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Abstract: Hemicelluloses are a major component of lignocellulosic biomass. Different sugars can be obtained from hemicelluloses: xylose, 

arabinose, galactose, mannose, glucose. Their catalytic hydrogenation produces polyols: xylitol, arabinitol, dulcitol, mannitol, sorbitol, which are 

valuable chemicals and platform molecules. In this paper, the hydrogenation of sugars was investigated with a Ru/TiO2 catalyst. The influence 
of temperature, pressure, xylose concentration and catalyst amount was studied for xylose hydrogenation and a Langmuir-Hinshelwood kinetic 

model was designed. The comparative study of five hemicellulose sugars showed a strong impact of sugar structure on hydrogenation rate: 

hexoses (glucose, mannose, galactose) react slower than pentoses (xylose, arabinose). 

Introduction 

Biomass is the only abundant renewable source of carbon for chemicals.[1,2] With the incentive of climate change mitigation and 
reduction of dependence on oil-based resources, the importance of bioeconomy and bio-based chemistry is gaining importance 
worldwide[3,4] and particularly in Europe: the European market of bio-based chemicals has recently been estimated at c.a. 177 bn €. 
For 2030, the target of European Green New Deal has been set at 25% of bio-sourcing in chemistry.[5] 
Among various sources, lignocellulose is the most promising terrestrial and non-edible biomass. It represents the major part of fibrous 
plants (e.g. trees, grasses, straws). Lignocellulose is a composite material constituted of three biopolymers: cellulose (40-60%), a 
gluco-polysaccharide; hemicelluloses (20-40%), which are hetero-polysaccharides; and lignin (15-40%), an aromatic- and phenolic-
based biopolymer.[6] Therefore, hemicelluloses are major components of lignocellulose. Their valorisation can play a major role in the 
future development of biorefineries. 
Hemicelluloses tether cellulose microfibrils in the cell walls of plants and strengthen them. They present a large variety of polymeric 
structures (e.g. linear, branched) and of monomer units (hexoses, pentoses, acetyl groups, aldonic acids). They are usually categorized 
in different types according to their sugar composition: xylans, mannans, β-glucans, xyloglucans, galactans, arabinans and 
arabinogalactans.[7,8] Several hemicelluloses types can be present in a plant in various proportions: xylans are predominant in 
hardwoods, mannans in softwoods, xylogulcans in grasses. 
Five sugars are present in hemicelluloses: two pento-aldoses, xylose and arabinose; and three hexo-aldoses, glucose, mannose and 
galactose (Scheme 1). With the exception of glucose, all these sugars are found exclusively in hemicelluloses. They can be produced 
by hydrolysis with enzymatic catalysts or with mineral acids.[9,10] Heterogeneous catalysts have also been investigated for this 
reaction.[11,12] 
The reduction of hemicellulose sugars leads to the corresponding polyols: xylitol, arabitol, sorbitol (from glucose), mannitol, dulcitol 
(from galactose) (Scheme 1). Sorbitol and mannitol are produced at industrial scales by catalytic hydrogenation of glucose or inverted 
sugar (hydrolysed sucrose, i.e. mixture of glucose and fructose). Xylitol is produced industrially by catalytic hydrogenation of xylose 
coming from xylan (from birch or corncob).[13] Xylitol market in 2016 was estimated c.a. 190 kt/year.[14] Polyols have a high added value 
in pharmaceutical and agro-food industries as low-calories sweeteners and additives (sorbitol = E420; mannitol = E421; xylitol = 
E967).[13] Because they do not have any petrochemical alternatives, polyols can also be interesting building blocks for organic synthesis, 
and as such, xylitol and sorbitol have been included in several reports on the most promising molecules from biomass.[15,16] They can 
also be used in polymers manufacturing.[14] 
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Scheme 1. Hydrogenation of ex-hemicelluloses sugars. 

