The initial reaction rates and TOF values versus the specific surface area are given in Figure 8.
The initial rate versus the specific surface area plot shows a clear maximum and the highest initial
reaction rate was achieved with Ru/Beta-12.5 catalyst, which has surface area 515 m?/g. Despite
the fact that surface area of Ru/C is considerably higher, the initial reaction rate with this catalyst
was significantly lower. Correlations between catalytic activity and specific surface areas have been
reported for individual supports. For instance, Al-Shaal et al. reported data for titania supports
with different specific surface areas and showed that high surface areas are beneficial for catalytic
activity [6]. Thus, Ru/TiO, with a high specific surface area (48 m?/g) gave a much higher LA
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conversion (81%) and GVL yield (88%) in ethanol-water mixture than Ru/TiO; from Tronox (LA acid
conversion below 5%), which had significantly lower specific surface area (6 m?/ g) [6].

However, it is better to compare the TOF values of the various catalysts as these are normalized
on the actual amount of Ru on the surface of the nanoparticles. For Ru/C, Ru/Al,O3 and Ru/TiO,, the
TOF values are essentially independent of the specific surface area, whereas the Ru/Beta-12.5 catalyst
is again the exception.
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Figure 6. Initial reaction rates and TOF (turnover frequency) values versus Ru particle size for LA
hydrogenations using supported Ru catalysts. (a) Initial reaction rate, (b) TOF.
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Figure 7. Initial reaction rates and TOF (turnover frequency) values versus the total acidity of the
catalysts for LA hydrogenations using supported Ru catalysts. (a) Initial reaction rate, (b) TOF.
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Figure 8. Initial reaction rate and TOF versus the specific surface areas of the catalysts for LA
hydrogenations using supported Ru catalysts. (a) Initial reaction rate, (b) TOF.

Similar trends were observed when considering the effect of the micropore surface area on the
initial activity and TOF (Figure 9). The initial reaction rate shows a maximum with regards to micropore
surface area for Ru/Beta-12.5 but then reduces at higher areas for Ru/C. A similar observation was
made by Ruppert et al. for Ru/TiO; catalysts [50]. Here, two catalyst were compared which were
prepared using different procedures leading to different micropore volumes. The lowest activity was
found for the catalyst with the highest micropore volume. The presence of small Ru nanoparticles in the
TiO; micropores which are more difficult to reduce than larger particles and /or diffusion limitations
of the reactants and products in the micropores were put forward as explanations for this observation.
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Figure 9. Initial reaction rate and TOF versus the micropore area of the catalysts for LA hydrogenations
using supported Ru catalysts. (a) Initial reaction rate, (b) TOF.

However, the TOF values are rather insensitive to the micropore surface area, see Figure 9b for
details, the only exception being the Ru/Beta-12.5 catalyst, which shows a by far higher TOF than
the others.

Thus, we can conclude that relevant catalyst properties like Ru-nanoparticle size, support acidity
and surface area (specific and micropore area) do not have a major effect on the TOF values for the
hydrogenation of LA when using Ru/C, Ru/Al,O3 and Ru/TiO,, which is indicative for a structure
insensitive reaction. These findings are in line with the results obtained by Abdelrahman et al. for
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Ru catalysts on C, Al,O3 and TiO; supports in a packed bed reactor [17]. In addition, related ketone
hydrogenations, like glucose on Ru are also known to be structure insensitive [17,51]. However, the
Ru/Beta-12.5 catalyst is a clear exception and the TOF for this catalyst is by far higher (factor 5, see
Figure 9b) than for the others. 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
activity. The exact reason for the high activity of the Ru/Beta-12.5 catalyst needs to be established, e.g.,
by carrying out an extensive experimental study on LA hydrogenation using a wider range of zeolite
based Ru catalysts with different acidity and other structural properties.

