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Hydrogenation of Lactic Acid to 1,2-Propanediol over

Ru-Based Catalysts

Kaituo Liu,” Xiaoming Huang,” Evgeny A. Pidko,*®™ 9 and Emiel J. M. Hensen*®

The catalytic hydrogenation of lactic acid to 1,2-propanediol
with supported Ru catalysts in water was investigated. The in-
fluence of catalyst support (activated carbon, y-AlLOs;, SiO,,
TiO,, and Ce0O,) and promoters (Pd, Au, Mo, Re, Sn) on the cat-
alytic performance was evaluated. Catalytic tests revealed that
TiO, yields the best Ru catalysts. With a monometallic Ru/TiO,
catalyst, a 1,2-propanediol yield of 70% at 79 % lactic acid con-

Introduction

Lignocellulosic biomass is a potential low-cost and renewable
carbon source for the chemical industry."’ A common approach
to valorize biomass is its conversion to platform chemicals,
which then serve as the starting chemicals for further applica-
tions. Lactic acid (LA) is a recognized biobased platform mole-
cule,? which is commonly produced by fermentation. Given
sustainability issues with this enzymatic route, there is also sig-
nificant interest in obtaining lactic acid by chemocatalytic ap-
proaches.”! Polymerization of a homochiral LA via the inter-
mediate formation of the cyclic lactide molecules results in
polylactic acid (PLA), a biobased and biodegradable plastic.”!
Dehydration of LA at the a-hydroxyl position yields acrylic
acid, which is the primary monomer for the synthesis of acry-
late polymers.”’ The oxidative dehydrogenation of LA gives
pyruvic acid, which finds diverse applications in food, cosmet-
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version was achieved at 130°C after 20 h reaction. Minor by-
products of the hydrogenation reaction were propionic acid,
ethanol, 1-propanol, and 2-propanol. For the bimetallic cata-
lysts, the addition of Pd and Au slightly enhanced the per-
formance of Ru/TiO,, whereas the addition of common hydro-
genation promoters such as Re, Mo, and Sn impaired the
activity.

ics, and pharmaceutical industries.®” Other important LA con-
version routes include decarboxylation to acetaldehyde,’® con-
densation to 2,3-pentanedione,” and esterification to LA
esters."?

The reductive transformation of LA to 1,2-propanediol (1,2-
PDO) through catalytic hydrogenation is regarded as an attrac-
tive green alternative to the current process in which 1,2-PDO
is obtained through the hydration of propylene oxide."" The
main challenge in establishing a catalytic process for the hy-
drogenation of LA to 1,2-PDO is to reduce the carboxylic acid
group, while preserving the a-hydroxy moiety. Given the intrin-
sic difficulty to reduce carboxylic acids with H,, harsh condi-
tions are typically required to achieve high conversion,?
which usually has the drawback of also promoting undesired
hydrogenolysis side reactions. The development of an active
catalyst for selective hydrogenation of LA to 1,2-PDO under
mild reaction conditions is highly desired.™

Hydrogenation of LA using heterogeneous catalysts has
been discussed since the 1950s. Neat lactic acid could be suc-
cessfully reduced in the presence of a Re black at 150°C and
258 bars of H,, yielding up to 80% of 1,2-PDO." The hydroge-
nation of LA in the gas phase has been reported using a Cu-
based catalyst at temperatures between 160°C and 220°C, re-
sulting in high 1,2-PDO yields."*'” Supported Ru has been re-
cently identified as a promising catalyst for the aqueous-phase
hydrogenation of carbonyl-containing biomass-derived oxy-
genates including carboxylic acids."® The activity of Ru can be
promoted by Sn or Mo to enable the selective hydrogenation
of carboxylic acids and their esters."”’ Earlier studies on the hy-
drogenation of aqueous lactic acid identified carbon-supported
Ru catalysts as active and highly selective catalysts."® However,
the optimal performance of such catalysts could only be estab-
lished at a H, pressure as high as 140 bar. Subsequent studies
mainly focused on reducing the temperature and pressure re-
quirements for the hydrogenation process and the most repre-
sentative results are summarized in Table 1.1%%
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Table 1. Overview of LA hydrogenation over Ru (5 wt.%) based catalyst
in aqueous solution. C,(LA), initial LA concentration; X(LA), conversion in
%; S(1,2-PDO), selectivity to 1,2-PDO in %.
Catalyst GlLA) Py, T t X(LA)  S(1,2-PDO)  Ref.

