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Abstract 

This study focuses on the investigation of the influence of chitosan (CS) and the nature of the support 
on performance of the hybrid catalysts (Pd-CS/support) in low-temperature hydrogenation of allyl 
alcohol (2-propen-1-ol). CS-containing palladium catalysts were prepared via sequential deposition 
of the polysaccharide and palladium onto metal oxide supports (commercial MgO, SiO2, TiO2 and 
synthesized alumina). The synthesized CS-modified palladium catalysts were compared with their 
polymer-free counterparts. The successful formation of catalysts was confirmed using TGA, XPS, 
HAADF-STEM, and viscosimetric analysis. The results of low-temperature hydrogenation of 2-
propen-1-ol indicate that catalytic activity and selectivity are influenced by both the support nature 
and chitosan modification. Overall, the introduction of chitosan had a positive effect on both the 
structural (Pd nanoparticle dispersion and convergence of the electronic properties of the catalysts) 
and catalytic (activity and selectivity) properties. The obtained results may contribute to controlling 
reaction pathways in the desired direction in the selective valorization of platform molecules. 

Keywords: supported palladium catalysts; chitosan; hydrogenation; 2-propen-1-ol; propanol; 
propionic aldehyde 
 

1. Introduction 

Hydrogenation of unsaturated compounds plays a key role in the modern chemical industry, 
serving as a foundation for the production of a wide range of products in the pharmaceutical, 
chemical, and polymer sectors [1–5]. In the context of sustainable development and the transition to 
renewable raw materials, the catalytic upgrading of biomass-derived compounds, particularly C3 
platform molecules, is of significant interest [5–8]. Allyl alcohol can be obtained by selective 
hydrogenation of acrolein, which is formed during the dehydration of glycerol, a large-scale by-
product of biodiesel fuel production [5,8–11]. The transformation of allyl alcohol into 1-propanol 
enables the stabilization of highly reactive unsaturated oxygenates into a more valuable and 
industrially relevant alcohol [6,11]. Therefore, this reaction is highly relevant to the catalytic 
upgrading strategies in biomass valorization. In addition, allyl alcohol is widely used as a precursor 
for the synthesis of various valuable chemical compounds. Its hydrogenation product, 1-propanol, is 
a versatile solvent and an important chemical intermediate used across multiple industries [12]. 
Owing to the broad range of applications of both compounds, the hydrogenation of allyl alcohol is 
of considerable scientific and industrial interest. 

The hydrogenation of allyl alcohol (2-propen-1-ol) can proceed via several competitive reaction 
pathways. In addition to the direct hydrogenation of the C=C double bond to form 1-propanol, metal-
catalyzed isomerization of allyl alcohol to propanal is possible, carried out by intramolecular 
hydrogen transfer. The resulting propanal, in turn, can be further hydrogenated to 1-propanol by 
reduction of the C=O carbonyl group [12–16]. Such an interplay between C=C hydrogenation, C=O 
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hydrogenation, and isomerization reactions is often observed during the hydrogenation of biomass-
derived oxygenates [7]. In this regard, allyl alcohol represents a convenient model compound for 
evaluating hydrogenation catalytic systems in terms of activity, selectivity, and the ability to direct 
the reaction along a desired pathway. The study of this reaction contributes to a deeper 
understanding of the transformation mechanisms of unsaturated oxygenates and to the development 
of effective catalytic upgrading strategies for biomass processing [7,17,18]. It should be noted that 
there are relatively few recent studies devoted to the investigation of the hydrogenation of 2-propen-
1-ol. In the studies [6,12,15,19–23], palladium catalysts were employed for the hydrogenation of allyl 
alcohol. A correlation between the structure of surface ligands and catalytic selectivity was 
demonstrated. In addition, the effects of ligand structure and conformation, solvent nature, and the 
introduction of additives on the activity and selectivity of catalysts based on Pd nanoparticles were 
examined.  

