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The hydrogenation of levulinic acid has been studied using Ru
supported on ordered mesoporous carbons (OMCs) prepared
by soft-templating. P- and S-containing acid groups were intro-
duced by postsynthetic functionalization before the addition
of 1% Ru by incipient wetness impregnation. These functional-
ities and the reaction conditions mediate the activity and se-
lectivity of the levulinic acid hydrogenation. The presence of S-
containing groups (Ru/OMC-S and Ru/OMC-P/S) deactivates

Introduction

y-Valerolactone (GVL) has been identified as a potential sus-
tainable platform molecule for the production of renewable
fuels and fine chemicals. Indeed, GVL can be used as a sol-
vent,'¥ a part of a battery electrolyte,”” and to produce chem-
icals" and fuel additives in a similar capacity to ethanol." % |t
can be converted to liquid fuels, namely, valeric biofuels and
liquid alkanes® or to high-value chemical intermediates such
as 1,4-pentanediol® or alkyl pentenoates, which are precursors
to biopolymers.”’ Among the various products, pentanoic acid
(PA) is a relevant intermediate for the formation of valeric bio-
fuels that consist of pentanoic acid esters.”?

The production of GVL is based mainly on the hydrogena-
tion of levulinic acid (LA), which can be obtained directly from
cellulosic materials by acidic hydrolysis." A cascade reaction

[a] Dr. A. Villa, Dr. M. Schiavoni, Dr. C. E. Chan-Thaw, Prof. L. Prati
Dipartimento di Chimica

Universita degli Studi di Milano

via Golgi 19, 20133 Milano (Italy)

E-mail: laura.prati@unimi.it

Dr. P.F. Fulvio, Dr. S. Dai

Chemical Sciences Division

Oak Ridge National Laboratory

Oak Ridge, TN, 37831 (USA)

Dr. P. F. Fulvio, Dr. R. T. Mayes

Department of Chemistry

University of Puerto Rico

Rio Piedras Campus, San Juan, PR 00931 (USA)

[d] Dr. S. Dai
Department of Chemistry
University of Tennessee
Knoxville, TN, 37996 (USA)
[e] Dr. K. L. More, Dr. G. M. Veith
Materials Science and Technology Division
Oak Ridge National Laboratory
Oak Ridge, TN 37831 (USA)

=

[c

ChemSusChem 2015, 8, 2520 - 2528 Wiley Online Library

2520

the Ru catalysts strongly, whereas the presence of P-containing
groups (Ru/OMC-P) enhances the activity compared to that of
pristine Ru/OMC. Under mild conditions (70°C and 7 bar H,)
the catalyst shows high selectivity to <y-valerolactone (GVL;
>95%) and high stability on recycling. However, under more
severe conditions (200°C and py, =40 bar) Ru/OMC-P is partic-
ularly able to promote GVL ring-opening and the consecutive
hydrogenation to pentanoic acid.

that involves hydrogenation and dehydration steps takes place
under acidic conditions, and the order of these steps deter-
mines the overall reaction pathway (Scheme 1). For instance,
LA can be reduced to 4-hydroxypentanoic acid (HPA) and then
dehydrated to GVL (pathway a) or converted to angelica lac-
tone (AL) by dehydration followed by reduction to GVL (path-
way b).”! These reactions take place in the presence of metallic
catalysts, such as Ru® or Cu"” supported on activated carbon
(AC) or oxidic supports, in the presence of different solvents,
such as water,"? alcohols,""? and dioxane.” It has been shown
that by adding an acidic cocatalyst, such as niobium phos-
phate or oxide, to Ru/AC, it is possible to increase the reaction
rate under mild conditions (70°C, 3 bar of H,) and maintain
a selectivity >98% towards GVL. This result has been attrib-
uted to the promotional effect of the acidic cocatalyst on the
dehydration step (Scheme 1). Under more severe conditions
(200°C and 40 bar of H, pressure), it has been reported that
Ru supported on acidic supports (H-beta or ZSM-5) promotes
the ring-opening and hydrogenation of GVL to PA
(Scheme 1).%4 Similar results were reported by Dumesic et al.
for Pd-supported Nb,O; catalysts."”