2.6. Catalyst Structure-Selectivity Relations

Analysis of the reaction mixtures only showed the presence of GVL and 4-HPA and
over-hydrogenation products were absent. The ratio of 4-HPA /GVL for LA hydrogenations in water
is typically a function of the batch time and in some cases the 4-HPA concentration shows a maximum
(Figure 2) [8,19,49]. To gain insights in catalyst structure-selectivity relations, the [4-HPA]/[GVL]
ratio after 2 h batch time was determined for the various catalysts (Figure 10). This shows that the
[4-HPA]/[GVL] ratio is a function of the catalyst support (Figure 10).

1.0
0.9-
0.8
0.7
0.6-
0.5
0.4
0.3-
0.2

[4-HPA)/[GVL] ratio after 2 h

Figure 10. [4-HPA]/[GVL] ratio after 2 h batch time for various supported Ru catalysts. Dotted
line-equilibrium value. Reaction conditions: 90 °C, 45 bar Hp, Cy,5 9 = 0.6-0.7 mol/L, mc,t = 0.06 g,
stirring rate = 2000 rpm.

The intramolecular esterification of 4-HPA to GVL is known to be an equilibrium reaction with
an equilibrium constant (K = [4-HPA]/[GVL]) of about 0.05-0.06 at 90 °C [52]. As can be seen
from Figure 10, equilibrium was not achieved within 2 h batch time for all catalytic runs. The highest
[4-HPA]/[GVL] ratio was obtained for the bimetallic RuPd/TiO; catalyst (0.96), the lowest for Ru/SiO,
(0.11). Due to low LA conversions (<2%) for Ru/ZrO, and Ru/Nb,0Os, the [4-HPA]/[GVL] ratio could
not be determined accurately and as such is not provided in Figure 10.

The [4-HPA]/[GVL] ratio is expected to be a function of the rate of hydrogenation versus the
rate of intramolecular esterification. The former is Ru catalyzed, the esterification is expected to take
place in the bulk solution and is known to be Bronsted acid catalyzed. When assuming that the rate of
intramolecular esterification is mainly determined by acidity of the bulk solution and not by acidity of
the surface, the ratio [4-HPA]/[GVL] is expected to be a function of the initial rate of the hydrogenation
reaction, with higher initial reaction rates leading to higher [4-HPA]/[GVL] ratios. Indeed, the
[4-HPA]/[GVL] ratio is proportional to the initial rate for the monometallic catalysts (Figure 11), the



Catalysts 2016, 6, 131 14 of 20

only exception being the alumina catalyst (not shown in Figure 11). As such, the acidity of the support
seems to play a minor role in the intramolecular esterification reaction. Further kinetic studies and
modeling, beyond the scope of this study, will be required to draw more definite conclusions.

0.45

0.40 4
0.35 4
0.30 4
0.25
0.20

0.15 4

[4-HPAJ/[GVL] ratio

0.10 4

0.05 1

0.00 T T T T T T T 1
0.00 250x10°  5.00x10°  7.50x10°  1.00x10”

Initial reaction rate, moILA/gRu.s

Figure 11. [4-HPA]/[GVL] ratio (concentration based) vs. initial reaction rate after 2 h batch time.

3. Experimental Section

3.1. Materials

Levulinic acid (purity >98%, less than 1 wt. % H,O) and dioxane (purity >99%) were purchased
from Acros Organics (Waltham, MA, USA). deuterium oxide (purity >99.9%) and urea (8 M) were from
Sigma-Aldrich (Zwijndrecht, The Netherlands). Hydrogen and nitrogen (purity >99.9%) gas were
from Linde Gas (Schiedam, The Netherlands).

