
 

This is an electronic reprint of the original article. This reprint may differ from the original 
in pagination and typographic detail. 

 
Ruthenium supported on silicate and aluminosilicate mesoporous materials applied to
selective sugar hydrogenation: Xylose to xylitol
Araujo-Barahona, German; Shcherban, Nataliya; Eränen, Kari; Kopa, Ivan; Bezverkhyy, Igor;
Martínez-Klimov, Mark; Vajglová, Zuzana; Aho, Atte; García-Serna, Juan; Salmi, Tapio;
Murzin, Dmitry Yu
Published in:
Chemical Engineering Journal

DOI:
10.1016/j.cej.2024.150019

Published: 01/04/2024

Document Version
Final published version

Document License
CC BY

Link to publication

Please cite the original version:
Araujo-Barahona, G., Shcherban, N., Eränen, K., Kopa, I., Bezverkhyy, I., Martínez-Klimov, M., Vajglová, Z.,
Aho, A., García-Serna, J., Salmi, T., & Murzin, D. Y. (2024). Ruthenium supported on silicate and aluminosilicate
mesoporous materials applied to selective sugar hydrogenation: Xylose to xylitol. Chemical Engineering Journal,
485, Article 150019. https://doi.org/10.1016/j.cej.2024.150019

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

This document is downloaded from the Research Information Portal of ÅAU: 17. May. 2024

https://doi.org/10.1016/j.cej.2024.150019
https://research.abo.fi/en/publications/f00fdbff-d8ef-4e17-92b6-bacffceaa2aa
https://doi.org/10.1016/j.cej.2024.150019


Chemical Engineering Journal 485 (2024) 150019

Available online 27 February 2024
1385-8947/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Ruthenium supported on silicate and aluminosilicate mesoporous materials 
applied to selective sugar hydrogenation: Xylose to xylitol 

German Araujo-Barahona a,b, Nataliya Shcherban c, Kari Eränen a, Ivan Kopa c, 
Igor Bezverkhyy d, Mark Martínez-Klimov a, Zuzana Vajglová a, Atte Aho a, Juan García-Serna b, 
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A B S T R A C T   

A series of ruthenium-based catalysts supported on a set of silicate and aluminosilicate mesoporous molecular 
sieves was synthesized and tested in xylose hydrogenation. The materials were characterized in terms of 
morphology, textural properties, acidity, as well as ruthenium loading, dispersion, and oxidation state. In gen-
eral, the aluminosilicates-based catalysts displayed a higher activity compared to their respective silicate sup-
ports, which can be ascribed to a higher Ru content and dispersion, enhanced by a higher acidity. The most active 
synthesized catalyst (Ru/Al-MCM-4) displayed an improved performance compared to a commercial Ru/C 
catalyst due to a better xylitol selectivity. Two modelling approaches were implemented to describe the kinetic 
rate. The first model was based on the hypothesis that xylose molecules and hydrogen are adsorbed in different 
active sites on the catalyst surface, while the second model supposes the formation of an intermediate on the 
catalyst surface that reacts to form xylitol. Both models gave a very good description of the experimental data.   

1. Introduction 

Production of sugar alcohols exemplifies an industrially relevant 
application of the second-generation biorefinery concept [1] as the 
sugars used for this process are obtained through the extraction and 
processing of hemicelluloses. Hemicelluloses are found in biomass ma-
terials such as softwood and hardwood, pulp liquors from the pulp and 
paper industry, as well as agricultural residues [2]. Sugar alcohols are 
polyols formed through the reduction of the carbonyl group in sugar 
molecules. This reduction process can be achieved using chemical re-
agents, such as sodium borohydride, or molecular hydrogen in the 
presence of either a homogeneous or heterogeneous catalyst [3–5]. The 
route based on the use of heterogenous catalysts is preferred from an 
environmental point of view since it avoids formation of stoichiometric 
co-products and facilitates the separation processes [4,6]. In the recent 

years, alternative production routes have been explored, particularly 
through a biotechnological approach utilizing microorganisms such as 
the enzyme NAD(P)H-dependent xylose reductase. While this method 
presents an advantage of milder conditions compared to traditional 
chemical routes, the feasibility for large-scale production is hindered by 
the low yields [7]. 

Xylitol is one of the most produced sugar alcohols worldwide due to 
its wide range of applications [7,8]. This polyol is used as a low-calorie 
sweetener in the alimentary industry and as an anti-caries agent and 
excipient in pharmaceutical products [9]. 

Industrial xylitol production involves extraction of xylan (a hemi-
cellulose), followed by acid hydrolysis and purification to yield the 
xylose monomer. Subsequently, xylose undergoes hydrogenation in the 
presence of a finely dispersed Ni-based catalyst, primarily using Raney 
nickel. The hydrogenation reaction is conducted in pressurized semi- 
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batch reactors, maintaining a constant temperature (120–150 ◦C) and 
hydrogen pressure (30–70 bar). Solid xylitol with a purity of 99 % is 
ultimately obtained through a sequential process involving ion exchange 
chromatography followed by crystallization [10]. However, the pyro-
phoric nature and susceptibility to metal leaching of Raney nickel have 
adverse effects on its handling and durability. Consequently, ruthenium 
catalysts are expected to make a breakthrough [6] in sugar alcohol 
production due to the ability of this noble metal to selectively hydro-
genate carbonyl group compounds in aqueous media [11,12]. 

Ruthenium has been demonstrated as an efficient hydrogen-transfer 
catalyst in a variety of relevant biomass upgrading reactions, such as 
levulinic acid hydrogenation to γ-valerolactone (GVL) [13], furfural hy-
drogenation [14] to a variety of different products, particularly 2-methyl-
fural [15], as well as for the hydrogenation of bicyclic heteroaromatic 
compounds (quinolines, indoles, benzopyrans, and benzofurans) to obtain 
compounds with antioxidant, anti-inflammatory, and cytotoxic proper-
ties, which are attractive for several specialized applications [16]. 

Specifically on sugar hydrogenation, the effectiveness of Ru has been 
demonstrated by extensive experimental evidence [17–19] and theo-
retical considerations [20]. Among the conventional metals used for 
sugar hydrogenation, Ru exhibits the highest catalytic activity (Ru > Ni 
> Rh > Pd) [21] along with a good stability under optimal reaction 
conditions [22]. Thus, in recent years, several studies have focused on 
the development of suitable supported Ru catalysts [19,23–25]. The 
selected support should have adequate interactions with the Ru nano-
particles deposited on the support, allowing a good distribution and 
stability of the active phase to minimize metal leaching and nanoparticle 
sintering. Moreover, the textural properties of the support, such as 
surface area and pore size distribution, should ensure the accessibility of 
relatively large sugar molecules from the liquid phase to the Ru nano-
particles. In this sense, mesoporous molecular sieves (MCF, MCM-41, 
and SBA-15) might be interesting catalyst supports for ruthenium 
applied to sugar alcohol production. 

