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a  b  s  t  r  a  c  t

Catalytic  hydrogenation  of lactic  acid  to propylene  glycol  is  performed  in  a  high-pressure  batch  reactor
over  ruthenium  on various  carbon  supports  (i.e.,  VulcanXC-72,  ketjen  black,  CNTs,  CNFs,  and  graphite)
prepared  using  the  incipient  wetness  impregnation  method.  The  crystallinity  of  the  synthesized  catalyst
is  investigated  via  X-ray  diffraction,  and  the  particle  sizes  are  determined  using  transmission  electron
eywords:
actic acid
ropylene glycol
ydrogenation

microscopy.  The  surface  areas  of the  synthesized  catalysts  are  analyzed  using  the  BET  method;  the cat-
alytic  activity  correlates  remarkably  with  the  BET  surface  area. The  yield  of propylene  glycol  increases
with  pressure,  and  the  highest  yield  is achieved  at  130 ◦C. The  catalytic  activity  is  strongly  dependent  on
the  type  of support.  Among  the  catalysts  tested,  Ru on  ketjen  black  shows  the  highest  yield  of  propylene
glycol.
uthenium

arbon support

. Introduction

Lactic acid is a very useful raw material for the food and medical
ndustries, and its consumption has increased steadily. The produc-
ion of lactic acid by fermentation of biomass is important to meet
he increasing demand. Via fermentation, lactic acid can be gener-
ted from renewable sources such as refined carbohydrates derived
rom agricultural crops [1,2] and waste biomass [3]. Lactic acid is
nown to be very reactive because it contains both hydroxyl and
arboxy functional groups. Accordingly, it can be converted into

 variety of chemicals through polymerization [3], condensation
4–6], dehydration [7], esterification [8,9], and oxidation [10].

Propylene glycol is widely used in foods, consumer products,
nd chemical applications and is produced industrially via the
ydration of propylene oxide [11]. Propylene glycol production

rom lactic acid via a very good method was reported in the 1930s
Fig. 1). However, in general the catalytic conversion of lactic acid to
ropylene glycol requires high temperature and pressure. Dumesic
t al. reported the conversion of lactic acid to propylene glycol
ver a silica-supported copper catalyst [12]. They proposed that
ydroxyl acryl species were formed by dissociative adsorption of
actic acid; successive hydrogenation of the adsorbed species was
hought to comprise the main mechanism for the production of
ropylene glycol.

∗ Corresponding author. Tel.: +82 32 860 7474; fax: +82 32 860 8908.
E-mail address: shbaeck@inha.ac.kr (S.-H. Baeck).
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Miller et al. [13] investigated the production of propylene glycol
from lactic acid over various catalysts and reported a high yield of
propylene glycol using ruthenium supported on activated carbon
prepared via impregnation. According to their results, carbon is a
promising support because of its inertness and stability in aqueous
solution.

In the present work, ruthenium was supported on five differ-
ent types of carbon (i.e., VulcanXC-72, ketjen black (KNB), carbon
nanotubes (CNTs), carbon nanofibers (CNFs), and graphite) via the
incipient wetness impregnation method. The resultant supported
ruthenium catalysts were characterized by X-ray diffraction (XRD),
the Brunauer–Emmett–Teller (BET) method, and high-resolution
transmission electron microscopy (HR-TEM).

The catalytic activities of the catalyst towards the conversion
of lactic acid into propylene glycol were investigated in a liquid-
phase batch reactor, and the influence of the reaction temperature
and pressure on lactic acid conversion was  also studied. The main
goal of this study is to investigate the effect of the support on the
catalytic activity of ruthenium.

2. Experimental

2.1. Preparation and characterization of supported ruthenium
catalyst
All carbon supports used in this study were obtained from
commercial sources: VulcanXC-72 from Carbot International, ket-
jen black from Mitsubishi Chemical, CNTs from Iljin Nanotech,

dx.doi.org/10.1016/j.molcata.2013.09.006
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2013.09.006&domain=pdf
mailto:shbaeck@inha.ac.kr
dx.doi.org/10.1016/j.molcata.2013.09.006


58 H. Jang et al. / Journal of Molecular Catalysis A: Chemical 380 (2013) 57– 60

C
g

w
s
b
i

p
l
a
4
l
c
b

c
X
e
f
o
(
w

2

g
p

a
A
h
t
p
u
w
c

3

3

X
t
t
a
d
[
t
fl

u
u
F
a

Fig. 1. Conversion of lactic acid to propylene glycol.

M-95 and CNFs from Carbon Nano-material Technology, and
raphite from Aldrich.

Prior to the impregnation of ruthenium, all carbon supports
ere immersed overnight in a stirred mixture of nitric acid and

ulfuric acid (volume ratio of 3:1). After washing the resultant car-
on in warm distilled water several times, the supports were placed

n an oven at 100 ◦C and left overnight.
The ruthenium catalysts supported on various carbons were

repared using the incipient wetness impregnation method fol-
owed by drying at 100 ◦C. The ruthenium loading was 5 wt% for
ll the catalysts, and the dried powder was calcined at 500 ◦C for

 h under flowing air. Prior to the reaction, all synthesized cata-
ysts were reduced under flowing hydrogen at 400 ◦C for 4 h. After
ooling, the catalysts were passivated in nitrogen for 30 min  before
eing exposed to air [14].