Catalytic hydrogenation of sugars is an industrial process but to our surprise, literature on hydrogenation catalysts for sugars other than 
glucose and, to a lesser extent, xylose, is rare. 
Xylose and glucose hydrogenation has been studied with metal supported catalysts. Historically, Ni Raney has been applied for polyol 
production; however, nickel leaching led to contamination issues for food applications. Among noble metals, Ru was the most active 
for the conversion of sugars into polyols in literature.[17] It surpassed the performances of other notable metals such as Ni, Rh, Pt and 
Pd.[17–19] Bimetallic PtSn catalysts have also been proposed.[20] Besides, Co catalyst has recently been proposed as an alternative to 
noble metals for xylose hydrogenation.[21] Due to their good resistance to hydrothermal conditions, the activated carbon and titanium 
dioxide are good support candidates for sugars hydrogenation. 
Few publications have compared the reactivity of different hemicellulosic sugars during hydrogenation. It was observed in a few rare 
studies that sugar structure could influence the hydrogenation reactivity. Zhang et al. observed that hexoses (glucose, galactose, and 
mannose) required higher temperatures (110°C versus 100°C for pentoses) to achieve the same conversion as pentoses (xylose, and 
arabinose).[18] Using NiFe nanoparticles as catalysts, Ullah et al. observed higher conversions for xylose, mannose and rhamnose than 
for arabinose and galactose.[22] With Ru/Al2O3 catalyst, higher yields in polyols where obtained from xylose and fructose than for 
mannose and galactose at full conversion.[23] Simultaneous hydrogenation of galactose and arabinose was studied by Sifontes Herrera 
et al.[24] and Müller et al.[25] Both teams observed that arabinose hydrogenation was faster than galactose hydrogenation and estimated 
similar activation energies for arabinose and galactose; the former team assumed a negligible adsorption of galactose on Ru, whereas 
the latter team assumed a negligible adsorption of arabinose on Ru. Simultaneous hydrogenation of xylose, glucose and arabinose 
over Ru catalysts indicated a slightly slower rate of hydrogenation for glucose but this difference was sometimes negligible depending 
on the catalytic system.[26] In a different scope, Lari et al. observed that the combination of epimerisation and hydrogenation depends 
on the type of sugar, with higher reaction rate for arabinose, then glucose, then xylose, over Ru/C catalyst doped with Mo.[27] 
Furthermore, the hydrogenation of sugars mixture produced by hydrolysis of hemicelluloses without purification has been investigated 
with Ni Raney catalyst on corn straw hydrolysates,[28] with ruthenium catalysts (hydrolysates from pure xylan,[29,30] sugarcane 
bagasse,[31] from birch[32] or from wheat bran[26]), or with bimetallic Ru-Ni catalysts (hydrolysates from sugarcane bagasse[33]). The 
presence of impurities such as furans or proteins can deactivate the catalyst. 
Kinetic models have been proposed for sugars hydrogenation with catalysts such as Raney nickel catalyst,[34] Ru/C. Generally, the 
kinetics follow a Langmuir-Hinshelwood type mechanism, considering the competition between sugar and H2 for the catalytic active 
site, but as far as we know, no adsorption studies have been carried out to measure the adsorption of the reactants and products. The 
desorption step of sugar alcohol was never considered in the literature. Kinetic modelling studies have generally been based on the 
hydrogenation of pure individual sugars or binary mixtures, and more rarely on the hydrogenation of hydrolysates of biomass: a 
Langmuir-Hinshelwood model has been used for the hydrogenation of sugars in biomass hydrolysates[31] and a pseudo-homogeneous 
first order model in two other studies.[30,33] 
In the present paper, Ru/TiO2 catalyst was prepared and applied to the hydrogenation of hemicellulosic sugars. The influence of reaction 
conditions was investigated for xylose hydrogenation and mass transfer limitations were estimated. A kinetic model based on Langmuir-
Hinshelwood mechanism was designed and used to estimate kinetic parameters. The impact of sugar structure on initial reaction rate 
was investigated and discussed. 

Results and Discussion 

Catalyst preparation and characterisation 
Ru/TiO2 catalyst was prepared by incipient wetness impregnation followed by calcination under N2 and reduction under H2 and 
characterised by several techniques (Table S1 in ESI). The preparation and characterisation of Ru/TiO2 catalysts was detailed in 
another publication from our group.[35] Briefly, characterisation results show that the catalyst is composed of nanoparticles of Ru°, 
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weakly dispersed on a TiO2 rutile support with a very low surface area (non-porous material). Our previous results have shown that 
despite of the low dispersion of ruthenium, this catalytic formulation is suitable for highly selective hydrogenation. 
 
