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A B S T R A C T   

Structured catalysts, such as solid foams, represent a very promising technology for continuous and stable 
production of high-value compounds derived from biomass, traditionally produced with batch and semibatch 
technologies using suspended catalysts. However, the synthesis of structured catalysts presents additional 
challenges related to their structure and the generation of porous coatings with suitable properties for dispersing 
the catalytically active phase on the support. 

This work was focused on synthesizing a Ru/C solid foam catalyst and investigating its activity in the selective 
hydrogenation of xylose to xylitol under different operational conditions. The carbon coating, the key step of 
preparation, was based on the formation and pyrolysis of poly(furfuryl alcohol) in the presence of different 
amounts of poly(ethylene glycol) (PEG; M = 8 kDa) as a pore former, which enabled tuning the support porosity. 
Thus, the catalyst prepared with 5 wt% PEG presented a micro-to-mesopores volume ratio of 1, and a good 
dispersion of Ru nanoparticles, as well as a better stability compared to the catalyst prepared without PEG. 

The extensive kinetic data collected in this work were mathematically modelled using three different ap-
proaches to elucidate the reactant adsorption mode: a non-competitive adsorption model, a non-competitive 
adsorption model considering the effect of temperature, and a semi-competitive adsorption model. The non- 
competitive temperature-dependent model displayed better performance in terms of fitting and reliability of 
the estimated parameters and predicted the adsorption of xylose as an endothermic process. On the other hand, 
the semi-competitive model gave similar results in terms of fitting and a value for the competitiveness factor of 
0.74, which matches the hypothesis that the larger molecules, sugars, can occupy most of the active sites, while 
some interstitial sites remain accessible for hydrogen adsorption. The modelling results revealed a complex mode 
of sugar adsorption on the catalyst surface. This modelling concept can be applied to any system in which the 
molecule sizes are very different.   

1. Introduction 

Sustainability lies in the idea of a welfare society with the urgency 
that what was enunciated as “future generations” becomes clearer and 
clearer every day that it is the present. The 17 Sustainable Development 
Goals (SDGs) established in 2015 by the United Nations General As-
sembly aim to achieve a better future for the world within the 

framework of the 2030 Agenda (UN, 2017). The population has 
continued to grow in recent decades, and human activities have not 
always been sufficiently refined, resulting in increased pollution, 
climate change, global warming, and the depletion of natural resources. 
From a chemical engineering perspective, we can improve many activ-
ities, industrial practices, and products towards sustainability. In this 
context, the use of lignocellulosic biomass as feedstock for the chemical 
industry is a promising approach and a challenge that has motivated 
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extensive research and development efforts in recent years (Aguilar 
et al., 2018; Ajao et al., 2018; Ruppert et al., 2012; Xu et al., 2019). In 
this sense, a prime example of the application of the so-called second 
generation biorefinery concept is the production of sugar alcohols (e.g., 
sorbitol, xylitol, arabitol, galactitol), molecules with diverse applica-
tions in alimentary, pharmaceutical, and cosmetic industries (Delgado 
Arcaño et al., 2020; Murzin et al., 2016; Redina et al., 2022). 

Among the most industrially relevant sugar alcohols, xylitol stands 
out for its high sweetening strength and a low caloric content. It is used 
as a substitute for sucrose in bakery and confectionery products, espe-
cially chewing gum (Research and Markets, 2021a). Moreover, many 
xylitol-based oral health products have been commercialized because 
this sugar alcohol reduces the incidence of dental caries by 85% 
(Mäkinen et al., 1998), promotes saliva production (Autio, 2002), and 
inhibits plaque growth (Kandelman, 1997). Other health-promoting 
applications of xylitol include its potential use as a treatment for acute 
otitis media (Erramouspe and Heyneman, 2000), osteoporosis due to its 
enhancing effect on calcium absorption (Mattila et al., 1996), respira-
tory diseases (Zabner et al., 2000), and colon diseases, owing to its 
ability to improve the development of the microbiota (Mitchell, 2007). 

Xylitol, with a global market size of nearly 900 million euros in 2021 
and a projected size of ca. 1200 million euros by 2027 with an annual 
growth rate of 5.1 % (Research and Markets, 2021b), has been classified 
in the list of high-value compounds from biomass by the US National 
Renewable Energy Laboratory (NREL) (Redina et al., 2022; Werpy and 
Petersen, 2004) and in the final report of 2015 of the European Com-
mission for the Directorate General of Energy (Delgado Arcaño et al., 
2020; Taylor et al., 2015). An apparent reason for this is its potential use 
as a building block to produce other relevant chemicals such as ethylene 
glycol, propylene glycol, lactic acid, glycerol, xylonic acid, polyesters, 
and nylons (Delgado Arcaño et al., 2020). 

Conventional production of xylitol is carried out through catalytic 
hydrogenation of xylose, which is obtained from hemicelluloses such as 
xylans by acid hydrolysis in the presence of homogeneous or heteroge-
neous catalysts. Purified xylose is hydrogenated at hydrogen pressures 

of 5–60 bar and temperatures of 80–140 ◦C in the presence of a finely 
dispersed Ni-based catalyst, conventionally known as Raney nickel or 
sponge nickel (Murzin et al., 2016). Although this is a relatively well- 
established industrial process, Raney nickel suffers from serious draw-
backs such as pyrophoricity, formation of poisonous by-products, 
deactivation, leaching, and, in the conventional finely dispersed form, 
its use is limited to batch operation. Therefore, ruthenium-based cata-
lysts, have been proposed to replace nickel (Hoffer et al., 2003) because 
of the high catalytic activity of ruthenium for this reaction, as demon-
strated by experiments on ruthenium on activated carbon (Sifontes 
Herrera et al., 2011) and ruthenium on polymeric supports (Sapunov 
et al., 2013), as well as by theoretical considerations (Akpe et al., 2021). 

On the other hand, structured catalysts offer advantageous charac-
teristics for continuous and stable production in the fine chemical in-
dustry, which is mainly governed by batch processes. This type of 
catalysts, e.g., solid foams, monoliths, and 3D printed structures, com-
bines the benefits of slurry and shaped-body catalyst technologies, i.e., 
thin catalyst layers ensure high effectiveness factors, and their open 
structures allows operation with low pressure drops (Italiano et al., 
2018; Tronconi et al., 2014). Furthermore, metallic foams provide 
excellent mechanical properties and a disruptive flow path that im-
proves the gas–liquid dispersion and heat transfer in three-phase sys-
tems (Ho et al., 2019). 

The preparation of foam structures for catalytic applications requires 
a wash-coating step that allows the incorporation of a porous support 
layer to enable the dispersion of catalytically active metals (Wenmakers 
et al., 2010). For sugar hydrogenation, carbon is a suitable support with 
adequate porosity and interaction with ruthenium nanoparticles (Hoffer 
et al., 2003). 