RuNO(NO3); was supplied by Alfa Aesar (Ward Hill, MA, USA), RUCl3-xH,O (35-40 wt. % Ru)
and PdCl, (<99%) by Sigma-Aldrich (Zwijndrecht, The Netherlands). All chemicals were used
without purification. Catalysts supports: TiO, (powder, anatase, >99%, average particle diameter as
measured by scanning electron microscope (SEM) was 156 nm) and carbon nanotubes (multi-walled,
outside diameter (O.D.) 69 nm length, 5 um diameter, >95% carbon) were supplied by Sigma-Aldrich
(Zwijndrecht, The Netherlands). vy-Al,O; was from Albemarle Catalysts B.V. (Amsterdam,
The Netherlands), ZrO; (monoclinic, Daiichi Kikenso RC-100) was purchased from Degussa
(Essen, Germany), and SiO, (FUJI G6-5) was supplied by Fuji Silycia Chemical Ltd. (Kasugai, Japan).
The Nb,Os5 support was obtained by calcination of niobic acid (HY-340, CBMM) at 400 °C for 4 h under
air flow; H-Beta-12.5 (CP814E, Si/ Al = 12.5), from Zeolyst (Delfzijl, The Netherlands) was converted
into the H-form by heating the samples to 120 °C for 1 h followed to 550 °C for 4 h.

A commercial Ru/C catalyst (1 wt. % Ru) was obtained from Evonik (Essen, Germany)
(d10=5um, dsg = 25 um, dgg = 75 pm). Ruthenium is well dispersed and, according to TEM
measurements, the Ru nanoparticles have an average diameter of 1-2 nm.

3.2. Catalysts Preparation

Ru/CNT, Ru/TiO; and Ru/ZrO; (1 wt. % Ru) were prepared by a standardized procedure using
a wet impregnation protocol. The support was dried (120 °C for 4 h in air) before use. The required
amount of the precursor (RuCls-xH,0O) was dissolved in an excess of water at stirring (1100 rpm) for
30 min at 30 °C to obtain a homogeneous solution. The support was added to the precursor solution
in small portions under stirring. Subsequently, the temperature was increased to 85 °C and kept at
this value till complete water evaporation (after about 19 h). After the impregnation, the catalyst was
reduced. Reduction was performed using a Micrometrics AutoChem II 2920 system (Norcross, GA,
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USA) at 400 °C (heating rate 2 °C/min) in a N, /H; atmosphere (10% H,, total gas flow = 100 mL/min)
for 4 h.

Ru/Al;,O3 and Ru/SiO; (1 wt. % Ru) were prepared by a homogeneous deposition precipitation
method as described by Toebes et al. [53]. A suspension (pH 2.0) of 1.25 g of support in demi water
was heated up to 90 °C, and 0.39 g of urea and 0.03 g of RuClz-xH,O were added under vigorous
stirring. The pH of the slurry was monitored continuously using a pH meter (Mettler-Toledo B.V., Tiel,
The Netherlands). After 6 h the catalysts were filtered and washed thoroughly with demi water, dried
at 120 °C, and calcined at 500 °C for 8 h (heating rate 4 °C/min).

Ru/Nb;Os5 and Ru/Beta-12.5 (1 wt. % Ru) were prepared by wet impregnation using aqueous
solutions of ruthenium nitrosyl nitrate (RuNO(NO3)3). After evaporation of the water, the catalysts
were dried at 60 °C overnight, calcined at 500 °C for 4 h under N, (100 mL/min), followed by reduction
at 400 °C, for 6 h, under a H; flow (80 mL/min).

The bimetallic RuPd/TiO, catalyst with equimolar metal ratios (1 wt. % of both metals) was
synthesized via a modified wet impregnation method that involves the use of an excess of chloride
anions [30]. The precursor (RuCl;-xH,O) was dissolved in deionized water to form an aqueous
solutions with the preset ruthenium concentration. The PdCl; salt was dissolved in 0.5 M HCI under
vigorous stirring and gentle warming to obtain an aqueous solution with the desired palladium
concentration. This solution was slowly cooled and used as the palladium precursor. In a typical
catalyst synthesis, the required amount of precursor solution was charged into a round bottomed flask
equipped with a magnetic stirrer, after which the required amount of concentrated HCl (37.5%) was
added. Subsequently, the volume of the precursor/HCI solution was diluted to 25 mL using water to
obtain a final HCl concentration of 0.5 M in deionized water. The round bottom flask was submerged
in a temperature controlled oil bath and the mixture was then agitated vigorously at 25 °C. To the
stirred precursor solution, the required amount of the support was added very slowly with constant
stirring at 25 °C over a period of 30 min. After complete support addition, the slurry was stirred
vigorously and then the temperature was raised to 85 °C. The slurry was stirred at this temperature
overnight until all water was evaporated. The solid powder obtained, denoted as the “dried sample”,
was grounded thoroughly and then reduced in a furnace at 450 °C under a flow of 5% H;/He for 4 h.

