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1. INTRODUCTION AND OBJECTIVES 

Recently, most of the essential fuels and chemicals used by mankind have been 

predominantly produced from nonrenewable fossil-based resources mainly, 

petroleum, and natural gas. However, the reserves of these resources are diminishing, 

while the demands for energy and carbon-based end products are continuously 

increasing. Therefore, the search for sustainable alternatives to depleting fossil 

resources for chemicals and energy supply represents an urgent task and a worldwide 

grand research challenge. Making innovative and sufficient use of naturally abundant 

and renewable resources is of great importance in the pursuit of a sustainable future. 

Because biomass is the most abundant and only renewable organic carbon 

resource, it has attracted a significant attention to produce a large variaty of value-

added chemicals. Its conversion leads to the formation of novel platform chemicals, 

which which could either replace the currently used basic chemicals or serve as the 

renewable feedstock for their production. Thus, the concept of "biorefining" has been 

created by the analogy of petroleum refining. According to this concept, the acid-

catalyzed conversion of polysaccharides has been successfully implemented.1As a 

result of the catalytic conversion and dehydration of carbohydrates, which are the 

main constituents of biomass as an alternative feedstock for the chemical industry, 

through the molecule of furfural (FOL) and - 5- (hydroxymethyl)-2-furfural (5-

HMF) - , levulic acid (LA) can be obtained, which are used as starting materials to 

produce additional non-fossil carbon platform molecules such as γ-valerolactone 

(GVL).2 Firstly, HORVÁTH et al. paid attention to GVL2a as a new platform 

molecule that can be produced from cellulose and hemicellulose polymers, due to its 

favorable physico-chemical and chemical properties in 2008. 

Herein, I summarize my results related to the above-detailed theme, what may 

provide an alternative way for recovering and valorization of the biomass-based 

waste, which is basically the solar energy stored in chemical bonds in plants, and 

may contribute to further fine-tuning of bio-refiners. 

The first aim of my Ph.D work was to identify that biomass-based wastes, which 

can be readily available in large-scale, but the conversion of carbohydrate contents 

are not used generally. The conversion of the carbohydrate content of these biomass-

based wastes to levulinic acid due to catalytic transformation under conventional heat 

transfer and optimized reaction conditions were in focus during my investigation. 

                                                 
1Biorefineries-Industrial Processes and Products: Status Quo and Future Directions. Eds: Kamm, B.; 

Gruber, P. R.; Kamm, M. WILEY-VCH, Weinheim, 2006. 
2(a) Horváth, I. T.; Mehdi, H.; Fábos, V.; Boda, L.; Mika, L. T. Green Chem.2008, 10, 238–242. (b) 

Alonso, D. M.; Wettstein, S. G.; Dumesic, J. A. Green Chem.2013, 15, 584–595. 
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Besides the characterization of raw materials, comparative experiments were carried 

out to study the effects of wet content of the raw materials on levulinic acid yield. 

However, the primary object of my work was to develop a new kind of in situ 

generated Ru-based catalyst systems that can be used effectively in the homogeneous 

catalytic hydrogenation of levulinic acid to γ-valerolactone. During the catalyst 

development, it was kept in mind that the reduction can be feasible in a solvent-free 

medium without the usage of any promoters. Based on literature survey, 

hydrogenation experiments were performed in the presence of catalysts in situ 

generated from Ru(acac)3 and monoalkyl- and dialkyl-(m-sulfonated-phenyl)-

phosphine ligands developed by our research team previously, and on the other hand 

catalytic activity of ruthenium-based catalyst systems modified with bidentate 

phosphane ligands were examined, as well. Furthermore, I have defined the task of 

examining the activity of the catalysts and optimizing the reaction conditions. As 

only a few data is available regarding the recycling of catalysts in the homogeneous 

catalytic conversion of LA to γ-valerolactone, I considered it would be essential to 

cover this potential. To extend the substrate specificity of the catalyst system, 

according to the optimized reaction conditions, the most effective reaction system 

was investigated in the process of furfural furfuryl alcohol conversion. 

The chiral γ-valerolactone has been widely used but has not been produced by 

the direct enantioselective reduction of levulinic acid yet. My further aims were to 

develop a selective, highly active and stable catalyst system for the efficient 

production of optically pure γ-valerolactone and then optimization of the reaction 

conditions. 

The homogeneous catalytic systems exhibit remarkable activity and selectivity 

but difficulties have to be overcome in terms of catalyst separation. Considering 

industrial applications there is an increasing need for continuous-flow heterogeneous 

catalytic reactions. Therefore, as a final aim, I have identified the examination of the 

heterogeneous catalytic hydrogenation of levulinic acid in a "green" continuous-flow 

process. Selective reductions were performed in H-Cube® and H-Cube Pro™ 

continuous-flow hydrogenation reactors developed by ThalesNano Ltd. 

Commercially available and easily replaceable catalyst charges (Ru/C, Pd/C, Raney-

Ni) were used in the equipment. 
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2. EXPERIMENTAL METHODS 

2.1 Catalytic hydrolysis of lignocellulose-based biowastes by sulfuric acid 

During the hydrolysis of the selected lignocellulose-based biowastes, previously 

optimized parameters (2 M H2SO4, 8 h, 170°C) and conventional heat transfer were 

applied. Figure 1. shows the work-up procedure of the crude reaction mixture 

obtained by acid-catalyzed hydrolysis. 

 

Figure 1. Flowchart of the workup procedure of the crude reaction mixture obtained by acid-

catalyzed hydrolysis 

As a final step of the workup process, the solvent was removed under reduced 

pressure from the combined organic phases and a brownish-yellowish, viscous liquid 

remained. LA content of the obtained product was determined by 1H- and 13C-NMR 

measurements.  

2.2 Homogeneous catalytic hydrogenation of levulinic acid 

High-pressure reactions were performed in a 120 ml Hastelloy-C Parr stainless-

steel reactor as shown in figure 2. During the experiments, LA was loaded into the 

reactor followed by the addition of the ruthenium(III)-tris (acetylacetonate) 

(Ru(acac)3) catalyst precursor and 10 molar equivalents of the corresponding 

phosphine ligand. After assembling the reactor and installing the heating block it was 

connected to the high-pressure system and flushed with hydrogen. The reactor was 

pressurized with hydrogen (10 – 100 bar) and the appropriate temperature and the 

proper mixing speed (RPM = 600 min–1) were set up. At the end of the reaction, the 

reactor was cooled down and depressurized. Samples were prepared directly from 

the homogeneous phase reaction mixture for GC and NMR analysis. Quantitative 
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analysis of LA from the reaction mixture samples for the conversion calculation was 

made using toluene as an internal standard. 

