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tivity related to support effects
during xylose hydrogenation over ruthenium
catalysts†

Léa Vilcocq, * Ana Paez, Victoria D. S. Freitas, Laurent Veyre,
Pascal Fongarland and Régis Philippe

Xylose is a major component of hemicelluloses. In this paper, its hydrogenation to xylitol in aqueous

medium was investigated with two Ru/TiO2 catalysts prepared with two commercial TiO2 supports. A

strong impact of the support on catalytic performance was evidenced. Ru/TiO2-R led to fast and

selective conversion of xylose (100% conversion in 2 h at 120 �C with 99% selectivity) whereas Ru/TiO2-

A gave a slower and much less selective transformation (58% conversion in 4 h at 120 �C with 17%

selectivity) with the formation of several by-products. Detailed characterization of the catalysts with ICP,

XRD, FTIR, TEM, H2 chemisorption, N2 porosimetry, TPR and acid–base titration was performed to

elucidate the role of each support. TiO2-R has a small specific surface area with large ruthenium

nanoparticles in weak interaction with the TiO2 support and no acidity, whereas TiO2-A is a mesoporous

material with a large specific surface area that is mildly acidic, and bears small ruthenium particles in

strong interaction with the TiO2 support. The former was very active and selective for xylose

hydrogenation to xylitol whereas the latter was less active and poorly selective. Moreover, careful

analysis of the reaction products also revealed that anatase TiO2 can catalyze undesired side-reactions

such as xylose isomerisation to various pentoses, and therefore the corresponding unexpected polyols

(arabitol, ribitol) were produced during xylose conversion by hydrogenation. In a first kinetic approach,

a simplified kinetic model was built to compare quantitatively intrinsic reaction rates of both catalysts.

The kinetic constant for hydrogenation was 20 times higher for Ru/TiO2-R at 120 �C.
Introduction

Biomass is a unique source of renewable carbon on our planet.
In the current context of fossil resources depletion, increase in
the world demand for fuels and chemicals, and global climate
change due to CO2 emissions from fossil sources, the develop-
ment of biobased chemicals appears critical for a sustainable
future. Today, biobased chemistry represents 177 MV per year
and 7.9 Mt per year in Europe, i.e. 35% of the chemical industry
market and 10% of all carbon-based materials, without
including biofuels nor food manufacture. As 85% of chemical
compounds could be technically biosourced, the European
Union's target is 25 wt% of biosourced carbon-based materials
in 2030.1

Lignocellulose, as the main constituent of brous plants (e.g.
herbs, straws, trees), is a major source of biomass. It is consti-
tuted by three components: cellulose, a crystalline glucose
ls (CP2M), UMR 5128 – CNRS, Université
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homopolysaccharide, lignin, a phenolic macropolymer, and
hemicellulose, an amorphous heteropolysaccharide. The latter
represents 20 to 40 wt% of lignocellulose.2

Hemicellulose is a polymer of different sugars bearing six
carbon atoms (hexoses, e.g. glucose, mannose, galactose) or ve
carbon atoms (pentoses, e.g. xylose, arabinose), arranged in
linear and branched structures, in which acetyl groups can also
be found.5 The composition of hemicelluloses varies with the
type of biomass. For example, xylans are predominant in
hardwood hemicelluloses.6

Xylose is the main ex-hemicellulose sugar from xylan. It is
a starting material for various processes,3,4 and as such was
identied as one of the Top 10 and then Top 12 platform
biomolecules.7,8 It is notably used to produce furfural, furan
dicarboxylic acid (FDCA), g-valerolactone (GVL), glycols, etc.
However, the main industrial xylose-based process is the
production of xylitol. This polyol is used in food industry and
pharmaceutical industry as an additive and as a low calorie
sweetener. Its market is evaluated ca. 300 kton per year.9 It is
industrially produced by selective catalytic hydrogenation.
Other polyols can be produced from pentoses, such as arabitol,
from arabinose, lyxose or ribulose, and ribitol (also known as
RSC Adv., 2021, 11, 39387–39398 | 39387
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adonitol) from ribose or ribulose. Both arabitol and ribitol are
used as pharmaceutical ingredients.10

Historically, Raney nickel was used as heterogeneous catalyst
for the hydrogenation of glucose and xylose.11–13 Nickel is
advantageous because of its low price, but can leach easily in
aqueous phase and leads to toxicity issues. Thus, some authors
tried to reduce Ni leaching from nickel catalysts.14–17 Ni catalyst
supported on nitrogen-doped carbon was used for 40 h pre-
senting high catalytic activity. Although, high temperatures (ca.
150 �C) were necessary to obtain high xylitol yields.16 Bimetallic
catalysts were also used in literature.17–19 The use of Sn associ-
ated to Pt was benecial to the conversion and selectivity of the
catalyst to xylitol synthesis. Thus, the increase of Sn amount in
catalyst favoured by-products synthesis.18 Aiming to reduce the
catalyst deactivation, Ni was used associated with Re. Both
monometallic and bimetallic catalysts presented Ni leaching in
reaction media, but the presence of Re decreased this deacti-
vation, helping to increase catalyst stability.17 However, few
catalysts presented high catalytic activity associated to high
selectivity towards sugar alcohols.

