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Highly active catalytic Ru/TiO2 nanomaterials for continuous

production of y-valerolactone

Weiyi Ouyang,® Mario J. Mufioz-Batista,’® Marcos Fernandez-Garcia,” and Rafael Luque*@c

Abstract: Green energy production from renewable sources is an
attractive but challenging topic to face the likely energy crisis
scenario in the future. In the current work, a series of versatile
Ru/TiO, catalysts were simply synthesized and employed in
continuous flow catalytic transfer hydrogenation of industrially
derived methyl levulinate biowaste (from Avantium Chemicals B.V.)
to y-valerolactone. Different analytical techniques were applied in the
characterization of the as-synthesized catalysts, including XRD,
SEM, EDX, TEM and XPS etc. The effects of various reaction
conditions (e.g. temperature, concentration and flow rate) were
investigated. Results suggested that optimum dispersion and
distribution of Ru on the TiO, surface could efficiently promote
production of y-valerolactone, with 5% Ru/TiO, catalyst providing
excelling catalytic performance and stability as compared to
commercial Ru catalysts.

Introduction

With the raising of public awareness on environmental protection
and climate change, development of green energy, or renewable
energy, as alternative to the fossil energy to reduce the carbon
emission has drawn intensive attention and become a key issue
in the recent decades. In this aspect, massive research efforts
have been devoted to the transformation of tremendous biomass
into biofuels®-®! and photocatalytic fuel generations®*, Due to
the complexity and recalcitrant of the abundant lignocellulosic
biomass, direct transformation of these feedstocks into valuable
products (fuels, chemicals and materials) has emerged a
bottleneck!**1? while valorization of carbohydrates derived from
lignocellulosic biomass with different strategies has been widely
reported*3-22l, Levulinic acid (LA) is one of the most promising
primary building block and platform molecules from biomass
refinery, which is selected as one of top 12 sugar-derived
building blocks®? and the top 10 chemical opportunities from

biorefinery carbohydrates®?¥ by US Department of Energy (DOE).

Therefore, there is great potential to valorize LA and its ester
deviriates, alkyl levulinates, into more valuable products, such
as y-valerolatone (GVL).

GVL is considered as one of the most outstanding molecules
which can be used as fuel additive, solvent, liquid fuel, and ideal
precursor for production of valuable chemicals.?>2?1 Notably,
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hydrogenation of alkyl levulinates to GVL is more preferable
because alkyl levulinates have higher production from
lignocellulose and are easier for separation when compared with
LA.[22301 Heterogeneous catalysts have been reported to play a
key role in the hydrogenation process, most of which are carbon,
zeolite and metal oxide supports decorated by transition metals
(Au, Co, Cu, Ir, Ni, Pd, Pt, Re, Rh, Ru).?%I Especially, Ru
catalysts is one of the most widely reported catalyst for
hydrogenation of LA and alkyl levulinates because of its
outstanding catalytic performance and efficiency because it is
one of the most active catalyst for aliphatic carbonyl compounds
hydrogenation.3*441 For example, Ru/TiO, was reported to be
highly efficient in hydrogenation of LA to GVL.*! However, most
of the reported works were performed in batch conditions, and
only a few of them were in flow for the hydrogenation of LA
instead of alkyl levulinates.*>#7] Considering the advantages of
flow reactions (efficient energy utilization, easy scale-up,
purification and etc.), it could provide closer view into practical
production in industry by mimicking large-scale production on
the laboratory scale.849

The catalytic transformation of alkyl levulinates to GVL via
Meerwein—Ponndorf-Verley (MPV) reduction using alcohol as
hydrogen donor is highly selective for reducing carbonyl group to
alcoholic hydroxyl group.°>4 Hence, such catalytic transfer
hydrogenation (CTH) process offers a simple, efficient and safe
option for the valorization of biomass derived molecules using
abundant and inexpensive alcohols as hydrogen source and
solvent as compared to formic acid and H,.[5%:525% For example,
2-propanol was reported to be an active hydrogen donor in the
transformation of alkyl levulinates providing good conversion
and selectivity.[51:5556]

