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Abstract 

A sustainable and scalable one-pot impregnation protocol, avoiding high-temperature 
calcination/activation, was employed to prepare Pd/Al O  (0.24 wt%), Pd/TiO  (0.18 wt%), 
Pd/ZrO  (0.21 wt%), Pd/SiO  (0.37 wt%), Rh/Al O  (0.18 wt%), and Rh/TiO  (0.15 wt%). 
Support e ects on activity, selectivity, and recyclability of these low-metal content heter-
ogeneous catalysts were investigated, using (E)-cinnamaldehyde and levulinic acid as 
probe molecules. In cinnamaldehyde hydrogenation, Pd catalysts were highly e ective 
for chemoselective C=C reduction to 3-phenylpropanal under mild conditions, with 
Pd/TiO  displaying the highest activity and robust performance over several recycles. 
However, the Lewis acidity of TiO  promoted a solvent-involving side reaction in 2-pro-
panol, with hemiacetal and ether formation, highlighting that apparent selectivity is 
strongly shaped by support acidity and product residence time. Rh/Al O  exhibited lower 
activity than Pd analogues but near-quantitative selectivity to the saturated aldehyde, 
whereas Rh/TiO  again favored hemiacetal formation. In levulinic acid hydrogenation, Pd 
catalysts were essentially inactive toward ketone hydrogenation even at elevated temper-
ature and H  pressure, while Rh catalysts achieved high productivity with exclusive for-
mation of -valerolactone, Rh/Al O  being the most active at comparatively mild pres-
sures. 
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1. Introduction 
Heterogeneous hydrogenation catalysis plays a central role in numerous chemical 

industrial processes ranging from bulk petrochemicals to ne chemicals, pharmaceuticals, 
and sustainable transformations of biomass-derived molecules [1�5]. The performance of 
hydrogenation catalysts is governed not only by the nature of the active metal but also, 
critically, by the properties of the support, which inuence metal dispersion, electronic 
structure, stability, and ultimately catalytic activity and selectivity [6]. Among the various 
classes of support, metal oxides are particularly prominent owing to their thermal and 
mechanical stability, high surface area, and tunable surface chemistry [6]. Consequently, 
oxides such as Al O , TiO , ZrO , and SiO  are widely employed in both academic studies 
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and industrial applications, either as single oxides or as mixed systems designed to exploit 
synergistic e ects [6�14]. Alumina remains the most extensively used catalytic support 
because of its versatility, availability, and cost-e ectiveness. In particular, -Al O  exhibits 
high porosity and surface area, together with a predominance of Lewis acidic sites that 
can be tailored through synthesis and treatment conditions. These features underpin its 
widespread use in hydrogenation catalysts, including Pd/Al O  and Rh/Al O  systems, as 
well as in large-scale processes such as steam reforming and Fischer�Tropsch synthesis 
[11]. Titanium dioxide, in its di erent crystalline phases, anatase and rutile, has also been 
extensively studied. Compared to other metal oxides, titania represents a reducible oxide 
support capable of strong electronic and structural interactions with supported noble met-
als. The phenomenon of strong metal�support interaction (SMSI), especially pronounced 
for noble metals supported on anatase TiO  after reductive treatments, can signicantly 
modify metal accessibility, electronic properties, and resistance to sintering, thereby af-
fecting hydrogenation performance [8,15�17]. Titania also exhibits redox properties, and 
its surface structure can develop Lewis acidity [6�8]. Zirconia, characterized by high ther-
mal and chemical stability and amphoteric behavior, has a racted increasing interest due 
to its redox properties, particularly when doped, and its demonstrated activity in hydro-
genation reactions such as CO  conversion [18]. Silica, typically employed in mesoporous 
form, o ers high surface area and well-dened pore structures while remaining largely 
chemically inert, making it an ideal platform to isolate metal e ects or to introduce tai-
lored functionalities through surface modication. Among the most notable applications 
of silica-supported catalysts is MCM-41 and mesoporous SBA-15 silica; however, this ma-
terial is limited by low mechanical stability under stirring conditions, which can lead to 
catalyst loss [9]. Within this framework, palladium and rhodium are among the most ef-
fective and widely used noble metals for hydrogenation reactions [1�5]. In heterogeneous 
catalysis, palladium is typically supported on oxides or activated carbon and is renowned 
for its high activity in the hydrogenation of C=C and C C bonds, and nitro, nitrile, and 
carbonyl functionalities as well as for dehydrogenation and isomerization reactions 
[10,19]. Rhodium, although less abundant and more expensive, exhibits exceptional per-
formance in selective hydrogenations and related transformations, beneting from its dis-
tinctive electronic properties and catalytic versatility. In heterogeneous systems, rhodium 
is employed in selective hydrogenations and dehydrogenations, in oxidations, and in au-
tomotive catalytic converters, together with Pt and Pd, to improve vehicle exhaust treat-
ment systems [20,21]. Both metals, Pd and Rh, are typically dispersed as nanoparticles on 
oxide supports, where metal�support interactions play a decisive role in determining cat-
alytic behavior. Despite their e ectiveness, the use of Pd- and Rh-based catalysts is in-
creasingly challenged by economic and sustainability considerations, as these metals are 
scarce, costly, and subject to signicant market volatility. This has driven growing interest 
in the development of low-metal-loading catalysts that maximize atom e ciency while 
maintaining or even enhancing catalytic performance. High dispersion of the active phase, 
uniform metal distribution, and strong yet controlled metal�support interactions are key 
strategies to achieve this goal. In this context, mild and scalable preparation methods that 
avoid high-temperature calcination or activation steps are particularly a ractive, as they 
can preserve small metal entities and reduce energy input. In the present work, we inves-
tigate the e ect of di erent oxide supports, such as Al O , TiO , ZrO , and SiO , on the 
performance of low-loading Pd and Rh catalysts in hydrogenation reactions. By employ-
ing a simple one-pot impregnation methodology under mild conditions, developed by the 
authors [22�24], Pd/Al2O3 (Pd 0.24% w/w), Pd/TiO2 (Pd 0.18% w/w), Pd/ZrO2 (Pd 0.21% 
w/w), Pd/SiO2 (Pd 0.37% w/w), Rh/Al2O3 (Rh 0.18% w/w), and Rh/TiO2 (Rh 0.15% w/w) were 
prepared with the aim to elucidate how support properties such as acidity, reducibility, 
and metal�support interaction inuence activity and selectivity. Model substrates, includ-
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ing (E)-cinnamaldehyde and levulinic acid, are used to probe structure�performance re-
lationships in hydrogenation. (E)-Cinnamaldehyde is an , -unsaturated aldehyde of 
considerable industrial relevance in ne chemicals, as its hydrogenation products consti-
tute valuable intermediates for the manufacture of fragrances, avors, and pharmaceuti-
cal active ingredients [25]. Cinnamaldehyde owes its reactivity to the coexistence of a car-
bonyl group conjugated with an olenic double bond, and the presence of these two dis-
tinct functionalities makes cinnamaldehyde a convenient model substrate for probing cat-
alytic activity and chemoselectivity as a function of the metal and support. Data from the 
literature indicate that Pd- and Rh-based catalysts typically display high activity and pref-
erential hydrogenation of the C=C bond over the C=O bond, both kinetically and thermo-
dynamically [25�32]. With these noble metals, adsorption and activation of the olenic 
moiety are generally favored. Levulinic acid (LA) is one of the most important biomass-
derived platform molecules from lignocellulosic feedstocks [33�35]. The chemical versa-
tility of LA originates from the coexistence of carboxylic and ketone functionalities, ena-
bling its use in esterication, redox, substitution, and polymerization reactions. As a key 
renewable intermediate, LA can be upgraded into a broad portfolio of value-added prod-
ucts relevant to the solvent, biofuel, pharmaceutical, and polymer sectors [34,35]. Among 
these derivatives, -valerolactone (GVL) is particularly a ractive due to its established use 
as a solvent and gasoline additive, as well as its wider applicability across multiple indus-
trial segments [36�51]. Under the temperature and acidity regimes typically employed, 
the most plausible pathway to GVL involves hydrogenation of the LA ketone (C=O) to the 
corresponding hydroxy acid, followed by intramolecular esterication (lactonization) to 
form the ve-membered ring [52]. E cient implementation therefore requires a bifunc-
tional catalytic system combining metallic sites for hydrogenation with acidic sites that 
promote dehydration/lactonization. 