Molecular sieves offer interesting properties such as highly ordered 
structure and developed porosity, as well as a high surface area and 
tunable acid-base properties to enhance the interactions with Ru pre-
cursor solutions. The feasibility of using Ru-based catalyst has been 
demonstrated by Romero et al. using a Ru/MCM-48 catalyst for one-pot 
conversion of cellulose to sorbitol [26]. Zhang et al. utilized a Ru/MCM- 
41 catalyst for sorbitol production from glucose and reported a perfor-
mance similar to a commercial Ru/C catalyst, while Melero et al. 
screened ruthenium catalysts supported on ZrO2-SBA-15 for glucose 
hydrogenation [27]. High sorbitol selectivity was achieved along with 
improved stability, as superior active metal-support interactions pre-
vented agglomeration of Ru nanoparticles. 

The objective of this work was to develop Ru catalysts supported on 
different silicate and aluminosilicate mesoporous materials (Ru/Al- 
MCM-41, Ru/Al-MCF, Ru/Al-Si-SBA-15, Ru/Si-SBA-15, and Ru/Si- 
MCM-41) and to evaluate their catalytic activity for xylose hydrogena-
tion to xylitol. A series of characterization techniques was applied to 
elucidate the impact of the materials properties with catalytic activity. 
The synthesized materials were characterized in terms of morphology, 
textural properties, acidity, ruthenium loading, dispersion, and oxida-
tion state, and their activities were compared with a commercial Ru/C 
catalyst. The effect of temperature and pressure on xylose hydrogena-
tion was studied for Ru/Al-MCM-41 through experiments in a semi- 
batch laboratory-scale reactor. Finally, two kinetic models were devel-
oped featuring between non-competitive adsorption of reactants and 
formation of a dihydrogen-containing intermediate on the catalyst sur-
face that is isomerized to the product on the surface. 

2. Experimental part 

2.1. Materials and reagents 

Cetyltrimethylammonium chloride (CTACl, 25 wt% solution in 

water), tetraethyl orthosilicate (TEOS, ≥99.0 %), aluminum isoprop-
oxide (≥98.0 %), Pluronic P-123 [HO(CH2CH2O)20(CH2CH(CH3) 
O)70(CH2CH2O)20H], 1,3,5-trimethylbenzene (TMB, 98.0 %), ammo-
nium fluoride (≥98.0 %), ruthenium(III) chloride hydrate (Merck, 
ReagentPlus®), hydrochloric acid (35 wt%) was purchased from VWR, 
ammonium hydroxide solution (25 wt%) was purchased from Supelco, 
sulfuric acid 96 wt%, nitric acid 65 wt%, D-xylose (≥99.0 %), xylitol 
(≥99.0 %), D-arabitol (99.0 %) and meso-erythritol were purchased 
from Sigma-Aldrich. A commercial sample of Ru/C (6 wt% Ru) catalyst 
was used for benchmarking. 

2.2. Catalysts preparation 

MCF, MCM and SBA type mesoporous molecular sieves (MMS) in the 
form of silica and aluminosilicate materials were applied as supports for 
the Ru deposition. 

2.2.1. Si-MCM-41 synthesis 
This material was obtained according to the conventional method 

with some modifications [28,29]. The composition of the reaction 
mixture was 1.0SiO2:0.5CTACl:8NH4OH:76H2O. 56.8 mL of ammonia 
solution was slowly added to 32.4 mL of CTACl solution under stirring. 
The resulting mixture was stirred for 30 min and 10.8 mL of TEOS was 
added followed by stirring the resulting RM for another 90 min. 
Thereafter, the obtained mixture was subjected to hydrothermal treat-
ment at 100 ◦C for 72 h. 

2.2.2. Al-MCM-41 synthesis 
Al-containing MCM-41 material was synthesized according to the 

method similar to aforementioned Si-MCM-41 synthesis technique using 
aluminum isopropoxide as a source of aluminum. The composition of 
the reaction mixture (Si/Al = 50) was: 1.0SiO2:0.01A-
l2O3:0.5CTACl:8NH4OH:76H2O. 56.8 mL of ammonia solution was 
slowly added to 32.4 mL of CTACl solution (25 wt%) under stirring. The 
resulting mixture was stirred for 30 min and 0.202 g of aluminum iso-
propoxide was added. After 10 min of stirring, 10.8 mL of TEOS was 
added and the reaction mixture was continued stirring for another 90 
min. Thereafter, the obtained reaction mixture was subjected to hy-
drothermal treatment at 100 ◦C for 72 h. 

2.2.3. Si-SBA-15 synthesis 
The synthesis of Si-SBA-15 was carried out according to the method 

described in Ref. [30] with some modification. The composition of the 
RM was: 1.0SiO2:0.016Pluronic P-123:5.5HCl:152H2O. 0.8 g of Plur-
onic P-123 was dissolved in 24 mL of water and 4 mL of HCl (35 %) at 
40 ◦C for 24 h under stirring. 2 mL of TEOS was added to the resulting 
solution, and the RM was stirred at a temperature of 40 ◦C for 20 h. The 
resulting mixture (pH = 0.35) was subjected to hydrothermal treatment 
at 100 ◦C for 24 h. 

2.2.4. Al-SBA-15 synthesis 
The synthesis of AlSi-SBA-15 was carried out using a method 

described in Ref. [31] with some modifications. The composition of the 
reaction mixture (Si/Al = 50) was 1.0SiO2:0.01Al2O3:0.016Pluronic P- 
123:5.5HCl:152H2O. 2.12 g of Pluronic P-123 was dissolved in 64 mL of 
water and 10.6 mL of HCl (35 %) at 40 ◦C for 24 h under stirring. Then, 
0.048 g of aluminum isopropoxide was added to the resulting solution 
and the mixture was stirred for 15 min at the same temperature. 
Thereafter, 5.2 mL of TEOS was added to the solution, and the reaction 
mixture was stirred at 40 ◦C for 20 h. The resulting mixture was exposed 
to hydrothermal treatment at a temperature of 100 ◦C for 24 h. For the 
incorporation of aluminum into SBA-15, the pH of the resulting gel (pH 
= 0.35) was corrected to 7.5 by adding an ammonia solution (25 %). 
Then, the hydrothermal treatment was repeated at the same tempera-
ture and for the same duration. 
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2.2.5. Al-MCF synthesis 
The Al-containing MCF material was synthesized according to the 

method described in Ref. [32] with some modifications. The composi-
tion of the RM (Si/Al = 50) was 1.0SiO2:0.01Al2O3:0.009Pluronic P- 
123:0.41TMB:0.015NH4F:1.3HCl:50⋅.5H2O 3.03 g of Pluronic P-123 
was dissolved in 49 mL of water and 7.1 mL of HCl (35 %) at 40 ◦C for 24 
h under stirring. Then, 3.5 mL of TMB was added and the mixture was 
stirred for 2 h. Thereafter, 0.249 g of aluminum isopropoxide was added 
to the resulting solution and the mixture was stirred for 15 min at the 
same temperature. Then, 13.7 mL of TEOS was added to the solution, 
and the reaction mixture was stirred at 40 ◦C for 20 h. 0.035 g of NH4F 
was added into the resulting mixture, and the mixture was subjected to 
hydrothermal treatment at a temperature of 100 ◦C for 24 h. For 
incorporation of aluminum into the MCF material, the pH of the 
resulting gel (pH = 0.35) was adjusted to 7.5 by adding an ammonia 
solution (25 wt%). Then, the hydrothermal treatment was repeated at 
the same temperature and duration. 