[m] [bar] [°C] [h] [%] [%]

Ru/SiO, 1 80 130 7 30 80 [19]
Ru/C 1 50 130 2 70 84 [20]
RuSn/C 1.66 60 190 4 >95 >95 [21]
Ru/C 0.55 35 120 2.5 19 >95 [22]
RuMoO,/C 0.55 80 120 18 >95 95 [23]
Ru/C 0.55 80 120 2 13 93 [23]
Ru/SiO, 0.55 80 120 2 4.7 92 [23]

Previous studies indicate that the highest 1,2-PDO selectivity
can be obtained in the 110-200°C temperature range. At
higher temperatures, hydrogenolysis results in 1-propanol and
2-propanol. Furthermore, the solvent has a pronounced effect
on the performance of the Ru catalysts. For TiO,-supported cat-
alysts, water has been identified as the preferred solvent.*”
Competitive adsorption of water with 1,2-PDO for surface sites
and high solubility of the product in water shorten the resi-
dence time of the product on the catalyst surface, thereby lim-
iting hydrogenolysis reactions.

In this work we performed a systematic study of LA hydro-
genation by supported Ru catalysts. Particular attention was
paid to the influence of the support and common hydrogena-
tion promoters. For the best performing catalyst, the influence
of the process conditions on 1,2-PDO selectivity was evaluated.

Results and Discussion
Catalyst identification

A series of 2 wt.% Ru catalysts supported on TiO, (P25), CeO,,
Si0,, C, and y-AlL,O; were prepared by incipient wetness im-
pregnation. XRD patterns of the reduced catalysts are given in
Figure 1a. The XRD patterns only contain features of the sup-
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Figure 1. () XRD patterns and (b) TPR profiles of different supported 2 wt.%
Ru catalysts (peak indications: A =anatase, R=rutile, * =y-Al,0,).
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ports, implying the absence of large Ru and RuO, particles. Re-
garding the support features, XRD shows that TiO, is a mixture
of anatase and rutile, CeO, has the fluorite structure, y-Al,O;
gives rise to the well-known weak reflections of this semicrys-
talline oxide, and C and SiO, are X-ray amorphous. The textural
properties of the catalysts are listed in Table 2. The highest sur-
face area is obtained for the amorphous carbon support, the
lowest for CeO,.

Table 2. Physical-chemical properties of supported 2 wt.% Ru catalysts.

Catalyst Seer Pore volume Average pore size
m?g™1 [em*g™] [nm]

Ru/TiO, 58 0.09 53

Ru/CeO, 3 0.005 53

Ru/SiO, 293 1.25 12.1

Ru/C 1470 0.37 29

Ru/Al,0, 192 0.54 7.6

The reducibility of the Ru supported catalysts was investigat-
ed by hydrogen temperature-programmed reduction (H,-TPR).
The TPR traces of the samples are shown in Figure 1b. The
trace for Ru/TiO, shows a sharp reduction feature at 120°C
from the reduction of RuCl; to metallic Ru (Figure 1b). The po-
sition of this peak is shifted to lower temperature compared to
the unsupported catalyst, for which the reduction peak is ob-
served at approximately 155°C,%>% suggesting that the TiO,
support facilitates the reduction of RuCl;. For the other cata-
lysts, the main reduction feature is located at approximately
150°C. The higher reducibility of Ru/TiO, may be explained by
the acid-base characteristics of the TiO, surface which can cat-
alyze the dissociation of H,. Previous computational studies in-
dicated the possibility of a heterolytic cleavage of H, at interfa-
cial sites between Ru nanoparticles and basic bridging hydrox-
yl groups of the TiO, surface.””” For Ru/C, besides the main
peak at 150°C, two additional reduction features at 200°C and
in the 400-600°C range were observed. These peaks are most
likely related to the reduction of oxygen-containing functional
groups of the activated carbon surface.”™ For the Ru/CeO,
sample, the broad peak at high temperature at 750°C is attrib-
uted to the bulk reduction of the support.?” The smaller fea-
ture below 300°C is attributed to ceria surface reduction facili-
tated by hydrogen spilling over from the reduced Ru particles.