Carbon coating techniques utilized for structured catalysts prepara-
tion usually include the formation and pyrolysis of a polymer precursor 
layer. A good example of this is poly(furfuryl alcohol) (P(FA)) (Araujo- 
Barahona et al., 2022; Lali et al., 2015b; Moreno-Castilla et al., 1980; 
Najarnezhadmashhadi et al., 2020; Schimpf et al., 2004), which has two 
advantages—a high carbon yield (above 40%), and its monomer, 

Notation 

Description 
C*′ Concentration of the active sites *’[mol•mol− 1] 

C*′H Hydrogen concentration on active sites *’[mol•mol− 1] 
C*X Xylose concentration on active sites *[mol•mol− 1] 
CCalc.i Predicted concentration from the model.[mol•L-1] 
CExp,i Experimental concentration.[mol•L-1] 
CH2 Concentration of hydrogen in the liquid phase.[mol•L-1] 
C* Concentration of the active sites *[mol•mol− 1] 
C0 Total concentration of active sites */ Total concentration of 

primary sites in the semi-competitive model.[mol•mol− 1] 
C′0 Total concentration of active sites *’.[mol•mol− 1] 
CX Xylose concentration in the liquid phase.[mol•L-1] 
CXOH Xylitol concentration in the liquid phase.[mol•L-1] 
EA Activation energy.[kJ•mol− 1] 
KH2 Merged parameter for hydrogen.[bar− 1] 
ID Integrated intensities of the D band.[a.u.] 
IG Integrated intensities of the G band.[a.u.] 
KLH2 Henry’s law solubility constant for hydrogen. 

[mol•bar− 1•L-1] 
kX Kinetic constant for xylose hydrogenation[mol•gRu

- 

1•min− 1] 
KX Adsorption parameter for xylose.[L•mol− 1] 
KX, 90◦ C Adsorption parameter for xylose at 90 ◦C.[L•mol− 1] 
KH Adsorption parameter for hydrogen.[bar− 1] 
M Molar mass.[kDa] 

m Number of active sites required for the adsorption of 
xylose. 

mcat Mass of catalyst.[g] 
PH2 Hydrogen pressure.[bar] 
Q Objective function, residual sum of squares (RSS). 

[L2•mol− 2] 
R Gas constant.[J⋅K− 1⋅mol− 1] 
rX Reaction rate of xylose consumption.[mol•gRu-1•min− 1] 
R2 Coefficient of determination.[%] 
T Temperature.[K] 
T̄ Reference temperature.[K] 
VL Volume of liquid[L] 
α Competitiveness factor 
ΔHH2 Adsorption enthalpy for hydrogen.[kJ•mol− 1] 
ΔHX Adsorption enthalpy for xylose.[kJ•mol− 1] 
κX Merged parameter of xylose[L•gRu-1•min− 1•bar− 1] 
κX90◦ C Merged parameter for xylose at 90 ◦C.[L•gRu-1•min− 1 

•bar− 1] 
ρB Bulk density[gRu•L-1] 

Abbreviations 
A.O. Anodic Oxidation 
A.U. Arbitrary units 
BSTFA N,O-Bis(trimethylsilyl)trifluoroacetamide 
TCD Thermal conductivity detector 
TMCS Trimethylsilyl chloride  
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furfuryl alcohol, typically originates from renewable agricultural sour-
ces such as wood wastes and food crop residues (Mariscal et al., 2016). 

The carbons obtained from poly(furfuryl alcohol) pyrolysis are 
mainly microporous materials (Schlumberger and Thommes, 2021). 
Therefore, several activation processes have been utilized to create 
mesopores inside PFA-derived carbons, for example, physical activation 
with carbon dioxide, oxygen, and water vapor as well as chemical 
activation with reagents such as acids (Lorenc-Grabowska and Rut-
kowski, 2018; Sricharoenchaikul et al., 2008). Another alternative is the 
addition of pore-forming substances inside the carbon precursor poly-
mer, combined with physical activation (Lafyatis et al., 1991; Strano 
et al., 2003). 

From the point of view of preserving the mechanical stability of 
metallic structural supports, such as aluminium foams, the addition of 
non-carbonizing pore formers, such as polyethylene glycol (PEG), is 
considered a more feasible option since it allows lower activation tem-
peratures and avoids exposure to corrosive chemicals. According to 
Strano et al. (2003), PEG acts as a volume exclusion agent during the 
growth and concatenation of carbon mesogens (liquid crystal phase) in 
the pyrolysis process, which results in tailoring of the obtained porosity 
of the carbon. 

The objective of this work was to develop a Ru/C foam catalyst based 
on the formation and pyrolysis of poly(furfuryl alcohol) with improved 
mesoporosity by adding a high molecular mass poly(ethylene glycol) as 
a pore former and to study its catalytic activity and the reaction kinetics 
of xylose hydrogenation at different temperatures, hydrogen pressures, 
and initial concentrations. Mathematical models for the kinetic data 
were developed based on plausible surface reaction mechanisms, i.e., 
non-competitive adsorption of sugar molecules and hydrogen, as well as 
a semi-competitive adsorption model. 

2. Experimental section 

2.1. Catalyst synthesis 

The preparation of the catalyst consisted of the following steps: 
anodic oxidation, carbon coating, acid treatment, ruthenium incorpo-
ration, and ex-situ reduction. The synthesis process is explained in detail 
in a previous article by our research group (Araujo-Barahona et al., 
2022). A summary of this is provided in this section. 

Cylindrical pieces (33 mm length and 11 mm diameter) cut from a 
commercially available aluminium open-cell foam sheet (Goodfellow 
Cambridge Ltd.) with 96% porosity were anodized for one hour under an 
electrical current of 2 A and then calcined for four hours at 600 ◦C. The 
electrolyte solution used consisted of 100 mL of 1.6 mol/L sulfuric acid 
(Sigma-Aldrich; 96 wt%) and 60 g/L of aluminium sulphate hex-
adecahydrate (Fluka; 98 wt%). 

The carbon coating proceeded via poly(furfuryl alcohol) pyrolysis — 
three foam pieces were attached to a crossed blade stirrer shaft and 
immersed in a mixture consisting of 136.2 g of furfuryl alcohol (Sigma- 
Aldrich; 98 wt%), 0.84 g of oxalic acid dihydrate (Sigma-Aldrich; 99.5 
wt%), and 16.7 g of distilled water. The foams were rotated at 200 rpm 
while the temperature was increased at a rate of 2 ◦C/min to 110 ◦C. The 
heating was then regulated manually to obtain a curing time for the 
polymer of ca. one hour in a temperature range of 110–130 ◦C. Different 
amounts of polyethylene glycol (M = 8 kDa; Sigma-Aldrich) (0–15 wt%) 
were added to the mixture in the final curing stage (approx. at 50th 
minute). The samples were labelled according to the percentage of PEG 
added as F0PEG, F3PEG, F5PEG, and F15PEG. 