In the present work, we reported highly active, selective and
stable Ru/TiO, catalysts for the continuous flow conversion of
biowaste derived methyl levulinate from industrial activities of
the company Avantium. TiO, was synthesized with reversed
micro-emulsion method, while deposition of different Ru content
(1, 2, 3, 5 wt.%) was performed using NaBH, as reducing agent
under N> bubble production, while the obtained catalysts were
denoted as 1% Ru/TiOz, 2% Ru/TiO,, 3% Ru/TiO, and 5%
Ru/TiO, accordingly. The catalytic performance of the
synthesized materials was tested by catalytic transfer
hydrogenation of methyl levulinate (ML) in Phoenix reactor from
ThalesNano.

Results and Discussion

Catalysts characterization

XRD patter‘ng of the as-synthesized materials were depicted in
20 (degree)

Figure 1, which show that diffraction peaks of all the materials

were in good agreement with the identical peaks of pure anatase

TiO,. Pure anatase support, according to previous reports, could

favor the selective obtaining of GVL.%® In detail, the peaks at 28


mailto:q62alsor@uco.es
mailto:mfg@icp.csic.es

=25.27 ° and 26 = 48.01° can be ascribed to the {101} and {200}
atomic facets respectively.”%¢ The crystal size derived from the
{101} peak at 26 = 25.27 ° using Sherrer equation was ca. 16.3
nm for all samples. The crystal cell parameters of the anatase
phase TiO, derived from the XRD pattern are consistent:
a=b=3.78 A, ¢=9.49 A (see details in Table S1). The consistence
in the XRD pattern indicates that the deposition of Ru
component does not change the crystal structure of TiO,. This is
an expected result due to the relatively mild treatment in
comparison with the calcination treatment of the TiO, active
support. However, no obvious peak for Ru was observed, which
can be attributed to the low content and well-dispersion of Ru
particles.

5% Ru/TiO,
2% Ru/TiO,
TiO,

3% Ru/TiO,
1% Ru/TiO,

Intensity (a.u.)

20 (degree)

Figure 1 XRD patterns of TiO2 and Ru/TiOz samples
The

%_WWSS synthe5|zed
materla s’ were

Relative pressure (P/P0) Pore Dlameter (nm)

Figure 2, with similar type-1V isotherms featuring a H1 hysteresis
loop in the relative pressure range of 0.51-0.89, indicative of
typical mesoporous structures®®%, The isotherms showed
nearly no difference before and after deposition of Ru. BET
surface area and average pore size for all materials were found
to be in the ca. 40-50 m?/g and 7.5-7.7 nm range, respectively
(see details in Table S1). In conclusion, the high stability of the
TiO, support detected by XRD, is extensible to all morphological
properties of the new materials.
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Figure 2 N2 absorption-desorption isotherms and pore size distribution curves
of TiO2 and Ru/TiO2 samples
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Figure 3 (A) SEM image of 5% Ru/TiOz; (B) mapping of Ti in (A); (C) mapping
of Ru in (A); (D)-(F) TEM images of 2%, 3% and 5% Ru/TiOz; (G)-(I) Ru
particle size distribution

The SEM, TEM image and the element mapping in jError! No
se encuentra el origen de la referencia. show the Ru
components were homogeneously and highly dispersed on TiO,.
Additional SEM images and element mapping details can be
found in Figure S1. The average size of Ru particles was found
to be around 5 nm. To investigate the chemical state of
synthesized materials, the binding energy in selected region was
recorded by XPS. The region of XPS spectra of Ru3d5/2 and
Ru3p3/2 overlap with the region of C1s and Ti2p respectively, as
shown in

Figure 4 High resolution XPS spectra of (a) C1s/Ru3d region and (c)
Ti2p/Ru3p3/2 region of all samples; curve fitting of (b) C1s/Ru3d region and
(d) Ti2p/Ru3p3/2 region 5% Ru/TiO2