This subsequent hydrogenation is of particular interest for
the production of valeric biofuels from PA."" The major limita-
tion of most of the heterogeneous catalysts applied in this re-
action is their low stability. Herein we report Ru-supported on
acid-functionalized ordered mesoporous carbon (OMC) as a cat-
alyst that exhibits high activity, selectivity, and a long life-time
for the hydrogenation of LA to GVL. Moreover, with the use of
these catalysts, it is possible to tune the selectivity of the reac-
tion by varying the reaction conditions. The activity and selec-
tivity of the reaction to GVL or PA were correlated to the
nature of the acidic groups.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Overall reaction pathway for the production of GVL.

Results and Discussion 3) 350
OMCs synthesized using the soft-templating method under < 300
strongly acidic conditions exhibit large uniform mesopores and ?;
high specific surface areas."” OMCs are susceptible to surface e 4
modification with H;PO, and H,SO, with the retention of their S
porosities.”™ The OMC materials treated with H,PO, H,SO,, E 200
and a mixture of H;PO, and H,SO, are labeled as OMC-P, OMC- § -
S, and OMC-P/S, respectively. 2

As in previous reports, the OMC and functionalized OMCs ‘g’ 100 L
exhibit type IV adsorption isotherms with steep capillary con- g
densation steps and H, hysteresis loops characteristic of large < 50¢f

cylindrical mesopores (Figure 1a). The steepness of the capilla-

ry condensation steps indicates the uniformity of the meso- 0
. . . X 0.00 0.20 0.40 0.60 0.80 1.00

pores in these materials. This was confirmed by the narrow _

pore size distributions calculated from the adsorption branch Relative Pressure (p/p,)

of these isotherms (Figure 1b).!" b)_\

The calculated adsorption and pore structures for all sam- e 0.14 - —o0—OMC-R
ples are summarized in Table 1. The specific surface area of the TC 012 _ —o— OMC-P
starting OMC was 589 m?’g~' with a mean mesopore size of s L —4—OMC-S
8.7 nm. The introduction of acidic functional groups led to g 0.10 —v—OMC-S/P
a decrease of the surface areas, and the lowest value was ®
found for OMC-S/P (393 m?>g™"). The other two materials, OMC- E,

P and OMC-S, had intermediate surface areas of 452 and 2
487 m?g~', respectively. The calculated mesopore widths of g
the modified carbons were similar to that of the starting OMC o
(8.2-8.4 nm). These findings are comparable to those for disor- -g
dered mesoporous carbons modified with phosphoric acid, for %
which the adsorption properties were essentially retained after ?DE

reaction with the mineral acid."

Based on previous reports for the catalytic hydrogenation of
GVL,"2%2'7 the acidic properties play an important role to
tune the activity (and selectivity) of the reaction. Therefore, the  figyre 1. a) N, sorption isotherms and b) corresponding pore size distribu-
number of acidic sites on the catalyst surfaces was quantified  tions for the OMCs.

20 40 60 80 100 12.0 14.0 16.0
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Table 1. Characteristics of the OMCs.

Sample Ve V,.i—as plot® Si—as plot!® V,~as plot™ S.~as plot® Wigs" Seer® Number of acid
[em’g™] [em*g™] m?g7] [em’g™] m’g™"] [nm] m?g™"] sites [mmolg ']

OoMC 0.51 0.18 213 0.51 0.35 8.7 589 -

OMC-P 043 0.12 199 043 1.80 8.2 452 0.91

OMC-S 0.45 0.13 205 0.45 0.56 8.4 487 1.62

OMC-P/S 0.41 0.08 209 0.41 0.73 8.3 393 1.92

Teller equation in the relative pressure range of 0.05-0.20.

[a] Single-point pore volume from adsorption isotherms at p/p, ~0.98. [b] Micropore volume calculated in the standard relative adsorption (as) plot range
of 0.75-1.00."" [c] Micropore surface area calculated in the as plot range of 0.75-1.00."" [d] Total pore volume calculated in the as plot range of 2.5-7.5.1""
[e] External surface area calculated in the as plot range of 2.5-7.5. [f] Pore width calculated according to the improved Kruk-Jaroniec-Sayari (KJS)
method"® using statistical film thickness for the nonporous carbon reference material."® [g] Specific surface area calculated using the Brunauer-Emmett-

carefully by acid-base titration (Table 1). As expected, OMC-S/P
has a higher number of surface acidic groups (1.98 mmolg™)
than OMC-S (1.62 mmolg™") and OMC-P (0.91 mmolg™),

whereas pristine OMC showed no acid character.
After Ru was deposited on the different supports by the in-
cipient wetness impregnation technique, the morphology of

the Ru nanoparticles was investigated by scanning transmis-
sion electron microscopy (STEM). Representative images of
OMC and OMC/P are presented in Figure 2a and b, respective-
ly. The images showed that Ru is well dispersed on the sup-
ports and very small nanoparticles were obtained with a mean
diameter of 1.3-1.8 nm (Table 2). This indicates that the differ-
ent functional groups on the surface did not affect the Ru par-