Representative TEM images of the reduced Ru catalysts are
shown in Figure 2 along with the particle-size distribution and
the average Ru particle size. Except for the low-surface-area
ceria support (d=4.15 nm), all catalysts contained on average
smaller than 1 nm Ru particles.

The activity of the supported Ru catalysts was evaluated in
the batch hydrogenation of aqueous 0.1m LA at 130°C. LA
conversion and product yield obtained after 4 h are displayed
in Figure 3. Ru/TiO, gave the highest 1,2-PDO yield (27%) at a
LA conversion of 39%. The Ru/SiO,, Ru/C, and Ru/Al,O; cata-
lysts were less active with 1,2-PDO yields of 11%, 21%, and
13 %, respectively. Ru/CeO, was the least active and selective
catalyst with only 3% yield of 1,2-PDO obtained at a LA con-

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. TEM images of reduced (a) Ru/TiO,, (b) Ru/CeO,, (c) Ru/SiO,, (d) Ru/
C, and (e) Ru/y-Al,O; catalysts.(Ru loading: 2 wt. %).

version of 23%. We also tested Ru supported on pure-phase
anatase and rutile, as well as the high-surface-area CeO,
(150 m*g~"). They were all found to be nearly inactive com-
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Figure 3. LA conversion (left) and product yield (right) for the 2 wt.% Ru cat-
alysts (conditions: 0.1 m LA, 130°C, 4 h, 40 bar H,).

pared to the mixed-phase P25-supported catalyst (Supporting
Information, Figure S3). The origin of such a different activity
behavior is not clear and will be investigated in our further
studies. The low activity of Ru/CeO, is likely attributable to the
large Ru particle size. The superior activity of the P25 TiO,-sup-
ported catalysts is tentatively attributed to their high reducibil-
ity. TPR data reveals that Ru nanoparticles supported on P25
TiO, are reduced already at 120°C, which allows maintaining
their reduced state under the conditions of the catalytic reac-
tion (130°C). Previous studies also highlight the importance of
specific Lewis acidity of the TiO, support that additionally po-
larizes the carbonyl group of LA making it more susceptible to
reduction over the Ru nanoparticles.!'”>>"

For all catalysts, byproducts obtained in relatively small
amounts were propionic acid (PrA), ethanol (EtOH), 1-propanol
(1-PrOH), and 2-propanol (2-PrOH). For Ru/TiO,, the overall
yield of these byproducts was approximately 3%. Gas-phase
analysis of the gas cap of the experiment with Ru/TiO, (Sup-
porting Information, Table S1) revealed the formation of small
quantities of alkanes such as CH, (0.3%, carbon yield), C,H,
(0.1%), and C;Hg (1.0%). No CO and only negligible amounts
of CO, were detected. The overall yield of these gaseous prod-
ucts was 1.4%. Similar amounts of gaseous products were
formed with the other catalysts. Importantly, the carbon bal-
ance for LA conversion could not be closed for the experi-
ments with Ru/CeO,, Ru/SiO,, and Ru/Al,O;. The conversion of
LA was substantially higher than the total yield of analyzed
liquid products. The difference cannot be accounted for by the
small amounts of gaseous products. We were not able to iden-
tify the products responsible for this loss of carbon neither by
the chromatography nor by 'H NMR spectroscopy, in which all
major peaks were identified and quantified.