The obtained products were isolated by filtration, washed with 
distilled water to neutral pH and absence of the surfactant release in the 
filtrate. Subsequently, the powders were dried at 100 ◦C overnight and 
calcined at 550 ◦C for 5 h with a heating rate of 2 ◦C•min− 1. 

2.2.6. Deposition of Ru nanoparticles onto mesoporous molecular sieves 
MMS supported Ru nanoparticles were prepared using wet impreg-

nation followed by reduction with hydrogen. For all catalysts, the 
nominal loading of Ru was 2 wt%. Prior to impregnation, MMS were 
activated at 450 ◦C for 5 h with a heating rate of 2 ◦C•min− 1. In a typical 
procedure, 2.93 mL of 0.2 M RuCl3 solution and 2.9 g of MMS was added 
to 2.4 L of H2O and the suspension was stirred at a room temperature for 
15 h. Then, the suspension was rotary evaporated at 60 ◦C and the ob-
tained solid was dried at 60 ◦C for 24 h and at 120 ◦C for 3 h. The ob-
tained material was reduced with hydrogen for 3 h at 350 ◦C with a 
temperature ramp of 5 ◦C•min− 1. 

2.3. Catalyst characterization 

X-ray diffractometer D8 ADVANCE (Bruker AXS) with CuKα-radia-
tion was used for the analysis of the phase composition of the obtained 
samples. 

SEM images of the samples were obtained using field emission SEM 
JSM-7600F (JEOL). The images were recorded using the accelerating 
voltage of 1 – 30 kV and a secondary electron detector. A sample was 
loaded on the conductive graphitized support and the recording was 
carried out without any preliminary deposition of conductive materials 
on the sample surface. 

The size distributions of the Ru nanoparticles on the tested materials 
were determined using transmission electron microscopy (TEM, JEM 
1400 Plus Transmission Electron Microscope). Approximately 500 par-
ticles were measured per each sample in Image J software. The metal 
dispersion (D) was determined using eq. (1), where dRu is the mean 
nanoparticle size, while vm and am are the volume and area occupied by a 
Ru atom, respectively. A hexagonal closed pack (hcp) structure was 
assumed with values of am = 0.064 nm2 and vm = 0.0137 nm3 [33]. 

D = 6⋅
vm
am

⋅
1
dRu

(1) 

The initial turnover frequency of xylose hydrogenation for every 
catalyst was calculated using eq. (2), where r0 is the initial reaction rate 
per mass of ruthenium and MRu is the molar mass of ruthenium. 

TOF0 =
r0⋅MRu

D
(2) 

The ruthenium content of the catalysts as well as the degree of 
ruthenium leaching during the experiments were determined through 
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 
(PerkinElmer, Optima 5300 DV). Prior to the analysis, the catalysts were 

dissolved in a microwave oven using a mixture of acids (3 mL of sulfuric 
acid + 3 mL of nitric acid). The degree of leaching in the reaction 
mixture was determined by comparing the Ru concentration before and 
after 4 h of the kinetic experiment at different temperatures. 

The molar ratio of Si/Al in the samples was determined using X-ray 
fluorescence spectrometer (ElvaxPlus). 

Nitrogen physisorption was utilized to estimate the surface area, 
pore volume and pore size distribution of the tested catalysts (Micro-
meritics 3Flex-3500). The samples were outgassed for 24 h at 200 ◦C 
prior to analysis. The specific surface area SBET was evaluated using 
BETSI algorithm [34]; the micropore and mesopore size distribution 
curves were obtained by the NLDFT method [35] using the desorption 
branch of the isotherm. The micropore volume (Vmicro), the mesopore 
volume (Vmeso) and the mesopore surface area (Smeso) were determined 
by the comparative t-plot method [36–38]. 

The pyridine (Py) adsorption with FTIR-spectral analysis was used to 
characterize the type, strength, and concentration of acid sites in the 
catalysts. The thin plates of the studied samples (without a binder) were 
placed in a cuvette with NaCl windows and evacuated (P = 1.4 Pa) at 
450 ◦C for 1 h; pyridine was adsorbed at 150 ◦C (in a cuvette with a 
sample) for 15 min, and desorbed at 150 – 450 ◦C with a 100 ◦C interval 
and a holding time of 30 min. Spectra of adsorbed pyridine were recorded 
using a Fourier spectrometer Spectrum One (Perkin Elmer). The con-
centration of Lewis (LAS) and Brønsted (BAS) acid sites were determined 
from the integral intensity of the absorption bands at 1454 cm− 1 and 
1545 cm− 1 respectively using the integral molar absorption coefficients 
for these bands: ε(LAS) = 2.22 cm/μmol and ε(BAS) = 1.67 cm/μmol 
reported for AlSBA-15 [39,40] and amorphous silica-alumina [41]. 

Temperature-programmed reduction (TPR) was performed using 
Microtrac Belcat II to determine the reduction temperature and 
hydrogen consumption of the fresh catalysts. For an experiment, about 
30 mg of the catalyst was loaded into a quartz reactor and pretreated in- 
situ at 400 ◦C for 2 h under argon flow to remove excess moisture. The 
analysis was carried out under a 5 % H2/Ar flow in the temperature 
range from 35 ◦C to 800 ◦C with a temperature ramp of 10 ◦C/min. 

X-ray photoelectron spectroscopy (XPS) was utilized to investigate 
the oxidation state of Ru on the two screened catalysts with the superior 
performance for xylose hydrogenation (Ru/C and Ru/Al-MCM-41). The 
catalysts were analyzed as fresh ones and after being used for xylose 
hydrogenation (90 ◦C and 40 bar of hydrogen pressure). The XPS mea-
surements were performed in a Thermo Scientific Nexsa G2 X-Ray 
Photoelectron Spectrometer using a monochromated Al Kα excitation 
source. The pressure in the XPS analysis chamber was less than 2x10− 9 

mbar. The carbon peak C 1 s at 284.8 eV was used as binding energy 
reference. The analysis of the spectra was carried out in the Ru 3d re-
gion. The components were assigned in accordance with previously re-
ported data as Ru0 at 279.75 ± 0.37 eV, RuO2 (Ru+4) at 281.37 ± 1.32 
eV, and RuCl3 (Ru+3) at 282.4 ± 0.45 eV [42], and a hypothetical RuOX 
(Ru+x) compound. Additional peaks corresponding to carbonaceous 
compounds present on the catalyst surface were included too. The 
background shape of the spectrum was fitted with the Shirley algorithm, 
and the elemental chemical states of Ru were fitted with a combined 
Gaussian-Lorentzian curves with a G:L ratio of 70:30. Symmetric peaks 
with a doublet separation of 4.15 eV were used to fill the Ru d5/2 region, 
following the methodology implemented by Balcerzak et al. [43]. 

2.4 Kinetic experiments 

Kinetic experiments were carried out in a laboratory-scale semi batch 
reactor (Parr 4843, 300 mL) equipped with a pre-heating chamber, a 
heating jacket for the reactor vessel, and a sampling line with a 7 µm 
filter. Before each experiment the system was purged with argon and 
hydrogen, followed by reduction of the catalyst at 7 bar hydrogen 
pressure and 120 ◦C for two hours. The sugar solution was saturated 
with hydrogen at the corresponding temperature and pressure condi-
tions inside the pre-heating chamber. Thereafter, 130 mL of pre- 
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saturated D-xylose solution with a concentration of 0.13 mol/L was 
injected into the reactor vessel. A gas entrainment impeller was used at 
an agitation rate of 1000 rpm to ensure the operation in the absence of 
external mass transfer limitations. Liquid samples (approximately 0.5 
mL per sample) were withdrawn from the reactor at different times. 