2. Materials and Methods 
All commercially available reagents, solvents, and chemicals were provided by 

Sigma Aldrich (Milan, Italy). Alumina was generously provided by Chimet (Arezzo, It-
aly). The catalysts and products were characterized by di erent analytical and spectro-
scopic analyses, such as GC, GC-MS, SEM, and EDX. Gas-chromatography (GC) analyses 
were performed on an Agilent 6850 gas chromatograph (Agilent, Santa Clara, California, 
USA). Gas chromatography-mass spectrometry (GC-MS) analyses were performed on a 
HP 5890 series II gas chromatograph interfaced to a HP 5971 quadrupole mass detector 
(Bangalore, India). Scanning electron microscopy (SEM) was carried out using a FE-SEM 
Gemini 360 ZEISS (Jena, Germany). The acceleration potential voltage was maintained at 
15 keV and measurements were carried out using an In-lens detector and a Backsca ered 
detector. Samples were deposited on conductive carbon adhesive tape and metallized by 
spu ering with chromium (8 nm). Elemental composition and chemical mapping were 
determined using a BRUKER XFlash 7 EDX detector (Milan, Italy). STEM analyses were 
carried out using FE-SEM Gemini 360 ZEISS (Jena, Germany), STEM module. The samples 
were prepared by placing one drop of catalyst dispersion on a copper grid pre-coated with 
a Formvar lm and dried in air. Quantitative determination of palladium and rhodium in 
the synthesized catalysts was carried out via atomic emission spectroscopy. Analyses 
were performed using a microwave plasma�atomic emission spectrometer (MP-AES, Ag-
ilent Technologies 4210) (Santa Clara, California, USA), equipped with a high-tempera-
ture nitrogen plasma generated by microwave excitation. 

 
 

2.1. Catalysts Preparation 
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2.1.1. Synthesis of TiO2 (anatase) [53] 
In a 500 mL round-bo om ask equipped with a Teon mechanical stirrer and a bub-

ble condenser, benzyl alcohol (201 g; 1.94 mol), acetic acid (45 g; 0.755 mol), and titanium 
tetraisopropoxide (53.35 g; 0.187 mol) were combined at room temperature. The mixture 
was heated to reux and after 5 h, the solution became opaque and progressively in-
creased in viscosity. The stirring rate increased, and the mixture was maintained at reux 
for 24 h. The mixture was then concentrated under reduced pressure (0.5 mmHg) at ap-
proximately 70 °C until a viscous paste was obtained. The residue was treated rst with 
ethanol and subsequently with diisopropyl ether, then ltered and dried under vacuum. 

2.1.2. Pd/Al2O3 (Pd 0.24% w/w) 

Pd/Al2O3 (0.24 wt%) was prepared following a one-pot procedure developed by the 
authors [22,23]. In a 50 mL autoclave glass liner equipped with a magnetic stir bar, PdCl2 
(13 mg, 0.0735 mmol), cyclopentyl methyl ether (CPME, 10 mL), trioctylamine (TOA, 110 
µL, 0.252 mmol), and Al2O3 (2.5 g) were introduced under nitrogen atmosphere. The liner 
was placed in a stainless-steel autoclave under continuous nitrogen ow, which was then 
pressurized with H2 (0.5 MPa). The reactor was thermostated at 25 °C using an ethylene 
glycol bath and stirred for 24 h. After completion, the solid was ltered under nitrogen, 
washed with CPME and diethyl ether, dried under vacuum, and collected. 

2.1.3. Pd/TiO2 (Pd 0.18% w/w) 

PdCl2 (13 mg, 0.0735 mmol), CPME (30 mL), TOA (110 µL, 0.252 mmol), and TiO2 (2.5 
g) were treated following the same procedure described for Pd/Al2O3 [22,23]. 

2.1.4. Pd/ZrO2 (Pd 0.21% w/w) 

PdCl2 (13 mg, 0.0735 mmol), CPME (10 mL), TOA (110 µL, 0.252 mmol), and ZrO2 
(2.5 g) were treated following the same procedure described for Pd/Al2O3 [22,23]. 

2.1.5. Pd/SiO2 (Pd 0.37% w/w) 

PdCl2 (13 mg, 0.0735 mmol), CPME (10 mL), TOA (110 µL, 0.252 mmol), and SiO2 (2.5 
g) were processed following the same protocol as for Pd/Al2O3 [22,23]. 

2.1.6. Rh/Al2O3 (Rh 0.18% w/w) 

Rh/Al2O3 (0.18 wt%) was prepared following a one-pot procedure developed by the 
authors [22,23]. RhCl3·3H2O (12.5 mg, 0.0475 mmol), CPME (10 mL), TOA (110 µL, 0.252 
mmol), and Al2O3 (2.5 g) were introduced under nitrogen into a glass liner equipped with 
a magnetic stir bar. The autoclave was pressurized with H2 (0.5 MPa) and maintained at 
25 °C for 24 h. The catalyst was recovered by ltration, washed with CPME and diethyl 
ether, dried under vacuum, and collected. 

2.1.7. Rh/TiO2 (Rh 0.15% w/w) 

RhCl3·3H2O (12.5 mg, 0.0475 mmol), CPME (30 mL), TOA (110 µL, 0.252 mmol), and 
TiO2 (2.5 g) were treated analogously to Rh/Al2O3 [22,23]. 

2.2. Hydrogenation Reactions 

2.2.1. Catalytic Hydrogenation of (E)-Cinnamaldehyde (I): General Procedure 

Hydrogenation reactions were conducted in a 50 mL glass liner equipped with a 
magnetic stir bar under a nitrogen atmosphere. Freshly distilled (E)-cinnamaldehyde (I) 
(1.9 mmol), the desired amount of catalyst, and solvent were introduced (see Tables 1�12). 
The liner was placed in the autoclave, which was charged with hydrogen and heated to 
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the desired temperature for the specied reaction time (see Tables 1�12). After completion, 
the autoclave was cooled to room temperature and depressurized. The mixture was cen-
trifuged, and the supernatant was analyzed by GC and GC-MS. 
GC-MS m/z (II): 134 [M]+; 105 [M-CHO]+; 91 [M-C2H3O]+; 78 [M-C3H4O]+. 
GC-MS m/z (III): 136 [M]+; 118 [M-H2O]+; 105 [M-CH2OH]+; 91 [M-C2H5O]+; 77 [M-C3H7O]+. 
GC-MS m/z (IV): 178 [M]+; 163 [M-CH3]+; 118 [M-C3H8O]+; 105 [M-C4H9O]+; 91 [M-C5H3O]+. 
GC-MS m/z (V): 194 [M]+; 176 [M-H2O]+; 135 [M-C3H7O]+; 117 [M-C3H9O2]+; 105 [M-
C4H9O2]+; 91 [M-C5H11O2]+, 89 [M-C8H9]+. 