Table 2. Statistical median and standard deviation of particle size analysis ticle size significantly. Notably, the Ru particle size did not
for 1% Ru catalysts obtained by STEM. change after pretreatment at 150 °C before the reaction.
Samples Statistical median Standard deviation X-ray photoelectron spectroscopy (XPS_) Of‘ the dlffe.rent sup-
[nm] [o] ports and Ru-loaded catalysts (before activation) confirmed the
RU/OMC 13 05 succe.ssful functionalization of. the OMF surfaces with P- and S-
Ru/OMC-P 16 0.6 containing groups. The chemical species observed on the sur-
Ru/OMC-P/S 1.5 0.6 face, their concentration, and the overall elemental composi-
ﬁ”;gmg‘z ;2’ ?Z tion are summarized in Table 3. The data show that the pristine
u " after reaction . . .
ferreact OMC material has ~8.3 at% oxygen on the surface of the
Table 3. XPS analysis.
Sample Binding energy [eV] (peak area [%]) Elemental com-
Cls O1s P1s S2p Ru3d®? position [at %]
¢ O O 0,0 (C,hC 0,P-0, CO C-0-PO; -S -S0, (C-O-P-S-Ru)
C—H C-P, P=0 Cc-0-C
P—O—C
S0
OoMC 2848 2865 2885 2904 292.1 532.3 533.7 91.7-8.3-0-0-0
(59.1) (26.0)0 (7.3) (5.0) (2.6) (12) (88)
OMC-P 2848 2864 2884 2903 2922 531.2 5329 134.2 91.2-8.4-0.4-0-0
65.9) (17.5) (7.3 (5.8) 3.5 (10.4) (89.6) (100)
OMC-S 2848 2864 2884 2902 292.1 532.2 533.3 169.1 89.8-9.8-0-0.4-0
(65.8) (16.8) (7.6 (5.7) (4.1) (35.1) (64.9) (100)
OMC-S/P 2848 2864 2884 2903 292.1 531.9 533.4 1344 169.0 89.1-10.2-0.3-0.4-0
(65.8) (169 (7.5 (5.9) (3.8) (65.1) (34.9) (100) (100)
Ru/OMC 2848 286.3 289.1 2915 532.1 533.8 2814  91.6-6.3-0-0-1.9
(61.4) (23.8) (9.0) (5.8) (71.5) (28.5) (100)
Ru/OMC-P 2848 2863 288.0 290.6 531.5 533.1 134.9 2814  88.2-10.6-0.7-0-0.4
(67.00 (13.1) (12.2) (7.7) (18.3) (81.7) (100) (100)
Ru/OMC-S 2848 2864 2880 2902 291.9 531.3 533.1 163.7 1689 2814  87.8-11.3-0-0.4-0.5
69.9) (11.4) (10.8) (6.0) (1.9) (31.9) (68.1) (33.1) (66.9)  (100)
Ru/OMC-P/S 2848 2863 288.1 290.7 531.7 533.3 134.8 169.2 2815  88.1-10.7-0.5-0.1-0.6
(649 (13.4) (129 (8.8) (30.7) (69.3) (100) (100) (100)
RU/OMC-P ey w2000 2848 2869 2888 291.3 5324 533.7 134.2 2804/  89.9-8.6-0.2-0-1.2
(70.5)  (11.1)  (12.5) (6.0) (76.2) (23.8) (100) 283.4
(50/50)
RU/OMC-Syeeq e 70 2849 2863 2877 2893 291.4 531.8 5335 1637 1685 2814  88.0-11.0-0.1-1.4-0.6
68.2) (11.0) (10.7) (6.9) 3.1) (51.0) (49.0) (70.1)  (29.9)  (100)
ChemSusChem 2015, 8, 2520 - 2528 www.chemsuschem.org 2522 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Representative STEM images of a) Ru on OMC, b) Ru on P-OMC,
and c) Ru on P-OMC after reaction at 200 °C.
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carbon. The oxygen chemistry is dominated by the presence of
C—O groups as evidenced by the large signal at a binding
energy (BE) of 286.5 eV (Figure 3, top) and the high BE ob-
served for the O 1s species (533.7 eV). After the OMC was react-
ed with H;PO, or H,SO, —OPO; and —0SO,/—S species were
identified on the carbon surfaces (BE=134.2 and 169.0/
163.7 eV, respectively) with a corresponding decrease in C—O
concentration (BE=286.4 eV), which is evident if we compare
the spectra of the pristine support materials with those of the
materials that contain Ru (labeled as-prepared, 150 °C, or used,
which depends on the state of the catalyst; Figure 3 top left
and Table 3).