Ru/C is today the main catalyst for xylose hydrogenation at
laboratory scale.13 Indeed, ruthenium is an oxophilic metal
particularly active for aqueous phase hydrogenation of carbonyl
groups.20 It presents a catalytic activity superior to other metals
in the xylose hydrogenation reaction, in the following the order:
Ru > Niz Co > Pt > Rhz Pd.11,21 Its price is also interesting for
industrial applications, as ruthenium is much less expensive
than palladium or platinum.22

The choice of supports is critical for such an aqueous phase
reaction, as water can induce several deactivation phenomena
such as leaching, phase changes through hydration, collapsing
of porous structures, etc. Few candidates have been identied as
stable supports in water: carbon materials, titanium dioxide
(TiO2), zirconium dioxide (ZrO2).23 Among them, TiO2 has the
property to assist H2 activation via a spillover phenomenon24

and is thus a promising support for ruthenium in aqueous
phase hydrogenation reactions. TiO2 can exist in several crys-
talline phases but the most common for catalysis applications
are anatase and rutile.

Ru/TiO2 was already studied for xylose and glucose hydro-
genation reactions14,25,26 but the impact of support properties,
such as crystalline phase, was reported in only one article so far.
Hernandez-Mejia et al. compared the activities of Ru/TiO2

catalysts with different TiO2 supports from 100% anatase to
100% rutile and observed a higher yield of xylitol when rutile
was present.27 In their experimental conditions, TiO2 rutile led
to smaller ruthenium nanoparticles during catalyst synthesis.
Therefore, they attributed the higher activity in xylose hydro-
genation to the higher number of surface ruthenium atoms, i.e.
the catalytic sites, on the catalyst surface. However, they did not
explain the decrease of selectivity observed with TiO2 anatase as
a support nor identify reaction by-products. The decrease of
activity for TiO2 anatase was interpreted only as a consequence
of low ruthenium dispersion on the support.

The impact of TiO2 support on ruthenium particle size was
also described for other catalytic applications, but contradictory
results were obtained. For example, Zhang et al. observed
39388 | RSC Adv., 2021, 11, 39387–39398
smaller ruthenium nanoparticles on TiO2 anatase than on TiO2

rutile,24 whereas other authors observed smaller ruthenium
nanoparticles and a more homogeneous repartition of nano-
particles on TiO2 rutile.27–30

In this paper, the impact of TiO2 support on the reactivity of
ruthenium catalysts in xylose hydrogenation was investigated
with a focus on the differences in reactivity observed when
different supports are used. Two catalysts with two different
commercial TiO2, anatase and rutile, were prepared, charac-
terized and tested for xylose hydrogenation. Xylose conversion
and the production of xylitol and other by-products were
studied to understand the role of each support on the behaviour
of Ru/TiO2 catalysts.

Experimental
Materials

Ruthenium(III) chloride (RuCl3$xH2O) and xylose were
purchased from Sigma-Aldrich and xylitol was purchased from
Acros Organics with purity higher than 98%. Two TiO2 supports
were used: TiO2 anatase with high specic surface area from
Alfa Aesar (CAS 1317-70-0, reference 44429) and TiO2 rutile from
Sigma Aldrich (CAS 1317-80-2, reference 224227). All the mate-
rials were used without further purication.

Catalyst preparation

The catalysts were prepared by incipient wetness impregnation.
TiO2 was crushed in powder, sieved below 90 mm, and dried 2 h
at 120 �C. The precursor solution was prepared using a volume
of ethanol necessary to wet the support and the appropriate
amount of RuCl3$xH2O. The solution was added drop by drop to
the dry support until the formation of a homogenous paste.
Finally, this paste was dried overnight at 120 �C and crushed
aerward. The powder was calcined at 250 �C under N2 ow and
reduced at 350 �C under H2 ow in a tubular oven. The corre-
sponding catalysts were named Ru/TiO2-A and Ru/TiO2-R.

Catalyst characterization

X-ray diffraction (XRD) was performed at Centre de Diffraction
Henri Longchambon (CDHL) on a diffractometer Bruker D8
Advance with 2q until 90�.

Infrared (IR) was performed at IRCELYON in absorbance
mode using a Vector 22 apparatus on a Nicolet IS5 equipped
with an ID7-ATR accessory with diamond crystal from Thermo
Scientic with a spectral range of 4000 cm�1 to 525 cm�1.

N2 physisorption was performed on a Micrometrics ASAP
2010 apparatus at �196 �C; samples were pre-treated at 350 �C
under vacuum for 4 hours before physisorption.

The acid site concentration in water of each catalyst was
measured using a potentiometric titration following the
method described by Yu et al.31 Briey, 250 mg of catalyst was
dried at 120 �C and then was stirred at room temperature in
50 mL of a 0.1 M NaCl solution under sparging N2. The
suspension was titrated by a NaOH 0.1 M solution using
a Mettler Toledo G20S titrator equipped with a DGI 115 SC
electrode. Three equivalence points were determined for TiO2-A
© 2021 The Author(s). Published by the Royal Society of Chemistry
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and only one for TiO2-R. At each equivalence point, a pKa and an
acid sites concentration were determined using the Gran plot
method.31–33

ICP analysis was performed by two external laboratories
(IRCELYON and SOCOR) aer mineralization of catalysts in
a closed vessel.