2.2.2. Catalytic Hydrogenation of Levulinic Acid (VI): General Procedure 

Levulinic acid (VI) (1.1 mmol), the desired amount of catalyst, and 2-propanol were 
introduced into a 50 mL glass liner under nitrogen. The autoclave was charged with hy-
drogen and heated at the selected temperature and time (see Tables 13�16). After cooling 
and depressurization, the mixture was centrifuged and the supernatant analyzed by GC 
and GC-MS. 
GC-MS m/z (VII): 100 [M]+; 85[M-CH3]+; 56[M-C2H4O]+; 28[C2H4]+. 

2.2.3. Catalyst Recycling Procedure 

For recycling experiments, the catalyst was recovered from the completed reaction 
by centrifugation (5000 rpm, 15 min). The supernatant was removed with a Pasteur pipe e, 
and the solid catalyst was washed twice with diethyl ether, dried under vacuum, and re-
suspended in fresh 2-propanol containing newly added substrate and reused under iden-
tical hydrogenation conditions. 

2.2.4. Catalyst Reactivation 

For catalyst reactivation, the recovered catalyst was placed in an autoclave glass liner 
with CPME (10 mL) under nitrogen. The autoclave was pressurized with H2 (0.5 MPa) and 
maintained at 25 °C for 24 h. The solid was then ltered, washed with CPME and diethyl 
ether, dried under vacuum, and reused. 

3. Results and Discussion 
3.1. Preparation and Characterisation of Pd/TiO2 (Pd 0.18% w/w) and Rh/TiO2 (Rh 0.15% w/w) 

Pd/TiO2 (Pd 0.18% w/w) and Rh/TiO2 (Rh 0.15% w/w) were prepared by following a 
procedure developed by the authors for the preparation of the low-metal content catalysts 
supported on Al2O3 [22,23]. As shown in the SEM micrographs (Figures S1 and S2), the 
titania used as support exhibits a non-uniform morphology and particle size distribution, 
characterized by a heterogeneous distribution of grains and irregular agglomerates of var-
ying dimensions (both coarser and ner particles). An EDX surface mapping analysis (Fig-
ure S3) shows a homogeneous distribution of palladium particles over the support. This 
aspect is of fundamental importance, as it ensures a high number of available active sites, 
which is directly correlated with high catalytic activity. SEM micrographs of Pd/TiO2 
(commercial support) and Pd/TiO2 (homemade support) (Figures S4 and S5) highlight the 
presence of Pd metallic nanoparticles with dimensions between 5 and 10 nm. This was 
conrmed by EDX analyses (Figures S3 and S6). Also, SEM and EDX analyses of Rh/TiO2 
(Figure S7) highlight the presence of Rh nanoparticles homogeneously distributed over 
the support. Additional conrmation of the presence of metallic nanoparticles and their 
size distribution was obtained by STEM analysis, which was carried out on all catalysts. 
The micrographs showed the presence of both Rh and Pd nanoparticles with an average 
diameter of approximately 10 nm (Figures S8�S10). 
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3.2. Hydrogenation of (E)-Cinnamaldehyde (I) 

Initially, the hydrogenation of (E)-cinnamaldehyde (I) (Scheme 1) was carried out 
using Pd/Al2O3 (Pd 0.24% w/w), and the results are reported in Table 1. 

 

Scheme 1. Hydrogenation of (E)-cinnamaldehyde (I). 

Table 1. Hydrogenation of (E)-cinnamaldehyde (I) catalyzed by Pd/Al2O3 (Pd 0.24% w/w). 

Entry a 
S/Pd 
mol 

p(H2) 
MPa 

t (h) 
Conversion (%) 

b 

II 
Selectivity 

(%) b 

III 
Selectivity 

(%) b 

IV 
Selectivity 

(%) b 

V 
Selectivity 

(%) b 
1 1000/1 0.2 1 73 85 15 / / 

1r1 c � � 1 68 80 15 3 2 
1r2 c � � 1 67 92 6 1 1 
1r3 c � � 1 40 94 / 5 1 

2 2000/1 0.2 1 34 95 5 / / 
3 2000/1 0.5 1 48 71 4 3 22 
4 2000/1 1.0 1 100 70 28 1 1 

4r1 c � � 1 100 74 23 1 2 
4r2 c � � 1 79 87 10 1 2 

5 2000/1 0.2 6 100 77 20 1 2 
6 2000/1 0.1 6 100 78 15 1 6 

6r1 c � � 6 100 80 12 1 7 
6r2 c � � 6 100 83 14 1 2 
6r3 c � � 6 51 92 6 / 2 

7 5000/1 0.2 6 46 96 3 / 1 
7r1 � � 6 45 95 4 / 1 
7r2 � � 6 37 98 / / 2 
8 5000/1 0.2 22 100 83 15 / 2 

8r1 � � 22 100 82 13 1 4 
8r2 � � 22 69 90 / 1 9 

a Reaction conditions: Substrate (I) 1.89 mmol (0.25 g); Pd/Al2O3 = 83.8 mg (S/Pd = 1000); Solvent: 2-
propanol (6 mL); T = 40 °C. b Data determined by GC (%) using n-undecane as internal standard; c r 
= recycling experiment; � = same value as above; / = 0. 

A rst reaction (Entry 1), carried out at 40 °C and 0.2 MPa H2 for 1h with a substrate-
to-metal molar ratio (S/Pd) of 1000/1, a orded 73% substrate conversion, with predomi-
nant hydrogenation of the C=C bond and minor contribution from carbonyl reduction. 
Upon recycling (Entries 1r1�1r3), catalytic activity progressively decreased, with a pro-
nounced drop upon the third reuse. Concomitantly, selectivity shifted toward 3-phe-
nylpropanal (II). Formation of ether (IV) and hemiacetal (V) was also observed, consistent 
with the presence of Lewis-acid sites on alumina. In particular, isopropyl 3-phenylpropyl 
ether (IV) can form via reductive etherication between 3-phenylpropanal and 2-propanol, 
while the corresponding hemiacetal (V) can be generated through nucleophilic addition 
of 2-propanol to the aldehyde carbonyl. In both cases, interaction of 3-phenylpropanal 
with Lewis-acid sites on the support surface is crucial, as it facilitates alcohol addition to 
the carbonyl group. Noteworthy, the hemiacetal did not evolve to the acetal due to steric 
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constraints that hinder nucleophilic a ack by a second 2-propanol molecule [25]. To re-
duce catalyst loading, the reaction was conducted at S/Pd = 2000/1 under identical condi-
tions (Entry 2). Although selectivity to the saturated aldehyde (II) increased, conversion 
decreased to 34%, pointing to a regime limited by the number of accessible metallic sites. 
Increasing the hydrogen pressure to 0.5 MPa (Entry 3) conversion rose to 48% but selec-
tivity to (II) decreased, primarily due to substantial hemiacetal (V) formation. At 1.0 MPa 
H2 (Entry 4), complete conversion was achieved, yielding mainly (II) (70%) and (III) (28%). 
The consecutive C=O hydrogenation to (III) indicates that once the olen is consumed the 
saturated aldehyde may remain adsorbed long enough on Pd sites to undergo further re-
duction. Catalyst performance was retained upon the rst recycle (Entry 4r1), whereas the 
second recycle (Entry 4r2) exhibited reduced conversion (79%) together with a progressive 
increase in selectivity to (II) at the expense of (III). This trend is consistent with a decrease 
of accessible Pd sites probably due to sintering, poisoning, and/or mechanical losses dur-
ing recovery and to a concomitant suppression of the consecutive pathway to (III), which 
likely requires either higher site density/metal dispersion or longer residence times on 
active Pd ensembles. In order to assess whether the deactivation of the recycled catalyst, 
in addition to potential accidental factors, could be related to structural modications of 
the catalyst itself, a SEM analysis was carried out. As a ma er of fact, SEM images of 
Pd/Al O  acquired at di erent magnications, before and after use, showed that the metal 
nanoparticles tend to agglomerate, leading to the formation of larger particles, which can 
reach sizes on the order of some micrometers, thereby showing a structural modication 
of the catalyst induced by the reaction conditions (Figure S11). To operate under the mild-
est possible conditions while maintaining high conversion, reactions were always per-
formed at 40 °C and low H2 pressures but with extended reaction times. At S/Pd molar 
ratio = 2000/1 and 0.2 MPa H2, after 6 h, conversion was complete and (II) was the pre-
dominant product (Entry 5). Halving the pressure to 0.1 MPa still a orded complete con-
version (Entry 6), conrmed in the rst two recycling experiments (Entries 6r1 and 6r2), 
whereas a sharp decrease was observed upon a further reuse (Entry 6r3). Catalyst loading 
was further reduced to S/Pd molar ratio = 5000/1. After 6 h (Entry 7), conversion was rather 
low (46%), albeit with higher selectivity to (II). Prolonging the reaction to 22 h (Entry 8) 
restored complete conversion, which was maintained upon the rst recycle (Entry 8r1) 
but decreased to 69% upon the second recycle (Entry 8r2). Across these conditions, selec-
tivity consistently favored product (II). 