Catalyst optimization

Having identified TiO,-supported Ru as the most promising
catalyst for the selective hydrogenation of LA to 1,2-PDO, we
aimed to optimize the performance towards Ru loading and
by using promoters.

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Firstly, we optimized the Ru loading of the Ru/TiO, catalyst.
Representative TEM images of the reduced catalysts are shown
in Figure 4. The catalysts containing 5wt.% and 8 wt.% Ru
contain on average 1.94+0.7 nm and 1.8 +0.8 nm particles. In-
creasing the loading to 10 wt.% Ru resulted in nanoparticles
with an average size of 2.2+ 1.2 nm. Thus, increasing the load-
ing leads to a modest increase of the particle size from about
1 to 2 nm with a concomitant broadening of the particle-size
distribution.
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Figure 4. TEM images of (a) 2 wt.% Ru/TiO,, (b) 5 wt.% Ru/TiO,, (c) 8 wt.%
Ru/TiO,, and (d) 10 wt.% Ru/TiO,, and the corresponding particle-size-distri-
bution histograms.
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LA hydrogenation data for these catalysts are shown in
Figure 5. The LA conversion and 1,2-PDO yield display a maxi-
mum at a Ru content of 8 wt.%. Notably, the carbon balance
for the experiments for the 5 wt.% and 8 wt.% catalysts was

B 12-P00 I EtOH [ 2-ProH
100 - B 1-PrOH EEEPA ~100
80 80
&
560 60 2
g o
2 s
g 40 40
3
20 20
0
2 wt% 5 wit% 8 W% 10 W%
Ru loading

Figure 5. LA conversion (left) and product yield (right) for Ru/TiO, with dif-
ferent Ru loadings (conditions: 0.1 M LA, 130°C, 4 h, 40 bar H,).

closed. Although the 8 wt.% Ru/TiO, resulted in the highest
1,2-PDO yield of 70%, it also catalyzed the formation of etha-
nol, 1-propanol, and 2-propanol in larger amounts than the
2 wt.% catalyst. By normalizing the 1,2-PDO yields to the total
Ru contents, turnover number (TON) values can be estimated
to be 34, 28, 25, and 13 for Ru/TiO, containing 2, 5, 8, and
10 wt.% Ru, respectively. These data suggest that the intrinsic
activity of the catalyst remains almost the same until 8 wt.%
Ru loading. The increase of the particle size observed at higher
Ru loading is accompanied by a substantial drop in the intrin-
sic activity, suggesting a pronounce structure sensitivity of the
hydrogenation reaction with optimum activity towards 1,2-
PDO formation obtained for the intermediately sized Ru nano-
particles.

Although high-loading Ru/TiO, catalyst gave a higher 1,2-
PDO vyield, this catalyst also leads to more byproducts. With
the goal of further improving the activity and selectivity of the
Ru/TiO, catalyst, we explored the influence of metal promoters.
Previous studies have shown that the formation of alloyed
nanoparticles can enhance the catalyst activity by modifying
the electronic or structural properties of the active phase.*"
For instance, Sn has been widely studied as an additive to hy-
drogenation catalysts and it might also play a role in activating
the carboxyl group in carboxylic acid reactants.”"** The for-
mation of bimetallic RuPd nanoparticles resulted in a superior
hydrogenation activity (99% selectivity towards vy-valerolac-
tone in the hydrogenation of levulinic acid) owing to the dilu-
tion and isolation of the active Ru sites by Pd.*? Bimetallic
RuAu/C improved the activity and stability in LA hydrogena-
tion.B¥

Inspired by these earlier studies, we prepared several bimet-
allic RuM/TiO, with M=Mo, Sn, Re. The Ru loading was kept at
2 wt.%, and the atomic amount of promoter was the same as
that of Ru.

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The XRD patterns of the bimetallic catalysts are shown in
Figure 6. Only the diffraction peaks of rutile and anatase
phases of the support were observed, indicative of the high
dispersion of the metallic phase. Only for the RuAu catalyst,
small features from the presence of gold particles with an esti-
mated size in the 5-10 nm range were observed.