This decrease in the C—O signal compared to that of the
original OMC material indicates a preferential reaction of the
C—O species with the mineral acids. The concentration of P
and S from the P—O and S—O groups are both around 0.4 at %,
but there is a small increase in the total oxygen content be-
cause of the P—O and S—O species that replace the surface
C-0.

After impregnation, the oxidation state of the Ru particles
appears to be higher than +4. The exact oxidation state is dif-
ficult to determine because the overlap with the C1s signal
and the low Ru concentration on the catalysts with P- and S-
containing groups. Indeed, a higher concentration of Ru was
measured on the surface of the OMC material (1.9 at%) than
on OMC-P and OMC-S (0.4 and 0.6 at%, respectively; Table 3).
As the loading and the Ru particle sizes are similar in all the
prepared catalysts, the lower Ru concentration on OMC-P,
OMC-S, and OMC-P/S is probably because Ru is pulled into the
pores. This could be caused by the preferential reaction of the
apparent C—O nucleation sites by the acid groups or changes
in hydrophobicity with acid treatment. Regardless, this effec-
tively lowers the Ru content on the outer surface of the OMC
support.

Before the materials were used as catalysts, they were re-
duced at 150°C under py,=3 bar. To probe the resulting mate-
rial, the same catalysts were reduced in 4% H,/Ar at 150°C in
a specially designed furnace contained within an Ar-filled
glovebox. Although the reaction conditions are not identical,
they are a good approximation for the expected reaction at
high pressures given the reactivity of H,. The reduced samples
were stored in an Ar-filled glovebox and transferred to the XPS
spectrometer in a vacuum-transfer case, designed to prevent
any reoxidation process. Representative XPS data collected for
the reduction of Ru/OMC, Ru/OMC-P, Ru/OMC-P-S, and Ru-
OMC-S are shown in Figure 3. After the H, treatment, there is
a clear shift in the Ru3d®? BE to lower energies (from 282.7 to
281.4 eV). This shift is caused by a reduction of the Ru, though
this reduction does not seem to result in a total reduction to
RU’. Instead, these BEs are consistent with the stabilization of
oxidized Ru species with oxidation states around +4.""'® To
characterize the Ru oxidation state further, we investigated the
Ru3p spectra for the OMC-supported material that had the
highest surface content of Ru.

Fits of the Ru3p XPS data show that the dominant species
has a BE around 462 eV (Figure 4). This species is attributed to
Ru**, most likely a result of RuO,type oxides, which are the

2523 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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H, using water as the solvent
(ILA]=0.43 molL""; Ru/LA molar
ratio 1:1000 mol/mol; Table 4).
The catalysts were pretreated
under 3 bar H, at 150°C.

The catalytic results are sum-
marized in Table 4. After 9 h of

285 280

reaction, only Ru/OMC-P reached
full conversion, whereas conver-
sions of 65, 20, and 9% were

| Ru-OMC-P-S

- —— OMC-P-S
—— as-prepared B

——150°C

Ru-OMC-S

Intensity (Normalized)

achieved with Ru/OMC, Ru/OMC-
S/P, and Ru/OMC-S, respectively.
The superior activity of Ru/OMC-
P is in agreement with the posi-
tive effect on the catalytic per-
formance ascribed to the pres-

Fresh

——OMC-S
Used

ence of acidic groups and/or an
acid cocatalyst. Indeed, the
mixing of Ru/AC with an Amber-
lyst acidic resin® or an acidic

205 200 285 280 300 295

Binding Energy (eV)

300

Figure 3. C15s/Ru3d XPS data collected for OMC (top left), OMC-P (top right), OMC-S (bottom right), and OMC-P-S
(bottom left) catalyst supports (black), the as-prepared Ru catalysts (red), the Ru catalysts after reduction at

150°C, and the Ru-OMC-P catalyst used at 150°C (green).