Cinnamaldehyde hydrogenation catalyzed by Pd/Al2O3 was next evaluated in di er-
ent solvents under xed conditions (40 °C, 0.2 MPa H2, 1 h, S/Pd molar ratio = 1000/1) 
(Table 2). 

Table 2. Hydrogenation of (E)-cinnamaldehyde (I) catalyzed by Pd/Al2O3 (Pd 0.24% w/w) in di er-
ent solvents. 

Entry a Solvent Conversion (%) b 
II 

Selectivity (%) b 
III 

Selectivity (%) b 
IV 

Selectivity (%) b 

V 
Selectivity (%) 

b 
1 2-Propanol 73 85 15 / / 

1r1 c � 68 80 15 3 2 
1r2 c � 67 92 6 1 1 
1r3 c � 40 94 / 5 1 

2 MTBE 71 93 7 / / 
2r1 c � 46 95 5 / / 

3 Isooctane 94 88 12 / / 
3r1 c � 55 95 5 / / 

4 CPME 83 99 1 / / 



Reactions 2026, 7, 39 8 of 25 
 

https://doi.org/10.3390/reactions7030039 

4r1 c � 75 99 1 / / 
4r2 c � 60 97 3 / / 

a Reaction conditions: Substrate (I) 1.89 mmol (0.25 g); (I)/Pd molar ratio = 1000/1; Pd/Al2O3 = 83.8 
mg; Solvent: 2-propanol (6 mL); T = 40 °C; p(H2) = 0.2 MPa; t = 1 h. b Data determined by GC (%) 
using n-undecane as internal standard; c r = recycling experiment; � = same solvent as above; / = 0.  

In 2-propanol, a polar protic medium in which cinnamaldehyde is readily soluble, 
73% conversion was obtained with good recyclability; however, 3-phenylpropanal (II) 
partially reacted with the solvent to form hemiacetal (V), and the reductive etherication 
product (IV) was also detected (Entry 1). When non-alcoholic solvents were used, these 
secondary reactions were suppressed, resulting in higher selectivity to (II). In MTBE (En-
try 2), conversion was comparable (71%) but decreased substantially after the rst recycle. 
Isooctane (Entry 3) a orded high initial conversion (94%) but likewise showed marked 
deactivation upon recycling. Cyclopentyl methyl ether (CPME) (Entry 4) provided the 
most favorable compromise relative to 2-propanol, combining high selectivity to (II) 
( 99%), with conversion above 83% and acceptable stability upon reuse. Nevertheless, 
CPME was deemed less a ractive economically. Therefore, 2-propanol was selected as the 
solvent for subsequent hydrogenation experiments. This solvent screening shows that 
part of the selectivity loss observed in 2-propanol does not originate from an intrinsic shift 
in Pd chemoselectivity (C=C vs. C=O), but rather from competition between hydrogena-
tion and solvent-involving transformations of the primary aldehydic product (II). Notably, 
apolar/ether solvents show less favorable recycling behavior, especially for MTBE and 
isooctane, suggesting that we ing, H2 and substrate solubility, or poisoning phenomena 
can vary with the reaction medium. 

Also, Pd/TiO2 (Pd 0.18% w/w) was investigated in the hydrogenation of (E)-cinnamal-
dehyde (I) (Table 3). 

Table 3. Hydrogenation of (E)-cinnamaldehyde (I) catalyzed by Pd/TiO2 (Pd 0.18% w/w). 

Entry a 
S/Pd 
mol 

T(°C) Conversion (%) b 
II 

Selectivity (%) 
b 

III 
Selectivity (%) 

b 

IV 
Selectivity (%) 

b 

V 
Selectivity (%) 

b 
1 1000/1 30 95 78 / 1 21 

1r1 c � � 95 85 / 2 13 
1r2 c � � 96 89 / 2 9 
1r3 c � � 96 90 / 1 9 
1r4 c � � 95 95 / 1 4 
1r5 c � � 95 96 / 2 2 

2 1000/1 40 100 63 / 4 33 
2r1 c � � 100 76 / 1 23 
2r2 c � � 100 93 / 1 6 
2r3 c � � 100 92 / 1 7 
2r4 c � � 100 91 / 1 8 
2r5 c � � 100 94 / 1 5 

3 2000/1 60 100 52 / 5 43 
3r1 c � � 100 65 / 4 31 
3r2 c � � 93 92 / / 8 
3r3 c � � 99 96 / 1 3 
3r4 c � � 99 97 / 1 2 
3r5 c � � 65 96 / 1 3 

4 2000/1 40 100 66 8 6 20 
4r1 c � � 100 52 6 3 39 
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4r2 c � � 48 90 6 3 1 
5 2000/1 30 91 78 / 1 21 

5r1 c � � 84 90 / 1 9 
5r2 c � � 50 95 / / 5 

6 2000/1 20 37 83 / 5 12 
a Reaction conditions: Substrate (I) 1.89 mmol (0.25 g); Pd/TiO2 = 111.7 mg (S/Pd = 1000); t = 1h. 
Solvent: 2-propanol (6 mL); p(H2) = 0.2 MPa. b Data determined by GC (%) using n-undecane as 
internal standard; c r = recycling experiment; � = same value as above; / = 0. 

Under 0.2 MPa H2 in 2-propanol, at 30 °C for 1 h and S/Pd molar ratio = 1000/1, 95% 
conversion was achieved with 78% selectivity to (II) (Entry 1). Owing to the Lewis acidity 
of TiO2, a relevant hemiacetal (V) formation (21%) was observed, along with a minor 
amount of ether (IV) (1%). The catalyst exhibited excellent stability over multiple recycles 
(Entries 1r1�1r5), maintaining essentially constant conversion. A progressive shift in se-
lectivity toward (II) in the recycle experiment was consistent with a gradual loss of sup-
port acidity and, consequently, reduced hemiacetal (V) formation. Increasing the temper-
ature to 40 °C led to complete conversion (Entry 2), but selectivity to (II) decreased (63%) 
with increased formation of (V) (33%). Recycling experiments (Entries 2r1�2r5) conrmed 
sustained activity over repeated use, again accompanied by a gradual decrease in hemi-
acetal (V), consistent with diminishing acidity. At lower catalyst loading (S/Pd molar ratio 
= 2000/1), full conversion was obtained at 60 °C (Entry 3) and it was maintained for several 
recycles, decreasing only upon extended reuse (Entry 3r5). Temperature reduction at S/Pd 
molar ratio = 2000/1 revealed that complete conversion could be initially maintained at 
40 °C (Entry 4), but conversion became less stable upon repeated recycling and dropped 
sharply at 20 °C (Entry 6). In general, increasing temperature enhanced conversion but 
also promoted hemiacetal (V) formation through reaction between the generated alde-
hyde (II) and the alcoholic solvent, as highlighted in Figure 1. 