The excess polymer on the foams was removed by rotating them for 
five minutes at 1000 rpm using a centrifugation-like effect. Subsequent 
polymer pyrolysis was carried out at 550 ◦C in a furnace with a nitrogen 
flow of 2000 mL/min for five hours, followed by an activation step at 
380 ◦C under an airflow of 1000 mL/min for two hours. The obtained 
carbon-coated foams were immersed in a 5 wt% nitric acid solution 
(Sigma-Aldrich; 70 wt%) for two hours, after which they were washed 

and oven-dried for two more hours at 70 ◦C. 
The ruthenium incorporation was performed by incipient wetness 

impregnation of a 0.6 mol/L solution of Ru(III) nitrosyl nitrate (1.4% wt. 
Ru, diluted in nitric acid solution; Sigma-Aldrich). The precursor was 
dripped onto the carbon surface in steps of approximately 0.4 g of so-
lution. The drying time per step was 24 h at 110 ◦C. Finally, the catalysts 
were reduced ex-situ at 300 ◦C for five hours under a 100 mL/min 
hydrogen flow. The reduction temperature was selected based on 
Temperature-Programmed Reduction (TPR) experiments on the 
catalyst. 

2.2. Characterization techniques 

The decomposition patterns of the carbon precursor polymers were 
obtained by heating 20 mg of sample from room temperature to 1000 ◦C 
following a ramp of 5 ◦C/min in a nitrogen atmosphere using a SDT 650 
simultaneous thermal analyzer. 

The morphology of the carbon coatings was studied using scanning 
electron microscopy (SEM; Zeiss Leo Gemini 1530). The size distribution 
of the ruthenium nanoparticles deposited on the foams was determined 
by transmission electron microscopy (TEM, JEM 1400 Plus Transmission 
Electron Microscope); 1000 particles per sample were measured in 
ImageJ software. 

Raman spectroscopy was employed to characterize the carbon 
coating obtained by adding different PEG amounts in the polymer pre-
cursor. Raman spectra were recorded with a Renishaw Ramascope im-
aging microscope. An Ar-ion laser with an excitation wavelength of 514 
nm and power of 25 mW was utilized to record the spectra in the 
wavenumber range of 400–2000 cm− 1. The spectrometer was calibrated 
against a silicon standard (520 cm− 1). 

The ruthenium content of the catalysts and the degree of leaching 
during the kinetic experiments were determined using Inductively 
Coupled Plasma Optical Emission Spectroscopy (ICP-OES, PerkinElmer, 
Optima 5300 DV). The solid samples (0.1 g) were dissolved in a mixture 
of 3 mL of sulfuric acid (Sigma-Aldrich; 96 wt%) and 3 mL of nitric acid 
(Sigma-Aldrich; 65 wt%) while the liquid samples before and after each 
selected catalytic experiment were taken and analysed directly through 
ICP-OES (40 bar; 60 ◦C, 90 ◦C, 100 ◦C, and 120 ◦C). 

Temperature-Programmed Reduction (Microtrac MRB Catalyst 
Analyzer Belcat II) measurements were performed to establish adequate 
ex-situ reduction conditions for the prepared catalysts. The TPR mea-
surements were conducted in the temperature range of 30–700 ◦C 
following a ramp of 10 ◦C/min. A gas flow of 5 mol% hydrogen in argon 
(30 cm3/min) was used. 

The Dubinin-Radushkevich and Brunauer–Emmett–Teller (BET) 
models were applied to calculate the specific surface areas, and the non- 
local density function theory (NLDFT) model was used to estimate the 
pore size distribution of the prepared catalysts assuming a slit pore ge-
ometry (Medek, 1977). Nitrogen physisorption isotherms (77 K) were 
obtained using a Micromeritics 3Flex-3500 sorptometer. The samples 
were outgassed for 24 h at 300 ◦C before the analysis. 

2.3. Kinetic hydrogenation experiments 

The Screening of the prepared catalysts and the systematic kinetic 
study with the most active catalyst (F5PEG) was conducted in a labo-
ratory scale semi batch reactor (Par 4561). Prior to each experiment, the 
reactor was purged with argon and hydrogen and the catalyst was 
reduced in situ in hydrogen at 120 ◦C and 5 bar for two hours. Then, a 
130 mL solution of xylose in deionized water was saturated with 
hydrogen in a pre-heating chamber at the experimental temperature and 
pressure. The aqueous sugar solution was injected into the reactor and 
two foam catalyst pieces fixed to the agitating shaft functioned as stirrer 
at 600 rpm. 

Liquid-phase samples of about 0.5 mL were withdrawn from the 
pressurized reactor at different times during the hydrogenation 
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experiments, and the concentrations of reactants and products were 
determined utilizing a high-performance liquid chromatograph (Hitachi 
Chromaster HPLC) equipped with a Bio-Rad HPX-87C carbohydrate 
column and a refractive index (RI) detector (Hitachi 5450 RI Detector). 
The injection volume was 10 μL, and the mobile phase consisted of a 1.2 
mM calcium sulphate solution at a flow rate of 0.3 mL/min while the 
column temperature was maintained at 50 ◦C. 

Minor by-products were identified using gas chromatography 
(Hewlett Packard G1530AGC) coupled to a mass spectrometer (HP 5973 
MSD). Selected samples were lyophilized and mixed with 40 µL of dry 
pyridine, 160 µL of BSTFA, and 40 µL of TMCS, then oven-dried at 70 ◦C 
for about 30 min, after which 5 mL of acetone was added. Finally, 1 µL of 
the sample was injected into the chromatograph according to the con-
ditions specified by Smeds et al. (2019). 

3. Catalyst synthesis results and discussion 

A matte gray oxide layer was formed on the Al foams after anodic 
oxidation and calcination, which agrees with previous observations 
(Araujo-Barahona et al., 2022; Burgos et al., 2003; Lali et al., 2015a). 
This treatment resulted in an average mass loss of 7% for all samples. 

As described in Section 2.1., the coating of open-cell foam pieces was 
carried out through the pyrolysis of poly(furfuryl alcohol). The poly-
merization of furfuryl alcohol proceeded via a stepwise heating process 
in the presence of an acidic catalyst (oxalic acid). The water in the 
mixture (evaporating and in liquid phase) plays a critical role in the 
cross-linking and formation of cavities in the polymer, i.e., the charac-
teristics required to generate adequate cohesion and porosity of the 
resulting carbon coating (Araujo-Barahona et al., 2022; Cepollaro et al., 
2020). 

Carbon materials obtained by direct pyrolysis of poly(furfuryl 
alcohol) are microporous, with nitrogen adsorption–desorption iso-
therms of type I (Schlumberger and Thommes, 2021), generally with 
open hysteresis loops due to the limited diffusion of nitrogen molecules 
in the narrowest nanopores (Cepollaro et al., 2020; Zaharopoulou et al., 
2020). Therefore, different activation procedures have been reported to 
generate mesopores in the carbon structure, such as activation with 
carbon dioxide and water vapor at high temperatures (Lorenc-Gra-
bowska and Rutkowski, 2018; Sricharoenchaikul et al., 2008), and 
adding pore formers to the precursor polymer (Lafyatis et al., 1991; 
Strano et al., 2003). The latter option was considered more feasible 
because the aluminium in the foams limits the allowed activation 
temperature. 