 

 

Figure 2. Schematic diagram of the high-pressure batch reactor equipped with 

PID controller 

Asymmetric hydrogenation of LA was performed in a 25 ml Hastelloy-C Parr 

stainless steel batch reactor. The LA was loaded into the reactor followed by the 

addition of Ru(acac)3 catalyst precursor and 10 molar equivalents of the 

corresponding chiral phosphine ligand. After assembling the reactor it was connected 

to the high-pressure system and flushed with hydrogen. The reaction mixture was 

pressurized up to the desired pressure and heated to a given temperature. After 

completing the reaction, the reactor was cooled down to ambient temperature and 

depressurized. Samples were prepared directly from the homogeneous phase reaction 

mixture for GC and NMR analysis. Quantitative analysis of LA from the reaction 

mixture samples for the conversion calculation was made using toluene as an internal 

standard. The separation of the GVL enantiomers and the determination of the 

enantiomeric composition were performed on Cyclodex chiral stationary phase. 

2.3 Heterogeneous catalytic hydrogenation of levulinic acid 

The heterogeneous catalytic hydrogenation of LA was carried out in H-Cube® 

and H-Cube ProTM type continuous-flow hydrogenation reactors, the schematic 

flowchart of the system can be seen in Figure 3. 

The main advantage of the applied continuous-flow systems is that the hydrogen 

gas is generated in situ by electrolysis of water, so there is no need of external, high-

pressure hydrogen gas storage. The constant flow of the sample solution is provided 

by an HPLC pump connected and controlled by the device. The easy operation of the 

system is facilitated by a touch screen, which allows to set up the experimental 
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parameters, eg. temperature of the reaction space (25-100°C H-Cube®, 10-150°C H-

Cube ProTM), internal pressure (10 – 100 bar), and flow rate of the sample solution 

(0.1-3.0 ml min-1). 

 
3. Figure  Schematic representation of the H-Cube® continuous-flow reactor 

The experiments were carried out using a 0.1 M aqueous solution of LA. 

CatCart® catalyst columns, commercially available and relatively cheap, were used 

as catalysts with the following charges: 10% Pd catalyst on carbon support (140 mg, 

14 mg Pd), 5% Ru catalyst on carbon support (140 mg, 7 mg Ru) and Raney-Ni (140 

mg Raney-Ni). Quantitative and qualitative analysis of the samples were performed 

by GC-FID. 

3. RESULTS AND DISCUSSION 

3.1 Conversion of lignocellulose-based waste to levulinic acid 

For the production of LA, several types of cheap and in large quantities readily 

available biomass- and household-residues were utilized as follows: wheat straw, 

corn cob, fruit peels, vegetable peels and residues, waste of spent coffee ground, 

cooked tea leaves. The yields of LA obtained by the acid-catalyzed hydrolysis of 

dried raw materials (wheat straw, corn cob, vegetable and fruit peels, and food 

residues) were found to be a range of 7.4 – 23.7 wt% (Table 1.). 

The cellulose content of lignocellulose-based waste has a decisive influence on 

the available LA yield. In order to provide a more accurate explanation and 

correlation with the different LA yields, cellulose content of the investigated raw 

materials was determined by the published Kürschner-Hoffer method. Detailed 

results are summarized in Table 1. In terms of comparability of the different LA 

yields investigation of the moisture content of the studied wastes is also essential 

(Table 1), the drying process requires significant energy investment and thus a more 

costly procedure. 
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Table 1. Characteristics and conversion of biowastesa 

# Waste material 

bCelluose 

content 

(wt%) 

Ash 

content 

(wt%) 

Water 

content 

(wt%) 

YLA (wt%) 

dFrom 

dried raw 

material 

cBased on 

cellulose 

content 

dFrom wet 

raw 

material 

1 wheat straw 41.0 6.6 42.9 12.6 ± 1.4 30.7 15.5 ± 1.8 

2 pea straw 46.5 10.4 64.1 23.7 ± 1.2 50.9 20.7 ± 2.0 

3 pistachio shell 60.6 5.5 7.7 10.9 ± 1.2 18.0 12.8 ± 1.5 

4 hazelnut shell 26.8 2.3 6.3 8.6 ± 1.1 32.1 14.1 ± 1.3 

5 coconut shell 34.2 2.8 8.8 8.2 ± 1.5 23.9 8.9 ± 0.5 

6 sunflower husk 26.7 1.9 8.7 7.4 ± 1.6 27.9 6.9 ± 1.0 

7 peanut peel 28.5 7.8 83.1 10.2 ± 1.4 35.7 13.9 ± 1.2 

8 tomato peel 9.9 7.0 74.4 23.6 ± 1.5 cn.c. 20.7 ± 1.1 

9 banana peel 25,5 14.8 90.1 12.6 ± 0.5 49.4 12.7 ± 1.0 

10 carrot peel 41.5 9.9 85.6 15.7 ± 1.1 38.0 28.6 ± 1.8 

11 orange peel 21.0 3.5 79.1 10.2 ± 1.3 50.7 20.1 ± 2.0 

12 corn cob 26.3 3.0 5.4 9.9 ± 1.0 37.6 11.1 ± 1.0 

aOptimized reaction conditions: 2 M H2SO4, T = 170 °C, t = 8 h, baverage cellulose content determined 
by published method, cdue to the starch content not calculated, dstandard deviations were calculated from 

three repeated experiments. 

It can be experienced that depending on the source, the examined waste material 

has a wide range of cellulose content from 9 to 61 wt% and a moisture content of 5 

to 90 wt%. According to my supposition, the difference between LA yields 

calculated for cellulose content is due to the presence of hydrolyzable 

polysaccharides beside cellulose. Because of the relatively high water content of used 

raw materials, I also considered examining the conversation of wet wastes under the 

same reaction conditions as dried raw material. Based on the results, summarized in 

Table 1, it can be defined that in some cases, from wet samples higher LA yields can 

be obtained, e.g. carrot slices, while in most cases, the same LA yield was achieved 

within the standard deviation, than from the dried to constant weight wastes. For the 

first case, the explanation can be that rehydration of the dried waste structure is a 

time-consuming process. The conclusion of it, that if the drying is missed from the 

conversion the same LA yield can be available in an accelerated reaction. It has been 

proven that the expensive, energy-intensive, drying operation is unnecessary and can 

be omitted from the process, contributing to an environmental-friendly and 

commercially viable process.  