Hydrogen chemisorption studies were carried out in a BEL-
JAPAN BELSORP-max system. In each analysis, ca. 0.4 g of Ru/
TiO2 catalyst was used. The sample was rst reduced under H2

ow at 350 �C for 3 h (ramp of 3 �C min�1). Aer reduction, the
sample was evacuated at 350 �C for 3 h. The chemisorption
measurements were performed at 75 �C. The number of avail-
able Ru atoms (RuA) was calculated from total adsorption of H2

with a stoichiometry H : Ru equal to 2 : 1.34

RuA

�
mmol g�1

� ¼ nðH2 total; mmolÞ
mcatðgÞ (1)

STEM-HAADF (Scanning Transmission Electronic Micros-
copy – High Angle Annular Dark Field) images were taken by
a JEOL 2100F microscope, with a 200 kV acceleration tension.
These characterizations were performed at “Centre Tech-
nologique des Microstructures” (CTm, Villeurbanne, France).
Samples were dispersed in ethanol using ultrasound prior the
deposition of a few drops on holey carbon lms on copper grids.
Histograms and mean particle diameters were determined with
200 counts with ImageJ soware.

Temperature programmed reduction (TPR) was performed
in an apparatus equipped with a TCD detector. The sample of
Ru/TiO2 catalyst was pre-oxidized 30 min at 200 �C under 5%O2/
He ow, swiped with pure He at room temperature for 30 min
and reduced under 5%H2/Ar from room temperature to 800 �C.
Catalytic hydrogenation

The catalytic hydrogenation of xylose was performed in
a 120 mL Top Industrie autoclave stirred tank reactor heated by
an electrical jacket and equipped with a gas-inducing Rushton
turbine and four baffles. The reactor is thermo-regulated and
when necessary cooling is ensured by a Ranque–Hilsch vortex
device. The reactor is operated in batch mode for liquid (and
solid) phase and semi-batch mode for the gas phase. In order to
work at constant pressure, H2 contained in a pressurised gas
tank was continuously added in the reactor via a pressure
regulator. 80 mL of 50 g L�1 xylose solution (0.33 M) and 1.2 g of
catalyst (molar ratio Ru/xylose of 0.45 mol%) were introduced in
the reactor, which was closed and purged with N2 before heat-
ing to the reaction temperature. Time zero was determined as
the moment when the reaction mixture reached the pro-
grammed temperature and the reactor was pressurized with 40
bar H2. Samples were taken regularly through a sampling valve
and ltered with 0.2 mm syringe lters. The absence of external
mass transfer limitations at 1600 rpm stirring rate was veried
experimentally by varying the stirring rate (ESI – Fig. S1†) and
the absence of internal mass transfer limitations was evaluated
through estimations of the Weisz-Prater criterion (see ESI† for
more details).
© 2021 The Author(s). Published by the Royal Society of Chemistry
Analytical methods

HPLC analysis was performed on a Shimadzu apparatus
equipped with a RID detector and a Phenomenex Rezex RPM
column at 80 �C with pure ltered water as a mobile phase, 0.6
mL min�1. Additionally, a Phenomenex Rezex ROA column and
a Phenomenex Rezex RCM column at 50 �C with acidied water
(0.005 N H2SO4) were used to conrm the identication of
sugars and polyols by comparison with retention times of
commercial standards. External calibration with four levels was
used for quantication of sugars and polyols. Typical chro-
matograms are presented in ESI – Fig. S2.† The catalytic tests
were duplicated and relative errors values were calculated from
the HPLC analysis results and represented below as error bars.

The following calculations were used in this work, based on
concentrations in mol L�1:

Conversionðmol%Þ ¼ ½xylose�0 � ½xylose�t
½xylose�0

(2)

Yieldðmol%Þ ¼ ½product�t
½xylose�0

(3)

Selectivityðmol%Þ ¼ ½product�t
½xylose�0 � ½xylose�t

(4)

Carbon balanceð%Þ ¼
P

i

�½compound i�t �N i
C �MC

�

½xylose�t �N
xylose
C �MC

(5)

With initial concentration and concentration at time t (mol
L�1), Ni

C is the number of carbon atoms,MC is the molar mass of
carbon (12 g mol�1). Product can be Xylitol or other by-products
(Lyxose, Xylulose, Ribulose, Ribitol or Arabitol). Compound can
be Xylose, Xylitol or other by-products (Lyxose, Xylulose, Ribu-
lose, Ribitol or Arabitol).

Calculations of kinetic constants, energy of activation (Ea)
and Turn-Over Frequency (TOF) are detailed in ESI.†
Results and discussion
Catalysts preparation and characterization

Ru/TiO2 catalysts were prepared by incipient wetness impreg-
nation followed by calcination under N2 and reduction under
H2 and characterised by several techniques (Table 1). Ru
loading was veried aer preparation by ICP analysis. For Ru/
TiO2-A, a value of 0.9 wt.%Ru was found and for Ru/TiO2-R,
a value of 0.6 wt.%Ru was found.