The concentrations of reactants and products were determined using 
a Hitachi Chromaster high-performance liquid chromatograph equipped 
with a refractive index (RI) detector (Hitachi 5450 RI Detector). The 
mobile phase was a 1.2 mM CaSO4 solution with a volumetric flow 0.3 
mL/min. The column temperature was set at 50 ◦C and the sample in-
jection volume of 10 μL. 

The prepared catalysts were tested at 90 ◦C and 40 bar of hydrogen 
pressure. A commercial Ru/C catalyst under similar conditions. More-
over, the systematic kinetic study with the most active catalyst (Ru/Al- 
MCM-41) was carried out in a temperature range of 60 – 100 ◦C and at a 
hydrogen pressure range of 10 – 50 bar. An experiment was carried out 
at 90 ◦C and 40 bar using the recovered catalyst to assess the recycla-
bility of Ru/Al-MCM-41 catalyst. Water from the reaction mixture was 
removed in a rotatory evaporator at 50 ◦C. Thereafter, the catalyst was 
washed in 100 mL of deionized water, then the washing water was 
decantated and the process was repeated five times. Finally, the recov-
ered catalyst was oven-dried at for 2 h at 110 ◦C. 

3. Experimental results and discussion 

3.1 Catalyst characterization results 
3.1.1 Structure of the materials, Ru loading and particle size 
distribution 

According to the analysis of the prepared supported samples using X- 
ray diffraction (Fig. 1), deposition of ruthenium onto the applied MMS did 
not lead to a decrease in the spatial ordering of the initial supports as XRD 
patterns in low-angle region retain the corresponding reflexions typical of 
silica MCM-41, SBA-15, and their aluminosilicate analogues (Fig. 1a, b). 
Specifically, the indicated supported materials being highly ordered 
mesostructures, preserved the intensity and resolution of the small-angle 
reflexes inherent to the initial supports. In case of the MCF support, the 
corresponding XRD patterns remained similar although a visible low- 
angle signal was not observed either for the initial Al-MCF, or for the 
supported Ru sample (Fig. 1c). Considering a weakly expressed low-angle 
signal in the XRD pattern of the corresponding silica MCF [44], some 
distortion of the mesocellular structure caused by the incorporation of Al 
might have appeared. The broad reflexes in the range of 2θ at ca. 20 – 25◦

(Fig. 1d) originate from the amorphous nature of the initial supports, 
while deposited Ru particles gave different contributions to the studied 
catalysts. Specifically, the most intensive Ru reflexes [45] were observed 
for the Ru catalysts deposited onto silica MCM-41 and SBA-15, while the 
XRD patterns of the corresponding aluminosilicate-supported materials 
did not contain signals corresponding to the metal Ru phase, therefore 
suggesting a high metal dispersion. 

According to SEM data, Ru-containing MCM-41, SBA-15 silicates, 
and SBA-15, MCF aluminosilicates consist of rope-like particles with a 
size of 1.0 – 1.5 μm (Fig. S1), while MCM-41 aluminosilicate has 
agglomerated spherical particles with a size of 0.1 – 0.2 μm. The syn-
thesized materials have a Ru loading in the range of 2 – 4 wt%, except for 
Ru/SiMCM-41, with a loading of 1.2 wt% (Table 1). The lower Ru 

Fig. 1. XRD patterns of the initial supports and prepared supported Ru catalysts 
in small-angle (a-c) and medium-angle (d) regions. 

Table 1 
Ru loading, particle size, dispersion and TOF of the studied materials.  

Catalyst wRu
a (wt.%) dRu

b (nm) Dc r0 (mol•gRu− 1•min− 1) d TOF0 (min− 1)e 

Ru/Si-MCM-41  1.2 4.8 ± 1.4  0.27  0.029  10.86 
Ru/Al-MCM-41  2.9 1.9 ± 1.1  0.68  0.047  6.99 
Ru/Si-SBA-15  2.2 3.8 ± 1.3  0.34  0.028  8.32 
Ru/Al-SBA-15  3.1 2.3 ± 0.7  0.56  0.039  7.04 
Ru/Al-MCF  3.6 2.0 ± 0.9  0.64  0.037  5.84 
Ru/C  5.9 4.7 ± 1.5  0.27  0.054  20.21  

a Ru loading, determined by ICP-OES. 
b Ru average nanoparticle size from TEM measurements. 
c Dispersion. 
d Determined by nonlinear regression as described in the mathematical modelling section. 
e Initial turnover frequency. 
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loading of the silicate-based materials compared to aluminosilicate- 
supported samples is obviously associated with a lower metal-support 
interaction for the Si-based catalysts and its increase in case of the 
presence of Al species due to the formation of acid sites. 

TEM images showed (Fig. 2) an even distribution of Ru nanoparticle 
in the obtained MMS. Ru/AlSi-SBA-15, Ru/Al-MCM-41, and Ru/Al-MCF 
catalysts exhibit the lowest Ru mean nanoparticle size (ca. 2 nm, 
Table 1, Fig. 2) and the highest metal dispersion (ca. 50 %) among the 
synthesized materials and a similar catalytic activity as discussed in 
Section 3.2.1. Ru/Si-MCM-41, Ru/Si-SBA-15, and Ru/C possess signifi-
cantly larger Ru nanoparticles (4 – 5 nm) and lower metal dispersion (ca. 
20 %). 

3.1.2 Textural properties 

Fig. 3 displays the nitrogen physisorption isotherms and the pore size 
distribution of the catalysts, with their textural properties collected in 
Table 2. The Ru/Si-MCM-41 and Ru/Al-MCM-41 catalysts display an 
isotherm type IV with an inflection point located around the relative 

pressure value of 0.3 and slight hysteresis loop. These features are 
typical of the materials with a regular mesoporous structure such as 
MCM-41 [1]. Ru/Si-SBA-15, Ru/Al-SBA-15, and Ru/Al-MCF have an 
isotherm IV with inflection points close to the relative pressure of 0.6 – 
0.8 and well-pronounced hysteresis loops of type H2(a), observed 
frequently in mesoporous ordered silica materials after hydrothermal 
treatment and in mesocellular silica foams [46]. Ru/C displays an 
isotherm type I, typical for microporous materials such as activated 
carbons [46]. The porous structure of this material also contains slitlike 
mesopores (H4 loop at p/p0 ˃ 0.4 in isotherm). The pore size distribution 
(Fig. 3b) also reveals that the synthesized materials have mainly mes-
oporous nature (3.8 – 31.1 nm), while the commercial carbon-based 
catalyst have both micropores (0.59 nm) and mesopores with a broad 
size distribution. The micropores of Ru/Si-SBA-15, Ru/Al-SBA-15, and 
Ru/Al-MCF are originated from the removal of the hydrophilic poly-
ethylene oxide units of Pluronic P-123 contained in the wall of the as- 
synthesized MMS. Ru/Si-MCM-41 and Ru/Al-MCM-41 have relatively 
narrow mesopores (ca. 4 nm, Table 2) and well-developed mesopore 
surface (Smeso = 595 – 640 m2/g). Ru/Si-SBA-15, Ru/Al-SBA-15, and 

Fig. 2. TEM images of Ru/Si-MCM-41 (a), Ru/Al-MCM-41 (b), Ru/Si-SBA-15 (c), Ru/Al-SBA-15 (d), Ru/Al-MCF (e), Ru/C (f).  
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Ru/Al-MCF possess larger mesopores (10 – 30 nm) and mesopore vol-
umes (up to 1.08 cm3/g), but lower mesopore surface areas. Addition-
ally, the textural properties of Ru/Al-MCM-41 after reaction and 
subsequent recovery did not change significantly. Thus, blocking of 
pores or a decrease in the surface area can be discarded as potential 
explanation for the decrease in catalytic activity. 