The attempt to generate mesopores in the carbon framework aligns 
with the goal of depositing ruthenium nanoparticles with improved 
dispersion and adsorption of relatively large molecules, because Ru 
nanoparticles on catalysts supported on carbonaceous materials gener-
ally range between 1.5 and 5 nm in size (Aho et al., 2015; Araujo- 
Barahona et al., 2022; Najarnezhadmashhadi et al., 2020; Sifontes 
Herrera et al., 2011; Simakova et al., 2016). Hence polyethylene glycol 
(PEG) with a molar mass of 8 kDa (Lafyatis et al., 1991) was selected. 

The carbon resulting from pyrolysis of a mixture of P(FA)/PEG at 
550 ◦C was approximately 40% of the original mass. In contrast, the 
carbon amount yielded from PEG was almost negligible, as observed in 
the thermogravimetric measurements shown in Fig. 1 and confirmed by 

Fig. 1. Thermogravimetric analysis (TGA) of polyfurfuryl alcohol/PEG 8 kDa 
(5 wt%) mixture and PEG 8 kDa. 

Table 1 
Mass of foam pieces during catalyst synthesis.  

Sample Code PEG Content in  
Polymer Mixture 
[wt. %] 

Initial Mass 
[g] 

Mass After A.O. [g] Polymer  
Loaded 
[wt. %] 

Carbon Mass  
After Pyrolysis 
[wt. %] 

Carbon Mass After O2  

Activation 
[wt. %] 

F0PEG 0 0.6314 ± 0.0018 0.5915 ± 0.0035 78.90 ± 0.760 59.39 ± 3.67 49.99 ± 7.41 
F3PEG 3 0.6179 ± 0.0039 0.5678 ± 0.0054 74.02 ± 1.90 53.25 ± 3.62 32.24 ± 7.33 
F5PEG 5 0.6294 ± 0.0017 0.5800 ± 0.0016 64.21 ± 0.11 43.18 ± 0.62 39.06 ± 1.59 
F15PEG 15 0.6171 ± 0.0239 0.5705 ± 0.0239 50.94 ± 2.23 29.77 ± 2.20 27.68 ± 2.73  

Fig. 2. Effect of PEG (8 kDa) addition on the resulting carbon coatings (SEM images): (a) 0 wt% PEG, (b) 5 wt% PEG, and (c) 15 wt% PEG.  
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the obtained carbon contents in Table 1. This shows that the selected 
thermal treatments in the catalyst synthesis (see Section 2.1.) were 
adequate to completely decompose the pore former (PEG), thus avoiding 
the possible blockage of ruthenium nanoparticles in the following 
preparation steps. 

Fig. 2 shows the effect of the addition of PEG to the polymer pre-
cursor mixture on the resulting carbon coatings. A noticeable increase in 
the presence of depressions and a more developed porosity were 
observed with an increasing amount of PEG. However, the carbon layer 
collapsed when the PEG content exceeded 20 wt%. 

The measured nitrogen physisorption isotherms (77 K) for the carbon 
coatings prepared using different amounts of PEG are presented in 
Fig. 3, and the derived textural properties are listed in Table 2. For the 
F0PEG and F3PEG samples, isotherms of type I were obtained with open 
hysteresis loops, which is characteristic for microporous materials with 
narrow pores where nitrogen has a limited diffusion capacity at 77 K 
(Cepollaro et al., 2020; Zaharopoulou et al., 2020). As the PEG content 
in the precursor polymer mixture increased (i.e., for F5PEG and 
F15PEG), the resulting isotherms appeared more like type IV isotherms, 
indicating the presence of mesopores exceeding 4 nm width (Schlum-
berger and Thommes, 2021). 

In fact, the increasing PEG percentage resulted in the formation of 
mesopores as a result of the collapse of the existing micropores, as can be 
observed in Figure S1 (Supplementary Information) and Table 2, where 
the ratio of meso-to-micropore volumes increased from the base case of 

F0PEG with a value of 0.12 up to 1 for F5PEG, the data suggest even the 
formation of some macroporosity in the sample F15PEG. In contrast, the 
specific surface area decreased as more mesopores were formed. 

Raman spectroscopy is commonly used to characterize pyrolytic 
carbons (Ferrari and Robertson, 2000), which display a band in the 
Raman spectra at approximately 1500–1630 cm− 1, as well as an addi-
tional band located approximately at 1350–1380 cm− 1 (band D). The G- 
band is associated to the presence of sp2 carbon lattices (with E2g 
vibrational mode), and the D-band is attributed to the A1g vibrational 
mode, which is Raman-activated due to the presence of small imper-
fections caused by the loss of translational symmetry in the disordered 
structure (Li et al., 1996; Wang et al., 1998). Thus, the ratio of the in-
tegrated intensities of the D and G Raman bands (ID/IG) provides a 
measure of the degree of disorder in the obtained carbon (Wang et al., 
1998). 

Fig. 4 shows representative Raman spectra of the carbon-coated 
foams (F0PEG, F3PEG, and F5PEG) and the calculated ID/IG ratio. The 
spectra were fitted using Gaussian functions. Besides the G and D bands, 
two additional bands located at 1231 ± 26 cm− 1 and 1504 ± 3 cm− 1 

were included to achieve an adequate data fitting; these bands have 
been associated with remaining residues of the pyrolysis process 
(Zaharopoulou et al., 2020). A slight increase in the ID/IG ratio was 
observed with increasing PEG content; this apparent increase in the 
disorder can be associated with the destruction of the microcrystalline 
graphite induced by the presence of PEG that led to a higher degree of 
burn off during the pyrolysis and oxygen activation steps (Cepollaro 
et al., 2020; Li et al., 1996; Wang et al., 1998; Zaharopoulou et al., 
2020). 

Ruthenium nanoparticles were deposited on F0PEG and F5PEG 
samples to study the effect of the induced mesoporosity of the carbon 
support on catalytic performance. Under the impregnation conditions 
described in Section 2.1, Ru loadings of 1.7 wt% for F0PEG and 1.4% for 
F5PEG were obtained. 

The hydrogen-TPR profile for catalyst F5PEG is shown in Fig. 5 
(before ex-situ reduction), which coincides with the previous results for 
Ru/C foam catalysts (Araujo-Barahona et al., 2022) (prepared under the 
conditions of F0PEG), where two hydrogen consumption maxima were 
observed: the first one at 250 ◦C is ascribed to the reduction of ruthe-
nium oxides, while the latter was due to methanation of the carbon 
support, as confirmed by mass spectroscopy. Therefore, 300 ◦C was used 
for the ex-situ reduction of the prepared catalysts (see Section 2.1). 