XRD analysis shows that in Ru/TiO2-A, the support is a pure
anatase phase with 11 nm mean crystallite size whereas in Ru/
TiO2-R, the support is made of bigger mean crystallite size (228
nm) and contains some anatase impurities (6%) (ESI – Fig. S5†).
The diffraction peak intensities are much higher for TiO2-R
than for TiO2-A, revealing higher degree of crystallinity, in
accordance with the crystal sizes measured. Ruthenium is not
visible on both diffractograms, probably because of its low
loading on each support.
RSC Adv., 2021, 11, 39387–39398 | 39389
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Table 1 Characterization of Ru/TiO2 catalysts

Catalyst Ru/TiO2-A Ru/TiO2-R

XRD Crystalline phase 100% anatase 94% rutile – 6% anatase
ICP-OES Ru loading (wt%) 0.86 � 0.03 0.61 � 0.07
Physisorption BET specic surface area (m2 g�1) 122 � 12 2 � 0.2

Pore volume (mL g�1) 0.45 � 0.05 0.01 � 0.001
Mean pore sizea (nm) 11 � 1 n.d

FTIR IR bands 1625 cm�1 (H2O-ads), 3300 cm�1

(n(O–H)), 400–500 cm�1 (n(Ti–O–Ti))
Weak 3300 cm�1 (n(O–H)), 400–
500 cm�1 (n(Ti–O–Ti))

TEM Ru nanoparticles Small nanoparticles,
homogeneously dispersed, 2.4 nm
mean diameter

Heterogeneous dispersion, from
1 nm to 100 nm, presence of
aggregates, 12.5 mean diameter

H2 chemisorption Ru accessibility (number of
available Ru atoms, RuA)

8.61 mmol g�1 8.99 mmol g�1

a Calculated using the BJH method.
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N2 physisorption isotherm of Ru/TiO2-A (ESI – Fig. S6†)
corresponds to a type IV isotherm with H3 hysteresis loop
typical of mesoporous materials with disordered pore
network.35 For Ru/TiO2-R, the isotherm shape corresponds to
minor condensation of N2 in mesopores and major condensa-
tion in inter-particles void (mix of Type IV and Type II
isotherms), thus indicating a mostly non porous material. The
specic BET surface area of TiO2-A is high (more than 100 m2

g�1) compared to TiO2-R (less than 2 m2 g�1). The mean pore
diameter of TiO2-A is 11 nm (Table 1), largely superior to the
hydrodynamic radius of sugars, estimated to be lower than 4 Å
for xylose.36,37
Fig. 1 FTIR spectra of Ru/TiO2-A (a) and Ru/TiO2-R (b).

39390 | RSC Adv., 2021, 11, 39387–39398
Hence, both supports exhibit very different bulk properties.
FTIR was used to characterize surface groups of both catalysts
(Fig. 1). Three main bands can be observed on FTIR spectra of
catalysts: broad stretching band corresponding to surface O–H
bonds around 3300 cm�1, a small band at 1625 cm�1 corre-
sponding to adsorbed water, and an intense band between 400
and 500 cm�1 corresponding to Ti–O–Ti stretching bond.38,39

Spectra corresponding to TiO2 and corresponding to Ru/TiO2

are identical. However, the comparison of TiO2-A and TiO2-R
spectra shows some differences: the band corresponding to
adsorbed water at 1625 cm�1 is only visible on TiO2-A, indi-
cating that this support is more favourable to water adsorption,
i.e. is more polar; the band corresponding to O–H group is also
more intense on TiO2-A. The band corresponding to Ti–O–Ti is
present on both spectra. The presence of –OH groups on
anatase and rutile was described in the early 1970's by Primet
et al.40 It was demonstrated that these groups could have a weak
basic or a medium acidic behaviour. Moreover, electronic
vacancies on the surface of TiO2, and particularly on TiO2

anatase, creates strong Lewis acid sites, which can also form
Brønsted acid sites in the presence of adsorbed water.38,41

Potentiometric titration of TiO2-A and TiO2-R supports was
performed to evaluate their acidity (Table 2). This method has
the advantage to measure acid sites in the presence of liquid
water, therefore in environmental conditions close to the reac-
tion. TiO2-A exhibited 3 different types of acid sites with
different strengths. The most numerous ones are the weaker
ones, with a concentration of 249 mmol g�1 and pKa 9.3.
Stronger acid sites with a concentration of 152 mmol g�1 and pKa

8.6 and then concentration of 152 mmol g�1 and pKa 6.2 were
also detected. On the contrary, TiO2-R only bears acid sites with
pKa 8.6 in a concentration of 27 mmol g�1.

These results are in agreement with the analysis of acid sites
in gas phase described in literature:41 anatase bears medium
Brønsted acid sites and strong Lewis acid sites and rutile is
much less acidic than anatase. In total, Ru/TiO2-A holds 466
mmol g�1 and TiO2-R 27 mmol g�1 acid sites. Both supports have
very different specic surface area, as stated before. The density
of acid sites on this surface is 3.8 mmol m�2 for TiO2-A and 13
mmol m�2 for TiO2-R, evidencing that the acidity of TiO2-A
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Acidity of TiO2-A and TiO2-R supports

Support TiO2-A TiO2-R

Weak acid sites
Concentration (mmoleq. H+ g

�1) 249.67 —
pKa 9.3 —

Medium acid sites
Concentration (mmoleq. H+ g

�1) 152.59 27.18
pKa 8.6 8.6

Strong acid sites
Concentration (mmoleq. H+ g

�1) 63.35 —
pKa 6.2 —

Total acid sites
Concentration (mmoleq. H+ g

�1) 465.61 27.18
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support is mainly a consequence of its large specic surface
area.