In our previous studies, we demonstrated that polymer-modified Pd/ZnO, Pd/MgO, and 
Pd/SBA-15 catalysts exhibit promising performance in the hydrogenation of 2-propen-1-ol [14,24]. 
The immobilization of polymer-metal complexes on inorganic supports has attracted considerable 
attention as an effective strategy for the development of heterogeneous catalysts containing 
embedded metal nanoparticles. The primary role of the polymer in the synthesis of metal 
nanoparticles on modified supports is to ensure high metal dispersion and to stabilize the 
nanoparticles against aggregation [14,24–26]. Recent studies highlight the potential of chitosan in the 
design of heterogeneous catalysts. Chitosan-based catalysts have attracted significant interest due to 
the distinctive properties of chitosan (CS), such as its chelating ability, non-toxicity, renewability, and 
high availability [27–31]. Based on these findings, the aim of the present work was to evaluate the 
effect of chitosan modification of supported palladium catalysts, as well as the influence of the type 
of inorganic support (commercial MgO, SiO2, TiO2, and synthesized Al2O3), on the structural 
characteristics and catalytic performance of hybrid systems in the low-temperature hydrogenation of 
2-propen-1-ol. 

2. Results and Discussion 

2.1. Synthesis of Palladium Catalysts Deposited on Support Materials and Their Characteristics 

The palladium catalysts deposited on support materials were developed. As a support, both 
commercial oxides (MgO, SiO2, anatase TiO2) and synthesized alumina (Al2O3) sample were used. 
The synthesized alumina was prepared by precipitation in ethanol according to the method described 
in [32]. 

Figure 1 shows the X-ray diffraction (XRD) pattern of the synthesized alumina, the characteristic 
diffraction peaks observed at 38.2°, 43.0°, 46.0°, 53.2°, 71.2°, and 79.9° correspond to the (220), (311), 
(222), (400), (422), and (440) crystallographic planes of cubic γ-Al2O3 (JCPDS card No. 79-1558) [32,33]. 
The noticeable broadening of these peaks indicates the nanoscale nature of the obtained particles [34]. 
In addition, a broad diffuse reflection in the 20–30° 2θ range is observed, which can be attributed to 
the presence of an amorphous phase composed of very small alumina particles with low crystallinity 
or nanocrystalline domains. The average crystallite size, estimated using the Scherrer equation based 
on the full width at half maximum (FWHM) of the most intense (440) reflection, was found to be 
approximately 23 nm. 
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Figure 1. Diffractogram of the synthesized Al2O3. 

The palladium catalysts were prepared by deposition of chitosan (CS) and palladium ions onto 
the surface of metal oxides (MgO, SiO2, TiO2, and synthesized Al2O3). The deposition of Pd ions was 
carried out using sodium borohydride as a reducing precipitant. Unmodified Pd/MgO, Pd/TiO2, 
Pd/Al2O3, and Pd/SiO2 catalysts were synthesized using the same procedure, except that no polymer 
was introduced. According to EDX elemental analysis the complete fixation of palladium on the 
surface of supports was observed (Table 1). The palladium content in the resulting catalysts was 
consistent with the calculated values and amounted to approximately 1 wt.%.  

Table 1. The EDX elemental analysis of the studied samples. 

Sample 
Mass, % 

O Mg Al Si Ti Na Pd 
Pd/MgO 39.1 60.0 – – – – 0.9 

1% Pd-CS(10%)/MgO 49.2 49.4 – – – 0.3 1.1 
Pd/γ-Al2O3 47.9 – 49.9 – – 0.9  1.3 

1% Pd-CS(10%)/Al2O3 46.6 – 50.5 0.8 0.9 – 1.2 
Pd/SiO2 53.8 0.6 0.2 44.1 – 0.3 1.0 

1% Pd-CS(10%)/SiO2 54.0 1.0  0.4 43.4 – – 1.2 
Pd/TiO2 42.8 – 0.3 – 55.6 – 1.3 

1% Pd-CS(10%)/TiO2 44.3 – – 0.6 53.8 – 1.3 

Modification of inorganic materials chitosan (CS) was carried out by dropwise addition of 
chitosan solution to an aqueous suspension of MgO, Al2O3, SiO2, TiO2. The system was adjusted to a 
pH of 7.5 after adding the polymer solution. The amount of chitosan deposited was determined by 
measuring the viscosity of the mother liquor after the sorption process, followed by calculation of the 
polymer concentration using a calibration curve. The total amount of polymer introduced was 10%. 
The results indicate that nearly complete deposition of the polymer onto the oxide surfaces occurred 
(Figure 2). 
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Figure 2. Sorption of chitosan on supports materials. 