On the other hand, a better dispersion of Ru was obtained on catalyst 
F5PEG than on F0PEG (microporous carbon support). The latter had an 
average nanoparticle size of 3.6 nm, whereas F5PEG had an average size 
of 2.8 nm, as shown in the TEM micrographs in Fig. 6. 

4. Kinetic results and discussion 

4.1 Catalyst screening and durability 

The mesoporosity introduced in the preparation of F5PEG, 
confirmed by nitrogen physisorption and SEM images (see Section 3.1), 
resulted in a higher dispersion of the Ru nanoparticles due to a superior 

Fig. 3. Nitrogen physisorption isotherms (77 K) recorded for carbon coatings 
on aluminium foams prepared with different PEG contents in the precursor 
polymer mixture. 

Table 2 
Textural properties of prepared carbon-coated foams.  

Sample 
Code 

Dubinin-Radushkevich 
Specific Surface Area 
[m2/g] 

BET Specific 
Surface Area 
[m2/g] 

Cumulative NLDFT Pore 
Volume (Pore Width ≤ 
50 nm) 
[cm3/g] 

Cumulative NLDFT 
Micropores Volume (Pore 
Width ≤ 2 nm) 
[cm3/g] 

Cumulative NLDFT 
Mesopores Volume (Pore 
Width ≥ 2 nm) 
[cm3/g] 

Ratio of Meso-to- 
Micropore 
Volumes 

F0PEG 69 47  0.024  0.021  0.003  0.12 
F3PEG 63 46  0.023  0.019  0.004  0.24 
F5PEG 20 17  0.012  0.006  0.006  1.00 
F15PEG No fitted 12  0.010  0.005  0.005  0.93  

G. Araujo-Barahona et al.                                                                                                                                                                                                                    



Chemical Engineering Science 281 (2023) 119130

6

interaction between the ruthenium precursor and the carbon support. 
Considering that sugar hydrogenation is a structure-sensitive reaction 
(Simakova et al., 2016), the improved metal dispersion on the meso-
porous catalyst F5PEG compared to the purely microporous catalyst 
F0PEG resulted in higher activity for xylose hydrogenation, as shown in 
Fig. 7. Consequently, catalyst F5PEG was selected for systematic kinetic 
experiments and kinetic modelling. 

Furthermore, after 200 h of use, a decrease in the catalytic activity of 
F5PEG was detected in a catalyst recycling experiment (Fig. 8). The 
primary cause of deactivation was attributed to nanoparticle agglom-
eration, as shown in Fig. 6 since metal leaching was not detected under 
the experimental conditions. However, this catalyst retained its activity 
twice as long compared to purely microporous Ru/C foam catalyst 
(Araujo-Barahona et al., 2022). This improvement in stability can be 
attributed to the spatial restriction imposed by the mesopores that 
contained the metal nanoparticles, preventing their agglomeration, as 
Cattaneo et al. (2020) have shown for Ru-based catalysts on different 
carbon supports. 

4.2 Results of kinetic experiments 

Fig. 9 shows the very strong temperature effect on the reaction rate. 
The reaction proceeded very slowly at temperatures below 80 ◦C; 
however, a considerable enhancement in the hydrogenation rate was 
observed at temperatures exceeding 100 ◦C. The selectivity towards 
xylitol decreased from 99% at lower temperatures (60 ◦C, 80 ◦C, and 90 

Fig. 4. Raman spectra of the carbon coatings of catalysts (a) F0PEG, (b) F3PEG, (c) F5PEG and (d) ratio between G band and D band versus mass percentage of PEG 
used in the polymer precursor mixture. 

Fig. 5. Hydrogen Temperature-Programmed Reduction (TPR) for catalyst 
F5PEG. TCD signal = thermal conductivity detector signal. 
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◦C) to 92% at 120 ◦C due to the formation of by-products. These ob-
servations confirm that the reactions leading to by-product formation 
have higher activation energies than the main reaction of xylitol for-
mation. Therefore, the selection of the operation temperature for 
eventual industrial production purposes is an issue of optimizing the 

productivity and selectivity. 
Furthermore, the effect of the hydrogen pressure on the reaction rate 

was minor, especially for pressures exceeding 50 bar. On the other hand, 

Fig. 6. Ruthenium nanoparticles on catalyst F5PEG: (a) TEM image (fresh catalyst), (b) nanoparticle size distribution (fresh catalyst), (c) TEM image (spent catalyst, 
200 h of use), (d) nanoparticle size distribution (spent catalyst, 200 h of use). 

Fig. 7. Comparison of prepared catalysts for the D-xylose hydrogenation at 90 
◦C and 30 bar of hydrogen pressure. 

Fig. 8. Decrease of the catalytic activity in F5PEG after 200 h of use in a 
recycling experiment performed at 100 ◦C and 40 bar hydrogen pressure. 
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Fig. 9. Effect of temperature at 40 bar hydrogen pressure on (a) the kinetics of D-xylose hydrogenation and (b) conversion, selectivity, and xylitol yield.  

Fig. 11. Effect of the initial D-xylose concentration (40 bar of hydrogen and 100 ◦C) on (a) the hydrogenation kinetics and (b) conversion, selectivity, and 
xylitol yield. 

Fig. 10. Effect of the hydrogen pressure at 90 ◦C on (a) the kinetics of D-xylose hydrogenation and (b) conversion, selectivity, and xylitol yield.  
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the xylitol selectivity increased slightly with increasing pressure as 
shown in Fig. 10. 

When the effect of the initial concentration of D-xylose was studied 
an increase in the reaction rate with the decrease in the initial concen-
tration of the sugar was observed as illustrated in Fig. 11. This obser-
vation validates that the effective reaction order with respect to xylose is 
less than 1, indicating the adsorption effect of xylose. 

4.3. Reaction stoichiometry and kinetic modelling 

4.3.1 Reaction scheme 

Fig. 12 shows the proposed reaction scheme based on the identified 
products with a combination of HPLC and GC–MS (see Supplementary 
Information). Regardless of the reaction conditions, the by-products did 
not exceed 2 mol%. The mathematical models developed in this work 
considered only the main pathway (xylose hydrogenation), as presented 
in Section 4.3.1. 

4.3.2 Kinetic modelling 

Fundamental model hypotheses. 
The mathematical models developed to describe the experimental 

data were based on the general hypotheses listed below.  

1) The reaction was assumed to proceed within the domain of intrinsic 
kinetics, i.e., in the absence of internal and external mass transfer 
limitations, owning to the high agitation speed used during the ex-
periments and the thin catalyst layer on the foam structures. 

Considering the criterion of Weisz and Hicks (1995) and comparing 
the diffusion and reaction rates, operation within the kinetic regime 
was ensured.  

2) The system was completely isothermal because of the relatively low 
value of reaction enthalpy, particularly in case of the low concen-
trations used (less than0.3 mol/L) during the experiments. There-
fore, the energy balance was dismissed.  