Given these differences in supports properties, one could
expect different dispersions of ruthenium and different metal–
support electronic interactions on each TiO2 support.42–44
Fig. 2 TEM pictures of Ru/TiO2-R (up) and Ru/TiO2-A (down), with the

© 2021 The Author(s). Published by the Royal Society of Chemistry
Concerning metal dispersion, STEM analysis revealed major
differences between both catalysts (Fig. 2, Table 1). Ru/TiO2-A
exhibits small nanoparticles, visible as white nanospheres on
the gray support, with a homogeneous dispersion in size and on
the support. On the contrary, Ru/TiO2-R exhibits a larger range
of particle sizes, from small nanoparticles to large aggregates.
The dispersion on TiO2-R support is very heterogeneous with
large zones of support where ruthenium is absent and small
zones with a high density of ruthenium, as shown by EDX
mapping on Fig. S7 (ESI†). Histogram of nanoparticles is cen-
tred on 2–2.5 nm for Ru/TiO2-A, with 2.4 nm mean diameter,
and on 7–9 nm for Ru/TiO2-R, with 12.5 nm mean diameter.

TPR analysis was performed on pre-oxidised samples of both
Ru/TiO2 catalysts (Fig. 3). Different reduction proles were
observed. For Ru/TiO2-R, a rst peak was observed at 89 �C,
corresponding to RuO2 that have no interaction with the
support30 and a second smaller and broader peak around 150 �C
corresponds to RuOx in strong interaction with TiO2.30 There-
fore, for Ru/TiO2-R catalyst, RuO2 would correspond to large Ru
particles and represent 68% of reductible species and RuOx

corresponding to small particles in strong interaction with
support corresponds to 32% of reductible species. For Ru/TiO2-
corresponding histograms of Ru nanoparticles size.
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Fig. 3 Reduction profiles of Ru/TiO2 catalysts.

Fig. 4 Xylose hydrogenation over Ru/TiO2-R (a) and Ru/TiO2-A (b).
Reaction conditions: 120�C, 40 bar H2, 0.33 M xylose, molar ratio Ru/
xylose 0.45%.

Fig. 5 Xylose hydrogenation over TiO2-R and TiO2-A. Reaction
�

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 3

/7
/2

02
6 

2:
00

:2
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
A, two reduction peaks are visible at low temperature (57 �C and
88 �C) and a large, broader peak centred around 320 �C. The
latter represents 56% of reducible species on the sample. Peaks
at low temperature should be similar to RuO2 species observed
on Ru/TiO2-R whereas the peak at high temperature is an
indication of RuOx nanoparticles as the dominant Ru species.
The difference in temperature reduction for RuOx species
between both catalysts (+170 �C for Ru/TiO2-A) shows that
metal–support interactions are much stronger on Ru/TiO2-A
than on Ru/TiO2-R.

In summary, TiO2-A and TiO2-R supports differs by their
physical–chemical properties. TiO2-A is a mesoporous material
with relatively high specic surface area, the main crystalline
phase is anatase, with a low crystallinity. This support contains
acidic sites, which could correspond to Lewis acid sites Ti4+ on
TiO2 surface. On the other hand, TiO2-R is a poorly porous
material with low specic surface area; the main crystalline
phase is rutile, with a high crystallinity and quite neutral
surface properties. Ruthenium impregnation on both supports
gave different catalysts. Ru/TiO2-A holds small, homogeneously
dispersed Ru nanoparticles, most of them in strong interaction
with TiO2 support, but the amount of surface ruthenium atoms
able to activate H2 is low. Ru/TiO2-R bears also small nano-
particles in strong interaction with TiO2 support (although this
interaction is weaker than for Ru/TiO2-A) and larger aggregates
with weak metal–support interaction and with a heterogeneous
dispersion; the amount of surface ruthenium atoms able to
activate H2 corresponds to the dispersion of ruthenium
observed by microscopy. Finally, the amount of available
ruthenium atoms (RuA) is similar for both catalysts: 8.99 mmol
g�1 and 8.61 mmol g�1 for Ru/TiO2-R and Ru/TiO2-A, respec-
tively. Normalized with the specic surface area of each
support, the surface density of ruthenium atoms is 4.2 � 1017

Ru m�2 for Ru/TiO2-A and 18 � 1019 Ru m�2 for Ru/TiO2-R,
based on ruthenium content, which explains that ruthenium
wasmuchmore easily dispersed in small nanoparticles on TiO2-
A than on TiO2-R, resulting in smaller nanoparticles in the
former case. On the contrary, the density of active ruthenium
atoms (RuA, as measured by chemisorption) is 7.3� 108 Ru m�2
39392 | RSC Adv., 2021, 11, 39387–39398
for RuA/TiO2-A and 4.3 � 106 Ru m�2 for RuA/TiO2-R. It can be
concluded that on the large surface area of TiO2-A, the avail-
ability of ruthenium is limited, because of strongmetal–support
interactions.

Xylose hydrogenation over Ru/TiO2 catalysts

Xylose hydrogenation over Ru/TiO2-R at 120 �C produced xylitol
with 100% selectivity (Fig. 4a). The conversion was complete
aer 2 h. No xylitol degradation was observed aer the end of
the reaction.