Xylose hydrogenation with Ru/TiO2 
Xylose hydrogenation was performed in batch mode, at 120°C. Without catalyst, the thermal degradation of xylose was inferior to 10 % 
after 4 h. In the presence of Ru/TiO2, xylose was completely converted after 2 h and xylitol was formed with a selectivity of ca. 100 % 
(Figure 1). For the sake of simplicity, Ii the following paragraphs the reaction advancement will be represented through xylose 
conversion only. Under our operating conditions, xylitol selectivity during xylose hydrogenation was always superior to 97% except 
when temperature was increased to 140°C (see below). 
 

 

Figure 1. Xylose hydrogenation over Ru/TiO2 catalyst. Reaction conditions: 120°C, 40 bar H2, 0.33 M xylose, ratio Ru/xylose 0.45%, stirring rate 1600 rpm. 

Influence of mass transfer limitations 
The absence of external and internal mass transfer limitations in xylose hydrogenation over Ru/TiO2 at 120°C, 40 bar was established 
by calculating Froude numbers and Weisz moduli (see ESI for details). This statement is valid for all the experimental conditions studied 
in this article: 80-120°C, 20-40 bar, catalyst concentration 5-15 g.L-1. 
 
Influence of reaction conditions in xylose hydrogenation 
The influence of experimental conditions on xylose hydrogenation over Ru/TiO2 was determined by varying each reaction parameter 
independently (Figure 2). 
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Figure 2. Influence of catalyst amount (a), stirring rate (b), H2 pressure (c), xylose concentration (d) on xylose hydrogenation over Ru/TiO2. Reaction conditions: 40 
bar H2, 0.33 M xylose, ratio Ru/xylose 0.15%, stirring rate 1600 rpm. 

 
Mass of catalyst (Figure 2-a). Varying the catalyst amount from 400 mg to 1200 mg leads to a proportional variation in conversion rate 
and yield. As expected, there is a clear correlation between the amount of catalyst, i.e. the number of catalytic sites, and the rate of 
xylose hydrogenation in aqueous phase. 
Stirring rate. Changing the stirring rate from 400 rpm to 1600 rpm led to a slight increase in the rate of xylose hydrogenation to xylitol, 
close to the uncertainty of measurement. Therefore, the experiment did not evidence a strong impact of stirring rate and thus of external 
mass transfer limitation at the gas-liquid interface nor at the solid-liquid interface. These results are consistent with the calculation of 
Froude numbers (see ESI), showing the absence of external mass transfer limitations.  
Pressure of H2. Reducing the pressure of H2 from 40 bar to 20 bar did not influence the rate of xylose conversion, evidencing that 
hydrogen availability in aqueous phase is not a limiting factor in the reaction. The determination of Froude number for gas-liquid mass 
transfer at the corresponding pressures did not show any limitation of the reaction by hydrogen transfer from gas to liquid (see ESI). 
Concentration of xylose. Decreasing xylose concentration at constant catalyst concentration (i.e. xylose/catalyst ratio was decreased) 
led to a drastic increase in xylose conversion rate. 
Temperature. The effect of temperature was investigated between 80°C and 140°C. A significant increase in reaction rate (i.e. in rate 
of conversion) was observed when the temperature increased (Figure 3). At 140°C, the xylitol selectivity was only 88% at complete 
conversion (after 20 min) but was then stable for more than 3 hours, indicating that some by-products may be formed during xylose 
conversion at high temperature but xylitol itself is not degraded under our reaction conditions. The nature of by-products being formed 
remains unknown, as no additional peak was observed during HPLC analysis (see ESI, Fig S2). 
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Figure 3. Influence of temperature on xylose hydrogenation over Ru/TiO2. Reaction conditions: 40 bar H2, 0.33 M xylose, ratio Ru/xylose 0.15%, stirring rate 1600 
rpm. 