Near the above-mentioned biomass wastes, two additional possible large amounts 

of waste were identified, spent coffee ground and cooked tea filters as a potential 

source of raw material for LA production. 
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Acid-catalyzed hydrolysis of spent coffee ground and cooked tea filters were 

executed at the previously optimized reaction conditions for 8 hours. The obtained 

average LA yields are summarized in table 2. and 3. 

Table 2. Conversion of spent Arabica and Robusta type coffee grounds into levulinic acida 

# Waste material 

bCellulose-

content 

(wt%) 

Ash content 

(wt%) 

YLA (wt%) 

cFrom dried 

raw material 

Based on 

cellulose content 

1 
Robusta type 

coffeground 
25.0 3.1 14.7 ± 1.5 57.8 

 

2 
Arabica type 

coffeground 
25.0 3.0 13.1 ± 1.5 52.4 

 

a Optimized reaction conditions: 2 M H2SO4, T = 170 ° C, t = 8 h, experimentally determined 
cellulose content, from three parallel experiments. 

Based on evaluated data of the spent coffee grounds hydrolysis it can be stated 

that the coffee beans have a high carbohydrate content (mono- and oligosaccharides) 

in addition to the cellulose content. 

Table 3. Conversion of cooked tea waste into levulinic acida 

# Waste material 

YLA (wt%) 

Based on dried tea 

leaves 

Based on dried tea 

in filter bag 

Based on cellulose 

content 

1 chamomile tea 5.3 10.5 22.0 

2 green tea 5.8 5.3 24.1 

3 black tea 5.3 7.1 22.2 

4 wild cherry 13.1 12.6 54.6 

a Optimized reaction conditions: 2 M H2SO4, T = 170 ° C, t = 8 h. 

Table 3. shows that conversion of different filter-free tea leaves leads to low LA 

yields (5.3–13.1 wt%), which can be explained by the high lignin content of tea 

(about 36 m / m%). It has to be noted that despite the high cellulose content of the 

tea filter, similar LA yields (5.3 - 12.6 wt%) can be experienced under the same 

reaction conditions as the filter-free tea cases. 

3.2 Homogeneous catalytic hydrogenation of levulinic acid using a new ruthenium-
based catalyst system 

The conditions for selective conversion of LA using Ru-based catalyst systems 

that are effective for reducing carbonyl groups, were based on the references 

presented by HORVÁTH and WADA. According to HORVATH work, starting with 

a 6 wt% aqueous solution of LA using a Ru(acac)3/P(C6H4-m-SO3Na)3 (Ru/TPPTS) 
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catalyst system, at 100% selectivity, 95% isolated γ-valerolactone (GVL) yield can 

be achieved for 12 h.3 The reduction of LA was performed by a 

Ru(acac)3/P(nBu)3/NH4PF6 catalyst system having better electron-transmitting 

properties in WADA’s research.4 By-products of further reduction of GVL can be 

detected in the product mixture after the co-solvent-free, but under vigorous 

hydrogenation of LA. My aim was to develop new phosphine ligand structures 

containing sulfonated phenyl ring and one or two alkyl groups (RnP(C6H4-m-

SO3Na)3-n (n = 1,2; R = Me, Pr, iPr, Bu, Cp) based on the TPPTS water solubility 

and P(nBu)3 basic electron-transmitting properties. These ligands, in combination 

with the Ru(acac)3 catalyst precursor, have created in situ, stable catalyst systems 

that are expected to proceed LA reduction at high conversion and GVL selectivity 

under promoter and cosolvent-free conditions. In order to explain the activity and 

the role in the coordination chemistry of the Ru-based catalyst systems modified with 

phosphine ligands, Tolman electronic () and steric parameters (Tol) of the 

sulfonated- and, in comparison, the non-sulfonated phosphine ligands were 

investigated. It can be stated that there is a slight difference between the steric and 

electronic parameters of the volatile non-sulfonated and sulfonated phosphines, as 

illustrated in figures 4 and 5. 

  
Figure 4. Correlation of electronic values (χ) of  Figure 5. Correlation of steric properties (θTOL) 

sulfonated and non-sulfonated phosphines  of sulfonated and non-sulfonated phosphines 

 However, it is important to note that the sulfonated phosphine ligands are non-

volatile, which can assist the easier separation and reuse of the in situ catalyst system 

from the reaction mixture. Therefore, the effectiveness of the Ru-based catalyst 

system modified with sulfonated phosphine ligands was examined in the preparation 

of GVL in additives- and cosolvent-free methods. 

                                                 
3Mehdi, H.; Fábos, V.; Tuba, R.; Bodor, A.; Mika, L. T.; Horváth, I. T. Top. Catal.2008, 48, 49–54. 
4Hara, Y.; Inagaki, H.; Nishimura, S.; Wada, K. Chem. Lett.1992, 164, 1983–1986. 

6 7 8 9 10 11 12 13 14
0

2

4

6

8

10

12

14

16

18


 s

u
lf
o

n
a

te
d

 l
ig

a
n

d
s

 non-sulfonated ligands

R
2
=0.994

100 120 140 160 180 200
80

100

120

140

160

180

200


 T

o
l s

u
lf
o
n
a
te

d
 l
ig

a
n
d
s




Tol
 non-sulfonated ligands

R
2
=0.968



 

9 

3.3 Investigation of homogeneous catalytic reduction of levulinic acid using modified 
sulfonated phosphine ligands  

The investigation of the homogeneous catalytic reduction of LA started with the 

industry-wide TPPTS ligand modified Ru / TPPTS catalyst system, resulted in low 

LA conversion (Table 4). Considering that the catalytic activity and the electron 

density of the phosphorus atom can be increased by inserting of alkyl groups and 

related to the alkyl chain length, activity of (Me)P(C6H4-m-SO3Na)2, (Me)2P(C6H4-

m-SO3Na) and (Bu)P(C6H4-m-SO3Na)2 or (Bu)2P(C6H4-m-SO3Na) ligand modified 

catalyst system were examined under the same reaction conditions (Table 4). 