3) Samples withdrawn from the reactor were less than 6 wt%, so the 
reaction volume was considered constant during the experiment.  

4) As mentioned in Section 4.3.1., the concentration of by-products was 
minimal. Hence, for the quantitative modelling, it was inferred that 
the reaction exclusively forms xylitol.  

5) The system follows Henry’s law, i.e., the concentration of the 
hydrogen dissolved in the liquid phase is proportional to the 
hydrogen pressure in the gas phase, as confirmed in a previous study 
by Sifontes Herrera et al. (2016).  

6) Dissociative adsorption of hydrogen was assumed but maintaining its 
molecular identity in the hydrogenation process—two hydrogen 
atoms react with the adsorbed sugar. 

7) Given the lower adsorption affinity of sugar alcohols (Sifontes Her-
rera et al., 2011), the adsorption effect of D-xylitol was neglected.  

8) Finally, the reaction between the adsorbed sugar molecules and 
adsorbed hydrogen was assumed to be the rate-determining step of 
the catalytic process. 

As for the mode of adsorption of the reactants on the catalyst surface, 
three cases were studied: temperature-dependent and temperature- 
independent non-competitive adsorption, and temperature- 
independent semi-competitive adsorption. The temperature-dependent 

Fig. 12. Proposed reaction scheme for xylose hydrogenation on Ru/C solid foams.  
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semi-competitive model was discarded to avoid over-parametrization 
and maintain the reliability of the estimated parameters. 

The non-competitive adsorption models assume that due to the size 
differences between the sugar molecules and hydrogen, it is reasonable 
to assumed that they are adsorbed on separated active sites. This 
approach has been applied successfully to describe the hydrogenation of 
sugars (Mikkola et al., 1999a; Najarnezhadmashhadi et al., 2020), even 
though it is only an approximation from a physical viewpoint. A modi-
fication of this model was included as the second case by considering the 
effect of temperature on the adsorption parameters. On the other hand, a 
more realistic model with respect to the mode of adsorption has been 
proposed by Mikkola et al. (1999a) and Salmi et al. (2004) — the semi- 
competitive adsorption model. In this case, the larger molecules, i.e., 
sugar molecules are adsorbed on the primary active sites of the catalyst 
surface, leaving interstitial sites available for small species, such as 
hydrogen. The rate equations derived from these hypotheses for each 
case are discussed in the following section. 

5. Model derivation and parameter estimation strategy 

5.1. Temperature-independent non-competitive adsorption model 

Considering the hypotheses presented, the following surface reaction 
network was considered, where * represents an active site that adsorbs 
xylose molecules, while *′ indicates the adsorption sites for hydrogen, 

The adsorption steps for xylose and hydrogen were assumed to be 
rapid; therefore, the quasi-equilibrium hypothesis could be applied to 
these steps, while the third step, the surface reaction, is presumed to be 
rate-limiting. The total balances of the adsorption sites for hydrogen and 
xylose were considered in the derivation. Based on these considerations, 
the final form of the rate equation becomes (a detailed derivation of the 
rate equation is presented in Supplementary Information) 

rX =
κX • CX • PH2

(1 + KX • CX) •
(
1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH2 • PH2

√ )2 (1) 

where κX is a merged parameter consisting of rate and adsorption 
parameters. If it is presumed to follow the law of Arrhenius and van’t 
Hoff, the temperature dependence of this parameter can be expressed as 
in equation (2) for a reference temperature of 90 ◦C (T̄ = 363 K). 

κX = κX90◦ C • e
EA
R •

(

1
T̄
− 1

T

)

(2)  

5.2. Temperature-dependent non-competitive adsorption model 

On the other hand, if the adsorption parameters of the reactants are 
temperature-dependent, then they can be expressed by equations (3) 
and (4), where ΔHX and ΔHH2 are the adsorption enthalpies of xylose 
and hydrogen, respectively. 

KX = KX, 90◦ C • e
ΔHX

R •

(

1
T̄
− 1

T

)

(3)  

KH2 = KH2 , 90◦ C • e
ΔHH2

R •

(

1
T̄
− 1

T

)

(4)  

5.3. Semi-competitive adsorption model 

For the semi-competitive adsorption model, it is assumed that the 
smaller molecule (hydrogen) occupies one primary site, whereas the 
larger molecules require m sites for adsorption. Thus, the balance 
equation for primary sites becomes 

mC*X +C*′H +C*′ = C0 (5) 

where C0 and C*′ denote the concentration of vacant sites and the 
total concentration of primary sites, respectively. The concentration of 
vacant sites clusters (C*) is related to the concentration of larger mole-
cules by 

C*X +C* =
α • (C0 − C*′H)

m
(6) 

Parameter α denotes the maximum coverage of larger molecules 
(α ≤ 1). The adsorption quasi-equilibrium hypothesis is applied for 
hydrogen and xylose and the concentration of vacant primary sites and 
site clusters are obtained from (see Supplementary Information) 

C*′ =
(1 + (1 − α) • KX • CX ) • C0

1 +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH • CH2

√
+
(
1 + (1 − α) •

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH • CH2

√ )
• KX • CX

(7) 

The concentration of site clusters is obtained from 

C* =
α • C0

m •
(
1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH • CH2

√
+
(
1 + (1 − α) •

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH • CH2

√ )
• KX • CX

) (8) 

The rate of the surface reaction is 

rX = kX • C*X • C*′H
2 (9) 

After considering the quasi-equilibria, the expression for the vacant 
sites phase, and the Henry’s law for dissolved hydrogen, the rate 
expression becomes 

rX =

(
kX •KX •KH •KLH2 •α•C0

3

m

)

•
CX•PH2 • (1+(1 − α) •KX •CX )

2

(
1+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH •KLH2•PH2

√
+
(
1+(1 − α)•

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH •KLH2•PH2

√ )
•KX •CX

)3

(10) 

After introducing the following merged parameters 

κX =
kX • KX • KH • KLH2 • C0

3

m
(11)  

KH2 = KLH2 • KH (12) 

the rate equation becomes 

rX =
κX • α • (1 + (1 − α) • KX • CX )

2
• CX•PH2

(
1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH2•PH2

√
+ KX • CX + (1 − α) •

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KH2•PH2

√
• KX • CX

)3

(13) 

If the parameter κX follows the laws of Arrhenius and van’t Hoff, 
being its temperature dependence can be expressed as in equations (2) 
for a reference temperature of 90 ◦C (T̄ = 363 K). 

Table 3 
Kinetic parameters estimated for the non-competitive temperature-independent 
model.  