The presence of polymer in the obtained composites was confirmed by thermogravimetric 
analysis (TGA) (Figure 3). The results showed that upon heating to 200 °C, all samples lose 
approximately 2–5% of their mass due to the removal of adsorbed moisture. Further temperature 
increase leads to the onset of thermal decomposition of the polymer. In the range of 200–400 °C 
catalysts lose 4.6–6.3% of the mass. Considering that pure chitosan loses approximately 50% of its 
mass within this temperature range (Figure 3, inset), the polysaccharide content in the catalysts can 
be estimated to be 9–12%. This value is close to the nominal one (10%), indicating efficient 
modification of the catalysts with the polymer. In the case of the 1%Pd-CS(10%)/MgO catalyst, an 
additional mass-loss step observed at temperatures above 400 °C can be attributed to the removal of 
bound water and the release of carbon dioxide from the inorganic component. 

 

Figure 3. TGA of chitosan-modified palladium catalysts. 
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Figure 4a–f presents HAADF-STEM micrographs and the corresponding Pd particle size 
distribution histograms of 1%Pd/TiO2, 1%Pd/SiO2, 1%Pd/Al2O3, 1%Pd-CS(10%)/MgO and 1%Pd-
CS(10%)/Al2O3 catalysts. According to the obtained results, the polymer-free 1%Pd/TiO2 and Pd/SiO2 
catalysts exhibit the formation of large aggregates (bright spots in the HAADF-STEM images) with 
poorly defined boundaries, consisting of smaller palladium particles with sizes of approximately 9 
nm and 11 nm, respectively (Figure 4a,b, insert). The Pd/Al2O3 catalyst consists of palladium (Pd) 
nanoparticles with an average size of about 4 nm (Figure 4c, insert), which can be attributed to Pd0 
(bright spots in the HAADF-STEM images). The palladium particles have a spherical shape and are 
fairly uniformly distributed over the catalyst surface, without signs of significant aggregation. The 
introduction of chitosan into the catalyst leads to a decrease in particle size (down to 3.2 nm) and a 
more uniform distribution across the catalyst surface (Figure 4e). In this case, the particles can be 
attributed to the oxidized form of palladium (PdO). The 1%Pd/MgO catalyst (Figure 4e) is 
represented by palladium nanoparticles with an average size of 8.3 nm, uniformly distributed over 
the magnesium oxide surface (Figure 4d). The formation of larger aggregates ranging from 10 to 30 
nm is also observed, distributed across different regions of the support. In the case of the 1%Pd-
CS(10%)/MgO catalyst, an accumulation of small palladium particles with an initial size of about 4 
nm is observed (Figure 4f). 

  

(a) (b) 

  

(c) (d) 
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(e) (f) 

Figure 4. HAADF-STEM images and corresponding Pd particle size distribution histograms (insert) of Pd/TiO2 
(a), Pd-SiO2 (b), Pd/Al2O3 (c), Pd/MgO (d), Pd-CS(10%)/Al2O3 (e) and Pd-CS(10%)/MgO (f). 