3.3. Analysis

Nitrogen physisorption experiments were carried out using a Micromeritics ASAP 2020
(Micromeritics, Norcross, GA, USA) 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
Barrett-Joyner-Halenda (BJH) method using the adsorption branch of the isotherms. The mean pore
size was taken as the position of the particle size distribution (PSD) maximum. The ¢-plot method was
employed to quantify the micropore volume (V).

Temperature programmed desorption of ammonia (NH;3-TPD): NH;3-TPD measurements were
performed using a Micrometrics AutoChem II 2920 system (Micromeritics, Norcross, GA, USA). Before
TPD experiments, the catalysts (~50 mg) were pretreated at 300 °C at a heating rate of 10 °C/min
for 30 min. Then the samples were cooled to 100 °C under a He flow. In the next step, the samples
were saturated for 60 min in a flow of a gas containing 1% of NHjz in He at 100 °C. Then, the samples
were purged with a He flow until a constant baseline level was attained. TPD measurements were
performed in the temperature range 100-600 °C at a rate of 10 °C/min using He as the carrier gas.
The evolved NHj was detected by an on-line thermal-conductivity detector, calibrated by the peak
area of known pulses of NHj.

Transmission Electron Microscopy (TEM) measurements in bright field mode were conducted
with a CM12 microscope (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
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grids. Images were taken on a slow scanning CCD camera (Philips, Eindhoven, The Netherlands).
The metal particle distribution is calculated by measuring at least 100 particles with the software Nano
Measurer 1.2 (Department of Chemistry, Fudan University, China).

X-ray fluorescence (XRF) measurements to determine the Ru loading on the supports were carried
out using an XRF (Bruker S8 Tiger, Billerica, MA, USA) using a 4 kW Rhodium tube and 8 mm masks.

3.4. Catalytic Hydrogenation Experiments of LA

The hydrogenation reactions were performed in a stainless steel batch autoclave (100 mL,
Parr Instrument Company, Moline, IL, USA). The mantle of the autoclave was equipped with electric
heating rods and a cooling coil (using water) for proper temperature control. The reactor content was
stirred using an overhead stirrer (Heidolph, RZR 2102 control, Saffron Walden, UK). The temperature
and pressure were measured online with a Eurotherm 2208e (Eurotherm, Worthing, UK). The reactor
was equipped with a dip-tube to allow for liquid sampling during the reaction.

LA dissolved in water (40 mL, 0.6 M) and catalyst (0.06 g, 2.0 wt. % on LA) were introduced in
the autoclave. The stirrer was started (2000 rpm) and the system was flushed with nitrogen for 5 min.
The mixture was heated to the desired temperature and subsequently hydrogen was admitted to the
reactor to 45 bar. This moment is set as ¢ = 0 min. During the reaction, hydrogen was admitted to the
reactor to keep the pressure constant at 45 bar.

3.5. Definitions

The turnover frequency (TOF, s~!) was calculated according to Equation (1).

)

where Ry is the initial reaction rate (mol/molg, s, based on measured Ru loading of the catalyst) and
Dgy, is the dispersion of Ru, which was calculated using Equation (2):

6 X Vry

Dry = ————
ARy X dry

@)
where Vg, is the volume occupied by a bulk Ru atom (0.01365 nm?), ag, is an area per Ru atom
(0.0635 nm?) and dgy, is the average diameter of a Ru particle (nm, taken from the TEM measurements).