10 20 30 40

26 (%)

50 60 70 80

Figure 6. XRD patterns of the Ru-based bimetallic catalysts supported on
TiO, (loadings: Ru 2 wt.%, Mo 1.9 wt.%, Sn 2.4 wt.%, Re 3.7 wt.%, Pd
2.1 wt.%, Au 3.9 wt. %).

The results of the catalytic tests with the RuM/TiO, catalysts
are presented in Figure 7. The addition of Au did not have a
significant effect on the catalytic performance. A slightly
higher LA conversion (45%) was obtained with the RuAu/TiO,
compared to the monometallic counterpart (39%), whereas
the 1,2-PDO yield (29%) was the same. Similarly, the addition
of Pd and Re did not substantially affect the 1,2-PDO yield, de-
spite the higher activity of the RuPd catalyst. The increased LA
conversion was accompanied by a decreased 1,2-PDO selectivi-
ty. The decreased 1,2-PDO selectivity was caused by the en-
hanced hydrogenolysis reactions as evident from the increased

~ N 12-PDO N EtOH JEM 2-POH - g0
| I 1PrOH [l PrA

= - 450
S 40l - .\ {40
0 u =
g g
3 03
< >
_|

20

10

Ru

RuAu RuPd RuRe RuSn RuMo
Figure 7. LA conversion (left) and product yield (right) for RuM/TiO, catalysts
(conditions: 0.1 M LA, 130°C, 4 h, 40 bars H,; loadings: Ru 2 wt.%, Mo

1.9 wt.%, Sn 2.4 wt.%, Re 3.7 wt.%, Pd 2.1 wt.%, Au 3.9 wt. %).
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selectivity to 1-propanol and 2-propanol. This conclusion is
also supported by the higher yields of gaseous products (Sup-
porting Information, Table S1). The addition of Sn and Mo had
a strong negative effect on the catalytic performance, especial-
ly with respect to LA conversion. Based on these data, we con-
clude that promoters do not bring a real advantage. Therefore,
we further investigated the influence of the reaction parame-
ters such as reaction time and temperature for the 2 wt.% Ru/
TiO, catalyst. We attribute the observed lack of activity en-
hancement in the current bimetallic catalyst formulations to
the current choices of the synthesis methodology and loading
of the promoters, as well as other parameters of the synthesis.
In this work, we selected the co-impregnation method for the
preparation of the bimetallic catalysts to achieve a high load-
ing of the promoter. Previously, this method was successfully
employed by us for the preparation of a wide range of Re-pro-
moted Ni® and Pd hydrogenation catalysts. Other synthesis
approaches could have led to more active systems. For exam-
ple, Jong-Min Lee and co-authors successfully employed a se-
quential coprecipitation-deposition method to prepare RuSn/
ZnO catalysts showing an exceptional activity in the hydroge-
nation of butyric acid to n-butanol® Takeda et al. employed a
sequential impregnation method to a highly active Ru-MoO,/
SiO, material capable of hydrogenating LA at 120°C and
80 bar H,.”

Process conditions optimization

The results of the catalytic tests at varied reaction times at
130°C with 2 wt.% Ru/TiO, catalyst are presented in Figure 8.
Similarly to the above findings, the increase of LA conversion
with the reaction time led to a pronounced increase in 1,2-
PDO selectivity and an improved carbon balance. After 20 h re-
action time at 130°C, 70% yield of 1,2-PDD at 79% LA conver-
sion was obtained along with a nearly complete carbon
balance.