 

Figure 1. Temperature e ect in Pd/TiO2 (Pd 0.18% w/w) catalyzed cinnamaldehyde hydrogenation. 

Due to the high activity of this catalyst, further reactions were carried out to optimize 
the reaction conditions, and the results are summarized in Table 4. 
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Table 4. Hydrogenation of (E)-cinnamaldehyde (I) catalyzed by Pd/TiO2 (Pd 0.18% w/w) at di erent 
H2 pressure, reaction time and S/Pd molar ratio. 

Entry a 
S/Pd  
Mol 

p(H2) 
MPa 

t (h) Conversion (%) b 
II 

Selectivity (%) 
b 

III 
Selectivity (%) 

b 

IV 
Selectivity (%) 

b 

V 
Selectivity (%) 

b 
1 2000/1 0.1 1 100 56 4 4 36 

1r1 c � � � 100 65 6 3 26 
1r2 c � � � 60 81 / 3 16 

2 5000/1 0.2 1 93 80 / 2 18 
2r1 c � � � 78 88 / 2 10 
2r2 c � � � 20 93 / 1 6 

3 5000/1 0.2 3 100 34 10 4 52 
3r1 c � � � 74 70 / 3 27 
3r2 c � � � 27 90 / 6 4 

a Reaction conditions: Substrate (I) 1.89 mmol (0.25 g); Pd/TiO2 = 55.9 mg (S/Pd = 2000); Solvent: 2-
propanol (6 mL); T = 40 °C. b Data determined by GC (%) using n-undecane as internal standard; c r 
= recycling experiment; � = same value as above; / = 0. 

At 40 °C and S/Pd molar ratio = 2000/1, lowering H2 pressure to 0.1 MPa still a orded 
full conversion with the fresh catalyst and in the rst recycle (Entry 1 and 1r1), but con-
version decreased substantially upon a second recycle (Entry 1r2). At S/Pd mola ratio = 
5000/1 and 0.2 MPa H2, conversion remained high but incomplete after 1 h and no alcohol 
(III) was detected (Entry 2), indicating preferential C=C hydrogenation. Extending the re-
action time to 3 h (Entry 3) restored full conversion but shifted selectivity strongly toward 
hemiacetal (V), highlighting the combined inuence of TiO2 acidity and prolonged reac-
tion time of aldehyde (II) with 2-propanol. In recycling tests performed at the high S/Pd 
molar ratio = 5000/1, rapid loss of activity was observed, plausibly a ributable to acci-
dental catalyst deactivation (e.g., oxygen exposure/poisoning) and/or catalyst loss during 
recovery (Entry 3r1 and 3r2); under low-metal conditions, even minor mass losses can 
signicantly impact conversion. 

Similarly to the Pd/Al O  catalyst, the catalytic activity of Pd/TiO  was also evaluated 
in di erent solvents. The results are summarized in Table 5. 

Table 5. Hydrogenation of (E)-cinnamaldehyde (I) catalyzed by Pd/TiO2 (Pd 0.18% w/w) in di erent 
solvents. 

Entry a Solvent 
Conversion 

(%) b 

II 
Selectivity 

(%) b 

III 
Selectivity 

(%) b 

IV 
Selectivity 

(%) b 

V 
Selectivity 

(%) b 
1 2-Propanol 93 80 / 2 18 
2 MTBE 9 100 / / / 
3 Isooctane 3 100 / / / 
4 CPME 16 100 / / / 

a Reaction conditions: Substrate (I) 1.89 mmol (0.25 g); (I)/Pd molar ratio = 5000/1; Pd/TiO2 = 22.3 mg; 
Solvent (6 mL); T= 40 °C; p(H2) = 0.2 MPa; t= 1 h. b Data determined by GC (%) using n-undecane as 
internal standard; / = 0. 

Under xed conditions (40 °C, 0.2 MPa H2, 1 h, S/Pd molar ratio = 5000/1), 2-propanol 
a orded markedly higher conversion than MTBE, isooctane, or CPME. Although non-
alcoholic solvents provided quantitative selectivity to (II) (Entries 2�4), conversions were 
very low, whereas 2-propanol enabled higher conversion at the expense of side reactions 
(formation of ether (IV) and hemiacetal (V)) (Entry 1). 



Reactions 2026, 7, 39 11 of 25 
 

https://doi.org/10.3390/reactions7030039 

For comparison, hydrogenation tests of cinnamaldehyde (I) were also carried out us-
ing Pd/TiO  (Pd 0.18% w/w), obtained by employing TiO  synthesized in-house according 
to a literature-reported procedure [53] that yields pure anatase rather than an anatase�
rutile mixture, as in the commercial TiO  previously used. The results are described in 
Table 6. 

Table 6. Hydrogenation of (E)-cinnamaldehyde (I) catalyzed by Pd/TiO2 (Pd 0.18% w/w) (TiO2 = 
anatase). 

Entry a 
S/Pd  
mol 

T (°C) 
P(H2) 
MPa 

t (h) 
Conversion (%) 

b 

II 
Selectivity 

(%) b 

III 
Selectivity 

(%) b 

IV 
Selectivity 

(%) b 

V 
Selectivity 

(%) b 
1 1000 30 0.2 1 100 37 63 / / 

1r1 c � � � � 74 43 56 1 / 
2 2000 � � � 30 41 56 / 3 
3 � � � 3 72 42 55 3 / 

3r1 c � � � � 65 49 51 / / 
4 � 30 0.5 1 51 41 59 / / 
5 � � 1.0 1 54 40 56 4 / 
6 � 40 0.5 1 87 49 51 / / 

6r1 c � � � � 52 46 42 11 / 
7 � � � 3 100 42 55 3 / 

7r1 c � � � � 96 52 41 5 2 
7r2 c � � � � 85 47 48 4 1 

a Reaction conditions: Substrate (I) 1.89 mmol (0.25 g); Pd/TiO2 = 55.9 mg (S/Pd = 2000); Solvent: 2-
propanol (6 mL). b Data determined by GC (%) using n-undecane as internal standard; c r = recycling 
experiment; � = same value as above; / = 0. 

