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a  b  s  t  r  a  c  t

The  hydrogenolysis  of  an  alkaline  aqueous  solution  of xylitol  to mainly  ethylene-  and  propylene-glycols
was  studied  over  a Ru/C  catalyst  in a high  pressure  fixed-bed  reactor  run  in  the trickle-bed  mode  with  co-
current  downflow  of  liquid  feed  and hydrogen.  The  effects  of  reaction  parameters  including  H2 pressure
(40–80  bar), temperature  (190–200 ◦C) and  pH values  (NaOH/xylitol  molar  ratio  in  the  range  0.1–0.2,  pH
9–12)  and residence  time  have  been  explored  to  increase  the selectivity  of  this  reaction  to  the  desired
ethyleneglycol  product.  The  activity  and  final  products  distribution  were  much  influenced  by  the  hydro-
eywords:
ylitol
ydrogenolysis
thyleneglycol
ropyleneglycol
uthenium catalyst

gen  pressure.  An  optimum  to  afford  a high  conversion  and a  high  selectivity  to ethyleneglycol  at  different
space  times  was  found  at 60 bar.  The  effects  observed  are  in  agreement  with  the reaction  pathways  previ-
ously  proposed  and  the  relative  reaction  rates  of  the  dehydrogenation/hydrogenation  and  base-catalyzed
reactions  of  the  intermediates  are  affected  by  the  hydrogen  pressure  and  the  concentration  of  the  alkaline
promoter.

© 2014 Elsevier B.V. All rights reserved.

ontinuous reactor

. Introduction

The substitution of fossil feedstocks by the abundant lignocel-
ulosic biomass for the production of fuels and valuable chemicals
as been receiving increased attention in recent years [1–6].
on-edible cellulose and hemicelluloses can be depolymerized by
ontrolled hydrolysis to several sugar monomers (glucose, xylose,
rabinose, . . .),  which can then be catalytically hydrogenated into
he corresponding sugar alcohols (sorbitol, xylitol, arabitol) [6–11].
urther catalytic hydrogenolysis of these polyols under alkaline
queous conditions can then give access to glycols, such as eth-
lene glycol (EG), propylene glycol (1,2-PDO), and glycerol (GLY)
11–39]. EG and 1,2-PDO are widely used as monomers in polyester
ynthesis, as antifreeze or cooling fluids . . ..  While previously the
Please cite this article in press as: F. Auneau, et al., Exploring the reaction co
aqueous solutions to glycols in a trickle-bed reactor, Catal. Today (2014), h

ormation of glycerol was the main objective in the hydrogenoly-
is of polyols, nowadays, the interest has shifted towards EG and
,2-PDO, the consumption of which is increasing. In particular, EG is

∗ Corresponding author. Tel.: +33 0 4 72445358.
E-mail address: michele.besson@ircelyon.univ-lyon1.fr (M.  Besson).

920-5861/$ – see front matter ©  2014 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.cattod.2013.12.039
used in large amounts as a monomer in the manufacture of biopoly-
mers for drinking bottles. EG and 1,2-PDO are currently produced
from petroleum-based ethylene and propylene via their epoxide
[40]. Their demand is continuously increasing, and producing these
glycols from renewable biomass could be a potential competitive
or complementary process.

Hydrogenolysis of polyols to EG and 1,2-PDO has been described
in patents as well as in academic publications. Hydrogenolysis
of the C6 sugar alcohol sorbitol has received particular atten-
tion as early as in the years 1943–1958 [13–15] and in the last
two decades [26–28]. Hydrogenolysis of glycerol (GLY) has been
extensively studied in recent years [see reviews 2,6,12]. There
are fewer studies on the hydrogenolysis of the C5 sugar alco-
hol xylitol [13,14,16,17,26,28,29,31,37,39]. However, xylose is the
main component of hemicelluloses and is the second most abun-
dant renewable sugar in nature, after glucose. It is a potentially
cheap material, which will become largely available. Moreover,
nditions for Ru/C catalyzed selective hydrogenolysis of xylitol alkaline
ttp://dx.doi.org/10.1016/j.cattod.2013.12.039

since xylose is more difficult to convert by fermentation to ethanol
than glucose, alternative strategies of applications of xylose are
envisaged. Xylitol produced by hydrogenation is thus an attrac-
tive alternative material for production of glycols which could also

dx.doi.org/10.1016/j.cattod.2013.12.039
dx.doi.org/10.1016/j.cattod.2013.12.039
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:michele.besson@ircelyon.univ-lyon1.fr
dx.doi.org/10.1016/j.cattod.2013.12.039
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Scheme 1. Xylitol hydrogen

ake the process of hydrogenolysis more economically interest-
ng. In addition, xylitol hydrogenolysis is claimed to give possibly
igher yield in EG than sorbitol [31,37].