On the contrary, xylose hydrogenation over Ru/TiO2-A led to
61% conversion aer 4 h, indicating a reaction rate much lower
conditions: 120 C, 40 bar H2, 0.33 M xylose.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of temperature during xylose hydrogenation over Ru/TiO2-R on xylose conversion (a) and on xylitol selectivity (b) and over Ru/
TiO2-A on xylose conversion (c) and on xylitol selectivity (d). Reaction conditions: 100-140�C, 40 bar H2, 0.33 M xylose, molar ratio Ru/xylose
0.45%.
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than for Ru/TiO2-R (Fig. 4b). Xylitol was produced with low
selectivity around 52% at 10% conversion and decreasing to
17% at 60% of conversion. This continuous decay in selectivity
with increasing conversion seems to indicate that the catalyst
favours side-reactions producing unexpected by-products.

Moreover, in a comparable blank experiment, the supports
were tested without ruthenium. TiO2-R exhibited a negligible
activity in xylose conversion whereas TiO2-A led to an important
conversion of xylose (Fig. 5) and to the formation of various by-
products, some of them corresponding to the products obtained
with Ru/TiO2-A. This point will be discussed in detail below.

By comparison, blank experiments without any solid catalyst
nor support gave only a negligible level of conversion at 120 �C
aer 4 h (less than 10%).
Effect of temperature on xylose hydrogenation

The effect of temperature on catalytic performances was inves-
tigated for both catalysts between 100 �C and 140 �C (Fig. 6). For
Ru/TiO2-R, an increase in temperature led to an increase in
xylose conversion rate and xylitol selectivity remained
unchanged and superior to 90mol%, whatever the temperature.
For Ru/TiO2-A, an increase in temperature led to an increase in
xylose conversion but also to a sharp decrease in xylitol
© 2021 The Author(s). Published by the Royal Society of Chemistry
selectivity. This indicates the predominance of side-reactions at
high temperatures with Ru/TiO2-A catalyst.
Formation of by-products during xylose hydrogenation over
Ru/TiO2-A

Numerous by-products were observed on HPLC chromatograms
when Ru/TiO2-A was used as a catalyst (see ESI, Fig. S2†).
Xylulose, lyxose, ribulose, arabitol and ribitol were identied
during xylose hydrogenation on Ru/TiO2-A and TiO2-A alone.
Ribose and arabinose were not detected. The evolution of xylose
conversion products with Ru/TiO2-A catalyst is represented on
Fig. 7a. Xylulose and lyxose are isomer and epimer of xylose,
respectively. Ribulose can be formed by epimerisation of the C3
carbon on xylulose.

When TiO2-A alone was used as a catalyst, xylulose was
formed selectively at the very beginning of the reaction, and
then converted into other products (Fig. 7b). Lyxose was formed
as a secondary product, most probably by isomerisation from
xylulose, even if a small contribution of direct epimerisation
from xylose cannot be discarded. Ribulose was observed in
minor amount aer 1 h of reaction, most probably from xylu-
lose. All pentoses also seem to degrade into other products over
the course of reaction. When Ru/TiO2-A was used as catalyst,
xylulose is also present with a high selectivity at the beginning
RSC Adv., 2021, 11, 39387–39398 | 39393
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Fig. 7 By-products molar selectivities during xylose hydrogenation
over Ru/TiO2-A (a) and TiO2-A alone (b). Reaction conditions: 120�C,
40 bar H2, 0.33 M xylose, molar ratio Ru/xylose 0.45%.

Fig. 8 Reaction network during xylose hydrogenation.

39394 | RSC Adv., 2021, 11, 39387–39398
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of the reaction, and lyxose as a secondary product when
conversion increases. However, the presence of ruthenium
leads to the hydrogenation of pentoses to form arabitol, from
lyxose and xylulose, and ribitol, most probably from xylulose via
a ribulose intermediate (Fig. 8). Ribulose itself was not observed
in this case. At high conversion, all selectivities decrease, indi-
cating the formation of degradation products.

The interconversion of aldoses can occur through different
mechanisms. In the presence of a base or a Lewis acid catalyst,
isomerization of aldoses into ketoses and reversely can occur
through a Lobry de Bruyn–Alberda van Ekenstein mechanism
(LdB-AvE) through an enediol intermediate and an intra-
molecular hydrogen shi.45–48 This reaction is well known for
producing fructose from glucose over Sn-BEA zeolite catalysts.49

The isomerisation of xylose into xylulose and to a lesser extent,
lyxose (formed by the reverse isomerization of xylulose) as well
of arabinose into ribose was also reported on Sn-BEA zeolites or
Nb2O5 catalysts.49–51 The direct epimerisation of xylose into
lyxose (or arabinose into ribose) can also occur through a Bilik
reaction with a carbon shi and a rotation of C2–C3 bond.47 It
was described in the presence of a Lewis acid catalyst and
a complexation agent (e.g. borate, calcium),52–54 or using
molybdenum-based catalysts.55 Ti-doped zeolite was also active
for isomerisation and epimerisation of glucose, the activity was
attributed to Ti4+ Lewis acid sites.52,56 The temperature used for
isomerisation of sugars ranges between 60 to 120 �C, which is
compatible with the experimental conditions applied in our
catalytic experiments.

The acidity of TiO2-A and TiO2-R was investigated above. The
presence of acid sites on TiO2-A was observed and attributed to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Simplified reaction network of xylose hydrogenation.