At S/Pd = 1000 (Entry 1), complete conversion is achieved after 1 h at 30 °C and 0.2 
MPa H , with products (II) and (III) formed in 37% and 63% selectivity, respectively. In a 
recycle experiment (Entry 1r1), conversion decreases to 74%, while the selectivity pa ern 
remains comparable (II 43%, III 56%), with only traces of (IV) (1%). Increasing the sub-
strate-to-metal ratio to S/Pd = 2000 (Entry 2) under the same temperature, pressure, and 
time (30 °C, 0.2 MPa, 1 h) leads to a marked decrease in conversion (30%), indicating that 
catalyst productivity becomes limiting at higher substrate loading. Nevertheless, the se-
lectivity toward (III) (56%) remains essentially unchanged compared to Entry 1, suggest-
ing that intrinsic chemoselectivity is not signicantly a ected by S/Pd ratio at low conver-
sion. Extending the reaction time to 3 h at S/Pd = 2000 (Entry 3) increases conversion to 
72%, with selectivity still dominated by (III) (55%) and (II) (42%), and minor formation of 
(IV) (3%). Entry 3r1 (same conditions) gives slightly lower conversion (65%) and a nearly 
equimolar distribution of (II) (49%) and (III) (51%), again indicating modest variability but 
an overall stable selectivity prole. The e ect of hydrogen pressure was evaluated at S/Pd 
= 2000 and 30 °C. Increasing pressure from 0.2 MPa (entry 2) to 0.5 MPa (Entry 4) improves 
conversion from 30% to 51% after 1 h, while further increasing to 1.0 Mpa (Entry 5) does 
not provide additional benets (54% conversion). This suggests that hydrogen availability 
enhances reaction rate up to a certain threshold, beyond which mass-transfer or adsorp-
tion phenomena may limit further rate enhancement. Importantly, selectivity toward (III) 
(56�59%) remains largely una ected by pressure, indicating that the relative hydrogena-
tion pathways are not strongly pressure-dependent within this range. Temperature has a 
more pronounced impact. At 40 °C and 0.5 MPa H  (Entry 6), conversion rises sharply to 
87% after 1 h, compared to 51% at 30 °C (Entry 4), demonstrating a clear kinetic accelera-
tion. Notably, selectivity shifts toward a more balanced distribution between (II) (49%) 
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and (III) (51%). However, in the replicate experiment (Entry 6r1), conversion drops to 52% 
and a signicant amount of (IV) (11%) appears, accompanied by a decrease in (III) (42%). 
This may indicate that at higher temperatures, secondary hydrogenation pathways be-
comes more competitive, leading to deeper hydrogenation (IV). Prolonging the reaction 
to 3 h (Entry 7) results in complete conversion, with selectivity again favoring (III) (55%) 
over (II) (42%), and minor (IV) formation (3%). The catalytic data reported in Table 3 and 
Table 6 reveal signicant di erences in activity and, above all, in chemoselectivity of 
Pd/TiO  (0.18% w/w) in the hydrogenation of (E)-cinnamaldehyde (I), highlighting the 
strong inuence of reaction conditions and, likely, catalyst/support features. For, instance, 
in Table 3 (Entry 1), at S/Pd = 1000 and 30 °C for 1 h, conversion is high (95�96%) and the 
reaction is markedly selective toward product (II) (78�96%), while product (V) accounts 
for 2�21% and (IV) is formed only in traces (1�2%). Product (III) is not detected. In contrast, 
under comparable temperature and S/Pd conditions in Table 6 (Entry 1, 0.2 MPa H ), com-
plete conversion (100%) is achieved, but the selectivity pa ern is dramatically di erent: 
product (III) is the major product (63%), while (II) accounts for only 37%, and (V) is absent. 
Thus, although both systems are highly active, the data of Table 3 shows a strong prefer-
ence for formation of (II), whereas those of Table 6 clearly favors (III). This indicates a 
substantial change in hydrogenation pathway selectivity, likely related to di erences in 
the physicochemical properties of the TiO  support. In all cases, in Table 3, product (V) is 
consistently observed (up to 43% in entry 3), particularly at higher temperature and S/Pd, 
while (IV) is generally a minor product ( 6%). Importantly, (III) is essentially absent ex-
cept in Entry 4 (S/Pd = 2000, 40 °C), where it appears in low selectivity (6�8%). In Table 6, 
product (V) is minor or absent, whereas (III) is systematically formed in signicant 
amounts ( 50�63%). Product (IV) appears only under more forcing conditions (higher 
temperature or longer time), indicating secondary hydrogenation pathways. The compar-
ison highlights two markedly di erent catalytic behaviors: 

Table 3: high chemoselectivity toward (II) over a wide range of S/Pd and temperature, 
even at full conversion, with (V) as the main secondary product and almost no formation 
of (III). 

Table 6: predominant formation of (III), with (II) as co-product and only minor 
amounts of (IV) and (V), and selectivity relatively insensitive to pressure changes. 

These di erences strongly suggest that the catalytic surface properties di er between 
the two series of experiments. Possible factors include di erences in TiO  phase composi-
tion (pure anatase vs. anatase/rutile mixture), metal dispersion or metal�support interac-
tions, and hydrogen adsorption/activation capacity under di erent pressures. 

Finally, two new catalytic systems, namely Pd/ZrO2 (Pd 0.21% w/w) and Pd/SiO2 (Pd 
0.37% w/w), were tested in the hydrogenation of (E)-cinnamaldehyde (I), and the results 
are reported in Table 7. 

Table 7. Hydrogenation of (E)-cinnamaldehyde (I) catalyzed by Pd/ZrO2 (Pd 0.21% w/w) and by 
Pd/SiO2 (Pd 0.37% w/w). 

Entry a Catalyst 
S/Pd 
mol 

t (h) 
Conversion 

(%) b 

II 
Selectivity 

(%) b 

III 
Selectivity 

(%) b 

IV 
Selectivity 

(%) b 

V 
Selectivity 

(%) b 
1 Pd/ZrO2 1000/1 1 18 96 / 4 / 
2 � 2000/1 1 13 87 / 10 3 
3 � 2000/1 6 56 90 / 7 3 
4 � 2000/1 22 100 67 32 / 1 

4r1 c � � � 84 78 12 / 10 
4r2 c � � � 50 92 / 3 5 
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5 Pd/SiO2 1000/1 1 33 100 / / / 
6 � 2000/1 1 17 93 / 5 2 
7 � 2000/1 6 41 100 / / / 
8 � 2000/1 22 100 85 13 / 2 

8r1 c � � � 46 96 / / 4 
a Reaction conditions: Substrate (I) 1.89 mmol (0.25 g); Pd/ZrO2 = 95.8 mg (S/Pd = 1000); Pd/SiO2 = 
54.3 mg (S/Pd = 1000); Solvent: 2-propanol (6 mL); T = 40 °C; p(H2) = 0.2 MPa. b Data determined by 
GC (%) using n-undecane as internal standard; c r = recycling experiment; � = same catalyst as above; 
/ = 0. 

Pd/ZrO2 (Pd 0.21% w/w) exhibited low activity at short reaction times under the ex-
amined conditions (40 °C, 0.2 MPa H2), albeit with high selectivity to (II) (Entries 1�3). 
Increasing reaction time to 22 h a orded full conversion but lowered selectivity due to 
subsequent carbonyl reduction to (III) (Entry 4). Catalyst recycling led to substantial ac-
tivity losses (Entry 4r1 and 4r2). Given its inferior activity relative to Pd/Al2O3 and Pd/TiO2, 
Pd/ZrO2 was not further investigated. Similarly, Pd/SiO2 (Pd 0.37% w/w) required long 
reaction times to achieve full conversion (Entry 8). While selectivity to (II) was generally 
higher than with Pd/ZrO2 under comparable long-time conditions, consistent with the 
more neutral character of silica compared with zirconia, overall activity remained lower 
than that of Pd/Al2O3 and Pd/TiO2, and further studies were not pursued. For both cata-
lysts, the increased consecutive hydrogenation to (III) is consistent with increased contact 
time between product and catalyst. The contrast between supports further suggests that 
the greater acidity of zirconia may favor additional pathways, whereas silica, generally 
considered more neutral, be er preserves selectivity to (II) despite remaining compara-
tively sluggish. Among Pd catalysts, Pd/TiO2 (0.18% Pd w/w) is the most active: 95% con-
version is achieved already at 30 °C (0.2 MPa, 1 h) and quantitative conversion at 40 °C 
(Table 4). This superior performance relative to Al2O3, SiO2, and ZrO2 is consistent with 
higher Pd dispersion and/or benecial metal�support interactions that facilitate hydrogen 
activation and C=C hydrogenation. However, the pronounced Lewis acidity of TiO2 
strongly enhances hemiacetal formation (V), which can reach substantial levels (up to 33�
43% under several conditions; Table 4) and may even become the dominant product at 
longer times and low metal loading. The temperature dependence (Figure 1) further indi-
cates that increases in conversion are accompanied by increased (V), highlighting that op-
timization cannot rely solely on maximizing substrate conversion; instead, it must mini-
mize the residence time of (II) in an acidic environment in the presence of an alcoholic 
solvent. 