Besides, let us mention some recent strategies to carry out
he one-pot conversion of cellulose to the glycols by achieving
imultaneous hydrolysis and hydrogenolysis, using multifunctional
atalysts containing tungsten species [41–43].

A major challenge in polyol hydrogenolysis to glycols is to
chieve a high selectivity to one or two desired products. The
rocess involves cleavage of specific C C and C O bonds in the
olyol chain; it is usually performed over supported metallic cata-

ysts in the presence of inorganic hydroxide bases which enhance
ydrogenolysis rates [21,24,25,30]. The temperatures used are

n the range 180–250 ◦C and elevated H2 pressures are used of
5–200 bar. Generally, very high pressures over Ni help to achieve

 high selectivity in GLY [14]; preferred conditions on Ru are
20–270 ◦C and 75–150 bar, giving 1,2-PDO as the main product
27].

The mechanism proposed is a complex reaction pathway with a
ange of consecutive and parallel reactions including dehydrogena-
ion, retro-aldol condensation, dehydration and hydrogenation
eactions [14,22,23,39]. In this process the metallic component
atalyses the hydrogenation/dehydrogenation reactions while the
ddition of a inorganic hydroxide base (sodium or calcium hydrox-
de) serves to the dehydration/retro-aldol reactions giving C C and

 O scissions, in the initial polyol but also in the resulting inter-
ediates.
More precisely, in the mechanism proposed (Scheme 1) [25,39],

he reaction is initiated by reversible dehydrogenation of xylitol to
ylose on the metallic function (even under high hydrogen pres-
ure). Xylose under basic conditions can then undergo C C bond
leavage through a retro-aldol reaction to form glycolaldehyde and
lyceraldehyde; these aldehydic intermediates are further hydro-
enated on the metal to form EG and GLY, respectively. Xylose can
lso undergo a C-O bond cleavage by dehydration. Alternatively,
Please cite this article in press as: F. Auneau, et al., Exploring the reaction co
aqueous solutions to glycols in a trickle-bed reactor, Catal. Today (2014), h

nder basic conditions, glyceraldehyde is dehydrated to pyru-
aldehyde and then transformed into 1,2-PDO or lactate. Similarly,
etro-aldol reaction of glyceraldehyde leads to the formation of gly-
olaldehyde that is further hydrogenated to EG, and formaldehyde
 under alkaline conditions.

which can be transformed to formic acid FA via Cannizzaro reac-
tion. Detailed examination of the product distribution during
hydrogenolysis of different polyol stereoisomers over a Ru/C cat-
alyst recently demonstrated that terminal C C scission through
decarbonylation could also be an important pathway to consider
[40]; indeed, in this study, threitol was the only tetritol formed
from xylitol while erythritol was only detected in ribitol hydro-
genation. This product distribution and the absence of erythritol
in xylitol hydrogenolysis would not result from a retro-aldol scis-
sion mechanism, and could only be explained by a terminal C C
scission.

The objective of this work was to examine the hydrogenolysis
of C5 sugar alcohols produced from the hydrolysis of hemicellu-
loses. Before using actual hemicelluloses derived feedstock, we
explored how the pressure (in the range 40–80 bar) in different
base concentration conditions may  control the product yield to a
useful product, EG or 1,2-PDO, in the mixture of components of
hydrogenolysis of xylitol as C5 model compound. So far, Ni, Ru, Pd,
Pt, Rh, Ir have been employed, but ruthenium supported catalysts
are usually more active and more stable than nickel catalysts for
instance [21,33,38]. Further, among different ruthenium catalysts
supported on solids of different basicities, Ru/C was found to be the
more active and selective, with a lower formation of lactate, and it
was shown to be stable after six recycling [21]. In this work, we
evaluated a carbon-supported ruthenium catalyst in a continuous
reactor in the hydrogenolysis of a synthetic solution of xylitol as the
feedstock. Besides the problems of selectivity to the desired prod-
uct, the stability of the catalyst was verified under these different
operating conditions over periods up to 3 months.