In order to assess the state of palladium during the hydrogenation process, the 1%Pd/Al2O3, 
1%Pd/TiO2, 1%Pd/SiO2, 1%Pd/TiO2, Pd-CS(10%)/Al2O3,  Pd-CS(10%)/TiO2, Pd-CS(10%)/SiO2 catalysts 
were studied using X-ray photoelectron spectroscopy (XPS). XPS analysis of 1%Pd-CS(10%)/MgO and 
1%Pd/MgO catalysts was complicated by the overlap of Pd 3d signals with Mg KLL Auger transitions, 
which made interpretation difficult [35,36]. XPS data illustrate the different oxidation states of Pd existing 
on the surface of the catalysts. In the Pd/Al2O3 catalyst, Pd 3d 5/2 peaks with binding energies at around 
335 eV and 337 eV can be attributed to Pd in 0 and +2 oxidation states, respectively (Figure 5a) [37,38], 
where the metallic Pd was the dominant species (>50%). This is consistent with the results of TEM analysis, 
confirming the presence of metallic palladium. On contrary, in sample Pd-CS(10%)/Al2O3 palladium was 
mostly in oxidized form (Figure 4b). The palladium in the 1%Pd/TiO2 catalyst was predominantly in the 
zero-valent state, with the Pd 3d(5/2) peak at 334.9 eV (Figure 5c). A small shoulder at ~336.9 eV was 
observed, indicating the presence of the oxidized palladium (Figure 5d) [39]. In the spectra of 1%Pd-
CS(10%)/TiO2 the binding energy of Pd0 at 335.5 eV was shifted towards higher energies compared with 
that for Pd/TiO2 (ca.0.6 eV), which can be attributed to the stabilization of Pd species by the polymer 
matrices [40,41]. In the Pd/SiO2 spectra (Figure 5e,f), peaks characteristic of both oxidized (337 eV) and 
reduced (335 eV) forms of palladium were also observed, with Pd⁰ predominating (78.3% and 57.3%, 
respectively). The introduction of chitosan into palladium catalysts results in a change in the proportion 
of oxidized and reduced palladium species, which indicates an interaction between the polysaccharide 
and palladium. 

  
(a) (b) 
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(c) (d) 

  
(e) (f) 

Figure 5. XPS spectra of Pd3d of the Pd/Al2O3 (a), Pd-CS(10%)/Al2O3 (b), 1%Pd/TiO2 (c), 1%Pd-CS(10%)/TiO2 (d), 
1%Pd/SiO2 (e) and 1%Pd–CS(10%)/SiO2 (f). . 

2.2. Catalytic Properties of the Supported Pd Catalysts in Hydrogenation of 2-Propen-1-ol  

Figure 6 presents the plausible reaction pathway for the hydrogenation of 2-propen-1-ol. The 
process of hydrogenation of 2-propen-1-ol to propanol (Figure 6, reaction 1) is followed by a side 
reaction of isomerization and formation of propionic aldehyde (Figure 6) [6]. 

 
Figure 6. Plausible pathways of the hydrogenation of 2-propen-1-ol. 

The catalytic activity of the prepared unmodified Pd catalysts was investigated, and the results 
was presented in Figure 7. The activity of the catalysts was estimated by measuring the H2 uptake 
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against time. The semi-hydrogenation point (50 mL) was reached after 3, 6, and 9 min for 1%Pd/Al2O3, 
1%Pd/MgO, and 1%Pd/TiO2, respectively. In contrast, for the 1%Pd/SiO2 catalyst, this value was 
achieved only after 18 min of reaction (Figure 7a). The 2-propen-1-ol hydrogenation rate, the 
calculated from the hydrogen uptake data, increased in the first minute, reaching maximum values 
of 17.1 × 10−6, 8.8 × 10−6, and 8.7 × 10−6 mol/s for 1%Pd/Al2O3, 1%Pd/MgO, and 1%Pd/TiO2, respectively, 
followed by a subsequent decline (Figure 7b). The maximum reaction rate for the Pd/SiO2 catalyst 
was 2.3 × 10⁻⁶ mol/s at 6 minutes, after which the reaction rate showed no significant change.  

  

(a) (b) 

  
(c) (d) 

Figure 7. Kinetics of the hydrogen uptake (a) the change in reaction rate (b), and the change in the composition 
of the reaction mixture on 1%Pd/Al2O3 (c) and 1%Pd/MgO catalyst (d) during the hydrogenation of 2-propen-1-
ol. Reaction conditions: T—40°C, PH2—1 atm, mcat—0.05 g, solvent C2H5OH—25 mL, substrate—0.3 mL. 