3.1.3 Si/Al molar ratio in the samples and their acidity 

Si/Al molar ratio in the obtained MMS and corresponding Ru- 
containing materials is similar (52 – 73, Table 3), except for Al-MCF 
(39). The acidic properties of aluminosilicates were investigated by 

pyridine adsorption with FTIR-spectral analysis. Among the investigated 
catalysts, Al-MCM-41 and Ru/Al-MCM-41 have the highest Brønsted and 
Lewis acid site concentrations (Table 3, spectra in Fig. S2). It can be 
suggested that in case of conventional hydrothermal synthesis under 
alkaline conditions, a higher fraction of Al is involved in the formation of 
the acid sites during conventional hydrothermal synthesis, than in the 
case of post-synthetic pH-adjusting method [4] for Al-SBA-15 and Al- 
MCF. For the synthesized catalysts, the Brønsted-to-Lewis acid site 
ratio is 0.36 – 0.62. An increase in Brønsted and Lewis acid site con-
centration in the materials after the Ru deposition can be associated with 
the formation of RuOHx [47] and RuOx [48] species, respectively, on the 
surface of the Ru nanoparticles. The catalysts have predominantly 

Fig. 3. Nitrogen adsorption–desorption isotherms at –196 ◦C (a) and pore size distribution curves (b) for MMS supported Ru nanoparticles and commercial Ru/C.  

Table 2 
Characteristics of the porous structure of the samples determined from nitrogen adsorption–desorption isotherms (–196 ◦C).  

Sample Vmicro
a (cm3•g− 1) Vmeso

b (cm3•g− 1) Dmeso
c (nm) Smeso

d (m2•g− 1) SBET
e (m2•g− 1) 

Ru/Si-MCM-41 –  0.59 3.8 640 665 
Ru/Al-MCM-41 –  0.59 3.8 595 600 
Ru/Si-SBA-15 0.05  0.54 10.1 340 435 
Ru/Al-SBA-15 0.03  0.89 15.8 270 330 
Ru/Al-MCF 0.02  1.08 31.1 185 230 
Ru/C 0.13  0.15 –f 170 445  

a Vmicro, micropore volume. 
b Vmeso, mesopore volume. 
c Dmeso, mesopore diameter. 
d Smeso, mesopore surface area. 
e SBET, total specific surface area. 
f the mesopore size distribution without maximum. 

Table 3 
Si/Al molar ratio in the catalysts and their acidity evaluated by pyridine FTIR.  

Sample Si/Al CB
a (mmol•g− 1) CL

b (mmol•g− 1) CΣ
c (mmol•g− 1) BAS/LASd 

Al-MCM-41 52 42 68 110  0.62 
Ru/Al-MCM-41 54 44 76 120  0.58 
Al-SBA-15 65 17 37 54  0.46 
Ru/Al-SBA-15 73 22 62 84  0.36 
Al-MCF 39 12 22 34  0.57 
Ru/Al-MCF 68 24 43 67  0.55  

a Brønsted acid site concentration. 
b Lewis acid site concentration. 
c Total acid site concentration. 
d Brønsted-to-Lewis acid site ratio. 

G. Araujo-Barahona et al.                                                                                                                                                                                                                    



Chemical Engineering Journal 485 (2024) 150019

7

Brønsted acid sites with medium strengths as Py is almost completely 
desorbed after evacuation at 350 ◦C, Table S1. An increase in the con-
centration of acid sites for the initial aluminosilicates (Table 3) results in 
the decrease of the Ru nanoparticle size and corresponding improve-
ment in the metal dispersion (Table 1). 

3.1.4 Ru oxidation state and reduction 

For the sake of comparison of the oxidation state of Ru and its 
interaction between the carbon and silicate/aluminosilicate supports, 
temperature-programmed reduction (TPR) profiles for the selected fresh 
catalysts, namely Ru/C, Ru/Si-MCM-41, and Ru/Al-MCM-41 were 
recorded. As can be seen from Fig. 4, the corresponding TPR curves for 
Ru/Si-MCM-41 and Ru/Al-MCM-41 possess main peaks at lower tem-
peratures (106 and 127 ◦C, respectively) compared to the carbon- 

supported catalyst (210 – 220 ◦C). Lower reduction temperatures for 
the silica- and aluminosilica-supported Ru catalysts could indicate 
weaker interactions between the metal nanoparticles and support and/ 
or higher accessibility of the precursor [49]. A broad intensive peak at 
ca. 500 ◦C for Ru/C results from methanation of the carbon support [50]. 
Weaker interactions in Ru/silica- and aluminosilica-supported catalysts 
could explain the stronger tendency to metal leaching during the reac-
tion compared to Ru/C [18]. 

A higher peak intensity for Ru/Al-MCM-41 compared to Ru/Si-MCM- 
41 resulting in significantly higher hydrogen consumption is related to a 
larger Ru content in the former catalyst (Table 1). A lower intensity of 
the corresponding peak for Ru/C catalyst is evidently due to a larger size 
of the formed metal particles (Table 1). 

Fig. 5 displays the XPS spectra for Ru/C and Ru/Al-MCM-41 catalysts 
as fresh ones and after 4 h of the reaction (90 ◦C and 40 bar of hydrogen 
pressure). The fitting data are presented in Table S2. The spectrum of 
Ru/Al-MCM-41 suggests that Ru is present in several oxidation states. A 
decrease in the relative Ru0 percentage was observed for Ru/Al-MCM-41 
after the reaction. In contrast, Ru/C exhibited a reduction in the Ru 
oxidation state after use in the reaction. 

Previous studies have shown that the electronic state of Ru is 
strongly influenced by its microenvironment, that is, the solvent, pro-
moters, and metal-support interactions [15,16,51,52]. Charge transfer 
between the metal and the support may generate electron-deficient Ru 
species, which can be beneficial in reactions that require bifunctional 
active sites [15]. However, for sugar hydrogenation, the decrease in 
metallic ruthenium on the surface negatively affects the catalytic 
activity. 

In that sense, the presence of Ru in a lower oxidation state on the Ru/ 
C catalyst could explain its higher activity for xylose hydrogenation and 
the reduction of Ru species during the reaction can be the reason for an 
observed increase in activity when Ru/C are used for aqueous phase 
hydrogenations [53–55]. Nevertheless, a special care should be taken 
since interpreting the Ru 3d band is challenging due to the overlapping 
of C-C peak with Ru species peaks and the fact that samples were 
exposed to air before analysis. 