2. Material and methods

2.1. Catalyst
nditions for Ru/C catalyzed selective hydrogenolysis of xylitol alkaline
ttp://dx.doi.org/10.1016/j.cattod.2013.12.039

The activated carbon supported catalyst 2 wt.%Ru/C was pro-
vided by Johnson Matthey (Extrudate type 642). The catalyst was
handled as pellets of about 2 mm diameter and was  used as
such.

dx.doi.org/10.1016/j.cattod.2013.12.039
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.2. Trickle-bed reactor

The hydrogenolysis reactions of aqueous solution of xylitol
200 g L−1) were performed in a laboratory scale, high-pressure
xed-bed reactor run in the trickle-bed mode with co-current
ownflow of liquid feed and hydrogen. The system consisted of

 tube made of Hastelloy C (1 cm inner diameter and 15 cm in
ength) that was heated by a tubular furnace. For each series of
xperiments, the tube was packed with the catalyst located in the
sothermal portion of the reactor tube between two layers of inert
acking material (1 mm spherical glass or low surface area titania
articles) and two sintered stainless-steel filters at the inlet and
xit of the reactor. The temperature of the catalytic bed was  moni-
ored and controlled via a thermocouple placed into a thermowell
nserted in the reactor tube. The liquid feed, constituted of a xyli-
ol aqueous solution with NaOH as basic promoter, was  introduced
rom a feed glass tank into the system by an HPLC pump through
he filter at the top of the column. The pressure and the flow rate
f the gas were controlled with a back-pressure controller. The
ystem was also equipped with a heat exchanger, a high-pressure
as–liquid separator from which the liquid effluent was  continu-
usly drained and collected in a flask with a liquid level control
evice and the gas stream discharged.

Initially, after purging with Ar, the catalyst was  re-activated
vernight under hydrogen gas flow at 200 ◦C under 40 bar. The tem-
erature, the hydrogen pressure and flow, and a water flow, were
et at the desired values. Upon entering the reactor, the aqueous
olution and hydrogen were mixed and heated in the inert packing
efore contacting the catalyst. Once the system was  stabilized at
hese reaction conditions, the water flow was replaced by a flow of
he xylitol alkaline aqueous solution (10.2 mL  h−1) in the reservoir.
he gas flow stream was fixed at 20 NL h−1, giving in these experi-
ents a high hydrogen to xylitol feed molar ratio > 60. Lower ratios

f 5–7 were used on the pilot plant, which did not change signifi-
antly the selectivity. The solution was cooled in a condenser and
he gas was vented. The liquid sample at the exit was  collected and
eriodically withdrawn for off-line analysis.

.3. Analytical procedures

The main products of the hydrogenolysis reaction of xylitol are
G, 1,2-PDO and GLY. Other hydrogenolysis products which may
e formed are tetritols (threitol and erythritol), butanediols, light
lcohols and some carboxylic acids. Reaction samples (dilution
y a factor of 20-25 before HPLC analysis) were analyzed using

 Shimadzu LC 20A HPLC connected to a RI detector and a UV
etector at 210 nm,  using a Transgenomic Coregel 107H column
L = 300 mm,  Ø = 7.8 mm)  heated at 65 ◦C. Elution was performed
y 0.6 mL  min−1 0.01 N H2SO4 mobile phase. With such condi-
ions, in addition of xylitol and xylose, the C4-polyols (butanediol
somers – BDOs, threitol, erythritol), C3-polyols (glycerol – GLY,
,2-propanediol – 1,2-PDO), C2 polyol (ethyleneglycol – EG), C1–C3
lcohols (methanol, ethanol, 1- and 2-propanol), C1–C3-carboxylic
cids (formic, acetic, lactic, propionic acids) could be analyzed.
alibration curves were established for the quantification of the
roducts.

The Total Organic Carbon (TOC) of the solutions was  mea-
ured, using a TOC-VCSH analyzer, to check the material balance
nd the possible formation of gaseous products (methane, ethane)
y cleavage in the experimental conditions used. A dilution fac-
or of 400–500 of the samples was applied before the TOC analysis
o be within the concentrations of the calibration curves, so that
Please cite this article in press as: F. Auneau, et al., Exploring the reaction co
aqueous solutions to glycols in a trickle-bed reactor, Catal. Today (2014), h

he results are obtained with ±2 g L−1. The pH of the solution was
easured ex situ using a Meterlab PHM 240 pH-meter.
The results are expressed in terms of weight concentrations of

ylitol converted and in the formed products, xylitol conversions,
 PRESS
ay xxx (2014) xxx– xxx 3

and molar selectivities to the different products. The conversion
is defined as the percentage ratio of the amount of xylitol con-
verted to the amount of xylitol in the feed stream. The description
of the results by weight concentrations has the advantage to show
directly the production of products compared to the concentration
of converted xylitol, without taking into account the differences
in molecular weights of the different products. The selectivity to a
particular product is defined as the percentage ratio of the molar
concentration in this product to the total molar xylitol concentra-
tion converted, without accounting the number of carbons in the
molecules. Therein, if one considers that one mole of xylitol will
ideally yield one mol  of EG and one mol  of 1,2-PDO, the selectivity
to each product should be then 100%. It gives an indication of the
efficiency of the reaction in producing one desired product.