Based on chromatography analysis, it appears that the reaction proceeds in the direction of 
hydrogenation on the developed catalysts. The main product of the hydrogenation of 2-propen-1-ol 
was propanol, but propionic aldehyde, a product of the isomerization of allyl alcohol, was also 
identified (Figure 7). In the presence of 1%Pd/Al2O3, the maximum yield of propanol was observed 
at 9 min and was 65% with a conversion of 100% of 2-propen-1-ol (Figure 7a). Over a 1% Pd/MgO 
catalyst, the maximum propanol yield of 75% was obtained after 10 minutes, with 100% substrate 
conversion (Figure 7b). The composition of the reaction mixture changed similarly on the rest 
unmodified Pd catalysts (Figure S1a,b). 

Figure 8 shows the results of studies of palladium catalysts modified with chitosan. It was found 
that modification with a polysaccharide generally affects the activity of the synthesized catalysts (Pd–
CS(10%)/Al2O3, Pd–CS(10%)/MgO, Pd–CS(10%)/TiO2, and Pd–CS/SiO2). Overall, the introduction of 
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the polymer led to a reduction in the differences in hydrogenation rates. Compared with the 
unmodified Pd/TiO2 and Pd/SiO2 catalysts, which reached the half-hydrogenation point (50 ml) after 
9 and 18 minutes respectively, the chitosan-modified Pd–CS(10%)/TiO2 and Pd–CS(10%)/SiO2 
systems reached the half-hydrogenation point in just 6 and 9 minutes under identical reaction 
conditions (Figure 8a). For catalysts on MgO and Al2O3 supports, the half-hydrogenation point was 
reached after 5 and 6 minutes for 1%Pd–CS/MgO and 1%Pd–CS(10%)/Al2O3, respectively, compared 
with 6 and 3 minutes for the corresponding unmodified catalysts.  

This behavior is also reflected in the reaction rates. Pd–CS(10%)/MgO and Pd–CS(10%)/SiO2 

catalysts were more active than identical unmodified Pd catalysts, for example, 8.7×10−6 mol/s on 
Pd/MgO vs. 11.5×10−6 mol/s on Pd–CS(10%)/MgO (Figure 8b). In contrast, the Pd–CS(10%)/Al2O3 
catalyst was less active than the conventional Pd/Al2O3 system. Modification of Pd/TiO2 with a 
polysaccharide had a negligible effect on the activity of the Pd–CS(10%)/TiO2 catalyst. The reaction 
rate on CS-containing catalysts decreased depending on the support nature in the following order: 
MgO > TiO2 > Al2O3 > SiO2 (Figure 8b). The higher catalytic activity observed for the MgO- and SiO2-
supported CS-modified palladium catalysts can be attributed to the positive influence of chitosan, 
which may enhance the catalytic performance of Pd nanoparticles in hydrogenation reaction [24] 
(Table 2). 

  

(a) (b) 

  
(c) (d) 

Figure 8. Kinetics of the hydrogen uptake (a), the change in reaction rate (b), and the change in the composition 
of the reaction mixture on 1%Pd-CS(10%)/Al2O3 (c) and 1%Pd-CS(10%)/MgO catalyst (d) at the hydrogenation 
of 2-propen-1-ol. Reaction conditions: T—40 °C, PH2—1 atm, mcat—0.05 g, solvent C2H5OH—25 mL, substrate—
0.25 mL. 

The composition of the reaction mixture over the Pd-CS(10%)/support catalysts changed in a 
manner similar to that observed for the polymer-free counterparts, but at a slower rate. The 
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maximum propanol yield over the 1%Pd–CS(10%)/Al2O3 catalyst was observed at 10 min, reaching 
81% at complete substrate conversion (Figure 8c). For the 1% Pd–CS(10%)/MgO catalyst, the propanol 
yield reached 79% at 100% conversion of the 2-propen-1-ol (Figure 8d). The compositions of the 
reaction mixture of the rest CS-modified palladium catalysts are presented in the Supplementary 
Information (Figure S2a,b).  

Regarding selectivity, the 1%Pd-CS(10%)/Al2O3, 1%Pd-CS(10%)/TiO2, and 1%Pd-CS(10%)/MgO 
catalysts exhibited similar selectivity toward propanol (79–81%) at complete substrate conversion. In 
contrast, the 1%Pd-CS(10%)/SiO2 catalyst showed lower catalytic activity (4.8 × 10⁻⁶ mol/s) and 
reduced selectivity (76%) (Table 2). Notably, all polymer-modified catalysts, including Pd-
CS(10%)/Al2O3, generally outperformed their unmodified counterparts in selectivity (65–75% vs. 76–
81%). Among the CS-containing catalysts, 1%Pd-CS(10%)/MgO demonstrated the highest overall 
performance, making it the most active catalyst in this series (Table 2). 