4 Ru 3p (Ru/OMC support reduced)

472 470 468 466 464 462 460 458 456
Binding Energy (eV)

Figure 4. Ru3p XPS data collected for the Ru/OMC catalyst after treatment
at 150°C and py, 3 bar, consistent with Ru**.

most stable oxides, and confirms the assignment from the
Ru3d data."”'® The second highest energy species, located at
BE=465 eV, is likely caused by water bound to the surface or
a second, higher oxidation state Ru species, which was ob-
served on the as-prepared catalysts. The reduction treatment
had no clear influence on the —P—O chemistry but it changed
the S functionality dramatically. Postsynthesis, there was
a clear partial reduction of the —SO, group (BE=169.1 eV) to
result in the formation of a surface sulfide (BE=163.7 eV).

The influence of the functionalization of the support on the
catalytic performance was first investigated at 70°C and 7 bar

ChemSusChem 2015, 8, 2520 - 2528 www.chemsuschem.org
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oxide as the cocatalyst en-
hanced the catalyst activity in LA
hydrogenation by a factor of
two.

A similar effect was reported
for Ru supported directly on

200 285 280

Table 4. LA hydrogenation over 1% Ru-based catalysts at 70°C and p,;,=
7 bar.®
Catalysts t  Conversion Activity®™ Selectivity [%]

[h]  [%] GVL PEA PA PD MTHF
Ru/OMC 3 32 1.05 98 0 0 0 0

6 54 0.89 97 0 0 0 0

9 65 0.72 98 0 0 0 0
Ru/ 3 59 1.95 96 0 2 0 1
OMC-P 6 98 1.61 94 1 3 0 1

9 >99 1.10 93 1 4 0 1
Ru/ 3 15 0.49 98 0 0 0 1
OMC-S/P 6 18 0.30 96 1 2 0 1

9 20 0.22 95 1 2 0 1
Ru/ 3 5 0.17 97 0 2 0 1
OMC-S 6 8 0.13 95 0 3 0 0

9 9 0.10 96 0 3 0 0
[a] Reaction: [LA]=0.43 molL"'; Ru/LA=1:1000 mol/mol. [b] Converted
molgy gry 'h '

acidic resins.”® A possible explanation could be the reaction
pathway. Under mild reaction conditions, LA hydrogenation
proceeds with the formation of 4-hydroxypentanoic acid fol-
lowed by the intramolecular esterification to GVL (Pathway a,
Scheme 1).>% The presence of acidic groups increases the re-
action rate to favor the acid-catalyzed esterification reaction of
the intermediate y-hydroxyvaleric acid to GVL.”’

The promotional effect of phosphonic acid groups was not
observed for S-containing catalysts. Indeed, a strong deactiva-
tion was observed with a virtually unchanged conversion at 3,
6, and 9 h of reaction. These results differ from those reported

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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for Ru deposited on a sulfonic resin.?” A possible explanation
for such differences is in the various types of S-containing
groups on the carbon surfaces and on their distinct stabilities
compared to the most stable sulfonic groups found in resins
(=Ph—SO;H). In the case of the Ru OMC-S catalysts, XPS analy-
sis after catalytic reduction showed a clear increase in the con-
centration of reduced sulfide species (BE=163.7 eV; Figure 5).

S2p-OM

S 2p Fresh
-S04

Intensity

175 170 165
Binding Energy (eV)

Figure 5. S2p XPS data collected for OMC-S and 1% Ru/OMC-S fresh and
after reaction.

This indicates that some of the —SO, reacts under hydrogena-
tion conditions. These reduced S-containing groups likely re-
deposited on Ru nanoparticles during the reaction, which thus
blocks the metal active sites. Indeed, the strong binding prop-
erties of S-containing groups on the active site of the metal
have been reported widely, in particular, for gas-phase reac-
tions.?"