3. Results and discussion

Hydrogenolysis reactions of alkaline solutions of xylitol
(20 wt.%, 200 g L−1) were conducted to investigate how the pres-
sure in the range 40–80 bar in different concentrations of NaOH,
influence xylitol conversion and product distribution. Two masses
of catalysts were packed in the reactor in two  separate series of
experiments to examine the effect at different space times.

The temperature was chosen at 190–200 ◦C to minimize the
possible formation of gaseous products on ruthenium. These tem-
peratures were found appropriate and are close to those used
recently for hydrogenolysis of sorbitol or xylitol over Ni-Re/C
[29,31] or carbon-supported Ru catalysts [33,34,37] or Ni and Pt
[35]. Sun et al. [37] observed that the activity and selectivity of
Ru/C in the presence of Ca(OH)2 as solid base depended largely on
the H2 pressure, temperature and amount of base in batch experi-
ments and the selectivities were governed by the relative rates of
the different competitive reactions.

3.1. Reaction at low conversion of xylitol

3.1.1. Effect of reaction conditions
Hydrogenolysis of a xylitol solution (20 wt.%, 200 g L−1) was per-

formed over an initial loading of a relatively low mass of 2 wt.%Ru/C
catalyst (1.15 g, 7.5 cm height in the reactor in the isothermal part
of the tube) between two layers of inert material. With a liq-
uid flow rate of 10.2 mL  h−1, this corresponds to a space time of
1.13 gRu h gxylitol

−1. After purging with nitrogen, the reactor was
heated to the desired temperature of 200 ◦C under H2 flow rate of
20 NL h−1. The reaction was performed at two temperatures (190 ◦C
and 200 ◦C) at different pressures (40–80 bar) and different base
concentrations (0.13–0.26 M NaOH, corresponding to molar ratios
of NaOH/xylitol of 0.1–0.2). Indeed, it has been shown that the reac-
tion rate depends on the amount of base and that the selectivity to
glycols can markedly be increased without decreasing polyol con-
version when an inorganic hydroxide base is added [15,21,24,33].
The alkaline nature of the mixture produced from the hydrogenoly-
sis is also helpful in the downstream section. Indeed, at that higher
pH, the volatility of all the organic acids (acetic, formic, etc.) by-
products is lowered, thus it is easier to separate them from the
light glycols (EG, PDO). Each condition was evaluated for at least
100 h to check the stability of the catalyst.

Fig. 1 shows the data while applying a sequence of different
operating conditions. Due to the complex reaction network with
several parallel and consecutive reactions, a wide product distribu-
tion was observed. It shows the concentration of xylitol converted
nditions for Ru/C catalyzed selective hydrogenolysis of xylitol alkaline
ttp://dx.doi.org/10.1016/j.cattod.2013.12.039

and the bar cumulative weight concentrations of main polyols pro-
duced in the samples periodically taken at the outlet of the reactor:
EG, 1,2-PDO, GLY, and butanediols (2,3-BDO + 1,3-BDO + 1,4-BDO)
and formic acid FA. Threitol was also detected in small amounts but

dx.doi.org/10.1016/j.cattod.2013.12.039
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Fig. 1. Hydrogenolysis of xylitol (200 g L−1) under various T, P, and pH con-
ditions at space time of 1.13 gRu h gxylitol

−1. Concentration of converted xylitol
(�)  versus bar cumulative concentrations of products analyzed in the different
samples taken at the exit of the reactor: (from bottom to top: 1,2-PDO, EG,
GLY, formic acid FA, BDO). Threitol was present but not quantified. step1 (time
on  stream 0 to 49 h): T = 200 ◦C, NaOH = 0.13 M,  P = 40 bar; step 2 (49–145 h):
T  = 200 ◦C, NaOH = 0.20 M,  P = 40 bar; step 3 (145–213 h): T = 200 ◦C, NaOH = 0.20 M,
P  = 60 bar; step 4: (213–337 h): T = 200 ◦C, NaOH = 0.20 M,  P = 80 bar; step 5
(337–457 h): T = 200 ◦C, NaOH = 0.26 M,  P = 80 bar; step 6 (457–553 h): T = 200 ◦C,
NaOH = 0.26 M, P = 60 bar; step 7 (553–717 h): T = 190 ◦C, NaOH = 0.26 M,  P = 60 bar;
step  8 (717–890 h): T = 190 ◦C, NaOH = 0.26 M,  P = 40 bar; step 9 (890–1052 h): T=
190 ◦C, NaOH = 0.26 M,  P = 80 bar; step 10 (1052–1193 h): same conditions as in step
2.
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ig. 2. Selectivity to (�) EG, (�) 1,2-PDO, (•) GLY, and (×) BDO during xylitol
ydrogenolysis at space time 1.13 gRu h gxylitol

−1 under various T, P, and pH con-
itions (see Fig. 1). Selectivity to FA was not represented for clarity of the figure.