Next, we evaluated the influence of the reaction tempera-
ture on the outcome of the catalytic reaction with 2 wt.% Ru/
TiO, catalyst. The results of the catalytic experiments are given

100 Carbon balance 100
804 80
=
S 60- 60
7] )
o) )
Q Q
S 40 40~
o
<
-
20 20
04 "—‘-—‘é: -0
T T T T T
0 4 8 12 16 20

Reaction time (h)

Figure 8. LA conversion (left) and product yield (right) for 2 wt.% Ru/TiO, as
a function of reaction time (conditions: 0.1 m LA, 130°C, 40 bar H,).
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in Figure 9. Expectedly, the reaction at 110°C gave
only a low LA conversion of approximately 27%
with a 1,2-PDO yield of 14%. The increase of the re-
action temperature up to 180°C resulted in a simul-
taneous increase of both the LA conversion and 1,2-
PDO vyield. A maximum 1,2-PDO yield of 64% at
84% LA conversion was obtained in 4 h reaction
time at 180°C. The high conversion resulted in a
higher overall yield (13%) of the monoalcohol hy-
drogenolysis products as well as the short-chain al-
kanes in the gas phase (8%, Table S1). Further in-

I 1,2-PDO M EtOH Il 2-PrOH

e I PrA [ 1-PrOH el
. 80
2
S 60 3
2
8 40
3

20

0
110 130 150 180 200
Reaction temperature (°C)

Figure 9. LA conversion (left) and product yield (right) for 2 wt.% Ru/TiO, as
a function of reaction temperature (conditions: 0.1 M LA, 4 h, 40 bar H,).

crease of the reaction temperature to 200°C led to a pro-
nounced decrease of the yield of the target 1,2-PDO product
suggesting the range between 130°C and 180°C to be optimal
for the catalytic LA hydrogenation with Ru/TiO,.

We performed additional LA hydrogenation reactions by
varying the pressure from 10 to 40 bar at 180°C for 4 h with
the 2 wt.% Ru/TiO, catalyst. It was found that the yield of 1,2-
PDO linearly increases with increasing reaction pressure (Fig-
ure S4). This is in line with earlier studies demonstrating that
the formation of 1,2-PDO is generally favored at a higher pres-
sure,l'™ at least in part because of the strong pressure de-
pendency of H, solubility in water."” The increase of the LA
feed concentration five-fold to 0.5m while keeping the LA/Ru
ratio similar to that of the other tests did not affect substantial-
ly the reaction outcome. A similar 1,2-PDO vyield of 68% at
84% LA conversion could be obtained after 4 h reaction at
180°C. An appropriate amount of spent catalyst was weighed
and utilized in a next catalytic test following the standard pro-
cedure (20 mg catalyst, 0.1 m LA). In this recycling experiment,
an 1,2-PDO yield of 64% was obtained similarly to that in the
catalytic test employing the fresh catalyst.

Mechanistic proposal

Based on the product distributions observed in the catalytic
tests, we put forward a proposal for the mechanism of LA con-
version over Ru/TiO, catalyst (Scheme 1). The commercial
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Scheme 1. Possible reaction pathways for LA hydrogenation in water.

90 wt.% LA aqueous solution contains some lactyl lactate and
this dimer will hydrolyze to form LA under the reaction condi-
tions. Hydrogenation of carboxylic acid group of LA yields 1,2-
PDO as the major product. One side reaction is the nonselec-
tive hydrogenolysis of the a-OH group of the LA to yield pro-
pionic acid. Another side reaction is the consecutive hydroge-
nolysis of the 1,2-PDO, yielding 1-propanol and 2-propanol.?®
Further hydrogenolysis of these alcohols results in the forma-
tion of C; alkanes. Ethanol can be obtained through decarbox-
ylation of LA. However, only trace amount of CO, was detected
during reactions, suggesting that decarboxylation might not
be the path for ethanol formation. Given the high yield of
methane, we believe that ethanol is likely formed by C—C
bond cleavage of 1,2-PDO. In this way, ethanol was produced
together with methanol followed by a fast conversion of
methanol to methane.