Finally, the following parameters were applied for the rest of the study: mass of catalyst 400 mg, reaction time 4 h, stirring rate 1600 
rpm and H2 pressure 40 bar, temperature 120°C and sugar concentration 0.33 M. These reaction conditions guarantee a kinetic regime. 
 
Kinetics of xylose hydrogenation 
The experimental results were used to determine kinetics parameters for xylose hydrogenation over Ru/TiO2. The experiments were 
carried out by varying the experimental conditions described in Table 1. 
 

Table 1. Experimental parameters of xylose hydrogenation. 

Parameter Value 

Number of experimental points 70 (6 or 8 per catalytic test) 

mcata - (0.77 %) Ru/TiO2 (g) 0.4, 0.8, 1.2 

Temperature (°C) 80, 100, 120, 140 

Pressure (bar) 40 

Liquid volume (L) 0.08 

Initial solution 
Pure xylose (0.08, 0.19, and 0.33 M) or 
xylitol (0.08 M) + xylose (0.33 M) 

C0,xylose (mol.L-1) 0.08, 0.16, 0.33, 0.5 

C0,xylitol (mol.L-1) 0 or 0.08 

 
Mass balances. The reaction was assumed to be 100% selective with xylose as the only reactant and xylitol as the only product. The 
mass balance in the liquid phase is given by Equation (1): 

𝑑𝐶௑௬

𝑑𝜏
= −

𝑑𝐶௑௢௛

𝑑𝜏
= −

𝑛௑௬బ

𝑉௅
. 𝑟 =

𝑛௑௢௛బ

𝑉௅
. 𝑟 (1) 

 
where CXy and CXoh are the reactant and product concentrations, respectively, VL is the liquid volume inside the reactor, and r is the 
reaction rate in molxylose.molRu

-1.min-1. τ stands for the contact time in molRu.min.molxylose
-1, calculated using the number of ruthenium 

moles (nRu, in molRu) the initial number of xylose moles (nxylose0, in molxylose), and the reaction time t, as given by Equation (2): 

𝜏ଵ =
𝑡. 𝑛ோ௨

𝑛௫௬௟௢௦௘బ

(2) 

Hypothesis for modelling xylose hydrogenation. (i) The absence of internal and external limitations was verified (see above). (ii) The 
H2 pressure did not influence the reaction rate during the experimental tests (see above) and the reactor was open in H2. Therefore, 
H2 concentration in water was assumed to be constant and equal to the concentration at thermodynamic equilibrium during the reaction. 
(iii) The reaction rate was assumed to follow the Arrhenius law. 
Kinetic model. Based on these hypotheses and previous kinetic studies from literature, a Langmuir Hinshelwood formalism was 
considered to set the reaction rate. This rate equation suggests that a surface bimolecular reaction is the rate determining step with an 
adsorption competition between the sugar and the polyol adsorbed on the active sites of the catalyst. The absence of H2 term in the 
denominator of the rate expression is justified according the literature where H2 is founded to have little influence on the sugars 
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hydrogenation at high pressure (above 30 bar), presenting low adsorption constants[24] or even not being considered in the kinetic 
model.[25] For example, Sifontes Herrera et al. estimated KH2 for the galactose or arabinose hydrogenation at least 100 times lower than 
the adsorption constants found for sugars and polyols.[24] Finally, according to our experimental observation of no influence of partial 
pressure of H2 on reaction rate (as already mentioned in the paper), we have assumed a zero-order for the numerator term in our 
kinetic rate expression. Consequently, seeking to improve the estimation of the kinetic parameters and considering the high pressure 
(40 bar) applied in our experiments, the following reaction rate was proposed. The xylose hydrogenation reaction rate was then defined 
by Equation (3): 

𝑟 =
𝑘. 𝐾௑௬. 𝐶௑௬

൫1 + +𝐾௑௬𝐶௑௬ + 𝐾௑௢௛𝐶௑௢ ൯
ଶ  (3) 

where r is the reaction rate, defined in molxylose.molRu
-1.min-1, KXy and KXoh are the adsorption equilibrium constants of xylose, and xylitol, 

respectively, and CXy and CXoh represent the concentrations of xylose and xylitol, respectively, in mol.L-1. 
The rate constant k follows the Arrhenius law, and the adsorption equilibrium constants follow the Van’t Hoff equations. To decrease 
the correlation between the pre-exponential factor/adsorption constant and the activation energy/adsorption enthalpy, a 
reparametrisation of the Arrhenius and the Van’t Hoff equations was applied [36], as defined by the Equation (4), which represents the 
Arrhenius equation: 