. The peak at 280.6 eV in the C1s/Ru3d region (



Figure 4 High resolution XPS spectra of (a) Cls/Ru3d region and (c)
Ti2p/Ru3p3/2 region of all samples; curve fitting of (b) C1s/Ru3d region and
(d) Ti2p/Ru3p3/2 region 5% Ru/TiO2

b) can be attributed to Ru (IV), while the fitting peak at ca. 461.3
eVin

Figure 4 High resolution XPS spectra of (a) C1s/Ru3d region and (c)
Ti2p/Ru3p3/2 region of all samples; curve fitting of (b) C1s/Ru3d region and
(d) Ti2p/Ru3p3/2 region 5% Ru/TiO2

(d) can be assigned to Ru3p3/2, which is close to the value of
Ru(IV), indicating that the RuO is the dominated form in the as-
synthesized Ru/TiO, samples!®-%2, The splitting value of Ti2p1/2
and Ti2p3/2 is set as 5.7 eV, and the Ti2p3/2 peak locates at
458.1 eV, indicating that Ti was in pure metal oxide form, which
is in good agreement with XRD data.

Table 1 Ru contents analysis by EDX and XPS

Ru wt% (from EDX)
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Figure 4 High resolution XPS spectra of (a) Cls/Ru3d region and (c)
Ti2p/Ru3p3/2 region of all samples; curve fitting of (b) C1s/Ru3d region and
(d) Ti2p/Ru3p3/2 region 5% Ru/TiO2

Catalytic performance in catalytic transfer hydrogenation of
methyl levulinate

2-propanol has been reported as an active hydrogen donor able
to provide good conversion and product selectivity as compared
with other alcohols including methanol, ethanol, 1-propanol,
etc..5563 Consequently, 2-propanol was selected as hydrogen
donor and solvent for the catalytic transfer hydrogenation of
methyl levulinate under continuous flow conditions.

Firstly, the reaction conditions were optimized using 5% Ru/TiO;
catalyst. By comparing entry 1-5 in Table 2, the temperature
was observed to be a key factor in the reaction that (the reaction

Catalyst fresh after reaction Ru/Ti at. % (from XPS)

Ti0, ~ N - only worked well at 150 °C if the concentration decreased to 0.3
1% Ru/TiO2 - - 0.287 mol/L). As expected, these results indicate that the catalyst
522 Eﬂg:gz 202 0s 8'323 possessed a better performance at higher temperatures.
5% RU/TiO2 6.24 552 0.697 Besides, the product selectivity decreased with the increase of

inlet flow rate, forming the reaction intermediate - methyl
4-hvdroxypentanoate instead of GVL (entry 6-7), which is
resulted from the reduced contact time between the reagents
and catalysts. The effect of reagent concentration was also
investigated, and the results showed that 5% Ru/TiO, possess
excellent catalytic ability under 200 °C (98% ML conversion,
3502 (b) 97% selectivity to GVL). The optimized results included in Table
2 showed that the highest efficiency in GVL production (ML
Ru3ds/2 conv.: 98%, GVL selec.: 97%) was achieved under the following
e Ru3d32 | reaction condition: 0.29 g 5% Ru/TiO,, 0.6 mol/L ML in 2-
g : propanol, 0.3mL/min, 200 °C, 35 bar.
> |2%RwiO,
N
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5% Ru/TiO2 100 0.3 0.3 - -

5% Ru/TiO2 120 0.3 0.3 - -

5% Ru/TiO2 150 0.3 0.3 98 71
5% Ru/TiO2 180 0.3 0.3 98 98
5% Ru/TiO2 200 0.3 0.3 99 98
5% Ru/TiO2 200 0.5 0.3 90 41
5% Ru/TiO2 200 0.7 0.3 95 48
5% Ru/TiO2 200 1 0.3 - -

5% Ru/TiO2 200 0.3 0.45 98 62
5% Ru/TiO2 200 0.3 0.6 96 98
TiO2 200 0.3 0.6 - -

1% Ru/TiO2 200 0.3 0.6 28 88
2% Ru/TiO2 200 0.3 0.6 85 94
3% Ru/TiO2 200 0.3 0.6 95 98
5% Ru/C 200 0.3 0.6 83 52
5% Ru/Al203 200 0.3 0.6 31 97