Table 4. Conversion of levulic acid catalyzed by new, Ru-based catalyst systema 

# Ligand bYGVL (%) cTON (-) dTOF (h–1) 

1 TPPTS 23 1465 914 

2 (Me)2P(C6H4-m-SO3Na) 75.5 4809 2671 

3 (Bu)2P(C6H4-m-SO3Na) 91.8 5847 3248 

4 (Me)P(C6H4-m-SO3Na)2 96.2 6128 3404 

5 (Bu)P(C6H4-m-SO3Na)2 >99.9 6370 3538 

aReaction conditions: LA = 293.02 mmol, Ru(acac)3 = 0.046 mmol, cRu = 1.55 ∙ 10-3 mol/dm3 
(0.016 mol%), Ligand / Ru = 10/1, T = 140°C, p = 100 bar H2, t = 1.8 h. bXLA = YGVL,  

since SGVL = 100% .cTON = molGVL molKat
–1, dTOF = molGVL molKat

–1 h–1. 

Using Ru/(Bu)P(C6H4-m-SO3Na)2system, in case of full conversion and 100% 

selectivity, the TOF value (3538 h–1) exceeds the values previously published for 

homogeneous catalytic systems in scientific papers. Before discussing the LA 

conversion values received by further ligands, the effects of catalyst and ligand 

concentration, and also pressure on conversion are discussed, using Ru/(Bu)P(C6H4-

m-SO3Na)2. 

The ligand concentration significantly affects the catalytic activity and during 

GVL production it reaches its maximum at P/Ru = 10/1. I demonstrated, that the 

catalyst concentration can be decreased with one order of magnitude to 0,016 mol% 

compared to the previously published data. 

Regarding the study on the effect of pressure, it can be concluded, that above 25 

bar, with constant stirring (RPM = 600 min–1), pressure has no significant effect on 

LA conversion, to be precise, almost 70% conversion can be reached at 10 bar 

hydrogen pressure. I also proved, that with longer reaction time (4.5 h) even at 10 

bar pressure and 140 °C, using the Ru/(Bu)P(C6H4-m-SO3Na)2system, full 

conversion can be achieved. Hence for easier comparison, 10 bar hydrogen pressure 

was applied for studying the activity of in situ forming Ru-based catalyst systems 

modified with different ligands(Table 5.). 
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Table 5. Reduction of LA using Ru/1-11 phosphine ligandsa 

# Ligand bXLA (%) cTON (-) dTOF (h–1) 

1 TPPTS 26.9 1714 381 

2 (Cp)P(C6H4-m-SO3Na)2 38.8 2472 549 

3 (Cp)2P(C6H4-m-SO3Na) 42.1 2681 596 

4 (iPr)P(C6H4-m-SO3Na)2 49.9 3179 706 

5 (iPr)2P(C6H4-m-SO3Na) 45.9 2924 650 

6 (Me)P(C6H4-m-SO3Na)2 69.5 4427 984 

7 (Me)2P(C6H4-m-SO3Na) 63.2 4025 894 

8 (nPr)P(C6H4-m-SO3Na)2 98.9 6230 1384 

9 (nPr)2P(C6H4-m-SO3Na) 90.7 5778 1284 

10 (Bu)P(C6H4-m-SO3Na)2 >99.9 6370 1416 

11 (Bu)2P(C6H4-m-SO3Na) 79.2 5045 1121 

aReaction conditions: LA = 293.02 mmol, Ru(acac)3 = 0.046 mmol, cRu = 1,55∙10-3 M,  
Ligand/Ru = 10/1, T = 140°C, t = 4.5 h, p = 10 bar, bXLA – LA conversion (%) with 100% 

selectivity, cTON = molGVLmolKat
–1, dTOF = molGVLmolKat

–1h–1. 

Based on the received conversion values, it can be stated, that except the 

cyclopentyl (Cp)-substituted ligand, the activity of complexes modified with ligands 

that contain one alkyl group is usually higher, and by shortening the alkyl chain 

length LA conversion also decreases. 

In case of industrial transfer, it is important that on top of reproducibility of LA 

reduction, we also map the change of catalyst activity/stability through time.  

           
Figure 6. Study of activity using in situ IR.                   Figure 7.Profile of LA conversion catalyzed by                

(586,4 mmol LA + 6 x 98.7 mmol LA)                          Ru/P. 1.–6. = 6 x 10 ml LA (), GVL (○) 

First it was demonstrated with parallel measurements that the high-pressure 

reaction is reproducible. Follow-up the reduction by in situ IR and NMR methods 

revealed, that the catalyst system followed the first full conversion LA cycle 

remained active/stable in six consecutive runs after adding another portion of LA, 
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because, without by-products forming only the GVL full, quantitative production 

happened (figure 6. and 7.). 

It is crucial that further studies are conducted after developing a new catalyst 

regarding its recyclability. In my case, the catalyst stayed active still of 6 consecutive 

runs after removing the volatile components by vacuum distillation (4–6 Hgmm). 

The obtained results confirm the recyclability of the catalyst system. 

3.4 Improvement of the(Bu)P(C6H4-m-SO3Na)2 ligand-modified ruthenium-based 
catalyst system 

It is known, that significant increase in reaction rate and activity can be gained 

from using the bidentate complexed RuCl2(Ph2P(CH2)2PPh2)2 catalyst instead of the 

[RuCl2(P(CH3)3)4] catalyst.5 It was also proved, that during the transfer 

hydrogenation of LA using 1,2-bis(diphenylphosphino)ethan (DPPE) modified 

Ru/DPPE system and addition of base, 80% LA conversion can be reached.6 

So the conversion of LA under previously optimized conditions were performed 

with as an analog of the non-sulphonated monobuthyl-diphenyl phosphine ligands, 

commercially available, solid, bidentate ligands (Ph2P(CH2)nPPh2 (n = 2, DPPE; n = 

3, DPPPr; n = 4, DPPB; n = 5, DPPPe; n = 6, DPPH)) and (±)-BINAP) and in the 

presence of Ru(acac)3 precursor in situ generated catalysts, avoiding sulphonation. It 

was proved via Ru/DPPB system under identical conditions, that developing a higher 

activity catalyst system, compared to the Ru/(Bu)P(C6H4-m-SO3Na)2system was  

succeeded, because racemic GVL can be gained within shortened reaction time (from 

1.8 h to 1h) with full conversion and 100% selectivity, without using any additive 

and co-solvent. 

When optimizing the reaction conditions, first I established that catalyst 

concentration, which influences the reaction rate, can be halved from 1.55×10–3 M 

(TOF = 7077 h–1), then through the effect of ligand concentration change on 

conversion, that the Ru/DPPB system has a maximum at 10/1 P/Ru ratio, too. 