Table 2. Catalytic properties of Pd/support and Pd-CS/support catalysts in the hydrogenation of 2-propen-1-ol. 

Catalyst 
W×10–6, mol/s Selectivity, % 

Conversion, % 
С=С Propanal Propanol 

1%Pd/Al2O3 17.1 35 65 100 
1%Pd-CS(10%)/Al2O3 7.8 19 81 100 

1%Pd/MgO  8.7 25 75 100 
1%Pd-CS(10%)/MgO 11.5 21 79 100 

1%Pd/TiO2 8.8 33 67 100 
1%Pd-CS(10%)/TiO2  8.3 22 78 100 

1%Pd/SiO2 2.3 28 72 100 
1%Pd-CS(10%)/SiO2 4.8 24 76 100 

The 1%Pd/Al2O3 catalyst with highest catalytic activity showed lower selectivity compared with 
the other supported palladium catalysts. The selectivity values observed in the presence of 
Pd/support catalysts decreased depending on the nature of the support in the following order: 
Pd/MgO (75%) > Pd/SiO2 (72%) > Pd/TiO2 (67%) > Pd/Al2O3 (65%) (Table 2).    

The obtained results suggest that CS-modified palladium catalysts exhibit a tendency toward a 
reduction in the differences in their catalytic properties. This behavior is associated with stronger 
interactions between palladium particles and chitosan rather than with the support and is consistent 
with the XPS data. 

When compared with other reported palladium-based catalysts for the hydrogenation of 2-
propen-1-ol, the 1% Pd–CS(10%)/MgO and 1% Pd–CS(10%)/Al₂O₃ catalysts exhibit comparable 
substrate conversion and selectivity toward propanol (Table 3). The turnover frequency (TOF) for 1% 
Pd–CS(10%)/MgO is 8640 h–1, which is close to that of other hydrogenation catalysts, such as Pd(0)–
EGCG0.2–CF (9703 h–1) [12]. 

Table 3. Comparative study of Pd–CS(10%)/MgO and 1% Pd–CS(10%)/Al2O3 and other palladium catalysts for 
the hydrogenation of 2-propen-1-ol. 

Catalyst T, °C Pressure, MPa TOF, h−1 
Propanol  

selectivity, % 
Conversion, % Ref. 

Pd CaLig NPs 20 0.1 - 74.0 100 [6] 
Commercial Pd/C 20 0.1 - 71.0 100 [6] 

C16NH2 Pd r.t. 0.1 114 73.0 100 [20] 
Pd/Zr6O4(OH)6(C8H4O4)6(H2O)4 40 0.1 - 78.0 100 [22] 

Pd(0)–EGCG0.2–CF 30  0.5 9703 89.0 99.8 [12] 

1%Pd-CS(10%)/MgO 40 0.1 8640 78.6 100 
This 

study 

1%Pd-CS(10%)/Al2O3 40 0.1 6120 80.7 100 
This 

study 
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3. Materials and Methods 

3.1. Materials 

Chitosan (CS, Mw 250,000), magnesium oxide (MgO, pure grade), alumina (Al2O3, pure grade), 
titanium dioxide (TiO2, anatase, 99.7%), palladium (II) chloride (PdCl2, Pd content 59–60%), 
potassium chloride (KCl, pure grade), ammonium hydroxide (NH4OH), aluminum chloride 
(AlCl3·6H2O, pure grade), 2-propen-1-ol were purchased from Sigma-Aldrich, St. Louis, MO, USA. 
Sodium borohydride (NaBH4, 95%) were acquired from AppliChem, Darmstadt, Germany. Ethanol 
(reagent grade) was obtained from Talgar Alcohol LLP (Talgar, Kazakhstan). 