B N -

©o
n

25

[a] All reactions were performed without catalyst activation. Reaction pressure was set as 35 bar for a
reaction conditions. [c] Time-on-stream: 2 h after reaching the reaction conditions. [d] ML weight
Productivity was calculated using the hourly molar flow rate of GVL in the effluent divided the mass of F

Subsequently, the reaction was further investigated with both
lab-synthesized Ru/TiO; catalysts with different Ru loadings and
commercial Ru catalysts (5% Ru/C and 5% Ru/Al.O3). Results
are also summarized in Table 1 (entry 11-16). Notably, TiO,
itself is not active in the reaction and therefore the reaction
performance should be attributed to the incorporated Ru
particles. Interestingly, an increase in Ru content on TiO,
promotes both reaction conversion and selectivity, because of
the increase of catalytic sites on the catalyst surface. As
compared to lab synthesized catalysts (3% and 5% Ru/TiO,), a
range of commercial catalysts exhibited a significantly reduced
activity and selectivity to GVL production (Table 2Table , entry
15-16). Most importantly, the catalytic activity of the commercial
catalysts also dropped dramatically with time-on-stream (only
after 2 h, 3 minutes of residence time of the ML feed in the
catalyst), which was found to be related to a larger Ru leaching
(See ICP-MS data in Table 3) and deactivation under
continuous flow conditions. Methyl 4-hydroxypentanoate,
reaction intermediate, was observed as major product (selec.
>40%, increasing with time on stream) different from GVL when
using 5% Ru/C as catalyst. These results pointed out to a
reduced hydrogenation ability of Ru/C as compared to the
propose Ru/TiO, systems to fully hydrogenate ML to GVL.
Comparably, the production of isopropyl levulinate
(transesterification product) was observed using 5% Ru/Al,O3 as
catalyst, also increasing with time on stream Hence, the
proposed lab-synthesized catalysts outperformed commercial
catalysts in the catalytic transfer hydrogenation of methyl
levulinate for y-valerolactone production in terms of activity and
stability.

)‘\/\(O\ Catalyst M( Catalyst \ogO
Temp P Temp P
(0]
Catalyst |Temp., P :"""""'""; CatalystlTemp P

Scheme 1 Possible reaction pathway of catalytic transfer hydrogenation of
methyl levulinate using Ru catalysts

According to mass spectra of the obtained samples, we
proposed a possible reaction pathway for catalytic transfer
hydrogenation of methyl levulinate, which is illustrated in
Scheme 1. Methyl 4-hydroxypentanoate was firstly formed by
partial hydrogenation of the carbonyl group of ML, following by
cyclization via transesterification reaction to produce GVL.
Meanwhile, transesterification of ML can also proceed, forming
isopropy! levulinate, which can be converted to GVL through
same reaction pathway as ML.
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Figure 5 Long term stability test of 5% Ru/TiO2, 24 h on stream under the
optimized condition: 0.29 g 5% Ru/TiO2, 0.6 mol/L ML in 2-propanol,
0.3mL/min, 200 °C, 35 bar

3% Ru/TiO, possessed excellent catalytic performance at the
beginning of the reaction, which slightly decreased after 2 hours
on stream (ca. 3 min residence time). Long term flow stability
study (24 h-36 min residence time-) was subsequently
performed for 5% Ru/TiO, due to its improved stability and
almost negligible Ru leaching. Results from Figure 5 pointed out
a stable conversion of ML (>93%) over 24 hours with only a
slight decrease of selectivity from 98% to 83% because of the
leaching of catalysts (see Table 1 and 3), forming more reaction
intermediate, methyl 4-hydroxypentanoate. As shown in Table 3,



Ti content was also detected in the outlet stream for the
reactions using Ru/TiO; catalysts, which could be resulted from
the loss of fine catalyt particles smaller than the size of applied
membrane filter. The observed GVL productivity is 0.625
molevi/greh  under the investigated conditions, remarkably
superior to that of several systems (not all) previously reported
in literature (see Table 4). This indicates that 5% Ru/TiO; is not
only active and selective, but also stable in the transformation of
Avantium ML to GVL.