All the synthesized catalysts underwent detailed analyses. The
rystallinity of the synthesized samples was investigated using
-ray diffraction analysis (Rigaku, D/max-2200). A transmission
lectron microscope (JEOL/JEM2100F) was used to examine the sur-
ace morphologies and ruthenium particle sizes. The surface areas
f the synthesized catalysts were determined using the BET method
ASAP 2020), and both the pore volumes and average pore sizes
ere calculated using the BJH model.

.2. Hydrogenation of lactic acid

Liquid-phase catalytic hydrogenation of lactic acid to propylene
lycol was performed in a 150 mL  batch reactor at various reaction
ressures (40–80 bar) and temperatures (110–170 ◦C).

A mixture of 1 M lactic acid solution (50 mL)  and prepared cat-
lyst (0.5 g) was placed into the reactor and agitated at 700 rpm.
fter purging the reactor with nitrogen for 5 min, the reactor was
eated under flowing hydrogen. When the temperature reached
he desired value, the hydrogen pressure was set to the specified
ressure (40–80 bar) and the reaction was left for 6 h. The prod-
cts were analyzed using a gas chromatograph (HP 6890) equipped
ith a flame-ionization detector. A free fatty-acid phase capillary

olumn was used for the separation of the reactants and products.

. Results and discussion

.1. Characterization of supports and supported catalysts

X-ray diffraction analyses were performed on all samples; the
RD pattern of the CNT-supported ruthenium catalyst after reduc-

ion under hydrogen flow is shown in Fig. 2(a). For all the catalysts,
wo broad and strong peaks are evident at 2� = ∼25◦ and 44◦, which
re assigned to the (0 0 2) diffraction of graphite carbon and the
iffraction of the (1 0 1) planes of metallic ruthenium, respectively
15]. This indicates that the ruthenium in each catalyst was reduced
o metallic ruthenium during thermal treatment under hydrogen
ow.

Fig. 2(b) shows a TEM image of Ru/ketjen black after reduction

nder hydrogen flow. The Ru/ketjen black catalyst exhibited fairly
niform dispersion of small ruthenium species (less than 3 nm).
ine dispersion was also observed for the other carbon supports,
nd the average particle sizes of each catalyst, as measured from
Fig. 2. (a) X-ray diffraction pattern of 5 wt%  Ru/CNTs, and (b) a TEM image of 5 wt%
Ru/ketjen black.

the TEM images, are summarized in Table 1. Before impregnation
of ruthenium, all carbon supports were pretreated in a mixture of
nitric acid and sulfuric acid. Many types of functional groups, such
as hydroxyl groups, can form on the surface of carbon supports;
these functional groups play an important role in the fine dispersion
of ruthenium particles.

The BET surface areas, pore volumes, average pore sizes, and
average particle sizes of the various carbon-supported ruthenium
catalysts are listed in Table 1. Although the ruthenium particles
were observed to be finely dispersed on all the carbon supports,
the average particle size correlated remarkably with the surface
area of the carbon support. Ketjen-black – supported ruthenium
exhibited the highest surface area (1242.4 m2/g), highest pore vol-
ume  (5.54 cm3/g), and smallest average ruthenium particle size
(1.6 nm)  of the investigated catalysts. The surface area of ket-
jen black is reported to be 1423 m2/g, and this high surface area
was maintained after the impregnation of ruthenium. In con-
trast, graphite-supported ruthenium showed the lowest surface
area (17.2 m2/g) and the largest average ruthenium particle size
(10.4 nm), which is probably because of its high crystallinity and
dense structure. Overall, the supports with larger surface areas
exhibited smaller average ruthenium particle sizes. These results

can be explained by the presence of functional groups that form
on the surface of the carbon support during acid treatment. Larger
carbon surface areas result in the formation of more functional
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Table 1
BET surface areas, pore volumes, average pore sizes, and average Ru particle sizes of the synthesized catalysts.

Ru/Vulcan Ru/KNB Ru/CNTs Ru/CNFs Ru/graphite

Average Ru particle size (nm)* 3.9 1.6 3.5 8.3 10.4
Surface area (m2/g) 209.5 1242.4 225.5 118.0 17.2
Pore  volume (cm3/g) 0.49 5.54 1.26 0.18 0.05
Average pore size (nm) 9.4 17.9 22.5 5.9 11.6

* Average particle size was  measured from TEM imasges.
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Fig. 4. Catalytic activity of 5 wt% Ru/ketjen black with respect to time on-stream.
Reactant: 50 mL of 1 M lactic acid solution, temperature = 150 ◦C, and hydrogen pres-
sure  = 50 bar.
ig. 3. Lactic acid conversion over various carbon-supported ruthenium catalysts.
eactant: 50 mL  of 1 M lactic acid solution, reaction time = 2 h, temperature = 150 ◦C,
nd hydrogen pressure = 50 bar.

roups causing the finer dispersion of ruthenium on the surface
16].