Parameter Value Relative Error [%] Units 

κX90◦ C  0.012  5.9 L•gRu-1•min− 1 bar− 1 

EA  41.77  0.89 kJ•mol− 1 

KH2  0.072  8.1 bar− 1 

KX  9.13  3.8 L•mol− 1 

R2  98.85  – % 
Q  0.0070  – L2•mol− 2  
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5.3.1. Mass balances for the semibatch reactor 
The mass balances of the components in the liquid phase can be 

written in a very simple manner because all the experiments were car-
ried out in the kinetic regime using a thin catalyst layer and high stirring 
speed, thus avoiding the appearance of concentration gradients in the 
system. Equations (14) and (15) describe the mass balances for xylose 
and xylitol, respectively, where ρB is the bulk density (ρB = mcat

VL
). The 

mass balance of hydrogen is omitted because the reactor operated under 
constant pressure. 

dCX

dt
= − rX • ρB (14)  

dCXOH

dt
= rX • ρB (15) 

The model was solved in Python by minimizing the objective func-
tion presented in equation (16) with the Nelder-Mead optimization 
method. The LSODA solver was employed for the numerical solution of 
the ordinary differential equations (14) and (15). 

Q =
∑n

i=1

(
CExp,i − CCalc,i

)2 (16)   

5.4 Modelling results and discussion 
5.4.1 Non-competitive adsorption models – Temperature effect 

The non-competitive adsorption model was solved for the two cases 
described in the previous section, i.e., considering the adsorption pa-
rameters as temperature-independent and dependent. Table 3 lists the 
parameters obtained for the temperature independent case. As expected, 
the model provides a high degree of explanation and describes rather 
well the concentration profiles of reactants and products, and the values 
of the parameters match our previous results for the hydrogenation of 
monomeric sugars (Araujo Barahona et al., 2022). 

Furthermore, a low degree of correlation between the estimated 
parameters was obtained, as shown in Table 4. The highest Pearson 
correlation coefficient was obtained for parameters κX90◦ C and kH2 . 

Although this model described the kinetic data satisfactorily, the 
results obtained with the model that considers reactant adsorption as a 
process affected by temperature improved the overall description of the 
experimental results. The estimated parameters are listed in Table 5. 
This approach yielded a higher degree of explanation (R2) and a lower 
value for the objective function (Q), as well as a suppressed correlation 
between the parameters, as reported in Table 6, yielding values of the 
Pearson correlation coefficient of less than 0.5 in all cases. 

Fig. 13 shows the fitting results for the temperature-dependent 
adsorption model, demonstrating how this model very successfully 
predicts the effect of temperature on the hydrogenation process. The 
deviations observed at high conversion values, especially at 120 ◦C, can 
be ascribed to the minor formation of by-products. 

Figs. 14 and 15 confirm that the proposed model predicted very 
satisfactorily the effect of the hydrogen pressure and the initial con-
centrations of xylose on the reaction kinetics, respectively. 

In addition, the parity plot displayed in Fig. 16 shows good agree-
ment between the concentrations predicted by the selected model and 
the experimental data, with an overall deviation lower than 10%. 

Remarkably, the temperature-dependent adsorption model predicts 

that xylose adsorption is an endothermic process, that is, the adsorption 
of this sugar increases with increasing temperature, which is superfi-
cially inconsistent with the conventional thermodynamic viewpoint. 
Crezee et al. (2003) reported similar results when modeling kinetic data 
for the hydrogenation of glucose on Ru/C catalysts and hypothesized 
that the adsorption of D-glucose proceeds via the formation of an anionic 
intermediate derived from the ring form of the molecule that is attacked 
by hydride-like ruthenium species on the catalyst surface. Hence, the 
endothermic character of the adsorption process reflected by the esti-
mated parameters may be a consequence of the complex adsorption 
mode. 

Mikkola et al. (1999b) have shown through NMR spectrometric 
studies that in aqueous solutions, xylose co-exists mainly as a mixture of 
α-xylopyranose and β-xylopyranose. The equilibrium between the α/β 
forms with respect to temperature was S-shaped, with the α-form being 
favored with increasing temperature. Because all the species present in 
the mixture would have different reactivities and adsorption affinities, 
xylose adsorption is a complex process that is also affected by temper-
ature and other factors, such as the pH of the mixture. 

5.4.2 Semi-competitive adsorption model 

The mode of adsorption of sugar molecules and hydrogen was 
studied by fitting the semi-competitive model which considers that the 
larger carbohydrate molecules are adsorbed in the primary sites in such 
a way that interstitial sites remain accessible mainly for hydrogen. 
Table 7 shows that the competitiveness factor isα = 0.74. The modelling 
results indicate that maximally about 70% of the primary adsorption 
sites on the ruthenium surface can be occupied by the sugar molecules. 
Between the adsorbed sugar molecules, some interstitial sites remain 
thus available for hydrogen adsorption, which is reasonable, considering 
the size differences between the sugar molecules and hydrogen. For the 
idealized case of spherical molecules (with radius R) organized on a flat 
surface, the ratio between the area occupied by the molecules and the 
total area is πR2/(2R)2 = π/4 = 0.785 for a rectangular arrangement and 
π/(2√3) = 0.907 for a triangular arrangement, which can be regarded as 
the limit values. 

The adsorption coefficient of xylose is much higher than that of 
hydrogen in the models considered here. One way to confirm this 
observation might be to separately measure the sugar adsorption on 
ruthenium. However, it is not in reality possible to determine the 
adsorption coefficient of xylose in separate experiments, because the 
catalyst would be deactivated if it is exposed to xylose at elevated 
temperatures in the absence of hydrogen. Furthermore, the total 
(overall) adsorption coefficient of xylose might not reflect the reaction 
conditions, because only a fraction of the adsorption sites is active in 
heterogeneous catalysis. In general, it can be concluded that the value of 
the sugar adsorption coefficient was of the same order of magnitude as 
reported previously. The adsorption coefficient of arabinose was 8.8 L/ 
mol in a previous study (Araujo Barahona et al., 2022), which is very 
comparable with the values reported for xylose in Tables 3, 5, and 7. The 
activation energy was relatively high, which is in accordance with the 

Table 4 
Correlation matrix for the non-competitive temperature-independent model.   

κX90◦ C EA KH2 KX 

κX90◦ C 1 0.0043 0.91 0.18 
EA 0.004 1 − 0.055 0.21 
KH2 0.91 − 0.055 1 − 0.24 
KX 0.18 0.205 − 0.24 1  

Table 5 
Kinetic parameters estimated for the non-competitive temperature-dependent 
model.  

Parameter Value Relative Error [%] Units 

κX90◦ C  0.012  0.43 L•gRu-1•min− 1 bar− 1 

EA  20.20  1.8 kJ•mol− 1 

kH2 ,90◦ C  0.073  0.27 bar− 1 

kX,90◦ C  8.38  0.20 L•mol− 1 

ΔHX  − 18.80  0.20 kJ•mol− 1 

ΔHH2  39.22  0.20 kJ•mol− 1 

R2  99.07  – % 
Q  0.0057  – L2•mol− 2  
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Table 6 
Correlation matrix for the non-competitive temperature-dependent model.   