This was followed by the analysis of the activity of the structurally similar DPPE, 

DPPPr, DPPPe, DPPH, and the (±)-BINAP bidentate ligands modified complexes. 

Namely, catalyst activity and stability could significantly affect by finetuning the 

number of methylene groups located between the phosphorous atoms of the bidentate 

ligands. This can also be explained by the stability of the chelate complex which is 

formed during the coordination chemical processes between the central metal atom 

                                                 
5Kröcher, O.; Köppel, R. A.; Baiker, A. Chem. Commun.1997, No. 5, 453–454. 
6Deng, L.; Li, J.; Lai, D.-M.; Fu, Y.; Guo, Q.-X. Angew. Chem. Int. Ed.2009, 48, 6529–6532. 
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and the bidentate. Behaviour of bidentate ligands, the effects of them on the catalyst 

activity are shown in Table 6. 

Table 6. Reduction of LA using Ru-based catalyst systema 

# Ligand bYGVL(%) cTON (-) dTOF (h-1) 

1 DPPE 1.8 226 25 

2 DPPPr 57.5 7325 4069 

3 DPPB >99.9 12740 7077 

4 DPPPe 51.2 6522 3623 

5 DPPH 25.3 3223 1790 

6 (±)-BINAP 98.6 12561 6978 

aReaction conditions: LA = 293.02 mmol, cRu = 0.775∙10-3 M, Ligand/Ru = 10/1, T = 140 °C, p = 100 

bar, t = 1.8 h, bYGVL – GVL yield (%), cTON = molGVL molKat
–1, dTOF = molGVL molKat

–1 h–1. 

I demonstrated, that the number of methylene groups (spacers) between P-atoms 

in the ligand, namely the size of the forming chelate ring, affects the catalyst activity 

significantly. It is in good agreement with the (Bu)P(C6H4-m-SO3Na)2 system, the 

DPPB ligand-modified system is the most active, confirming the great stability of 

the seven-membered chelate ring. The 98.6% LA conversion at 100% selectivity 

achieved by (±)-BINAP also supports this, however, a wide range of its use is limited 

by its high expense. Important to note, that the applied reaction conditions (pressure, 

temperature, reaction time) substantially influence the equilibrium between the 

catalytically active species and the free ligand. The effects of these parameters on 

LA conversion are summarized in table 7. 

Table 7. Effect of pressure and temperature on the activity of the Ru/DPPB catalyst systema 

# Ligand T (°C) p (bar) bYGVL(%) cTON (-) dTOF (h-1) 

1 DPPB 140 100 >99.9 12740 7077 

2 DPPB 140 75 >99.9 12740 7077 

3 DPPB 140 50 >99.9 12740 7077 

4 DPPB 140 25 50.6 6446 3581 

5 DPPB 140 10 26.3 3350 1861 

6 eDPPB 140 10 70 8918 1981 

7 DPPB 100 100 6.4 815 453 

8 DPPB 120 100 35.7 4548 2526 

9 DPPB 140 100 >99.9 12740 7077 

10 fDPPB 160 100 >99.9 12740 21233 

aReaction conditions: LA = 293.02 mmol, cRu = 0.775∙10-3 M, Ligand/Ru = 10/1, t = 1.8 h, bYGVL – 

GVL Hozam (%), cTON = molGVL molKat
–1, dTOF = molGVL molKat

–1 h–1, et =4.5 h, ft =0.6 h. 
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It can be stated, that above 50 bar pressure at 140 °C, with constant stirring (RPM 

= 600 h–1) pressure has no significant effect on GVL formation, full conversion was 

reached in each case. However, the catalyst activity can be considerably influenced 

by changing the reaction temperature. Even in 0,6 h full conversion and 100% 

selectivity can be observed by increasing the temperature to 160 °C. In addition, it is 

even more noteworthy that according to my best knowledge, the highest turnover 

frequency value (TOF = 21233 h–1) was achieved published in scientific papers so 

far. For its importance, I examined the catalyst recyclability through several cycles, 

which could be a „testimonial” for further application in industrial conversions. 

Investigation of the recyclability of Ru/DPPB catalyst was carried out under 

batch condition with the procedure that proved to be effective at the separation and 

recyclability of the Ru/(Bu)P(C6H4-m-SO3Na)2catalyst system (figure 8.). 

 
Figure 8. Separation and recycling of the catalyst under batch conditions 

At the end of the reaction time, the reaction mixture was transferred in inert 

atmosphere into a Schlenk flask, then the volatile components (water and GVL) were 

distilled under vacuum (4–6 Hgmm). The remaining orange colored, oily residue 

(catalyst) was dissolved in 30 mL LA and transferred back to the reactor under 

identical conditions with the first cycle, then the reaction was restarted. By repeating 

the procedure another 10 times, it can be established that the Ru/DPPB catalyst can 

be recycled several times without a decrease in its activity/stability. 

Applicability of the highly active Ru/DPPB system was verified, through the 

conversion of LA derived from simple sugars, and it was verified that not only is it 

capable of selectively reducing the commercially available LA, but also the effective 

conversion of LA derived from carbohydrates without significant change in activity 

and stability of the catalyst system. At the same time, it is an important aspect when 

developing a catalyst system, that it can be applied at the widest possible range of 

substrates. To support this, activity of the Ru/DPPB catalyst system was examined 

in the furfural→furfuryl alcohol conversion process, too. 
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3.5 Expansion of the improved Ru/DPPB catalyst system onto the production of 
furfuryl alcohol 

Nowadays there is intensive research into environmentally friendly and efficient 

production of furfuryl alcohol (FAL), because at present at industrial scale it is 

produced under heterogeneous catalytic conditions using the toxic Cu-MgO-Cr2O3 

catalyst with low activity and selectivity. As opposed to this, there is a lack of data 

regarding highly active and selective homogeneous catalytic alternative systems and 

conversions were carried out in a co-solvent in each case. 

So first furfural (FOL) reduction was examined at 90 bar pressure and 140 °C in 

3 h reaction time, by adding the model ligand TPPTS in the presence of 

Ru(acac)3catalyst precursor(Table 8.). 