Fig. 10 Concentration profiles for xylose hydrogenation over Ru/TiO2

catalysts: Ru/TiO2-R (a) and Ru/TiO2-A (b). Dots correspond to
experimental data and lines correspond to kinetic modelling data.
Reaction conditions: 120�C, 40 bar H2, 0.33 M xylose, ratio Ru/xylose
0.45%.
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–OH groups and Ti4+ species on TiO2 surface. These sites are
assumed responsible for isomerisation and/or epimerisation
activities. As these reactions are catalysed only by Lewis acid
sites, it is assumed that a large part of the acid sites detected on
TiO2-A are Lewis acid sites. On the contrary, TiO2-R does not
bear enough acid sites and to be active for xylose conversion
into other pentoses.

Moreover, all pentoses can undergo hydrogenation to three
corresponding polyols: arabitol, ribitol, xylitol, as described on
Fig. 8. Therefore, apparent Ru activity is not limited to xylitol
production but also include ribitol and arabitol production;
indeed, the overall reaction system is a complex network of
parallel and consecutive reactions. Although this was not the
© 2021 The Author(s). Published by the Royal Society of Chemistry
point of this research, this result is also, to the best of our
knowledge, the rst report of ribitol production from ribulose
over a Ru/TiO2 catalyst.

Finally, it is worth noting that the carbon balance is
decreasing during xylose reaction over Ru/TiO2-A (reaching 68%
aer 240 min at 120 �C) or TiO2-A (reaching 57% aer 240 min
at 120 �C), indicating the formation of unidentied products
through successive reactions (see ESI, Fig. S4†). This phenom-
enon was already described in literature (cf. ref. 47 and 50) and
the degradation products were identied as glycoaldehyde,
glyceraldehyde, dihydroxyacetone, and at higher temperatures
lactic acid, HMF, furfural. Traces of lactic acid, acetic acid and
furfural were detected in the products of xylose hydrogenation
over Ru/TiO2-A in our study but in amounts too low to be
quantied. The formation of humins, i.e. unidentied carbo-
naceous compounds, is assumed and corroborated by the
change in colour of the solution from colourless to light-brown.
First approach of kinetics of sugars hydrogenation

The detailed analysis of reaction products led to a detailed
reaction mechanism (Fig. 8). In this mechanism, several sugars
are hydrogenated in several polyols. A basic kinetic model was
built to determine simply but quantitatively the hydrogenation
activity of both ruthenium catalysts (Fig. 9). The model is based
on a simplied mechanism were the four identied pentoses
are reasonably lumped together (“sugars”) as well as the three
polyols products (“polyols”). Therefore, two reactions were
included in themodel: the hydrogenation of sugars into polyols,
with a kinetic constant kH, and the degradation of sugars into
unknown products, kD. The following hypotheses were made: (i)
reaction orders were assumed to be 1 for sugars and 0 for H2 (i.e.
H2 concentration was assumed constant because the system is
constantly fed with gaseous H2 to maintain constant H2 pres-
sure), (ii) volumes of liquid and solid were assumed constant,
(iii) kinetic constants are apparent pseudo-rst order rate
constants including a factor corresponding to the catalyst
concentration. Details on kinetic modelling are given in ESI.†

Fig. 10 depicts the experimental results and the modelling
results obtained at 120 �C for both catalysts. A good agreement
between experimental and modelling results was observed at all
studied temperatures, as shown on parity plot (Fig. S3 in ESI†).

At 120 �C, kinetic constant for hydrogenation rate kH was 20
times higher for Ru/TiO2-R than for Ru/TiO2-A, resulting in a 20-
fold increase in initial reaction rate. This illustrates the superior
catalytic activity of Ru/TiO2-R. Kinetic constant for degradation
RSC Adv., 2021, 11, 39387–39398 | 39395
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Table 3 Kinetic parameters – sugars hydrogenationa

Ru/TiO2-R Ru/TiO2-A

Kinetic constant/hydrogenation kH,120 �C (103 min�1) 24.4 1.3
Initial TOF/hydrogenation TOF0,120 �C (s�1) 0.990 0.052
Kinetic constant/degradation kD,120 �C (103 min�1) 0.22 2.8
Initial TOF/degradation TOFDEG0,120 �C (s�1) 0.003 0.002
Activation energy/hydrogenation (kJ mol�1) 83.7 18.5
Activation energy/degradation (kJ mol�1) 147.9 106.2

a Detailed calculation of k, TOF and Ea are presented in ESI.
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rate kD was negligible for Ru/TiO2-R, which corresponds to the
high selectivity for xylitol observed earlier. On the other hand,
degradation rate for Ru/TiO2-A was almost twice higher than
hydrogenation rate, which explains the low selectivity for xylitol.

As Ru/TiO2-R exhibited a higher accessibility of Ru atoms, its
superior activity in xylose hydrogenation was expected. Turn-
over frequency (TOF) values were calculated to normalize
ruthenium catalytic activity by the number of surface ruthe-
nium atoms able to activate H2 (cf. ESI†). TOF reaches 0.990 s�1

for Ru/TiO2-R and only 0.052 s�1 for Ru/TiO2-A at 120 �C, which
indicates a lower activity of ruthenium catalytic sites on Ru/
TiO2-A (Table 3). Therefore, Ru/TiO2-A's low activity cannot be
completely explained by the low amount of accessible ruthe-
nium atoms but also by a lower intrinsic activity of catalytic sites
for hydrogenation. As a comparison, Lee et al. measured
a initial TOF of 0.688 s�1 at 100 �C for xylose hydrogenation over
3%Ru/Al2O3 (ref. 21) whereas our Ru/TiO2-R catalyst reached
0.469 s�1 at the same temperature and similar operating
conditions.