Table 3 Metallic contents in the outlet stream analyzed by ICP-MS &

Concentration (ug/L)

Catalyst RU T
1% Ru/TiO22 431.01 330.93
2% Ru/TiO2 2 422,52 256.77
3% Ru/TiOZP 23.64 435.45
5% Ru/TiO2P 42.42 300.18

5% Ru/C? 1262.52 -
5% Ru/Al,O3? 1307.64 -

[a] Samples were taken from the outlet solution collected in 0.5 h
after reaching the reaction conditions. [b] Samples were taken from
the outlet solution collected in 24 h after reaching the reaction
conditions.

Conclusions
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Ru/TiO, catalysts were successfully synthesized by deposition of
RuO, nanoparticles onto TiO,. The presence of RuO;
nanoparticles on TiO, could remarkably promote the catalytic
transfer hydrogenation of biomass-derived ML to GVL using 2-
propanol as hydrogen donating agent under continuous flow
conditions. 5% Ru/TiO, showed not only excellent catalytic
activity in continuous flow, but also high stability, superior to
commercial Ru catalysts in terms of both activity and stability.
The above discovery reveals the remarkable potential in the
utilization of Ru/TiO, catalysts for biomass conversion,
especially under flow condition, which may facilitate improved
throughput by scaling up. In view of the excelling activity of the
proposed systems, the transformation of additional renewable
resources into bioenergy can be considered a challenge for
further research that will be also reported in due course.

Table 4 Comparison of productivity of GVL from the catalytic conversion of alkyl levulinate

H ) I Conv.  Selec. Productivity!®
al
Catalyst Substanc! source® Reaction conditions (%) %) molev/gmeah Ref.
Flow reaction

- o ; _ ;
5% RU/TiO» ML 2-ProH 216 M ML in 2-PrOH, 200 °C, 35 bar, 0.3 mL/min, WHSV=2.34 93.15 90.14 0.625 \':'Vlglj(
5% Ru/C BL 1-BuOH 1 M BL& 6 M H20 in 1-butanol, 150 °C, 35 bar, WHSV=0.9 h* 91 89 0.085 164]
20-Cu/Al,03 ML H: Pure ML feed rate of 1.65 g/h, Hz flow of 30 mL/min. 93.7 91.5 0.109 165]
ZrO2 BL 2-PrOH 5 wt % BL in 2-PrOH, 180 °C, 300 psig He, WHSV = 0.18 h* 93.2 86.4 0.0065 1661

Batch reaction
o )
Zr(OH) EL EtOH 19 catalyst_s, 29 EL 38 g ethanol, 240 °C, purged with N2 at 89.1 84.5 0.01 51
atmospheric conditions
RANEY® Ni EL 2.ProOH g.OB g catalysts, 1 mmol EL, 2-PrOH, room temperature, Ar, 9 : 0.074 551
0
5% RU/C ML Ho E‘.E)ZSShg catalysts, 17.2 mmol ML, 10 g MeOH, 120 °C, 30 bar 100 82 2957 167
H 0
5% RU/C ML Ho g.025 g catalysts, 0.43 M ML in MeOH, 130 °C, 12 bar Ha, 2.66 97.8 89.4 112 68]
Ni1zr10 ML Ha 0.05 g catalysts, 0.15 g ML, 5.0 g H20, 3 bar Hz, 3 h. >99 98.2 0.0075 69]
red-oxd-Ni/CNHs ML 2-PrOH 0.1 g catalysts, 24 mL of 0.2 M ML in 2-PrOH, 200 °C, 3 h 96.2 93 0.0397 [70]
CuCr ML H> 0.2 g catalysts, 20 g ML, 250 °C 40 bar Hz, 4 h 95 97.6 0.178M [
Ni-Feo.s/AC EL H. 0.04 g catalysts, 0.1 g EL, 10 mL H20, 100°C, 6 h, 40 bar 99.3 99 0.0406 [72]
ZrFe0(1:1)-300 EL 2-ProH 0.2 g catalysts, 0.65 g EL, 11.8 g 2-PrOH, 230°C, 52 bar,0.5h  94.2 92 0.0398 [73]
- 0
10CU-5Ni/ALOs ML 2.BUOH 0._1 catalysts, 1 mmo_l ML, 3_r_nL 2-BuOH, 150 °C, 12 h, purged 100 97 0.0539 [74)
with N2 at atmospheric conditions
Zr-HA EL 2-PrOH 0.2 g catalysts, 1 mmol EL, 5 mL 2-PrOH, 150 °C, 3 h 86.4 87.7 0.000758(¢! [75]
0