3.2 Experimental kinetic results 

Fig. 5. XPS Ru 3d for (a) Ru/Al-MCM-41(fresh), (b) Ru/C (fresh), (c) Ru/Al-MCM-41 (used), and (d) Ru/C (used).  

Fig. 4. TPR profiles of fresh Ru/C, Ru/Si-MCM-41 and Ru/Al-MCM- 
41 catalysts. 
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3.2.1 Catalyst screening 

To perform a first screening of the behavior of the catalysts, a com-
parison in terms of conversion, selectivity, and xylitol yield at 90 ◦C and 
40 bar hydrogen pressure in a reaction time of 4 h is shown in Fig. 6. As 
expected, even at the high conversion levels obtained, between 80 and 
99 %, excellent xylitol selectivity values were reached, between 93 and 
99 % for all catalysts. This result is in line with the known ability of 
ruthenium to selectively hydrogenate carbohydrates in aqueous media 
[12]. Arabitol and erythritol were detected as minor by-products by 
HPLC. Arabitol originated from the isomerization of xylose followed by 
hydrogenation, whereas erythritol appeared by retro-aldol condensation 
and hydrogenation. The moderate acidity of the MMS allowed stabili-
zation of Ru nanoparticles without significant undesired side reactions 
[24]. 

The initial turnover frequency (TOF0) for xylose hydrogenation was 
computed using the initial reaction rates and ruthenium dispersion 
values (Table 1). No clear trends were observed in terms of the structure 
sensitivity (nanoparticle size), which contradicts previous observations 
on sugar hydrogenation using Ru/C catalysts [56,57]. On the other 
hand, the Ru/C catalyst displayed a considerable higher TOF value than 
the other catalysts, which can be related to the oxidation state of Ru on 
the carbon support (as revealed by XPS). In contrast, the specific activity 
(initial rate per gram of Ru) decreased with increasing average Ru size 
for the silicate and aluminosilicate-supported catalysts. 

All aluminosilicate-supported catalysts exhibited higher reaction 
rates than the silicate-supported catalysts. Therefore, the catalyst ac-
tivity can be ranked as follows: Ru/C > Ru/Al-MCM-41 > Ru/Al-MCF ≥
Ru/Al-Si-SBA-15 > Ru/Si-SBA-15 > Ru/Si-MCM-41. Ru/Al-MCM-41 
displayed the highest specific activity among the prepared materials 
(per gram of Ru), with a performance very similar to the commercial Ru/ 
C catalyst. Although, the initial reaction rates of Ru/Al-MCM-41 (0.047 
mol•gRu− 1•min− 1) and Ru/C (0.054 mol•gRu− 1•min− 1) were close to 
each other, the former one exhibited a higher xylitol selectivity. 

Selectivity is a critical aspect to simplify the purification steps involved 
in the industrial production of xylitol [7]. 

The kinetic curves obtained for the screened catalysts are displayed 
in Fig. 7. At low conversion levels, the reaction was close to the zero- 
order with respect to xylose shifting towards the first order upon an 
increase of conversion. This resulted in conversion profiles featuring 
straight lines at the beginning, followed by bending as the reaction 
proceeded, finally reaching a plateau at almost complete conversion, in 
the of the most active catalysts. 

Fig. 6. Comparison of the catalysts in terms of conversion, selectivity, and xylitol yield of xylitol at 90 ◦C and 40 bar of hydrogen pressure. Reaction time 4 h.  

Fig. 7. Comparison of the catalysts in terms of reaction kinetics at 90 ◦C and 
40 bar of hydrogen pressure. Reaction time 4 h. 
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3.2.2 Qualitative kinetic results 

As expected, temperature had a very strong effect on the reaction 
rate (directly related to conversion) and on the selectivity towards 
xylitol. Fig. 8 shows the temperature effect on the xylose hydrogenation 
using Ru/Al-MCM-41. Temperatures below 75 ◦C resulted in slow re-
action rates while the selectivity towards xylitol slightly decreases for 

100 ◦C due to increased formation of by-products. Thus, at temperatures 
above 90 ◦C, 100 min is sufficient to achieve conversions above 99 %, 
while at 75 ◦C, 240 min (4 h) are required to achieve the same con-
version. However, these high conversions at 90 ◦C maintain a selectivity 
above 99 %, while at 100 ◦C it drops to 95.5 %. 

The effect of hydrogen pressure on the xylose hydrogenation rate 
with Ru/Al-MCM-41is exemplified in Fig. 9. At pressures below 20 bar, 
the hydrogen pressure exhibited a strong effect on the hydrogenation 
rate, which is consistent with previous studies on xylose hydrogenation 
[23,58] and other monomeric sugars [17,18,54]. However, the effect 
became rather weak at pressures exceeding 40 bar. These results indi-
cate a strong hydrogen adsorption on the Ru surface, which becomes 
saturated at high concentrations of hydrogen in the liquid phase, 
resulting in a zero-order reaction rate with respect to hydrogen. 

Fig. 10 shows a comparison with the fresh and used Ru/Al-MCM-41 
catalysts. A decrease in the activity equivalent to c.a. 30 % the initial 
rate was observed. The catalyst deactivation can mainly be attributed to 
ruthenium leaching as displayed in Table 4; from this table is evident 

Fig. 8. Effect of the temperature on xylose hydrogenation: (a) reaction kinetics and (b) conversion, selectivity, and xylitol yield for Ru/Al-MCM-41 catalyst (0.2 g) at 
40 bar of hydrogen pressure, and 4 h of reaction. 

Fig. 9. Effect of hydrogen pressure on xylose hydrogenation: (a) reaction kinetics and (b) conversion, selectivity, and xylitol yield for Ru/Al-MCM-41 catalyst (0.2 g) 
at 90 ◦C, and 4 h of reaction. 

Fig. 10. Comparison of the fresh and recovered Ru-Al-MCM-41 catalyst in the 
xylose hydrogenation at 90 ◦C and 40 bar of hydrogen pressure. 

Table 4 
Leaching of Ru from Ru/Al-MCM-41 catalyst after 4 h of reaction determined by 
ICP-EOS.  

Temperature 
(◦C) 

Ru concentration in the reaction mixture a 

(mg•L− 1) 
Ru leached (%) 
b 

75  <0.03 – 
90  0.55 1.20 
100  0.97 2.15  

a Concentration of Ru in the reaction mixture after each experiment. 
b Percentage of Ru leached with respect to the original Ru content in the 

catalyst. 
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that the degree of Ru dissolution is strongly influenced by the reaction 
temperature, hence the operational conditions should be adjusted to 
ensure reusability of the catalyst in practical applications. Nevertheless, 
the xylitol selectivity and yield at the final conversion did not change 
significantly. 

4. Kinetic modelling 

4.1. Model assumptions 

The data obtained for Ru/MCM-41 were used for parameter esti-
mation by comparing two different models (denoted model 1 and model 
2 and described below). The general assumptions used to derive the 
models are listed below.  