Table 8. The reduction of FOL using Ru-based catalyst systema 

# Ligand t (h) bXFOL(%) cTON (-) dTOF (h-1) 

1 TPPTS 3 13.8 1054 351 

2 (Bu)P(C6H4-m-SO3Na)2 3 38.7 2956 985 

3 (Bu)P(C6H4-m-SO3Na)2 5 65.8 5027 1005 

e4 DPPB 1.3 ˃99.9 3764 2895 

aReaction conditions: FOL = 360 mmol, cRu = 1.56x10-3 M, P/Ru = 10/1, T = 140 °C, p = 90 bar,  bXFOL – 

FOL conversion (%), cTON = molFALmolKat
–1, dTOF = molFALmolKat

–1 h–1, ecRu = 3.1x10-3 M, P/Ru = 10/1. 

Based on the data in table 8., the Ru/DPPB catalyst system showed higher activity 

during the FOL→FAL conversion, than the Ru/(Bu)P(C6H4-m-SO3Na)2 catalyst 

system. Full FOL conversion and 100% FAL selectivity can be obtained by doubled 

catalyst concentration and with halved reaction time, without adding any additive 

and co-solvent. The turnover frequency is almost 3-fold higher (TOF = 2895 h–1), 

than the values attained with the sulfonated ligand modified catalyst systems. Based 

on the results before analyzing the bidentate ligand effect, I continued my research 

with optimizing the reaction conditions. 

Firstly, the significant effect of changing the hydrogen pressure under 25 bar in 

the 10-100 bar range was established in case of the Ru/DPPB system. The FOL 

conversion goes into saturation curve with increasing the pressure over 25 bar (figure 

9). 

During the optimization of reaction conditions, the effect of temperature and 

reaction time on conversion were also studied at 25 bar pressure (Figure 10). Based 

on figure 10, it can be concluded that increasing the temperature to 160 °C even after 

0,6 h, full FOL conversion and 100% FAL selectivity were gained. It should be 

highlighted that under such circumstances, the TOF value was 6273 h–1, which is the 

highest in the scientific papers for the FOL→FAL conversion so far. 
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Figure 9. Effect of pressure on FOL conversion     Figure 10. Effect of reaction time and temperature  

Changing the ligand concentration in the range of 15.5 x 10−3 – 37.2 x 10−3 M, it 

can be demonstrated, that it has a significant effect on the activity of the Ru/DPPB 

catalyst. The optimal ligand concentration is at 31.0 x 10–3 M and similar as before, 

the Ru/DPPB system has its maximum at 10/1 P/Ru molar ratio. Hence, I 

investigated the effect of different bidentate ligands on catalyst activity (Table 9) 

under the previously optimized conditions: 140 °C, 25 bar and for 1.3–1.5 h. 

Table 9. Reduction of FOL using Ru-based catalyst systema 

# Ligand t (h) bXFOL(%) cTON (-) dTOF (h-1) 

1 DPPE 1.5 ˂1 ˂1 ˂1 

2 DPPPr 1.5 6,3 237 182 

3 DPPB 1.3 ˃99.9 3764 2895 

4 DPPPe 1.3 90.4 3402 2617 

5 DPPH 1.3 24.1 903 695 

aReaction conditions: FOL = 30 ml (360 mmol), cRu = 3.1x10-3 M, Ligand/Ru = 10/1, T = 140 °C,  

p = 25 bar, bXFOL – FOL conversion (%), cTON = molFAL molKat
–1, dTOF = molFAL molKat

–1 h–1. 

It can be seen from table 9., that the catalyst activity could be influenced 

remarkably by finetuning of the ligand structure, thereby with the modification of 

the chelate ring size. The DPPB ligand complexed system, compared with 

structurally similar bidentate ligand modified systems, showed a significantly higher 

catalytic activity (TOF = 2895 h–1) during FOL→FAL conversion as well.  

Finally, during its recyclability study, it was confirmed that the activity of the 

Ru/DPPB catalyst system did not change even in 12 consecutive runs. 

3.6 The asymmetric homogeneous catalytic hydrogenation of levulinic acid 

No data has been published previously to my best knowledge regarding the 

production of enantiopure (S)-or (R)-GVL using the asymmetric homogeneous 
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catalytic hydrogenation of LA, however, there have been attempts. This might seem 

strange because due to its unique structure, the molecule has its chiral center and so 

can also be applied as a building block of several molecules possess biological 

activity. 

At the beginning of my research into the production of optically active GVL, 

reactions were carried out with Ru-based in situ formed and pre-prepared catalysts 

showed increased activity and selectivity at the reduction of C=O group. I had 

prioritized studying the behavior of (S)-GVL (ee = 98.5%) in acidic and alkaline 

environments beforehand (figure 11.). 

 
Figure 11. Stability study of the optically active GVL 

After acidic ring opening, the presence of the equilibrium reaction partner 4-

hydroxyvalerianic acid was followed with 18O-labelling technique. Incorporation of 

the18O-isotope into (S)-GVL was verified with GC-MS. Chiral GC analysis of 
18Olabelled GVL established that the ring opening and reclosing had no effect on the 

enantiopurity of (S)-GVL.  

My research on producing optically active GVL from LA, beyond the published 

scientific data, based on the results obtained by using the in situ-forming, bidentate 

(±)-BINAP ligand modified Ru-based system showing high activity and selectivity. 

It was proved that with the catalyst complex forming in situ in the presence of (S)-

BINAP ligand and Ru(acac)3catalyst precursor (S)-GVL can be produced with an 

enantiomeric excess of 26% in a co-solvent- and additive free system (12 h, 140 °C, 

60 bar). 

Generally known, that for asymmetric hydrogenation of different ketones, 

beyond the in situ forming catalyst systems, the pre-prepared complexes are also 

suitable, these systems have even been proven to be more efficient. This was 

confirmed by NOYORI during the reduction of dialkyl ketones, using the self-prepared 

XylBINAP ligand modified RuCl2[(R)-XylBINAP][(S,S)-DPEN] catalyst in ethanol 

solvent.7 Thus the application of the pre-prepared and commercially available 

XylBINAP ligand modified catalyst systems were studied in co-solvent free 

environment for the preparation of optically active GVL with high enantiomeric 

excess, as well as in polar protic environments (MeOH, EtOH, iPrOH, nBuOH, 

EtOH/iPrOH, heptanol). Based on the results it can be concluded, that using co-

solvent and potassium-tertbutylate additive negligible enantiomer excess (ee = 1–

17%) growth can be experienced compared to the asymmetric hydrogenation 

                                                 
7Noyori, R.; Ohkuma, T. Angew. Chem. Int. Ed. 2001, 40, 40–73. 
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performed in co-solvent free environment (ee = 11% in co-solvent free system, ee = 

17% in ethanol). However, the LA conversion and GVL chemoselectivity, 

independently from the reaction medium, were 100%. Due to the received low 

enantiomer excess values and further scientific research, I found out about SAITO’s 

work, who confirmed, that in case of biaryl type bidentate ligands with planar 

chirality, activity and chemoselectivity of the catalytic system changes significantly 

by finetuning the steric and electronic parameters.8They proved this during the 

reduction of dialkyl-ketones, by applying the SEGPHOS- and Ru-based catalyst 

system developed by themselves (ee = 99.5%).9 

So the production of optically active GVL by asymmetric reduction of LA was 

performed with various SEGPHOS ligand modified mono- and dinuclear Ru-based 

complexes,  using methanol as co-solvent (table 10.). 