κX90◦ C EA kH2 ,90◦ C kX,90◦ C ΔHX ΔHH2 

κX90◦C 1 − 0.25 0.48 0.20 0.0036 − 0.0029 
EA − 0.25 1 − 0.10 − 0.034 − 0.0082 − 0.0194 
kH2 ,90◦ C 0.48 − 0.10 1 − 0.0042 − 0.0042 0.0099 
kX,90◦ C 0.20 − 0.034 − 0.0042 1 0.0111 0.014 
ΔHX 0.0036 − 0.0082 − 0.0042 0.0111 1 − 0.0068 
ΔHH2 − 0.0029 − 0.019 0.0099 0.014 − 0.0068 1  

Fig. 13. Modeling D-xylose hydrogenation at 40 bar and (a) 60̊C, (b) 80̊C, (c) 90 ̊C, (d) 100 C̊, and (e) 120 C̊ using the non-competitive temperature-dependent 
adsorption model. 
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primary data displayed in Fig. 9, where is evident that reaction rate was 
strongly dependent on temperature. 

A high degree of explanation and low value of the objective function 
were achieved in the parameter estimation. In terms of the reliability of 
the obtained parameters, in all cases, Pearson correlation values less 
than 0.5 were obtained, as shown in Table 8. 

To explore the effect of changing the competitiveness factor on the 
overall performance of the model, the value of α was varied between 0.1 
and 1, while the other parameters were fixed to the values obtained from 
the regression analysis. The simulation results are shown in Fig. 17. As 
can be observed, the fraction of active sites maximally occupied by sugar 
molecules seems to be well defined within the value of 0.74. 

Additionally, when the value of the competitiveness factor is allowed 
to float between 0.1 and 1, the standard errors of the estimated pa-
rameters and the degree of correlation between them increase (see 
Supplementary Information). This is expected because the semi- 
competitive model provides a more realistic approximation of the dis-
tribution of the reactants on the active sites during the catalytic process 
compared to the extreme cases of non-competitive and competitive 
adsorption (α = 1). 

6. Conclusions and future perspectives 

The properties of the carbon coating obtained by the pyrolysis of 

Fig. 14. Modeling D-xylose hydrogenation at 90̊C and (a) 20 bar, (b) 30 bar, (c) 40 bar, (d) 50 bar, and (e) 60 bar using the non-competitive temperature-dependent 
adsorption model. 
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poly(furfuryl alcohol) in the preparation of Ru/C solid foam catalysts 
were successfully tuned by adding polyethylene glycol (PEG 8 kDa) as a 
pore former, resulting in the case of 5 wt% PEG (F5PEG), a carbon 
coating with a ratio of meso-to-micropore volumes equal to unity. The 

induced mesoporosity resulted in better dispersion of the ruthenium 
nanoparticles because of the higher interaction between the ruthenium 
precursor and the carbon support. In addition, the F5PEG catalyst 
exhibited two-fold stability compared to the microporous carbon ob-
tained in the absence of PEG owing to the spatial restriction induced by 
the mesopores that contain the ruthenium nanoparticles and prevent 
their agglomeration. 

The most active of the prepared catalysts (F5PEG) was used in an 

Fig. 15. Modeling D-xylose hydrogenation at 100̊C and 40 bar of hydrogen pressure, with an initial concentration of (a) 0.06 mol/L, (b) 0.13 mol/L, and (c) 0.26 
mol/L (non-competitive temperature-dependent adsorption model). 

Fig. 16. Parity plot for the modelling results of D-xylose hydrogenation with 
the non-competitive temperature-dependent model. 

Table 7 
Kinetic parameters estimated for the semi-competitive adsorption model.  

Parameter Value Relative Error [%] Units 

κX90◦ C  0.041  0.30 L•gRu-1•min− 1 mol− 1 

EA  42.08  0.15 kJ•mol− 1 

KH2  0.035  0.38 bar− 1 

KX  5.17  0.15 L•mol− 1 

α  0.740  0.15 Adimensional 
R2  98.90  – % 
Q  0.0072  – L2•mol− 2  

Table 8 
Correlation matrix for the semi-competitive adsorption model.   

κX90◦ C EA KH2 KX α 

κX90◦ C 1 − 0.029 0.41 0.081 − 0.14 
EA − 0.029 1 0.025 0.007 − 0.009 
KH2 0.412 0.025 1 − 0.070 0.110 
KX 0.081 0.007 − 0.070 1 0.024 
α − 0.144 − 0.009 0.11 0.024 1  
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extensive kinetic study of the selective hydrogenation of xylose to 
xylitol. The effects of temperature, hydrogen pressure, and initial con-
centration on the reaction rate and product distribution were evaluated. 
The kinetic data were successfully described using a mathematical 
model based on the hypothesis of non-competitive adsorption of sugars 
and hydrogen. Two variations of the model were investigated: one that 
considers the effect of temperature on the adsorption parameters and a 
simplified one ignoring this effect. In general, better performance was 
obtained with the first model in terms of fit and reliability of the ob-
tained parameters. The model predicts that xylose adsorption is an 
endothermic process. The confirmed experimental observation reveals 
that the adsorption of sugars on ruthenium surfaces is a complex process 
since monomeric sugars, such as xylose, exist as a mixture of different 
species in aqueous solutions; they all have different reactivities and 
adsorption affinities influenced by the reaction temperature. 

The adsorption mode of xylose and hydrogen was studied through 
the implementation of a semi-competitive model based on the assump-
tion that larger molecules, such as sugars, are adsorbed on the primary 
active sites of the catalyst in such a way that interstitial active sites 
remain accessible for smaller species such as hydrogen. The resulting 
value for the competitiveness factor wasα = 0.74, indicating, as ex-
pected, that the model predicts that most of the active sites can be 
covered by the larger molecules. Furthermore, the fitting tests revealed 
that this value is well-defined and provides a more realistic approxi-
mation of the distribution of the molecules on the catalyst surface 
compared with the extreme cases of non-competitive and competitive 
adsorption. 

This study was performed in a vigorously stirred semibatch reactor to 
measure and model the intrinsic kinetics of xylose hydrogenation. In 
fact, we have started investigations in a continuous three-phase reactor 
to screen reaction conditions, such as flow rates, temperature, and 
concentration levels. Experiments in the continuous reactor system can 
also provide information on the long-term stability of the catalyst. The 
final goal is to provide a process concept for continuous sugar hydro-
genation on solid foam catalysts. 
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Furfural: A renewable and versatile platform molecule for the synthesis of chemicals 
and fuels. Energy Environ Sci 9 (4), 1144–1189. 
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Mikkola, J.P., Salmi, T., Sjöholm, R., 1999a. Modelling of kinetics and mass transfer in 
the hydrogenation of xylose over Raney nickel catalyst. Journal of Chemical 
Technology and Biotechnology 74. https://doi.org/10.1002/(SICI)1097-4660 
(199907)74:7<655::AID-JCTB96>3.0.CO;2-G. 
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