▪ The high stirring rate (1000 rpm) used during the experiments 
and the small size of the catalyst particles (≤40 μm, see Fig. S4) 
ensured that the reaction proceeded in the absence of external 
and internal mass transfer limitations. The Weisz-Prater crite-
rion was applied (see Electronic Supporting Information S.2.1) 
to confirm the absence of internal mass transfer limitations.  

▪ The liquid-phase reaction volume was assumed constant, since 
the equivalent mass withdrawn as samples from the reactor was 
less than 6 %.  

▪ Only formation of xylitol was considered for quantitative 
modelling, because of the high values of selectivity. The for-
mation of by-products could thus be neglected.  

▪ The hydrogen concentration in the liquid phase is proportional 
to the hydrogen pressure for low sugar concentration values as 
the one used in this work (0.13 mol•L− 1). Previous studies have 
demonstrated the validity of Henry’s law for dilute sugar so-
lutions in aqueous media [59].  

▪ The experiments were conducted under isothermal conditions, 
the reaction enthalpy value is relatively low [60], and low 
xylose concentrations were used in this study. Consequently, 
the energy balance was neglected and not considered in the 
model.  

▪ The experiments were performed under a constant pressure of 
hydrogen regulated by a controller and equilibrium concen-
trations of dissolved hydrogen were considered to prevail in the 
liquid phase. Therefore, the mass balance of hydrogen was 
discarded, and the observed reaction rates were assumed and 
modelled. 

4.2. Derivation of rate equations 

4.2.1. Model 1 – Xylose and hydrogen non-competitive adsorption 
The first model (Scheme 1) implemented with the experimental data 

is the non-competitive adsorption model, which assumes that the re-
actants (xylose and hydrogen) are adsorbed on different active sites on 
the catalyst (denoted by * and *′, respectively), which is a reasonable 
approximation because of the size differences between xylose (a five- 
carbon carbohydrate) and hydrogen. This approach has been success-
fully applied to describe the kinetics of hydrogenation of monomeric and 
dimeric sugars on Ru-based catalysts in previous studies [18,58,61,62] 
as well as in other reactions characterized by substantial differences in 
size among the reactants involved, such as ethyl benzoylformate 

hydrogenation [63] and 1-phenyl-1,2-propanedione hydrogenation 
[64]. 

The rate expression for xylose hydrogenation to xylitol is presented 
in eq. (3), where κave is a merged pre-exponential factor in the rate 
constant and the adsorption equilibrium constant of xylose and 
hydrogen at the average experimental temperature (T = 354 K) and EA 
is the merged activation energy of the catalytic process, described by the 
Arrhenius and van’t Hoff laws. The adsorption is considered to follow 
the Langmuir model, with KX and KH2 being the adsorption constants for 
xylose and atomic hydrogen, respectively. The reaction between xylose 
and two hydrogen adsorbed atoms on the catalyst surface is assumed to 
be the rate-determining step. The derivation of the rate equation is 
available in the section S.3.2 of the Electronic Supporting Information. 

r =
κave⋅e

EA
R ⋅

(

1
T
− 1

T

)

⋅CX ⋅PH2

(1 + KX ⋅CX)⋅
(
1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH2 ⋅PH2

√ )2 (3)  

4.2.2. Model 2 – Xylose-hydrogen intermediate formation 
Scheme 2 shows an alternative mechanism for xylose hydrogenation. 

This model assumes the formation of an intermediate between xylose 
and hydrogen on the catalyst surface, which is denoted by X*H2. In the 
second step, the intermediate is converted into xylitol, and an exchange 
between the product and xylose from the liquid phase takes place in the 
third step, releasing the product, i.e., xylitol. Consequently, the 
adsorption strength of the product influences the reaction rate. This 
model has been developed and applied previously for hydrogenation of 
olefinic compounds [65,66]. 

After applying the adsorption–desorption quasi-equilibria on step 3, 
the coverage of xylitol is obtained from 

θXOH =
θx⋅CXOH

K3⋅Cx
(4)  

Applying the quasi-steady state approximation for steps 1 and 2, i.e., r =
r1 = r2, eq. (5) is obtained, 

k+1⋅θX ⋅PH2 − k− 1⋅θX− H2 − k+2⋅θX− H2 = 0 (5)  

from which the surface coverage of the intermediate is solved, 

θX− H2 =
k+1⋅θX ⋅PH2

k− 1 + k+2
(6)  

The site balance is written as it follows, 

θX + θXOH + θX-H2 = 1 (7)  

The site balance can be expressed as a function of the coverage of xylose 
by inserting eqs. (4) and (6) in eq. (7), which yields 

θX +
CXOH

K3⋅Cx
⋅θX +

k+1⋅PH2

k− 1 + k+2
⋅θX = 1 (8)  

from where the xylose coverage is obtained, 

θX =
1

1 + CXOH
K3⋅Cx

+
k+1⋅PH2
k− 1+k+2

(9)  

The rate of the catalytic process can be described as the rate of the 
second step, Scheme 1. Model 1 proposed for xylose hydrogenation.  

Scheme 2. Model 2 proposed for xylose hydrogenation.  
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r = k+2⋅θX− H2 (10)  

Insertion of eqs. (7) and (9) in the rate eq. (10) and some algebraic 
rearrangement give the final form of the rate eq. (11). 

r =
k+2⋅k+1
k− 1+k+2

⋅Cx⋅PH2

CX + 1
K3

⋅CXOH +
k+1

k− 1+k+2
⋅Cx⋅PH2

(11)  

The kinetic and adsorption parameters are expected to follow the laws of 
Arrhenius and van’t Hoff as expressed by eqs. (12)–(16), with the 
average T of 354 K 

k+1 = k+1,ave⋅e
E+1
R ⋅

(

1
T
− 1

T

)

(12)  

k - 1 = k - 1, ave⋅e
E - 1

R ⋅

(

1
T

- 1
T

)

(13)  

k+2 = k+2, ave⋅e
E+2
R ⋅

(

1
T
− 1

T

)

(14)  

4.3. Mass balance equations and numerical solution strategy 

The transient mass balances for xylose and xylitol in the liquid phase 
for a batch reactor are given in eqs. (15) and (16), respectively, where ρB 
is the catalyst bulk density, i.e., the ratio of the ruthenium mass to the 
reaction volume, and r is the reaction rate, as defined by eqs. (3) and 
(11), depending on the model selected (Model 1 or Model 2). 

dCX

dt
= − r⋅ρB (15)  

dCXOH

dt
= r⋅ρB (16) 

The parameters of both models were estimated by minimizing the 
objective function presented in eq. (17) using the Nelder-Mead optimi-
zation algorithm coupled with the system of ordinary differential eqs. 
(15) and (16) which were solved by the LSODA routine implemented in 
Python. 

Q =
∑n

i=1

(
CExp,i-CCalc,i

)2 (17) 

The coefficient of determination (R2) was computed with eq. (18) to 
evaluate the goodness of fit, which compares the model performance 
with the mean concentration. The value of R2 can vary between 0 and 
100 %. 