ould not quantified for this series of experiments, since using the
nalysis procedure adopted there was an overlap with an unidenti-
ed compound in very small amounts. Monoalcohols (MeOH, EtOH,

 . .)  were, if detected, only in trace amounts. No isomerization of
ylitol to arabitol was observed. Fig. 2 shows the selectivity to the
ain products versus time during this sequence.
Under these conditions and using this space time, xylitol con-

ersion was in the range 20–34% corresponding to 40–68 g L−1

oncentrations of converted xylitol.
The reaction was started at 200 ◦C under 40 bar H2 with a 0.13 M

lkaline solution (NaOH/xylitol = 0.1) (step 1). Conversion was ca.
5% and the solution at the outlet was brown colored. The analy-
is demonstrated the presence of 1,2-PDO (11 g L−1), EG (9.5 g L−1),
DO (2.9 g L−1), GLY (1.5 g L−1) and FA (1.65 g L−1).

After 50 h on stream, the concentration of NaOH was  increased
Please cite this article in press as: F. Auneau, et al., Exploring the reaction co
aqueous solutions to glycols in a trickle-bed reactor, Catal. Today (2014), h

o 0.20 M (pH 9) while keeping the same temperature and pres-
ure. The pressure was thereafter changed to 60 bar and finally
0 bar (steps 2–4). Conversion was 30% under 40 bar and it still

mproved slightly to 33% as the pressure was increased to 60 bar.
 PRESS
ay xxx (2014) xxx– xxx

At the same time, concentrations in EG, 1,2-PDO and GLY  increased
significantly to attain 17.2, 15.3 and 3.9 g L−1, respectively (selec-
tivity in EG, 1,2-PDO and GLY changed from 43%, 38% and 5% under
40 bar to 61%, 43% and 9% under 60 bar, respectively). However,
upon applying a higher pressure of 80 bar, conversion dropped
down to 25%; consequently, lower concentrations in the main
products were observed (13.1 g L−1 EG, 11.1 g L−1 1,2-PDO and
3.5 g L−1 GLY). Interestingly, the highest pressure helped also to
achieve a low concentration in butanediols which decreased from
3.6 g L−1 under 40 bar to 0.6 g L−1 under 80 bar. The concentration
in formic acid was also the lowest at the highest pressure. As a
consequence, the selectivity to the desired products increased sig-
nificantly (60% EG and 41% 1,2-PDO). The liquid phase at the exit
changed from brown to yellow and nearly colorless as pressure
increased.

While keeping a temperature of 200 ◦C, a higher NaOH con-
centration of 0.26 M (pH 12) slightly enhanced cleavage of xylitol
when compared to the concentration of 0.20 M (steps 5 and 6 to
compare with steps 3 and 4). This increased conversion is mainly
due to the promoting effect of the base in the retro-aldol reaction
of the xylose intermediate. The effect of the pressure under these
new conditions (60 or 80 bar) was  as observed when using 0.20 M
NaOH aqueous solutions: conversion under 80 bar was lower than
under 60 bar (29% instead of 34%). The concentrations of the differ-
ent products decreased: EG and 1,2-PDO concentrations decreased
from 18–20 g L−1 and 16.5–19.5 g L−1, respectively, to 15.9 g L−1

and 13.6 g L−1, respectively; BDO concentration decreased from
2.6–3 g L−1 to 0.9 g L−1 and a smaller concentration of formic acid
was formed under the higher pressure (2.0 instead of 2.6 g L−1).
The outlet liquid which was  dark yellow under 60 bar became pale
yellow under 80 bar.

The reaction was then conducted at 190 ◦C, and the pres-
sure (40–80 bar) was again examined (steps 7–9). The same
trends were observed: the conversion of xylitol decreased as pres-
sure increased, EG concentration was the highest under 60 bar
(15.4 g L−1). 1,2-PDO, BDO and FA concentrations decreased and
glycerol concentration increased. The liquid also became colorless
under high H2 pressure.

In the final step (step 10), the conditions of step 2 were again
applied (0.20 M NaOH, 200 ◦C, 40 bar). It was  observed that the cat-
alyst lost only ca.10% of its initial activity after 900 h on stream, and
the concentrations in the produced compounds were not too dif-
ferent from those observed in step 2. This indicates that the catalyst
maintained the initial selectivities to the different products, even
if it had been slightly deactivated.

The data in Fig. 2 for selectivity, as defined in the experimental
part, indicate that whatever the reaction conditions, the selectivity
to 1,2-PDO did not change much and was in the range 35–45%,
while selectivity to EG was more strongly influenced by the reaction
conditions and varied in the range 43–66%. The best selectivity to EG
was usually attained at 60 bar. The selectivity to BDO was strongly
affected by the pressure; the highest the pressure, the lowest the
concentration.