With the same methodology, TOFdeg for degradation reac-
tion were calculated from acid sites concentration (see Table 3)
and the initial rate of degradation reaction at 120 �C. The values
obtained were 0.003 s�1 for Ru/TiO2-R and 0.002 s�1 for Ru/
TiO2-A. Therefore, the degradation activity per acid sites is
similar for both catalysts. The high selectivity for degradation
products in the presence of TiO2-A is thus a consequence of its
large specic surface area.

Activation energies were calculated following the Arrhenius
law (see ESI†). For Ru/TiO2-R, activation energy determined
from hydrogenation rate was 83.7 kJ mol�1. In literature, acti-
vation energies for xylose hydrogenation vary from 32 kJ mol�1

(over Raney nickel)11 to 53 kJ mol�1 (ref. 57) or 82 kJ mol�1 (ref.
58) (over ruthenium). Our results are in accordance with the
values reported. For Ru/TiO2-A, activation energy determined
from hydrogenation rate was 18.5 kJ mol�1, indicating a mech-
anism different for polyols production, in accordance with the
reaction network shown on Fig. 8, and activation energy deter-
mined from degradation rate was 106.2 kJ mol�1. These values
of Ea are consistent with the low xylitol selectivity at 140 �C
observed for Ru/TiO2-A (Fig. 6): at high temperature, degrada-
tion is favoured over hydrogenation, whereas at low tempera-
ture, xylitol production is favoured over sugars degradation.

In summary, the support TiO2-A is responsible for two
phenomena in xylose reactivity:
39396 | RSC Adv., 2021, 11, 39387–39398
(i) A decrease in xylose conversion, i.e. a decrease in catalytic
activity, which is linked with a decrease in ruthenium sites
active for hydrogenation;

(ii) A decrease in xylitol selectivity, which corresponds to the
formation of by-products through undesired reactions and
therefore to the presence of different catalytic sites on the
support.

Therefore, contrary to the study of Hernandez-Mejia et al. on
Ru/TiO2 support effects during xylose hydrogenation,27 we
attribute the higher activity and selectivity of Ru/TiO2-R not to
the presence of smaller Ru nanoparticles but rather to the
higher ability of ruthenium active sites to activate H2 on Ru/
TiO2-R.
Conclusions

The role of TiO2 support in the hydrogenation of xylose over Ru/
TiO2 catalysts was investigated by preparing Ru catalysts with
two different TiO2 materials: an anatase TiO2 support with
a large specic surface area, large pore volume and medium
surface acidity, and a rutile TiO2 support without porosity and
negligible surface acidity.

The synthesis of Ru/TiO2 catalysts from these two supports
gave two different catalytic materials: Ru/TiO2-R bears large
ruthenium nanoparticles in weak interaction with TiO2 support,
whereas Ru/TiO2-A bears small ruthenium particles in strong
interaction with TiO2 support.

Whereas one would expect that small, well-dispersed nano-
particles would result in higher catalytic activity for hydroge-
nation reaction, the opposite happened. Ru/TiO2-A was less
efficient to activate H2, as evidenced by chemisorption
measurements. It was also less active for xylose hydrogenation,
with initial hydrogenation TOF 20 times slower than for Ru/
TiO2-R. This lack of activity was attributed to strong metal
support interactions between small ruthenium nanoparticles
and TiO2 anatase support.

Moreover, the selectivity of the reaction is also impacted by
the type of support. Ru/TiO2-R led to a xylitol selectivity close to
100% at all studied temperatures. In presence of Ru/TiO2-A
xylitol selectivity decreased with conversion. The low selectivity
in presence of TiO2 anatase was explained by the formation of
multiple by-products on TiO2 catalytic sites, including several
pentoses isomers of xylose: xylulose, lyxose, ribulose, and the
corresponding polyols: arabitol, ribitol. The presence of Lewis
© 2021 The Author(s). Published by the Royal Society of Chemistry
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acid sites on TiO2 surface is assumed responsible for this
particular reactivity.

In conclusion, TiO2 support plays an important role in the
reactivity of Ru/TiO2 catalysts. It has been demonstrated that
TiO2 rutile, even with a small specic surface area, is the best
option for xylitol production. Alternatively, Even if TiO2 anatase
present textural properties can compatible with better active
phase dispersion, it also produces various pentoses and polyols
from a single sugar, xylose due to its acidic character. This work
underlines the importance of choice of support in metal–sup-
ported catalysis and of its appropriate and ne characterization.

Although the formation of xylose isomers and polyols is due
to serendipity, it can represent a new approach in the synthesis
of rare sugars and rare polyols from available resources. We
present here a new reactivity of TiO2, which is a simple, robust
and commercial material, as an alternative for the production of
xylulose and lyxose from xylose. Moreover, the production of
ribitol and arabitol from these pentoses was also evidenced in
the presence of ruthenium.
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