𝑘 = 𝑘்ೝ೐೑
𝑒𝑥𝑝 ቈ−

𝐸௔

𝑅
ቆ

1

𝑇
−

1

𝑇௥௘௙
ቇ቉ (4) 

where kTref is the frequency factor at the reference temperature (Tref) (mean value on the temperature range of this study). Ea is the 
activation energy in kJ.mol-1. T is the temperature in K, and R stands for the universal gas constant (8.314 J.K-1.mol-1). k0 is then 
calculated from kTref by the Equation (5): 

𝑘்ೝ೐೑
=  𝑘଴𝑒𝑥𝑝 ቆ−

𝐸௔

𝑅𝑇௥௘௙
ቇ (5) 

The same reparametrisation was applied to adsorption constants following Van’t Hoff equations. 
Estimation of kinetic parameters. The estimated parameters are presented in Table 2. The estimated activation energy is in the same 
range of values as those found in the literature with different ruthenium catalysts. 

Table 2. Estimated parameters for the xylose hydrogenation into xylitol kinetic model in batch mode. 

Parameter Value Unit 

kTref 22.37 ± 6.4 % molxylose.molRu
-1.min-1 

KXy, Tref 6.14 ± 14 % L.mol-1 

KXoh, Tref 3.67 ± 18 % L.mol-1 

HXy 31.59 ± 66 %  kJ.mol-1 

HXoh 1.45 ± 100 % kJ.mol-1 

Ea 71.2 ± 21 % kJ.mol-1 (this work) 

Ea 
[a] 53.1 kJ.mol-1 [37] 

Ea 
[b] 21 kJ.mol-1 [17] 

Ea 
[c] 46.8 kJ.mol-1 [38] 

[a] Catalyst 3%Ru/carbon foam, 100-120°C (data from literature) 
[b] Catalyst 5%Ru/C, 80-125°C (data from literature) 
[c] Catalyst 1%Ru/zeolite HY, 100-140°C (data from literature) 

 
The parity plot is presented in Figure 4, together with an example of model-experiment fit. The kinetic model presented a good fit to 
the experimental data (R2 = 0.9818), being able to represent well the effect of the temperature on the conversion of xylose. 
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Figure 4. a) Parity plot of the experimental concentrations and the simulated concentrations. R2 = 0.9833. b) Example of fitting experimental and calculated data. 
Reaction conditions:  40 bar H2, 0.33 M xylose, ratio Ru/xylose 0.15%, stirring rate 1600 rpm. 

 
The selectivity towards xylitol decreases with increasing temperature, suggesting increased by-products formation at high temperatures. 
This behaviour is observed at 140°C, where the selectivity reaches only 88% at long reaction times, compared to the 100% of selectivity 
towards xylitol at 120°C. This selectivity decrease is not taken into account in the model, thus leading to a drift in the modelled values 
at high temperature. It could be interesting to add a reaction to represent the formation of the by-products and therefore extending 
kinetic modelling to a larger range of temperature. 
 
Effect of sugar type on the rate of hydrogenation reaction 
Hemicellulose is a heteropolymer containing various pentoses and hexoses. The main sugars in its composition are xylose, arabinose 
(pentoses) and glucose, mannose, galactose (hexoses), all of which are aldoses, i.e. the unsaturated carbon is C1, forming alternatively 
a carbonyl C=O bond or an ether C-O-C bond depending on the conformation of the sugar. 
Arabinose, glucose, mannose and galactose were hydrogenated individually under the experimental conditions previously optimised 
for xylose (Figure 5). Xylose reached 93 % conversion after 4 h, arabinose reached 90 % after 4 h with a conversion trend very similar 
to the one of xylose; glucose reached only 50 % conversion after 4 h, galactose 56 %, mannose 52 %, the three hexoses presenting 
similar curves of conversion. Each sugar produced only the corresponding polyol, namely xylitol, arabitol, sorbitol, mannitol, dulcitol 
(see Scheme 1). Surprisingly, the rate of conversion was correlated with the number of carbon atoms: arabinose and xylose were more 
than 50 % converted after 1 h whereas glucose, mannose and galactose reached 50 % conversion only after 4 h. 
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Figure 5. Hydrogenation of ex-hemicellulose sugars over Ru/TiO2. Reaction conditions: 120°C, 40 bar H2, 0.33 M sugar, ratio Ru/sugar 0.15%, stirring rate 1600 
rpm. 