At this stage, it was of interest to evaluate the activity of our catalysts in comparison 
with selected commercially available ones, such as Pd/Al2O3 (Pd 2% w/w) and Pd/C (Pd 5% 
w/w) (Table 8). 

Table 8. Catalytic performance of synthesized and commercial supported Pd catalysts in the hydro-
genation of (E)-cinnamaldehyde (I). 

Entry a Catalyst Conversion (%) b 
II  

Selectivity 
(%) b 

III  
Selectivity 

(%) b 

IV  
Selectivity 

(%) b 

V  
Selectivity 

(%) b 
1 Pd/ZrO2 (0.21%) 18 96 / 4 / 
2 Pd/SiO2 (0.37%) 33 100 / / / 
3 Pd/TiO2 (0.18%) 100 63 / 4 33 

3r1 c � 100 76 / 1 23 
3r2 c  � 100 93 / 1 6 
3r3 c � 100 92 / 1 7 
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7 Pd/Al2O3 (0.24%) 73 85 15 / / 
7r1 c � 68 80 15 3 2 
7r2 c � 67 92 6 1 1 
7r3 c � 40 94 / 5 1 

8 Pd/Al2O3 (2%) 72 100 / / / 
8r1 c � 66 99 / / 1 
8r2 c � 62 100 / / / 
8r3 c � 38 100 / / / 

9 Pd/C (5%) 100 62 14 3 21 
9r1 c � 100 73 20 1 6 
9r2 c � 90 73 4 1 22 
9r3 c � 79 76 1 1 22 

a Reaction conditions: Substrate (I) 1.89 mmol (0.25 g); (I)/Pd molar ratio = 1000/1; Solvent: 2-propa-
nol (6 mL); T = 40 °C; p(H2) = 0.2 MPa; t = 1h. b Data determined by GC (%) using n-undecane as 
internal standard; c r = recycling experiment; � = same catalyst as above; / = 0. 

Hydrogenation tests were also carried out using commercially available heterogene-
ous Pd catalysts and compared with our synthesized systems under identical conditions 
(40 °C, 0.2 MPa H2, 1 h, S/Pd molar ratio = 1000/1) (Table 8 and Figure 2). Pd/ZrO2 and 
Pd/SiO2 were highly selective to 3-phenylpropanal (II) but exhibited limited activity, 
whereas Pd/Al2O3 and Pd/TiO2 were the most e ective among the synthesized catalysts. 
Pd/Al2O3 (Pd 0.24% w/w) displayed activity comparable to commercial Pd/Al2O3 (Pd 2% 
w/w), but the commercial catalyst was more selective to (II) (100% vs. 85% in the rst run), 
suggesting that the commercial material may combine more favorable Pd dispersion 
and/or a reduced tendency for consecutive carbonyl hydrogenation (and/or reduced in-
uence of acidic sites on product transformation). Pd/TiO2 (Pd 0.18% w/w) emerged as the 
best-performing catalyst overall, providing complete conversion maintained across mul-
tiple recycles; it therefore exhibited higher activity than both the synthesized and com-
mercial catalysts tested. Among commercial materials, Pd/C (Pd 5% w/w) performed best, 
yet it showed activity losses from the second recycle onward and generally lower selec-
tivity relative to Pd/TiO2. 

 

Figure 2. Comparison of catalytic performance of synthesized and commercial supported Pd cata-
lysts in the hydrogenation of (E)-cinnamaldehyde (I). 
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To benchmark Pd-based systems, two Rh catalysts, namely Rh/Al2O3 (Rh 0.18% w/w) 
and Rh/TiO2 (Rh 0.15% w/w), were evaluated (Tables 9 and 10). 

Table 9. Hydrogenation of (E)-cinnamaldehyde (I) catalyzed by Rh/Al2O3 (Rh 0.18% w/w). 

Entry a 
S/Rh  
mol 

p(H2) 
MPa 

t (h) Conversion (%) b 
II 

Selectivity (%) 
b 

III 
Selectivity (%) 

b 

IV 
Selectivity (%) 

b 

V 
Selectivity (%) 

b 
1 2000/1 0.2 1 6 100 / / / 
2 2000/1 0.2 22 26 99 / / 1 
3 1000/1 0.2 1 37 100 / / / 
4 1000/1 0.2 6 71 100 / / / 
5 1000/1 0.2 22 100 100 / / / 

5r1 c � � � 100 99 / / 1 
5r2 c � � � 41 98 / / 2 

6 1000/1 0.5 6 82 100 / / / 
6r1 c � � � 57 99 / / 1 

7 1000/1 1.0 6 100 100 / / / 
7r1 c � � � 83 99 / / 1 

a Reaction conditions: Substrate (I) 1.89 mmol (0.25 g); Rh/Al2O3 = 108 mg (S/Rh = 1000); Solvent: 2-
propanol (6 mL); T = 40 °C. b Data determined by GC (%) using n-undecane as internal standard; c r 
= recycling experiment; � = same value as above; / = 0. 

As shown in Table 9, Rh/Al2O3 was essentially chemoselective for C=C hydrogena-
tion, yielding (II) with negligible formation of hemiacetal (V) ( 2%) and no detectable (III) 
or etherication product (IV) under the conditions tested. However, compared with Pd 
catalysts, Rh/Al2O3 was substantially less active. At S/Rh molar ratio = 2000/1, conversion 
was only 6% after 1 h (Entry 1) and remained low (26%) even after 22 h (Entry 2). Increas-
ing catalyst loading to S/Rh molar ratio = 1000/1 improved conversion to 37% (1 h) (Entry 
3) and 71% (6 h) (Entry 4), reaching full conversion only after 22 h (Entry 5). The catalyst 
retained performance upon one recycle, while activity decreased upon further reuse, sug-
gesting that Rh sites may be more susceptible to poisoning/oxidation or that catalyst re-
covery losses become disproportionately impactful. Similarly to the approach adopted for 
Pd/Al2O3, the recycled rhodium-based catalyst was also examined to determine whether 
it had undergone structural changes that could account for the observed decrease in cata-
lytic activity. As a ma er of fact, TEM images reveal a signicant structural evolution be-
fore and after use. Initially, the catalyst exhibits a nanostructured morphology, with rho-
dium nanoparticles ranging in size from 8 to 13 nm (Figure S12). However, TEM analysis 
of the recycled catalyst shows a marked increase in particle size, with rhodium particles 
reaching dimensions between 19 and 29 nm (Figure S12). This increase in particle size 
suggests the occurrence of particle agglomeration and/or sintering during the catalytic 
process, thereby resulting in altered catalytic activity. At 6 h reaction time, increasing H2 
pressure from 0.2 to 0.5 MPa increased conversion to 82% (Entry 6). A further increase of 
pressure to 1.0 MPa a orded complete conversion (Entry 7). Recycling experiments 
showed activity loss but maintained near-quantitative selectivity to (II). Overall, Rh/Al2O3 
was less active than Pd analogues but markedly more selective to (II), with negligible 
hemiacetal (V) formation. 