ChemSusChem 2015, 8, 2520 - 2528 www.chemsuschem.org

2525

CHEM:'/5CHEM
Full Papers

Despite their effect on catalytic activity, the presence of P-
or S-containing groups did not significantly affect the selectivi-
ty under the reaction conditions (70°C, 7 bar H,). For all the
catalysts, a selectivity higher than 94% was achieved, and only
traces of products derived from the consecutive GVL transfor-
mation [pentenoic acid (PEA), pentanoic acid (PA), 1,4-pentane-
diol (PD), methyltetrahydrofuran (MTHF)] were detected
(Table 4).

A comparison of Ru/OMC and Ru/OMC-P at iso-conversion
(54 and 59%; Table 4), showed a comparable selectivity to GVL
(97 and 96 %; Table 4).

Finally, recycling tests were performed to investigate the du-
rability of the catalyst. These tests consisted of the filtration
and reuse of the catalyst for the next run without any further
purification. The catalyst showed a good stability with main-
tained activity and selectivity to GVL during the tests
(Figure 6). Inductively coupled plasma (ICP) analysis of the col-

[ 70deg
100 4 [_1200deg
80
< 601
=]
.S
4
S 404
=]
(=}
&)
20
O = T - - L
1 2 3 4 5

Run

Figure 6. Stability test using 1% Ru/OMC-P at 70°C and 7 bar (6 h of reac-
tion each cycle; dark gray) and at 200 °C and 40 bar (2 h of reaction each
cycle; light gray).

lected solution after five runs did not show any significant Ru
leaching (< 1%). Moreover, STEM and BET analysis did not
reveal any evident modification of the catalyst morphology.
More severe reaction conditions (200 °C, 40 bar H,) improved
the activity of both Ru/OMC and Ru/OMC-P. For instance, Ru/
OMC reached full conversion after 6 h, whereas Ru/OMC-P
showed a conversion of 90% after only 2h of reaction
(Table 5). Moreover, Ru/OMC maintained a high selectivity
(95%) to GVL at full conversion even under more extreme re-
action conditions, and acidic Ru/OMC-P converted GVL partially
to pentanoic acid (10% selectivity at 90% conversion). The
conversion of GVL to PA was further increased by simply pro-
longing the reaction time, and the selectivity to PA increased
to 35% after 10 h. Under similar reaction conditions, with the
use of 2-ethylhexanoic acid instead of water as the solvent,
Luo et al. compared different Ru supported on acid oxide cata-
lysts, and the highest selectivity to PA was 15% after 10 h of
reaction over Ru/H-ZSM5.%? Therefore, Ru/OMC-P seems to be
a promising catalyst to convert LA to PA just by tuning the re-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 5. LA hydrogenation over 1% Ru-based catalysts at 200°C and p,,,
40 bar.”

Catalyst t  Conversion Activity®™ Selectivity [%]
[h]  [%] GVL PEA PA PD MTHF
Ru/OMC 2 79 3.91 96 0 0 0 1
4 >99 248 95 1 0 0 2
Ru/OMC-P 2 20 4.46 85 4 0 0 2
3 >99 3.30 75 1 22 0 3
6 >99 68 2 29 0 1
10 >99 62 2 35 0 1

[a] Reaction: [LA]=0.43 molL™"; Ru/LA=1:1000 mol/mol. [b] Converted
mMolgy gr, 'h".

action conditions. Such results are of great interest as PA is an
important intermediate in the production of biofuels.”

The stability of Ru/OMC-P was also investigated at 200°C
and 40 bar H, (Figure 6). Under these high-temperature condi-
tions, the catalyst exhibited a lower stability than at 70°C. The
activity decreased slightly during the first three cycles, and
a more evident deactivation was observed after the fourth run.
The morphology of the nanoparticles changed after five con-
secutive tests (Figure 2¢). Particle size analysis performed by
STEM (Table 2) showed that the Ru particles increased in size
from 1.6 to 2.5 nm with the formation of some aggregates
(Figure 2¢). XPS measurements of Ru OMC-P after the catalytic
reaction revealed two Ru species with BEs of 283.4 and
280.4 eV attributed to Ru®" and a species that resembles Ru°
(Figure 3, inset). After the catalytic reaction, there was a clear
decrease in the PO, concentration (from 0.4 to 0.2 at%) and an
increase in Ru concentration (0.4 to 1.2 at%). These results
point to the leaching of some of the less stable PO, groups,
which enabled Ru to migrate to the catalyst surface. Hence,
the deactivation of the Ru-OMC-P might be because of the
leaching of phosphorylated groups. The role of LA on the de-
activation was investigated by testing the catalyst in pure
water at 200°C and p,;,=40 bar for 6 h. In this case the deacti-
vation occurred after the first run, which suggests that the de-
activation is more because of the harsh reaction conditions
than because of the chelating properties of LA.