Conclusions

Supported monometallic and bimetallic Ru-based catalysts
were synthesized and tested in the aqueous phase hydrogena-
tion of lactic acid (LA) to 1,2-propanediol (PDO). The XRD and
TEM characterizations showed that the metal particles are
highly dispersed on TiO, surface. Ru/TiO, gave the lowest re-
duction temperature compared to other supports, which
makes it an excellent support for the hydrogenation of LA. The
addition of different metal promoters to the Ru catalyst did
not result in substantial activity enhancement and, accordingly,
optimization of the reaction conditions and catalyst formula-
tion was performed with the Ru/TiO, system. The catalyst
shows a pronounced hydrogenation activity at the tempera-
ture as low as 130°C. The optimal performance was estab-
lished at this temperature allowing to reach a 1,2-PDO yield of
70% and LA conversion of 79%. Further increase of the tem-
perature led to pronounced selectivity decline attributable to
several side-reactions.

Experimental Section
Materials and methods.

Lactic acid (LA, 90 wt.% aqueous solution), 1,2-propandiol (1,2-
PDO, 98%), 1-propanol (99%), 2-propanol (99%), ethanol (99%),
and propionic acid (99%) were purchased from Sigma-Aldrich.
Ruthenium(lll) chloride hexahydrate (38 wt.% Ru) was purchased
from VWR. Amorphous SiO, (481 m?*g~"), y-AL,O; (231 m?*g~"), CeO,,
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and TiO, (P25, 50 m?g "), and commercial 5 wt.% Ru/C were pur-
chased from Sigma-Aldrich. H, (99.999%) and N, (99.999%) were
purchased from Linde Gas. All the reagents were used as received
without further purification. MilliQ water was used in the prepara-
tion of catalysts, reactor feeds, calibration standards, and HPLC
mobile phases.

Catalyst preparation

Catalyst comprised of Ru supported on TiO, (P25), CeO,, SiO,, C,
and v-AlLO; were prepared by incipient wetness impregnation
using RuCl;xH,0 (38 wt.% Ru) as the metal precursor. The loading
of ruthenium was fixed at 2 wt.% on these supports. All the sup-
ports were dried at 110°C for 24 h before impregnation. For the
preparation of monometallic Ru-based catalysts, milliQ water
(3mLg™' catalyst) was added into the amount of Ru precursor
needed. For the bimetallic catalysts (RuM/TiO,), the metal precursor
was added to the Ru precursor solution. The loading of ruthenium
was fixed at 2 wt.%. The second metal was added with the molar
ratio to Ru of 1:1. The specific loadings of the second metals are
summarized in Table S2. The precursor solution was stirred at
300 rpm for 10 min before adding it to the support. Then, the slur-
ries were stirred for 4 h at 250 rpm and predried in a sand bath at
80°C followed by drying in an oven overnight at 110 °C. Finally, the
catalysts were reduced in a H,/N, (v/v 10/90, 1.00 mLmin™") at
350°C for 2 h after heating at a rate of 2°Cmin~".

Catalyst characterization

Crystal phase analysis of the reduced catalysts was performed on a
Bruker Phaser 2 X-ray powder diffraction (XRD) apparatus using
Cuy, radiation source (26 range from 5° to 80°). Textural analysis
was performed by N, physisorption performed on a Tristar 3000
automated gas adsorption system. Prior to analysis, samples were
degassed at 300°C for 6 h. TPR experiments were performed in a
flow apparatus equipped with a fixed-bed reactor, a computer-con-
trolled oven, and a thermal conductivity detector. Typically, the cat-
alyst (50 mg) was loaded into a tubular quartz reactor. Before TPR,
samples were pretreated at 150°C for 2 h. The sample was reduced
in 4vol.% H, in N, at a flow rate of 8 mLmin~', whilst heating
from room temperature up to 900 °C. The H, signal was calibrated
using a CuO/SiO, reference catalyst. TEM was used to determine
the average Ru particle size and the particle size distribution for
the reduced catalysts. To this end, a catalyst sample was suspend-
ed in excess ethanol by sonication, and aliquots were deposited
on 300 mesh carbon film Cu grids (EMS) and dried overnight under
ambient conditions. Images were taken by using a JEOL 2010F
equipped with a Schottky field emission gun operated at 200 kV
and a Gatan CCD camera. Particle-size distributions were extracted
from the TEM images using image processing software (ImageJ).