The conversion of LA and the yield and selectivity for the products (4-HPA and GVL) were
calculated according to Equations (3)—(5).

Crao—C
X4 = % x 100% )
LA,0
Yoy = A=A Conr o 1009, W
Cra 0—Cra—C
Y4 _ppa = AL AL CLZ/:) VL % 100%
Y,
S; = XLIA x 100% (5)

where X 4 is the conversion of LA (mol. %); Cy 4 ¢ the initial concentration of LA (mol/L); Cpa the
concentration of LA at a certain time f (mol/L); YgyL the yield of GVL (mol. %); Y4 1pa the yield of
4-HPA (mol. %) and S; the selectivity to GVL or 4-HPA (mol. %).

3.6. Determination of the Concentrations of LA, GVL and 4-HPA

The composition of a reaction mixture (LA, 4-HPA and GVL) was determined quantitatively
by 'H-NMR. This was shown to be the best method to quantify 4-HPA, which is difficult to
determine using gas chromatography (GC) and high performance liquid chromatography (HPLC).
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A sample (approximately 200 pL) was weighed, dissolved in D,O and dioxane (S, internal standard,
10 puL) was added. All spectra were integrated using MestReNova software (10.0.1, Mestrelab,
Santiago de Compostela, Spain, 2014). The number of moles of a component A in the sample was
calculated using Equation (6):

(6)

mol,; = mol, x (Integml (component A)) N;

Integral (int.stand.) X Na

where N is the number of hydrogen atoms of the Nuclear Magnetic Resonance (NMR) peak used
for the calculation (6 2.1 ppm for LA (3 hydrogen atoms), 6 1.03 ppm for 4-HPA (3 hydrogen
atoms), 6 1.3 ppm for GVL (3 hydrogen atoms)) and Ng is 8, being the number of hydrogen atoms
of dioxane at 6 3.6 ppm. The concentrations of LA, GVL and 4-HPA in the samples were calculated
using Equation (7).

CA27><Df (7)

where V is the volume of the mixture in NMR tube and Dy the dilution factor, which was calculated as
follows (Equation (8)):

mass of the sample in NMR tube + mass of DO + mass of internal standard
Ds = . (8)
mass of the sample in NMR tube

3.7. Determination of the Initial Rates

The initial reaction rate was determined from the experimentally obtained concentration-time
profiles using a procedure given by Fogler [54]. For this purpose, the concentration time profile was
modeled using a higher order polynome. The initial rate was determined by differentiation of the
polynome and setting the value for the time at zero.

4. Conclusions

A systematic experimental study on the catalytic hydrogenation of LA with a series of mono- and
one bimetallic Ru catalysts (1 wt. % Ru) on various supports in water in a batch set up is reported.
For all catalysts, GVL and 4-HPA were the main products and over hydrogenation product were not
observed. The catalyst activity was shown to be a strong function of the support and the highest
activity (TOF up to 2.4 moly p /molgy-s at 90 °C and 45 bar Hj) was found 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 correlations 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,Os3 and Ru/TiO,, indicative that the reaction is structure insensitive for these supports.
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. Moreover, it was found that the [4-HPA]/[GVL] ratio at a certain batch
time is a function of the catalyst support. This finding was rationalized by considering that the rate of
hydrogenation of LA to 4-HPA, which is by far more dependent on the type of catalyst (and associated
support) than the rate of the subsequent intramolecular esterification reaction of 4-HPA to GVL.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/6/9/131/s1,
Figure S1: Temperature programmed desorption of ammonia (NH3-TPD) profiles of the various Ru-based
catalysts (1 wt. % Ru), Figure S2: Parity plot for initial reaction rate (on actual Ru intake in g) and levulinic
acid (LA) conversion after 2 h batch time for the various catalysts. Reaction conditions: 90 °C, 45 bar Hj,
Cra, = 0.6-0.7 mol/L, mcat = 0.06 g, stirring rate = 2000 rpm.
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