1% PYZSM-35 EL Ho gﬁ g catalysts,1.0 mmol EL, 12 mL ethanol, 60 bar Hz, 200 °C, 100 09 0.165 78]
Co EL H> 0.1 g catalysts, 1 g EL,130 °C, 33 bar Hz, 3 h 99 95 0.024 130]
CuO ML MeOH 0.3 g catalysts, 8 mmol ML, 19.5 g MeOH, 1 h 97.6 87.6 0.0228 177
4% Ru(OH)«/TiO2(A) ML 2-ProH 0.1 g catalysts, 1 mmol ML, 5 mL 2-PrOH, 90 °C, 24 h, Ar 100 99 0.236 156]
2r02(10)/SBA-15 ML 2-PrOH gf‘gg’sga(r‘)‘oamg as Zr0z), 2 mmol ML, 10 mL 2-PrOH, 150:C, g0 ¢ o) 15,201 (631
Zr-HBA EL 2-ProH 0.2 g catalysts, 1 mmol EL, 100 mmol 2-PrOH, 150 °C, 4 h 100 94.4 0.0012 1271

[a] ML: methyl levulinate; EL: ethyl levulinate; BL: butyl levulinate. [b] MeOH: methanol; EtOH: ethanol; 2-PrOH: 2-propanol; 1-BuOH: 1-butanol; 2-BuOH: 2-butanol.
[c] Calculated from literature data, using the mass of metal of a given catalyst. [d] Calculated from the average conversion and selectivity values. [e] Calculated from
literature data, using the mass of catalyst. [f] Calculated based on the mass of ZrO-.

Experimental Section

Synthesis of TiO;

TiO2 was synthesized with reversed micro-emulsion method.["® In detail,
177.4 mL triton (surfactant) and 185.4 mL of hexanol (co-surfactant) were



added into 854 mL n-heptane and stirred at 400 rpm for 30 minutes.
Subsequently, 100 mL MiliQ water was added to the above solution, then
the resulted mixture was stirred for 1 hour. Meanwhile, 14.7 mL titanium
isopropoxide (TTIP) was dissolved into 24.4 mL 2-propanol, which was
then added into the previous mixture drop by drop. The obtained mixture
was kept stirring at 400 rpm for overnight, following by centrifugation at
10000 rpm, 4 °C for 15 minutes for removal of dispersion phase.
Afterwards, the obtained solids were washed with methanol under stirring
at 400 rpm for 15 minutes and recovered by centrifugation under same
condition. Finally, the white solids were dried at 80 °C for overnight, and
then calcined at 600 °C for 30 minutes with ramping rate of 1 °C/min.

Deposition of Ru onto TiO,

0.5 g TiO2 was added to 100 mL MilliQ water and then the mixture was
sonicated for 30 minutes. Subsequently, different amount of RuClz-xH20
was added to the mixture with another 5 minutes’ sonication. Then,
different amount of 0.1 mol/lL NaBH4 solution (molar ratio, Ru®*:BH =
1:5) was added to the mixture as reducing agent with stirring for 1 hour.
The whole synthesis was protected under Nz bubbling. After the
synthesis, the solids were separated by centrifugation (13000 rpm, 10
min, 4 °C) and washed with DI water. The obtained solids were dried at
80 °C for overnight.