Conclusions

We demonstrate new Ru supported on ordered mesoporous
carbon (OMC) and acid-functionalized OMC (OMC-P and OMC-
S) catalysts for the hydrogenation of levulinic acid (LA) under
aqueous conditions. The catalytic performance of the Ru nano-
particles was affected greatly by the surface chemistry of the
carbon supports. If mild reaction conditions were used (70°C
and 7 bar H,), the phosphorylated OMCs accelerated the reac-
tion rate, and a high selectivity to y-valerolactone (GVL;
>93%) was observed. Ru/OMC-P has excellent stability and
maintains the same activity and selectivity to GVL after five
consecutive runs. However, weakly bound surface —S groups
leached off the surfaces of OMC-S and bound to the most
active Ru nanoparticles, which thus deactivated the Ru cata-
lyst.
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Under more severe conditions (200°C, 40 bar H,), Ru/OMC-P
promoted the further conversion of GVL to pentanoic acid
(PA). This conversion did not occur with Ru/OMC. Under these
harsh conditions, however, the Ru/OMC-P catalyst starts to de-
activate after three consecutive cycles as a result of a combined
leaching of weakly bound phosphonic acid groups and a Ru
redox reaction with LA. Although the leaching of phosphoric
groups may favor the migration of Ru to the more accessible
surfaces of the OMC supports, the LA redox reaction promoted
the further reduction and aggregation of Ru on the carbon
surfaces. These results, however, show a major improvement in
the catalyst stability for the conversion of LA in aqueous media
compared to those on other acidic oxide supports. The ability
to further increase the conversion of GVL to PA is very stimu-
lating and of great interest for the large-scale production of bi-
ofuels from PA.

Experimental Section
Materials

RuCl; (99.99% purity) from Aldrich was used. Gaseous hydrogen
from SIAD was 99.99% pure.

Support preparation

Resorcinol (17.6 g) and Pluronic F127 (17.6 g) were dissolved in
ethanol (72 mL)/water (54 mL)/HCl (17.6 mL, 12.5m). Formaldehyde
(20.8 mL) was added, and phase separation was observed after
6 min. The gel was stirred for another 60 min. The top liquid phase
was separated, and the bottom gel polymer was cast on Mylar. The
film was allowed to dry overnight at RT and then at 80°C for 24 h.
The obtained polymer composite was carbonized in flowing Ar
(500 mLmin~") at 850 °C for 120 min at a heating rate of 5°Cmin~".
This sample was labeled as OMC.

OMC (=2.5 g) was dispersed in concentrated H,SO, (25 mL) to in-
troduce sulfate groups or in H;PO, (25 mL) to introduce phosphate
surface groups. These systems were stirred at 80°C for 12 h under
flowing N,. The solids were collected by filtration and washed with
water until the filtrate was neutral. The samples were dried at 80°C
overnight and labeled as OMC-P and OMC-S after treatment in
H,PO, and H,SO,, respectively. A batch of the OMC-S material
(3.0 g) was stirred in concentrated H;PO, (25 mL) for 6 h at 80°C
under flowing N,. The solid was recovered by filtration and washed
to neutral as with the other samples. This material was labeled
OMC-S/P.

Catalyst preparation by incipient wetness impregnation

Solid RuCl; was dissolved in water ([Rul=10 mgmL™"). Sufficient
metal-containing solution was added to each of the OMC supports
(OMC, OMC-P, OMC-S, and OMC-P/S) to completely fill their pores,
based on the total pore volume from N, sorption analysis (Table 1).
The amount of support was calculated so that a final Ru loading of
1 wt% was obtained. The catalysts were washed several times with
water to remove inorganic residues (CI~, Na, etc.). The catalyst
was then collected by filtration, dried at 80°C for 2 h, and reduced
in H, at 200°C for 2 h. The catalysts were labeled as Ru/OMC, Ru/
OMC-P, Ru/OMC-S, and Ru/OMC-P/S.
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Catalytic tests

LA hydrogenation was performed in the range of 70-200°C by
using a stainless-steel reactor (30 mL capacity), equipped with
a heater, mechanical stirrer, gas supply system, and thermometer.
The LA solution (30 mL, 0.43 M) was added to the reactor, and the
desired amount of catalyst (LA/metal ratio=1000 mol/mol) was
suspended in the solution. The H, pressure was 7 bar.