Catalytic activity testing

Aqueous-phase catalytic hydrogenation of LA to 1,2-PDO was per-
formed in a 10 mL autoclave (HOKE Swagelok) at various reaction
temperatures (110°C-180°C) and a (cold) hydrogen pressure of
40 bar. Typically, 0.1 M LA aqueous solution (5 mL) and reduced cat-
alyst (20 mg) were charged into the autoclave in a nitrogen-flushed
glove box. The sealed autoclave was then purged 4 times with H,
before it was pressurized at 40 bar with H, at room temperature.
Typically, the autoclave was heated at 130°C and stirred at
1100 rpm (magnetic stirring). After the reaction, the heater was re-
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moved, and the autoclave was rapidly cooled in an ice bath. The
gaseous products (methane, ethane, propane, CO,, CO) were ana-
lyzed by an off-line Interscience Compact GC. After the remaining
gaseous products were released, the liquid product was separated
from the catalyst by filtration (syringe filter 0.45 um, VWR Interna-
tional) and transferred to a glass vial.

Product analysis

Quantitative analysis of the liquid products was performed by a
combination of HPLC and 'H NMR spectroscopy. The concentra-
tions of LA and propionic acid were quantified by using a Shimad-
zu HPLC equipped with a Prevail Organic Acid column and UV de-
tector. Phosphate buffer (25 mm, pH 2) was used as mobile phase
to ensure that all acidic groups of the compounds were protonat-
ed. All the liquid samples were directly subjected to analysis with-
out dilution. Analysis showed that the commercially obtained
aqueous solution of 90 wt.% LA contains LA monomer, lactyl lac-
tate dimers, and oligomers. The composition depends on the LA
concentration. In this work, a 0.1 M aqueous LA solution was used
as the starting material.

Quantitative analysis of LA solutions with 'H and 'H-"*C nuclear
magnetic resonance measurements revealed that the starting 0.1 m
solution contains 72.1 wt.% LA, 27.4wt.% dimer (lactyl lactate),
and 0.5 wt.% oligomers (see the supporting information). No cyclic
lactide was observed in the solution (Supporting Information, Fig-
ure S1). The dimer was completely hydrolyzed to form LA mono-
mer after heating at 130°C for 4 h in water without a catalyst (Fig-
ure S2). Therefore, to simplify the data presentation we assumed
that the 0.1 m LA solution feed only contained LA monomer. Given
that the dimer totally disappeared after the reaction, the concen-
tration of the remaining LA monomer as determined by HPLC was
used for calculating the reaction conversion. The quantification of
LA and propionic acid were made based on the calibration curves
generated with authentic compound solutions in HPLC.

'H NMR was used for the quantification of the other liquid prod-
ucts including 1,2-PDO, ethanol,1-propanol, and 2-propanol. For
the preparation of NMR samples, a 0.25 mL volume of the liquid
solution was added into a 5 mm NMR sample tube together with
0.25mL water and 0.05mL deuterated dimethylsulfoxide-dg
(IDJIDMSO) solvent, which contained 2 mgmL™" 1,4-dioxane as the
internal standard. For quantitative '"H NMR analysis, 32 scans were
averaged using a relaxation delay of 5 s. All spectra were integrat-
ed by using the MestReNova software.

The conversion of LA (X) was calculated as follows: [Eq. (1)]

G —Cia

X(%) = x 100 % (1)

LA,0

The yield of the liquid component i (Y) was calculated as follows:
(Eq. (2)]

C )
Y, (%) :% x 100 % (2)

LA,0

The gaseous product (methane, ethane, propane, CO,, CO) were
analyzed by an Interscience Compact GC system, equipped with
Molsieve 5 A and Porabond Q columns employing a thermal con-
ductivity detector (TCD) and an AlL,O5/KCl column with a flame ioni-
zation detector (FID).
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