Catalysts characterization

XRD patterns were recorded with a Seifert D-500 diffractometer using Ni-
filtered Cu Ka radiation with a 0.02° step and fitted using the Von Dreele
approach to the Le Bail method. BET surface area and porosity analysis
were performed in Micromeritics ASAP 2010 by nitrogen physisorption.
Scanning electron microscopy images were recorded with a JEOL JSM-
7800 scanning microscope equipped with EDX at 20 kV in SCAI of
Universidad de Cordoba. An Au/Pd coating was employed to analyze
samples on a high-resolution sputtering SC7640 instrument (up to 7 nm
thickness) at a sputtering rate of 1.5 kV per minute. TEM analysis of the
materials was carried out with a JEOL 2100F TEM/STEM microscope. X-
ray photoelectron spectroscopy (XPS) measurements were performed in
a VG Scientific photoelectron spectrometer ESCALAB-210 equipped with
Mg Ka radiation (1486.6 eV) from an X-ray source, operated at 15 kV
and 20 mA. Survey spectra in the energy range from 0 to 1350 eV were
recorded using 0.4 eV steps for all the samples. High resolution spectra
were recorded with 0.1 eV steps, 100 ms dwell time and 25 eV pass
energy. Catalyst leaching was analyzed by ICP-MS in SCAl of
Universidad de Cordoba. 1 mL of the selected samples were transferred
to 25 mL falcon tube and dried in oven to evaporate the organic
compounds. Then, 1 mL of HCI (237%), HF (47-51%) and HNOs3 (269%)
was added to digest the solids, and subsequently diluted into 15 mL
aqueous solution for analysis. Samples were then immediately analyzed
in an ICP/MS Perkin Elmer ELAN-DRC-e model equipped with an
automatic diluting injecting system and ionization under Ar plasma
followed by quadrupole ion detection with-a DRC cell to remove potential
interferences.

Hydrogenation of methyl levulinate in continuous flow

Catalytic transfer hydrogenation of methyl levulinate was performed in
the liquid phase continuous flow reactor, Phoenix from ThalesNano Inc.
using ca. 300 mg catalysts. Feedstock solutions were prepared by
diluting methyl levulinate (>99%, kindly donated by Avantium as side
product of their YXY process, https://www.avantium.com/yxy/yxy-
technology/) in 2-propanol at the desired concentration. Reaction
optimization was performed in various conditions: concentration (0.3M,
0.45 M, 0.6M), temperature (100, 120, 150, 180, 200 °C), flow rate (0.3,
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0.5, 0.7, 1 mL/min). The optimized conditions were 0.6M methyl
levulinate, 200 °C, 35 bar and 0.3 mL/min, which the WHSV was around
4.69 hl Catalysts with different Ru loadings were employed under
optimized conditions. Long term stability runs for the optimum catalyst
and conditions were performed by streaming for 24 hours. The obtained
samples were analyzed by GC Agilent 5890 Series Il equipped with FID
detector using SUPELCO EQUITY TM-1 fused silica capillary column (60
m x 0.25 mm x 0.25 pm). Both the injector temperature and detector
temperature were 250 °C. Initial oven temperature was 60 °C (held for 1
min), and then increased to 230 °C with ramping rate of 10 °C/min and
held for 5 min. Decane was used as internal standard in GC analysis.
GC-MS equipped with HP-5 column from SCAI of Universidad de
Cordoba was used for the analysis of the products. Temperature of
injector and detector was set as 250 °C. Initial oven temperature was 60
°C (held for 1 min), then increased to 230 °C with ramping rate of 10
°C/min and held for 5 min, and finally increased to 280 °C with ramping
rate of 30 °C/min and held for 2 min. Conversion, selectivity and
productivity were calculated as below:

(CML,im'tial - CML,final)

Conversion = X 100%
CML,initial
o Cov
Selectivity = ——— x 100%
CML,initial - CML,final
. hourly molar flow rate of GVL
Productivity =

Mpy
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