3.2. Synthesis of Alumina  

Alumina (γ-Al2O3) was synthesized by precipitation in ethanol according to the method 
described in [32]. Ammonium hydroxide was used as the precipitating agent. For this purpose, 200 
mL of a 4 M aqueous NH4OH solution was added dropwise to a freshly prepared solution of 
aluminum chloride (94.6 g of AlCl3·6H2O dissolved in 300 mL of ethanol) under vigorous stirring. 
The resulting white gel-like precipitate was filtered, washed with ethanol, and dried at 100 °C for 2 
h. The dried sample was calcined at 1029 °C for 2 h. 

3.3. Synthesis of Pd Catalysts 

Polymer-modified palladium catalysts containing 10% chitosan were prepared as follows [14]. 
A 20 mL solution of 3.3×10–2 M CS (0.11g in 20 mL of 1% hydrochloric acid) was added dropwise to 
a suspension of the support (1 g MgO, Al2O3, TiO2 or SiO2 in 15 mL of water) at room temperature, 
and resulting mixture was stirred for 2 h. The polymer content in composites was estimated on an 
Ubbelohde viscometer by the change in the viscosity of the mother liquor before and after sorption 
using calibration curves. The amounts of the chitosan solution introduced were taken from the 
calculation to obtain composites with the polysaccharide contents of 10 wt. %.  The system was 
adjusted to a pH of 7.5 after adding the polymer solution. Thereafter, 5 mL of a 1.9×10–2 M M K2PdCl4 
solution and 3 mL of a freshly prepared 0.13 M NaBH4 solution (0.015 g in 3 mL of water) were added 
dropwise to the resulting polymer-modified support mixture while stirring and resulting mixture 
was stirred for 3 h. The concentration of palladium salt solutions (5 mL solution of 1.9×10–2 M K2PdCl4) 
were taken from a calculation for the preparation of catalysts with 1% palladium content. Unmodified 
Pd/MgO, Pd/TiO2, Pd/Al2O3 and Pd/SiO2 catalysts were prepared using the same procedure, except 
that no polymer was added. 

3.4. Characterisation of the Catalysts by Physicochemical Methods 

Powder X-ray diffraction (XRD) patterns were obtained with a DRON-4-0.7 X-ray diffractometer 
(Bourevestnik, Saint Petersburg, Russia) using cobalt-monochromatized Co Kα radiation (λ = 0.179 
nm). Scanning electron microscopy (SEM) micrographs were obtained on a scanning electron 
microscope JSM-6610 LV (ʺJEOLʺ Ltd., Tokyo, Japan) at an accelerating voltage of 15-20 kV. The 
elemental analysis was carried out using JSM-6610LV (JEOL, Tokyo, Japan) scanning electron 
microscope with EDX detectors. Thermogravimetric analysis (TGA) of the catalyst was carried out in 
a nitrogen atmosphere (50 mL/min) at temperature range of 30–600 °C using a STA 449F5 analyzer 
(Netzsch, Selb, Germany) at a heating rate of 20 °C per minute. X-ray photoelectron spectra (XPS) of 
catalysts were recorded on an ESCALAB 250Xi X-ray and Ultraviolet Photoelectron spectrometer 
(Thermo Fisher Scientific, Waltham, MA, USA) with AlKα radiation (photon energy 1486.6 eV). 
Spectra were recorded in the constant pass energy mode at 50 eV for a survey spectrum and 20 eV 
for an element core level spectrum, using an XPS spot size of 650 µm. The total energy resolution of 
the experiment was approximately 0.3 eV. Investigations were carried out at room temperature in an 
ultrahigh vacuum of the order of 1 × 10−9 mbar. An ion-electronic charge compensation system was 
used to neutralize the sample charge. High-angle annular dark-field scanning transmission electron 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 April 2026 doi:10.20944/preprints202604.1241.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1241.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 15 

 

microscopy (HAADF-STEM) micrographs were obtained on a Zeiss Libra 200FE transmission 
electron microscope (Carl Zeiss, Oberkochen, Germany) with an accelerating voltage of 100 kV. 