Initial reaction rates were calculated from the linear regression of sugars concentration vs time at 120°C for 60 min and depicted on 
Figure 6. The highest initial reaction rate was obtained with xylose hydrogenation (238 molXylose.min-1.molRu

-1). Initial rate of arabinose 
hydrogenation was only 85 % of this value; initial rates of glucose, galactose and mannose hydrogenations were only 42 %, 48 % and 
53 % of xylose hydrogenation rate, respectively, demonstrating the impact of carbon atoms number on initial reaction rate but also, to 
a lesser extent, the role of stereochemistry of the sugars on hydrogenation. Indeed, arabinose and xylose differ only in the conformation 
of carbon n°4 and glucose, galactose and mannose differ only in the conformation of carbon n°4 (galactose) or n°2 (mannose). 

 

Figure 6. Initial reaction rate of sugars hydrogenation over Ru/TiO2. Reaction conditions: 120°C, 40 bar H2, 0.33 M sugar, ratio Ru/sugar 0.15%, stirring rate 1600 
rpm. 

Hydrogenation of sugars occurs through adsorption of sugar on Ru, H2 dissociative adsorption on Ru, and H transfer to the sugar to 
form an -OH group. It should be noted that aldoses can adsorb as open-chain aldehydes or as pyranoside, so the new -OH group can 
be formed from a C=O group or from a C-O-C group. Therefore, several hypotheses can be made to explain the impact of sugar 
structure on hydrogenation rate: 

i) The diffusion of sugars into the catalyst pores is the rate-limiting step, or 
ii) The adsorption of sugar is the rate-limiting step and depends on the sugar structure, or 
iii) The hydrogenation itself is the rate-limiting step and depends on the sugar structure. 

Hypothesis i) can be disregarded when comparing xylose and glucose: their diffusion coefficients are very similar [39] and thus have 
very little impact on the Weisz-Prater modulus used to determine internal diffusion limitations. Indeed, the value of ϕ’xylose is 9.3.10-5 
(see ESI) and the value of ϕ’glucose is 3.9.10-5, evidencing an absence of internal mass transfer resistance. 
However, in cases ii) and iii), an impact of sugar structure in an open-chain form is improbable, since all aldoses would have very 
similar conformations with an aldehyde group at one end of the carbon chain and a primary -OH group at the other end. It is well known 
that in aqueous phase all the studied sugars are in large majority (>95%) present in pyranoside form at thermodynamic equilibrium 
(see ESI for details).[40] In pyranoside conformation, pento-aldoses and hexo-aldoses have different geometries: for the former ones, 
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all carbon atoms are included in 6 members-cycle, whereas for the latter ones, a -CH2OH group is placed at the exterior of the cycle, 
in  position in relation to the ether bond, and could generate steric hindrance effects slowing down adsorption and/or hydrogenation 
steps. Further theoretical investigation (for example DFT calculation) would be necessary to support this hypothesis. 
 