Table 10. Asymmetric reductions of LA using Ru/SEGPHOS catalystsa 

# Catalyst precursor XLA (%) eeGVL 

1 (R)-RuCl2[(p-cimén)(SEGPHOS)] (a) 100 18  

2 (R)-RuCl2[(p-cimén)(DM-SEGPHOS)] (b) 100 9 

3 (R)-RuCl2[(p-cimén)(DTMB-SEGPHOS)] (c) 95 13 

4 RuCl2[(S)-(DM-SEGPHOS)][(S,S)-DPEN] (d) 100 16 

5 RuCl2[(S)-(DM-SEGPHOS)][(S)-DAIPEN] (e) 100 13 

6 Ru(OAc)2((S)-SEGPHOS) (f) 100 12 

7 (S)-[(RuCl(SEGPHOS))2(μ-Cl)3][NH2Me2] (g) 100 56 

aReaction conditions: LA = 1 mL (9.8 mmol), LA/MeOH = 1/1.4 (V/V), T = 140 °C, t = 20 h,  
p = 60 bar, catalyst: 0.004 mmol, LA/Cat. = 2400. SGVL = 100%. 

It can be seen in table 10, by using the mononuclear Ru-based complexes and 

methanol co-solvent, the enantiomeric excess values did not reach 18%. I confirmed 

that the enantiomeric excess of the product using the dinuclear (S)-

[(RuCl(SEGPHOS))2(μ-Cl)3][NH2Me2] catalyst increased significantly (ee = 56%) 

compared to the previous result.  I tried to further improve the achieved 56% ee by 

optimizing the reaction conditions, beginning with altering the reaction medium that 

significantly affects the asymmetric induction (Figure12.). 

                                                 
8Shimizu, H.; Nagasaki, I.; Saito, T. Tetrahedron,2005, 61, 5405–5432. 
9Saito, T.; Yokozawa, T.; Ishizaki, T.; Moroi, T.; Sayo, N.; Miura, T.; Kumobayashi, H. Adv. Synth. 

Catal.2001, 343, 264–267. 
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Figure 12. Effect of reaction media on enantiomeric excess 

It can be established, that applying different co-solvents, the value of ee changed 

in the range of 1–56% and full conversion and 100% chemoselectivity were achieved 

in each case. Furthermore, I confirmed that without additional solvent, asymmetric 

induction does not take place. 

In the process of optimizing the reaction conditions, the extent of chiral induction 

was studied in the temperature range of 120–160 °C. It was demonstrated, that 

increasing the temperature (up to 150 °C) both conversion and enantiomer excess 

values increase. The extent of chiral induction reached its maximum at 150 °C,  

producing (S)-GVL with enantiomeric excess of 60%. Thus effect of catalyst 

concentration in the range of 0.002–0.020 M was investigated at 150 °C (figure 13.). 
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Figure 13. Effect of catalyst concentration on enantiomeric excess 

Figure 13. shows, that increasing catalyst concentration value of enantiomeric 

excess in the product increases up to 0.016 M concentration, reaching ee = 82%. 

According to my best knowledge, production of (S)-GVL with the direct asymmetric 

reduction of LA, and with such high enantiomeric excess has not been precedented.  

Further increase in the catalyst concentration above 0.016 M, the enantiomeric 

excess dramatically decreased. 
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After the process of optimizing the reaction conditions it was proved that the (S)-

[(RuCl(SEGPHOS))2(μ-Cl)3][NH2Me2] catalyst is capable of enantioselective 

reduction of LA produced from both D-fructose and biomass waste, so the by-

products of conversion have no effect on chiral induction (Figure14.). 

 
Figure 14. Conversion of D-fructose and mixed biomass waste to (S)-GVL 

3.7 Heterogeneous catalytic hydrogenation of levulinic acid in continuous-flow 
system 

We have to face the difficulties of recyclability for the high activity and 

selectivity of homogeneous catalysts. There is a big demand for the selective and 

continuous heterogeneous catalytic conversion of LA as well, besides its catalytic 

reactions in a batch system. 

Continuous-flow, heterogeneous catalytic hydrogenation of LA was conducted 

with the application of H-Cube® and the H-Cube ProTM type continuous-flow 

hydrogenation reactors developed by ThalesNano Nanotechnology Inc. (figure 15.).  

 
Figure 15. Heterogeneous catalytic hydrogenation of LA 

The production of GVL in continuous-flow system was studied without ligand 

addition and applying columns filled with (Bu)P(C6H4-m-SO3Na)2ligand treated 

catalysts (5% Ru/C, 10% Pd/C, Raney-Nikkel), 10–100 bar pressure- and 0,2–2 ml 

min–1 flow rate range. During continuous-flow reduction of the 0.1 M aqueous 

solution of LA, in the process of optimizing the reaction conditions, first the activity 

of different type catalysts through changing the pressure, without using any additives 

was investigated (table 11.). Based on Table 11. it can be concluded that during the 

heterogeneous catalytic production of GVL, the Ru/C and Raney-Ni catalysts 

showed similarly high catalytic activities, under 1,0 ml min–1flow rate and 100 °C 

temperature. Furthermore, it was demonstrated that with the increase of temperature 
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up to 140 °C even at 10 bar system pressure 97.1% LA conversion and 0.832 molGVL 

gRu
–1h–1productivity can be achieved. GVL chemoselectivity was 100% in each case. 