3.5. Methodology of Hydrogenation 

The hydrogenation of the 2-propen-1-ol was carried out in a thermostated glass reactor 
according to the procedure described in Ref [14]. The hydrogenation of unsaturated compounds was 
carried out with H2 from a gas storage burette connected to the reactor in an ethanol medium (25 mL) 
at atmospheric hydrogen pressure and a temperature of 40 °C, under intensive stirring (600–700 
oscillations per minute) [14]. Before hydrogenation, the catalyst (0.05 g) was reduced with hydrogen 
(1 atm) in a reactor at 40°C for 30 min under conditions of intensive stirring. After the hydrogen 
treatment, a substrate (0.3 mL of 2-propen-1-ol) was added to the reactor. The reaction rate was 
calculated as the hydrogen consumption per unit of time. The amount of hydrogen uptake was 
determined by measuring the H2 volume in a gas storage burette connected to the reactor. 

The hydrogenation products were analyzed using gas chromatography on a Chromos GC-1000 
chromatograph (Chromos, Dzerzhinsk, Russia) with a flame ionization detector using a BP21 (FFAP) 
capillary column with a polar phase (PEG-modified with nitroterephthalate) of 50 m in length and a 
0.32 mm inside diameter. The selectivity of the catalyst was calculated as the ratio of the target 
product to the sum of all reaction products at a fixed conversion. The reusability of the catalysts was 
evaluated by the hydrogenation rates in successive runs (0.25 mL, 2.23 mmol) using the same catalyst 
sample (50 mg) at 40 °C and atmospheric pressure of hydrogen.  

4. Conclusions 

A series of palladium catalysts, both chitosan-modified and polymer-free, supported on 
different metal oxides (commercial MgO, SiO2, TiO2, and synthesized alumina) were synthesized 
using precipitation method. Comprehensive physicochemical characterization using TGA, XPS, 
HAADF-STEM, viscosimetric method and elemental analysis confirmed the successful preparation 
of palladium catalysts, including quantitative deposition of palladium (1 wt%) on both chitosan-
modified and polymer-free supports, as well as quantitative incorporation of chitosan (10 wt%). XPS 
results indicate a change in the relative content of oxidized and reduced palladium species upon 
chitosan incorporation, evidencing an interaction between palladium and the polymer. HAADF-
STEM analysis revealed smaller Pd particle sizes in CS-modified catalysts (3–4 nm) compared with 
their polymer-free counterparts (4–8 nm), indicating improved metal dispersion in the presence of 
chitosan. This enhanced dispersion may contribute to a higher number of accessible active sites and 
influence catalytic performance. Overall, these findings demonstrate that chitosan modification 
significantly influences the physicochemical properties of palladium catalysts, while maintaining 
successful catalyst formation.  

The catalytic evaluation in the low-temperature hydrogenation of 2-propen-1-ol demonstrated 
that both the support nature and chitosan modification significantly influence activity and selectivity. 
The results indicate that chitosan loading leads to a convergence of the catalytic and electronic 
properties of palladium catalysts. All CS-modified catalysts showed improved selectivity toward 
propanol compared with their unmodified counterparts (76–81% vs. 65–75%), with Pd–
CS(10%)/MgO demonstrating the best overall performance. Overall, the catalytic performance 
appears to be influenced by electronic and structural changes in Pd associated with chitosan. 

The obtained results indicate that the incorporation of chitosan into palladium catalysts enables 
the targeted tuning of their catalytic properties through modifications of the electronic state and 
structural characteristics of the active sites. This may provide a means to control reaction pathways, 
in particular promoting the selective occurrence of hydrogenation or isomerization processes, as well 
as suppressing undesired side reactions. Thus, modification of catalysts with chitosan opens 
prospects for fine tuning of catalytic activity and selectivity, which is particularly important for the 
conversion and valorization of platform molecules into valuable chemical products. 
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Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. Figure S1: Changes in the composition of the reaction mixture during the 
hydrogenation of 2-propen-1-ol in the presence of 1%Pd/TiO2 (a) and 1%Pd/SiO2 (b).; Figure S2: Changes in the 
composition of the reaction mixture during the hydrogenation of 2-propen-1-ol in the presence of 1%Pd-
CS(10)/TiO2 (a) and 1%Pd-CS(10%)/SiO2 (b).   
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