These results are further illustrated in Fig. 3a–c showing the
evolution of average conversions and weight concentrations in the
main products as a function of the pressure for the different NaOH
concentrations and temperatures examined.

These results clearly evidence the existence of an optimum
pressure for the catalytic system for xylitol conversion. This opti-
mum  at 60 bar can be explained if one considers the proposed
reaction mechanism involving reversible dehydrogenation and
hydrogenation reactions and requiring a good balance between
nditions for Ru/C catalyzed selective hydrogenolysis of xylitol alkaline
ttp://dx.doi.org/10.1016/j.cattod.2013.12.039

these competing reactions. In the patent of Gubitosa and Casale
[26], using Ru supported on activated carbon, it was claimed that
the preferred reaction conditions for sorbitol, mannitol and xyli-
tol hydrogenolysis to lower alcohols in the presence of BaOH were

dx.doi.org/10.1016/j.cattod.2013.12.039
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Fig. 3. Average catalyst performances (conversion (�) and concentrations in the
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Fig. 4. Hydrogenolysis of xylitol (200 g/L in 0.26 M NaOH aqueous solution,
T  = 200 ◦C at space time = 2.08 gRu h g −1 liquid flow rate = 10.2 mL  h−1, H gas
ain products: (�) EG, (�) 1,2-PDO, (•) GLY, (×) BDO, and (©) FA) at each reaction
onditions (a) 200 ◦C, 0.20 M NaOH (steps 2–4), (b) 200 ◦C, 0.26 M NaOH (steps 5 and
),  (c) 190 ◦C, 0.26 M NaOH (steps 7–9).

20–270 ◦C and 75–150 bar H2 in a fixed-bed reactor. The preferred
ressure under our conditions was found much lower.

Also, the influence on the productions of glycerol (which
ncreased as pressure was increased) and BDO (which decreased
s pressure was increased) is clearly observed (Fig. 2). The increase
f GLY concentration with pressure is in agreement with previous
tudies whose aim was GLY which noted that high pressures help
o achieve a high selectivity for GLY [14].

Considering the influence of NaOH concentration, it is clear that
hatever the other reaction conditions, increasing concentrations

f NaOH allowed an increase of xylitol conversion without signifi-
Please cite this article in press as: F. Auneau, et al., Exploring the reaction co
aqueous solutions to glycols in a trickle-bed reactor, Catal. Today (2014), h

antly modifying selectivities to the different products.
Finally, the Total Organic Carbon (TOC) content of the different

amples was measured using the Shimadzu TOC analyzer. The ini-
ial 20 wt.% xylitol solution contained ca. 80 g L−1 TOC and the TOC
xylitol 2

flow = 20 NL h−1, under various pressures. Concentration of converted xylitol (•)
versus bar cumulative concentrations of products.

analysis showed that there was  no significant loss of carbon mate-
rial in the liquid phase in the different samples, which should not
exceed a few percentages. Moreover, the TOC content was  also cal-
culated from the HPLC results and compared to the measured TOC
values. This comparison showed that 90–95% of the carbon present
in the outlet solution could be analyzed by HPLC, which is further
consistent with the HPLC chromatograms which showed that the
peaks which could not be quantified represented only a very low
fraction of the total area.

3.1.2. Effect of xylitol concentration
Before the reaction was stopped, the reactor was fed with

a less concentrated solution of xylitol (50 g L−1) at time on
stream 1200 h, while keeping the NaOH concentration at 0.26 M
(NaOH/xylitol = 0.8) and the same H2 flow rate. Two  pressures,
40 bar and 80 bar, were tested. Xylitol conversion increased to 80-
90% under 40 bar and selectivity distribution was  32% to 1,2-PDO,
22% to EG, 9% to BDO and 3% to GLY. Under 80 bar, conver-
sion decreased dramatically to 50%, the yields to glycols were
much lower and selectivity was 25%, 25%, 5% and 9% to the
previously mentioned products, respectively. These experiments
suggest again that too high pressure or hydrogen flow have a nega-
tive impact on the reaction rate by slowing the initial reaction step
of dehydrogenation which is a rate determining step.

3.1.3. Leaching of Ru catalyst
Different samples were analyzed by ICP-OES for possible leach-

ing of the metallic phase. The samples at time on stream 117 h,
185 h, 313 h, 353 h, 525 h, 669 h, 793 h, 870 h, 1005 h, 1152 h, rep-
resentative of the different operating conditions did not contain Ru
over the detection limit of the method (<0.1 mg L−1).