R2 =

(

1 −

∑n
i=1

(
CExp,i − CCalc,i

)2

∑n
i=1

(
CExp,i − Cmean,i

)2

)

⋅100 (18)  

4.4. Modelling results 

4.4.1. Model 1 – Xylose and hydrogen non-competitive adsorption 
The estimated parameters are listed in Table 5. As expected, model 1 

(non-competitive adsorption model) successfully describes the experi-
mental data with a high degree of explanation (R2 = 98.96 %). The 
activation energy value of 43.21 kJ/mol corresponds to previously re-
ported values for Ru-based catalysts (40–60 kJ•mol− 1) [18,23,58]. The 
value of KX = 14.29 L/mol indicates strong adsorption of xylose. Table 6 
shows the correlation matrix for the estimated parameters, giving in all 
cases values for the Pearson correlation coefficient less than 0.9. The 
strongest correlation was between k81◦C and Kx (0.891) and KH2 (0.378), 
indicating that the specific reaction rate is positively correlated with the 
adsorption parameters, which is a characteristic feature for this kind of 
models, since the parameters in the nominator and the denominator can 

compensate each other. 
The model describes rather well the concentration profiles as well as 

the effect of temperature and hydrogen pressure on the hydrogenation 
rate as shown in Fig. S7 and Fig. S8, respectively. 

4.4.2. Model 2 – Xylose-hydrogen intermediate formation 
Table 7 lists the obtained parameters for model 2 with the correlation 

matrix presented in Table 8. In general, a high degree of description of 
the experimental data (R2 = 98.98%) was achieved and the influence of 
both the temperature and hydrogen pressure is accurately described by 
the model (Fig. 11 and Fig. 12, respectively). It is comparable with the 
description achieved with Model 1. 

The values of the fitted parameters observed in Table 7 indicate that 
the formation of the intermediate xylose-hydrogen on the active site is 
faster compared to the backward reaction (e.g., k+1, ave⋅PH2 =

0.32 mol min− 1⋅g− 1
Ru ⋅bar− 1 at 40 bar). The value of the adsorption con-

stant (K3) suggests that the adsorption strength of xylitol on the active 
sites is lower compared to xylose adsorption, which agrees with the 
previous modelling results of sugar hydrogenation [18]. In this case, the 
correlation among parameters is low in general. However, it can be seen 
some correlation between the activation energies E+1 and E-1 (0.358) 
and E+1 and E+2 (-0.518), which is normal as the value of the forward 
activation energy can be somehow compensated by the backward 

Table 5 
Kinetic parameters estimated for the non-competitive model 1 (NCAM).  

Parameter Value Relative Error (%) Units 

κave  0.047 6.0 L•gRu− 1•min− 1 bar− 1 

EA  43.21 1.3 kJ•mol− 1 

KX  14.29 10 L•mol− 1 

KH2  0.039 5.0 bar− 1 

Q  0.003 – mol•L− 1 

R2  98.96 – %  

Table 6 
Correlation matrix of the parameters for the model 1.   

κave    

κave 1 EA   

EA − 0.074 1 KX  

KX 0.891 − 0.045 1 KH2 

KH2 0.378 − 0.065 − 0.067 1  

Table 7 
Kinetic parameters estimated for Model 2.  

Parameter Value Relative Error, (%) Units 

k+1,ave  0.008 0.2 mol min− 1•gRu
− 1•bar− 1 

E+1  58.61 0.6 kJ•mol− 1 

k-1,ave  0.14 4.8 mol min− 1•gRu
− 1 

E-1  20.26 1.3 kJ•mol− 1 

k+2,ave  0.053 2.1 mol min− 1•gRu
− 1•bar− 1 

E+2  23.84 1.4 kJ•mol− 1 

K3  1.14 2.7 – 
Q  0.003 – L2•mol− 2 

R2  98.98 – %  

Table 8 
Correlations matrix of the parameters for model 2.   

k+1,ave       

k+1,ave 1 E+1      

E+1 − 0.004 1 k− 1,ave     

k-1,ave 0.130 0.035 1 E-1    

E-1 0.004 0.358 0.031 1 k2,ave   

k+2,ave 0.063 0.044 0.897 0.036 1 E2  

E2 − 0.014 − 0.518 − 0.155 − 0.052 − 0.187 1 K3 

K3 0.023 0.012 0.312 − 0.001 0.014 − 0.013 1  
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reaction. Similarly, as can be expected, a correlation between k-1 and k2 
exists (0.897) as both parameters are competing for the same sites, as it 
can be seen in eq. (5). 

Model 2 explains the zero order in xylose and hydrogen simulta-

neously as isomerization of the complex X ∗ H2, considering that the 
adsorption of the product (xylitol) is limited, unlike the model 1, which 
predicts zero order with respect to hydrogen at the maximum coverage 
of the adsorption sites devoted to hydrogen and with respect to xylose at 

Fig. 11. Concentration curves in hydrogenation of xylose at 40 bar hydrogen pressure on Ru-Al-MCM-41 catalyst at (a) 60 ◦C, (b) 75 ◦C, (c) 90 ◦C, (d) 100 ◦C (model 
2). Experimental points- symbols, calculations-lines. 

Fig. 12. Concentration curves in hydrogenation of xylose at 90 ◦C on catalysts Ru-Al-MCM-41 at (a) 10 bar, (b) 20 bar, (c) 40 bar, (d) 50 bar (Model 2). Experimental 
points- symbols, calculations-lines. 
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the maximum coverage of the sites corresponding to xylose adsorption. 

5. Conclusions 

Ruthenium-based catalysts supported on different silicate and 
aluminosilicate mesoporous molecular sieves were synthesized and 
characterized in terms of morphology, textural properties, ruthenium 
content, and Ru nanoparticle size distribution. In general, the 
aluminosilicate-supported catalysts displayed a higher Ru loading along 
with a narrower particle size distribution. The prepared catalysts were 
used in selective xylose hydrogenation to xylitol and compared with a 
commercial Ru/C catalyst. The specific catalytic activity followed the 
sequence: Ru/C > Ru/Al-MCM-41 > Ru/Al-MCF ≥ Ru/Al-Si-SBA-15 >
Ru/Si-SBA-15 > Ru/Si-MCM-41.Overall, the synthetized materials dis-
played a xylitol selectivity exceeding 99 % compared to 92.6 % selec-
tivity for the commercial Ru/C catalyst. High selectivity is a critical 
aspect to simplify the purification steps involved in the industrial pro-
duction of xylitol. 

The most active catalyst among the synthesized materials was Ru/Al- 
MCM-41 with an improved performance compared to Ru/C due to a 
higher selectivity to xylitol. Higher activity of Ru/C (expressed as initial 
reaction rates) can be explained in terms of stronger interactions be-
tween Ru and carbon (as revealed by TPR) that prevents metal leaching 
and a lower oxidation state of ruthenium on this support as suggested by 
XPS results. 

The kinetic data obtained with Ru/Al-MCM-41 were modelled by 
two approaches: non-competitive adsorption of xylose and hydrogen 
(model 1) and a model that presumes formation of an intermediate on 
the catalyst surface (model 2). In model 1, the rate can simultaneously 
be zero order with respect to one component (e.g., xylose) and deviate 
from zero order for the other (hydrogen). In contrast, for model 2, the 
zero reaction order stems from surface isomerization of the xylose- 
dihydrogen complex. Despite these differences, both models displayed 
similar performances in terms of the data fitting and description of the 
temperature and pressure effects. 
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