Table 11. Continuous-flow reduction of LA in H-Cube®-type systema 

# Catalyst p (bar) T (°C) XLA (%) bPGVL 

1 10% Pd/C 10 100 2.6 0.011 

2 10% Pd/C 50 100 4.5 0.019 

3 10% Pd/C 100 100 15.9 0.068 

c4 10% Pd/C 100 140 44.5 0.190 

5 5% Ru/C 10 100 25.1 0.215 

6 5% Ru/C 50 100 68.0 0.582 

7 5% Ru/C 100 100 82.9 0.710 

c8 5% Ru/C 10 140 97.1 0.832 

9 Raney-Ni 10 100 76.1 0.032 

10 Raney-Ni 50 100 83.8 0.035 

11 Raney-Ni 100 100 88.9 0.038 

aReaction conditions: H-Cube® continuous-flow system, flow rate: 1.0 ml min–1, cLA = 0.1 M, solvent: 
water. bPGVL – Productivity (P = molGVL gRu

–1·h–1), creaction in H-Cube ProTM type system. 

It is also known, that changing of flow rate has a significant effect on conversion. 

Thus the effect of flow rate on LA conversion and GVL productivity were examined 

in case of highly active Raney-Ni and Ru/C catalysts (figure 16.). 
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Figure 16. Effect of flow rate on conversion and productivity 

Reaction conditions: cLA = 0.1 M, solvent: water, p = 100 bar, T = 100 °C, Raney-Ni (○ & ●); 

Ru/C (□&■); Ru/C + Bu-DPPDS (△&▲) 

It can be confirmed, that with increasing the flow rate conversion decreases, 

whereas the productivity in case of 5% Ru/C catalyst with increasing flow rate 

significantly increases. As opposed to this, applying the Raney-Ni catalyst 
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productivity only changes to a small extent and almost 20-times smaller than the 

values in case of Ru/C. It can also be evidenced, adding the water-soluble 

(Bu)P(C6H4-m-SO3Na)2 ligand to the aqueous solution of LA, compared with ligand-

free Ru/C system (XLA = 82.9%) higher, 98.5% substrate conversion and 0.89 molGVL 

gRu
–1h–1productivity values can be achieved. 

In the process of optimizing the reaction conditions, the effect of the system 

absolute pressure on GVL formation was studied in the pressure range of 30–100 

bar, on a 0.15 mmol concentration of (Bu)P(C6H4-m-SO3Na)2 ligand modified Ru/C 

catalyst bed (Figure17.).  

 
Figure 17. Effect of hydrogen pressure on LA conversion 

(Flow rate: 1.0 ml min–1, cLA = 0.1 M, cBu-DPPDS = 0.15 mM, T = 100 °C) 

It can be confirmed, that until 70 bar absolute pressure perfectly linear 

relationship (R2=0.99) can be represented, which indicates, that the liquid phase 

hydrogen concentration in aqueous system follows HENRY’s law, namely that GVL 

production grew according to first order reaction. 

The stability of the Ru/C catalyst system was surveyed in case of 0.1 M LA 

solution, in the presence of 0.15 mM (Bu)P(C6H4-m-SO3Na)2ligand, for 2 hours. The 

conclusion drawn is, that no significant change in the catalyst activity was detected 

after 2 h continuous operation. 
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4. THESES STATEMENTS 

1. I first identified, that spent coffee ground and cooked tea filters as large scale 

lignocellulose-based kitchen-wastes, are suitable raw materials for the 

production of levulinic acid as a proposed initial platform chemical. It was 

confirmed, that during hydrolysis the energy-intensive drying process of wet raw 

material can be omitted as the LA yield from dry and wet samples were almost 

identical, in some cases even higher. [1] 

2. I have first confirmed under batch conditions, that mono- and dialkyl-aryl 

sulfonated phosphins (RnP(C6H4-m-SO3Na))3-n (n = 1, 2; R = Me, Pr, iPr, Bu, 

Cp) modified ruthenium-based catalyst systems, are capable of selective 

reduction of the C=O bond of levulinic acid under co-solvent- and promoter-free 

conditions. I have also confirmed, that the Ru/Bu-DPPDS catalyst system can 

be recycled at least six consecutive runs without any decrease of conversion 

rates. The obtained turnover frequency was 3540 h-1. I have also first 

demonstrated, that the activity of the Ru-based catalyst system can be further 

increased by the application of the chelating DPPB ligand reaching the 21 200 

h–1 turnover frequency. I have verified, that the Ru/DPPB catalyst system can be 

recycled at least ten consecutive runs without any activity loss. [2, 3] 

3. I have first confirmed, that the Ru/DPPB catalyst system is capable of selective 

co-solvent free reduction of furfurol. The reduction can be carried out in 

significantly shorter reaction time (0.8 h), with 100% conversion and 100% 

chemoselectivity. It was proved, that the in situ forming catalyst complex can be 

recycled without activity loss at least 12 consecutive runs. The Ru/DPPB 

catalyst system is capable of substituting the toxic Cu-MgO-Cr2O3 catalyst 

system used in the industrial conversion. [4] 

4. I have first performed the asymmetric hydrogenation of levulinic acid with 

Ru/(S)-BINAP catalyst system under co-solvent- and promoter-free conditions. 

The optically active γ-valerolactone was obtained with an enantiomeric excess 



 

23 

of 26% at 99% of levulinic acid conversion and chemoselectivity. It was proved, 

that under optimized reaction conditions the production of (S)-γ-valerolactone is 

possible with 82% enantiomeric excess at the conversion of 99.9% using the 

pre-prepared (S)-[(RuCl(SEGPHOS))2(μ-Cl)3][NH2Me2] catalyst in methanol. It 

was also established, that the catalyst precursor is capable of efficient 

asymmetric reduction of levulinic acid obtained by acid-catalyzed dehydration 

of D-fructose and lignocellulose-based waste, without significantly changing in 

enantiomeric excess (ee = 78–80%) of (S)-γ-valerolactone. I have confirmed 

using 18O-labelling technique that in an acidic and alkaline environment a 

lactone ring opening and re-closing goes through 4-hydroxyvaleric acid 

intermediate. I have proved with GC analysis using chiral stationary phase that 

after the lactone ring opening and re-closing the stereocenter keeps its spherical 

position. [5, 8]  

5. I have first confirmed that the Bu-DPPDS ligand modified Ru-based catalyst 

system is capable efficient heterogeneous catalytic conversion of the levulinic 

acid to γ-valerolactone in a continuous-flow system. Under optimized reaction 

conditions, 98.5% levulinic acid conversion, 99.9% chemoselectivity, and 0.832 

molGVL gRu
–1 h–1 productivity were achieved. [6] 
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