3.2. Effect of pressure at higher xylitol conversion

Experiments were also performed at higher xylitol conversion,
by loading a new catalyst sample (2.2 g catalyst) in the reactor. The
reaction was performed at 200 ◦C using a 20 wt.% xylitol solution in
0.26 M NaOH (NaOH/xylitol = 0.2) and the same liquid feedstream
flow rate (10.2 mL  h−1). The space time was  then 2.08 gRu h gxylitol

−1

which should achieve higher xylitol conversions. The effect of pres-
nditions for Ru/C catalyzed selective hydrogenolysis of xylitol alkaline
ttp://dx.doi.org/10.1016/j.cattod.2013.12.039

sure was  studied in the range 40–80 bar. The results are shown in
Fig. 4 for the cumulative concentrations of main products vs con-
centration of xylitol converted, and in Fig. 5 for the selectivity as a
function of time under the different conditions.

dx.doi.org/10.1016/j.cattod.2013.12.039
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ig. 5. Selectivity to (�) EG, (�) 1,2-PDO, (•) GLY, and (×) BDO during xylitol
ydrogenolysis at space time 2.08 gRu h gxylitol

−1 under various pressures. Selectivity
o  FA and threitol were not represented for clarity of the figure.

The HPLC analysis procedure was improved and threitol and
rythrytol could be quantified in these experiments. However, no
rythritol was detected, which is in accordance with the demon-
tration of Deutsch et al. [39] on the exclusive formation of threitol
y terminal C C scission from xylitol. The comparison of converted
ylitol concentration and the cumulative concentrations of prod-
cts analyzed shows that they match relatively well.

As one would expect, the increase of space time increased the
onversion which was ca. 60% vs. ca. 30% in the previous set of
xperiments.

The reaction was started under 60 bar. Conversion of xylitol
ecreased slightly from 66% to 55% over the period of 286 h. How-
ver the yields in the different products changed little and the
olution was colorless. EG was produced as the main glycol. The
ields in EG, 1,2-PDO, GLY, BDO, formic acid and threitol were ca.
0 g L−1, 35 g L−1, 6.5 g L−1, 4.5 g L−1, 4 g L−1, and 12 g L−1, respec-
ively. The selectivity to EG was high (75%) and higher than the
electivity to 1,2-PDO (57%).

By decreasing the pressure to 40 bar, conversion remained ini-
ially at the same level (55–50% conversion), then it decreased at a
ignificant rate and was no more than 40% after 498 h on stream.
he outlet solution was trouble and yellow-brown, and turned
apidly to dark brown when kept at ambient temperature. As a
onsequence, the yields in EG and 1,2-PDO decreased. However,
electivities were constant; they were ca. 56% to EG and 43% to 1,2-
DO, lower than under 60 bar. As observed at lower conversion, a
ower pressure gave a lower yield in GLY which was nearly absent
n the reaction mixture under these conditions. BDO concentra-
ion was also found to decrease (to ca. 2 g L−1), whereas threitol
ormation was found to increase (15 g L−1).

Under 80 bar, hydrogen pressure was defavorable for the initial
ehydrogenation reaction, and conversion was ca. 37%. However,

t was stable over 100 h. Low yields in the desired products were
bserved, but the mass balance was good. Selectivity to EG (70%)
as again higher than selectivity to 1,2-PDO (48%). GLY production
as higher (7 g L−1), since high hydrogen pressure has been shown

o favor GLY formation. The data indicate little or no change in the
roduct distribution as xylitol conversion increased. The high selec-
ivity to EG (and 1,2-PDO) can be retained at higher conversion of
ylitol.

In this set of experiments, the same effect of pressure was
bserved as at lower conversion, and an optimum pressure of 60 bar
as determined for conversion.

As regarding variations of the selectivities at the optimum pres-
ure of 60 bar as a function of conversion in the continuous reactor,
Please cite this article in press as: F. Auneau, et al., Exploring the reaction co
aqueous solutions to glycols in a trickle-bed reactor, Catal. Today (2014), h

oth the selectivities to EG and 1,2-PDO were found to increase
lightly with conversion from 61–66% and 43–47%, respectively, to
5% and 57%, respectively. On the other hand, selectivity to glyc-
rol and BDO remained at the same value of 9–11% and 5–6%,
 PRESS
ay xxx (2014) xxx– xxx

respectively. Sun et al. [37] also examined the dependence of
the selectivities as a function of xylitol conversion over Ru/C in
the presence of Ca(OH)2 at 200 ◦C under 40 bar. They noted that
the selectivity to 1,2-PDO increased slightly and selectivity to EG
remained essentially constant. However, a dramatic decrease in
selectivity to GLY was observed to form lactic acid. In contrast to
these results in batch reactor, selectivity to GLY in the continuous
reactor did not vary, and lactate was  not observed in measurable
amounts. Since lactate is thought to be formed by the competi-
tive dehydration of glyceraldehyde and base-catalyzed conversion
(Scheme 1), this suggests that in the case of the continuous reactor,
the feed of hydrogen is high enough so that glyceraldehyde will
readily be hydrogenated to GLY over the Ru catalyst. This is further
illustrated by the results of Sun et al., who  observed an important
formation of lactate under nitrogen and further a dramatic decrease
in selectivity of lactate with increasing H2 pressure from 0 to 40 bar
[37].