Conclusion 

The hydrogenation of hemicellulose sugars over a solid Ru/TiO2 catalyst was investigated. Hydrogenation of xylose resulted in the 
selective production of xylitol. The absence of internal or external mass transfer limitations was verified under the studied reaction 
conditions. The influence of several operating conditions was established: increasing the concentration of catalyst led to increase the 
reaction rate; stirring rate and H2 pressure did not have a strong influence on reaction rate; increasing the temperature led to increase 
the reaction rate, without any impact on selectivity; increasing xylose concentration led to decrease reaction rate. 
Kinetic modelling was used to determine the kinetic parameters for xylose. The proposed kinetic model followed a Langmuir-
Hinshelwood mechanism and was able to predict the results obtained experimentally on the range 80 and 140°C and initial xylose 
concentrations between 0.08 and 0.33 M. The kinetic model included the competition between the reactants and the products for the 
active sites of the catalyst. Kinetic parameters were obtained. They allow a good fit between calculated and experimental data and are 
decorrelated, except for two sets of parameters. More experimental data (varying the initial concentration in xylose, and xylitol for 
example) could help to resolve this correlation. In addition, it would be interesting to measure experimentally the adsorption of reactants 
and products on the ruthenium surface to refine the kinetic model. 
For the first time, a comparative study of hydrogenation of five sugars composing hemicelluloses was performed. We showed that 
sugar structure has a strong impact on hydrogenation rate over Ru/TiO2: aldo-pentoses react 2 times faster than aldo-hexoses under 
identical reaction conditions. The presence of α-CH2OH group outside the pyranoside ring for hexo-aldoses is suggested to be 
responsible for this difference in reaction rates. Further investigation is needed to clarify this point. This result is interesting for the 
development of future biorefinery processes where different types of sugars can be produced and transformed. 

Experimental Section 

Materials 

Ruthenium (III) chloride (RuCl3·xH2O), titanium dioxide rutile and xylose were purchased from Sigma- Aldrich, arabinose, galactose, mannitol, arabitol 
were purchased from Alfa Aesar, xylitol, mannose, dulcitol, sorbitol, xylitol were purchased from Acros Organics, and glucose from Fischer Chemicals, 
with purity higher than 98%. All materials were used without further purification. 

Catalyst preparation 

The catalyst was prepared by incipient wetness impregnation. TiO2 powder was dried 2 h at 120°C. The precursor solution was prepared using the 
retention volume of the support for ethanol and the amount of RuCl3·xH2O necessary to obtain 1%Ru/TiO2. The solution was added drop by drop to the 
dry support with a continuous manual stirring until the formation of a homogenous paste. Finally, the paste was dried overnight at 120°C and crushed 
afterward. The powder was calcined at 250°C under N2 flow and reduced at 350°C under H2 flow in a tubular oven. 

Catalytic test 

The catalytic hydrogenation of xylose was performed in a 120 mL Top Industrie autoclave batch reactor heated by a jacket and stirred with a Rushton 
turbine. The reactor is equipped with a gas cylinder and a continuous feed of H2. 80 mL of 0.0825 to 0.33 M sugar solution and 400 to 1200 mg of catalyst 
(molar ratio Ru/sugar 0.15% to 0.45%) were introduced in the reactor, which was closed and purged with N2 before heating to the reaction temperature. 
Time zero was determined as the moment when the reaction mixture reached the programmed temperature and the reactor was pressurized with 20 to 
40 bar H2. Samples were taken regularly through a sampling valve and filtered with 0.2 µm syringe filters. 

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 filtered 
water as a mobile phase, 0.6 mL.min-1. Additionally, a Phenomenex Rezex ROA column at 50°C with acidified water as mobile phase (0.005 N H2SO4) 
was used to confirm the identification of sugars and polyols by comparing the retention times of commercial standards. External calibration with four 
levels was used for quantification of sugars and polyols. 

Sugars conversion and polyols yield at time t were calculated from molar concentrations as follows: 

𝐶ௌ௨௚௔௥(𝑚𝑜𝑙%) =
[ௌ௨௚௔௥]బି[ௌ௨௚௔௥]೟

[ௌ௨௚௔௥]బ
× 100 and 𝑌௉௢௟௬௢௟(𝑚𝑜𝑙%) =

[௉௢௟௬௢௟]೟

[ௌ௨௚௔௥]బ
 

Concentrations at time = 0 came from the first sample taken at reaction temperature immediately after H2 feeding. 

Kinetic modelling tools 

Xylose hydrogenation kinetics were modelled in MATLAB® R2020b. Kinetic parameters were estimated by non-linear data fitting, regressing the objective 
function, based on the sum of least-squares deviations between calculated and experimental data. 
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