.2. Hydrogenation of lactic acid to propylene glycol

Catalytic hydrogenation of lactic acid was performed in a high-
ressure batch reactor. Fig. 3 shows a comparison of the lactic
cid conversions over ruthenium supported on various carbons
i.e., VulcanXC-72, ketjen black, CNTs, CNFs, and graphite) after 2 h.
he reaction temperature was 150 ◦C, and the hydrogen pressure
as 50 bar for all catalysts except for graphite-supported ruthe-
ium. Ruthenium supported on ketjen black showed the highest
onversion (above 75%) of the catalysts tested. Interestingly, the
atalytic activity correlated remarkably with the BET surface area:
he higher the BET surface area, the higher the conversion of lac-
ic acid. However, the correlation between the BET surface area
nd lactic acid conversion was not linear; for example, Ru/ketjen
lack showed a 10% increase in lactic acid conversion over that
f Ru/Vulcan, but its BET surface is 6 times greater. These results
an be explained by the amount of ruthenium loaded. For all cata-
ysts, 5 wt% ruthenium was impregnated. If the loading amount is
ncreased, the difference in the catalytic activities of the two  cat-
lysts would increase. The influence of the amount of ruthenium
oaded on ketjen black on lactic acid conversion is currently under
nvestigation.

The effect of the reaction time on catalytic activity (i.e., lactic
cid conversion, propylene glycol selectivity, and propylene glycol
ield) was investigated using the Ru/ketjen black catalyst (Fig. 4).
he reaction temperature was 150 ◦C, and the hydrogen pressure
as 50 bar. Lactic acid conversion increased with reaction time

ecause the reaction was carried out in a batch reactor. The pro-
ylene glycol selectivity decreased slightly with time on-stream,
mplying that propylene glycol underwent further reactions with
dditional time. The other main products were propionic acid and
-hydroxy propionaldehyde. Neither propanol nor C1 or C2 com-
ounds were detected during the reaction. These results differ
Fig. 5. Catalytic activity of 5 wt% Ru/ketjen black with hydrogen pressure. Reactant:
50  mL  of 1 M lactic acid solution, reaction time = 4 h, and temperature = 130 ◦C.

somewhat from those previously reported by Miller et al. [13]:
they investigated lactic acid conversion over various catalysts and
reported that, at temperatures below 170 ◦C, the only liquid product
was propylene glycol and the major byproducts were light hydro-
carbons (i.e., methane, ethane, and propane) [13]. Dumesic et al.
[12] reported the hydrogenation of lactic acid at 100 ◦C over a silica-
supported copper catalyst; the main byproducts of this reaction
were propionic acid and 2-hydroxy propionaldehyde and no light
C1 or C2 compounds were detected. The difference in product dis-
tribution can be explained by the different catalysts and reaction
conditions as lactic acid conversion is strongly dependent on the

catalyst and reaction conditions.

Fig. 5 shows the catalytic activity of 5 wt%  Ru/ketjen black with
respect to reaction pressure after 4 h at 130 ◦C. Both the lactic
acid conversion and propylene glycol selectivity increased with
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ig. 6. Catalytic activity of 5 wt% Ru/ketjen black with reaction temperature. Reac-
ion time = 2 h, Pressure = 50 bar.

eaction pressure. This is mainly because of the increased concen-
ration of hydrogen in aqueous solution with increasing reaction
ressure, which speeds up the reaction resulting in a higher pro-
ylene glycol yield. The optimal reaction pressure should primarily
e determined by equipment cost.

The influence of the reaction temperature on the catalytic
ydrogenation of lactic acid using 5 wt% Ru/ketjen black was  inves-
igated at 50 bar and is plotted in Fig. 6. In general, the conversion
f lactic acid increased with reaction temperature in the range of
10–170 ◦C. However, the propylene glycol selectivity reached a
aximum at 130 ◦C and then decreased with increasing tempera-

ure. The decreased selectivity at higher temperatures is attributed
o secondary reactions involving propylene glycol. Because the
ydrogenolysis of products competes with the hydrogenation of

actic acid over supported ruthenium catalysts, the selection of
upport and reaction conditions are very important.
. Conclusions

Ruthenium catalysts supported on various carbons (i.e.,
ulcanXC-72, ketjen black, CNTs, CNFs, and graphite) were

[
[
[
[

ysis A: Chemical 380 (2013) 57– 60

prepared using an incipient wetness impregnation method and
employed for the hydrogenation of lactic acid to propylene gly-
col in a high-pressure batch reactor. The ruthenium particle size
is strongly dependent on the BET surface area of the carbon sup-
port. Among the catalysts tested, ruthenium supported on ketjen
black exhibited the highest catalytic activity because of its fine
dispersion of ruthenium. The propylene glycol yield over ruthe-
nium on ketjen black increased with increasing hydrogen pressure;
the highest yield was achieved at 130 ◦C. It is concluded that
propylene glycol can be efficiently produced from a bio-based
chemical (i.e., lactic acid) using ruthenium supported on ketjen
black.
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