3.3. Discussion on the effect of hydrogen pressure

Taken together, the results of xylitol hydrogenolysis in the
continuous trickle-bed reactor indicate the existence of an opti-
mum  hydrogen pressure for xylitol conversion, which under our
reaction conditions was  situated at ca. 60 bar. Comparing 80 and
175 bar at pH 12.5 at 210 ◦C, an inhibiting effect for the conver-
sion of sorbitol was  observed over a Ru/SiO2 catalyst [21]. Effects
of variation of hydrogen pressure on conversion were also ana-
lyzed in the hydrogenolysis of xylitol over Ru/C in the presence
of Ca(OH)2 at 200 ◦C [37] or in the hydrogenolysis of sorbitol
over a carbon nanofiber supported catalyst in the presence of at
220 ◦C [33] in batch experiments. The activity of Ru/C increased
continuously with increasing pressure in the range 0–100 bar in
xylitol hydrogenolysis [37]. In the hydrogenolysis of sorbitol in
the range 60–100 bar, increased sorbitol conversion was obtained
when increasing pressure from 60 bar to 80 bar, but further increase
in the pressure slightly decreased conversion, giving a preferable
hydrogen pressure of ca. 80 bar [33]. As in this previous work
in batch reactor, the existence of an optimum pressure can be
explained on the basis of the reaction mechanism discussed at the
beginning. An equilibrated balance in the reaction rates of the dif-
ferent reactions in this complex system must be found, so that the
initial reversible dehydrogenation reaction occurs at a significant
high rate and that the hydrogenation reactions to the end-products
is fast enough. A too high pressure (80 bar) will result in a decrease
of the conversion, certainly due to unfavorable conditions for the
first step of dehydrogenation of xylitol to xylose. A too low pres-
sure (40 bar) will facilitate the base-catalyzed degradation of the
aldehyde intermediates at the expense of their hydrogenation to
the desired products.

Variations in the H2 pressure on selectivity were also ana-
lyzed. In the continuous experiments, selectivity to EG and PG
increased by increasing the pressure from 40 bar to 60 bar; fur-
ther increase to 80 bar had little effect on these selectivities,
however, since conversion was  declined, the yield in the desired
glycols EG was  lower. These results are close to those obtained
by Sun et al. [37] Other products concentrations were also
dependent on the H2 pressure. Selectivity to GLY and threitol
also increased as the H2 pressure increased, consistent with the
results reported previously and the fact that hydrogenation reac-
tions are favored compared to base-catalyzed reactions. On the
other hand, selectivity to BDO’s and FA decreased at the highest
nditions for Ru/C catalyzed selective hydrogenolysis of xylitol alkaline
ttp://dx.doi.org/10.1016/j.cattod.2013.12.039

pressures. This catalyst was  used under the optimized conditions
in experiments conducted on the Chemtex pilot plant. The activ-
ity of the catalyst was  not modified when a hydrogenated xylose
aqueous solution derived from hemicelluloses was  used instead

dx.doi.org/10.1016/j.cattod.2013.12.039
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f a xylitol aqueous solution. Stability of the catalyst is under
nvestigation.

. Conclusions

The hydrogenolysis of a biomass-derived C5 sugar alcohol, xyli-
ol, was carried out in a trickle-bed reactor over a Ru/C catalyst
o explore the influence on conversion and product distribution of
perating conditions of sodium hydroxide concentration, hydrogen
ressure at two temperatures 190 and 200 ◦C. This reaction offers
he possibility for producing C2–C3 glycols. The proportion of each
f these can be modified by the choice of the process conditions.
he effects observed were explained as viewed from the reaction
echanism proposed in the literature. Increasing the base concen-

ration in the range considered (xylitol/NaOH molar ratio = 0.1–0.2)
ncreased the xylitol conversion by accelerating the retro-aldol
ondensation reaction without significantly degrading the inter-
ediates. There was a preferable hydrogen pressure in the range

0–80 bar for xylitol conversion and high productivity of EG and
,2-PDO which was found to be ca. 60 bar. On the other hand, the
ighest pressure decreased the amount of by-products butanedi-
ls and formic acid. Under the optimized conditions the catalyst
as stable chemically and from the catalytic performances view-
oint. Biochemtex has started the development of a process that
onverts xylose-rich hydrolyzates from the hemicellulosic fraction
f biomass materials.
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