Before the reaction, the catalyst was pre-reduced in a batch auto-
clave for 1 h at 150°C with 3 bars of H,. The autoclave was then
cooled, the H, flow was stopped, and the substrate (13.05 mmol
LA) and solvent (30 mL H,0) were loaded. The autoclave was
purged three times with N, before charging with 7 or 40 bars of
H,. The mixture was heated to the reaction temperature (70 or
200°C) and stirred mechanically (1250 rpm) for 6 h. At the end of
the reaction, the autoclave was cooled, the H, flow was stopped,
and the autoclave was purged with flowing N,. The reaction mix-
ture, after separation from the catalysts by filtration, was analyzed
by HPLC. Samples were removed periodically (0.5 mL) under stir-
ring and analyzed by HPLC by using an Alltech OA-10308 column
(300 mm x 7.8 mm) with UV and refractive index (RI) detection to
analyze the product mixtures. A 0.1% H;PO, solution was used as
the eluent. The identification of the possible products was under-
taken by comparison with the original samples.

Recycling test

Each run was performed under the same conditions ([LA]=
0.43 molL™"; Ru/LA=1:1000 mol/mol, 200°C, 40 bar H,). The cata-
lyst was recycled in the subsequent run after filtration without any
further treatment.

Characterization

XPS data were collected by using a PHI 3056 spectrometer with an
Al anode source operated at 15 kV and an applied power of 350 W.
Adventitious carbon was used to calibrate the binding energy
shifts of the sample (C1s BE=284.8 eV). High-resolution data were
collected at a pass energy of 5.85 eV with 0.05 eV step sizes and
a minimum of 100 scans to improve the signal-to-noise ratio. Low-
resolution survey scans were collected at pass energy of 93.5 eV
with 0.5 eV step sizes and a minimum of 25 scans. For the reduc-
tion treatments, the samples were loaded in a vacuum furnace lo-
cated within an Ar-filled glovebox (O, <0.2 ppm; H,0 <0.1 ppm).
The samples were evacuated, then 4% H,/Ar was flown over the
catalyst surface with heating to 150°C for 1 h then cooled under
H,/Ar to RT. Samples were pressed manually between two pieces
of In foil; the piece of In foil with the sample on it was then
mounted on the sample holder with a piece of carbon tape (Nis-
shin E.M. Co. LTD) and loaded into a vacuum-transfer device used
for the analysis of Li metal.”? The samples were loaded into the
spectrometer under vacuum. Peak assignments were made accord-
ing to phosphorylated carbons® and to oxidized carbon nano-
tubes®” reported previously.

STEM data were collected on the Ru catalysts by using a Hitachi
H3300 STEM operated at 200 kV in the Z-contrast mode, in which
the brightness depended on the thickness and approximately the
square of the atomic number. Particle sizes were determined by
using ImageJ software to process the STEM images. N, sorption
isotherms were measured at —196°C by using a TriStar 3000 volu-
metric adsorption analyzer manufactured by Micromeritics Instru-
ment Corp. (Norcross, GA). Before adsorption measurements, the
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carbon powders were degassed in flowing N, from 1 to 2 h at
200°C. The specific surface area of the samples was calculated
using the BET method within the relative pressure range of 0.05-
0.20.%

The intrinsic acidity of the carbons was measured by using a MET-
ROHM 718 TITRINO. Typically, 100 mg of sample was dispersed in
50 mL of a 10>m KCl solution. The mixture was stirred vigorously
overnight at RT, and the pH of the solution was measured. To
quantify the concentration of acid sites, a titration was performed
using a 0.01m NaOH solution on a suspension of 100 mg of
carbon in 100 mL of deionized water. Before measurement, the
mixtures were degassed under Ar for at least 1 h, until the pH
value was constant. The metal content of the catalyst was checked
by ICP analysis of the filtrate by using a JobinYvon JY24 instrument
and was confirmed to be 1 wt% in all cases.
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