By comparison, Rh/TiO2 was also tested in the hydrogenation of (E)-cinnamaldehyde 
(I) (Table 10). Under conditions comparable to those used for Rh/Al2O3 (S/Rh molar ratio 
= 1000/1, 40 °C, 0.2 MPa H2, 6 h), Rh/TiO2 exhibited inferior conversion and selectivity, 
a ording 40% conversion and appreciable hemiacetal (V) formation (23%), consistent 
with TiO2 acidity (Entry 1). Extending the reaction to 22 h increased conversion to 77% 
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(Entry 2) and maintained it over two recycles before a sharp decline upon further reuse 
(Entries 2r1�2r3). Increasing H2 pressure to 1.0 MPa provided only a modest conversion 
gain but strongly increased (V) selectivity (75%). At 2.0 MPa, full conversion was achieved, 
but selectivity remained poor with (II) and (V) formed in comparable amounts (Entry 4). 

Table 10. Hydrogenation of (E)-cinnamaldehyde (I) catalyzed by Rh/TiO2 (Rh 0.15% w/w). 

Entry a p(H2) MPa t (h) Conversion (%) b 
II 

Selectivity (%) b 
III 

Selectivity (%) b 
IV 

Selectivity (%) b 

V 
Selectivity (%) 

b 
1 0.2 6 40 76 / 1 23 
2 0.2 22 77 70 / 3 27 

2r1 c � � 77 72 / 1 27 
2r2 c � � 77 78 / 1 21 
2r3 c � � 22 74 / 2 23 

3 1.0 22 81 19 / 6 75 
3r1 c � � 72 26 / 7 67 
3r2 c � � 16 51 / 5 44 

4 2.0 22 100 48 / 3 49 
4r1 c � � 80 44 / 5 51 
4r2 c � � 25 46 / 4 50 

a Reaction conditions: Substrate (I) 1.89 mmol (0.25 g); Substrate/Rh molar ratio = 1000/1; Rh/TiO2 = 
129.6 mg; Solvent: 2-propanol (6 mL); T = 40 °C. b Data determined by GC (%) using n-undecane as 
internal standard; c r = recycling experiment; � = same value as above; / = 0. 

At this point, it was interesting to examine the inuence of temperature while keep-
ing the other reaction parameters constant. Temperature e ects at 1.0 MPa H2 for 6 h, with 
S/Rh molar ratio = 1000/1 (Table 11, Figure 3), showed that conversion increased with tem-
perature, reaching 100% at 80 °C (Entry 4); however, selectivity shifted strongly toward 
hemiacetal (V) at 60 °C (Entries 3 and 4). This behavior can be rationalized by a dominant 
kinetic contribution: although higher temperature would thermodynamically favor hem-
iacetal dissociation, the rate of hemiacetal formation increases su ciently to yield higher 
observed (V) selectivity. Increased temperature also enhanced formation of ether (IV). 

Table 11. Hydrogenation of (E)-cinnamaldehyde (I) catalyzed by Rh/TiO2 (Rh 0.15% w/w) at di er-
ent temperatures. 

Entry a T (°C) 
Conversion 

(%) b 
II Selectivity (%) b III Selectivity (%) b IV Selectivity (%) b 

V Selectivity (%) 
b 

1 20 64 90 / / 10 
2 40 70 66 9 1 24 
3 60 70 12 / 5 83 
4 80 100 7 / 8 85 

a Reaction conditions: Substrate (I) 1.89 mmol (0.25 g); Substrate/Rh molar ratio = 1000/1; Rh/TiO2 = 
129.6 mg; Solvent: 2-propanol (6 mL); p(H2) = 1.0 MPa; t = 6 h. b Data determined by GC (%) using 
n-undecane as internal standard; / = 0. 
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Figure 3. Temperature inuence in the hydrogenation of (E)-cinnamaldehyde (I) catalyzed by 
Rh/TiO2 (Rh 0.15% w/w). 

Hydrogenation tests were also conducted with commercially available Rh catalysts 
(Table 12, Figure 4). A comparison of Rh catalysts further indicated that synthesized 
Rh/Al2O3 outperformed Rh/TiO2 in both conversion and selectivity under the selected con-
ditions (40 °C, 0.2 MPa H2, 6 h), with the la er producing substantial hemiacetal (V) due 
to TiO2 acidity. Both synthesized Rh catalysts were more active than commercial Rh/Al2O3 
(5 wt%) and Rh/C (5 wt%), plausibly reecting improved dispersion of the active phase 
arising from the synthesis method and/or support choice. Commercial Rh/Al2O3 (Entry 3) 
also showed lower selectivity than the synthesized analogue, consistent with concurrent, 
albeit limited, C=O hydrogenation. The commercial Rh/C catalyst exhibited the poorest 
performance, with low conversion and predominant hemiacetal (V) formation (Entry 4). 

Table 12. Catalytic performance of synthesized and commercial supported Rh catalysts in the hy-
drogenation of (E)-cinnamaldehyde (I). 

Entry a Catalyst Conversion (%) b 
II 

Selectivity (%) 
b 

III 
Selectivity (%) 

b 

IV 
Selectivity (%) 

b 

V 
Selectivity (%) 

b 
1 Rh/Al2O3 (0.18%) 71 100 / / / 
2 Rh/TiO2 (0.15%) 40 76 / 1 23 
3 Rh/Al2O3 (5%) 25 93 7 / / 
4 Rh/C (5%) 13 36 / / 64 

a Reaction conditions: Substrate (I) 1.89 mmol (0.25 g); Substrate/Rh molar ratio = 1000/1; Solvent: 2-
propanol (6 mL); T = 40 °C; p(H2) = 0.2 MPa; t = 6 h. b Data determined by GC (%) using n-undecane 
as internal standard; / = 0. 
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Figure 4. Comparison of catalytic performance of synthesized and commercial supported Rh cata-
lysts in the hydrogenation of (E)-cinnamaldehyde (I). 

3.3 Hydrogenation of Levulinic Acid (VI) 

As in the case of (E)-cinnamaldehyde (I), the hydrogenation of levulinic acid (VI) 
(Scheme 2) was initially carried out using palladium-based catalysts. The results are re-
ported in Table 13. 

 

Scheme 2. Hydrogenation of levulinic acid (VI).3.3 

Table 13. Hydrogenation of levulinic acid (VI) catalyzed by Pd/Al2O3 (Pd 0.24% w/w) and Pd/TiO2 

(Pd 0.18% w/w). 

Entry a Catalyst 
S/Pd 
Moli 

t(h) Conversion (%) b VII Selectivity (%) b 

1 Pd/Al2O3 (0.24%) 500/1 6 7 100 
2 � 500/1 22 8 100 
3 � 1000/1 22 6 100 
4 Pd/TiO2 (0.18%) 500/1 6 7 100 
5 � 500/1 22 8 100 
6 � 1000/1 22 4 100 

a Reaction conditions: Substrate (VI) 1.07 mmol (0.125 g); Pd/Al2O3 = 47.4 mg (S/Pd = 1000); Pd/TiO2 

= 63.2 mg (S/Pd = 1000); Solvent: 2-propanol (6 mL); T = 80 °C; p(H2) = 2.0 MPa. b Data determined 
by GC (%) using n-undecane as internal standard; � = same catalyst as above. 

Levulinic acid (VI) hydrogenation catalyzed by Pd/Al2O3 and Pd/TiO2 was evaluated 
at substrate-to-metal molar ratios (S/Pd) of 500/1 and 1000/1, respectively, at 80 °C and 2.0 
MPa H2 for 6 or 22 h (Table 13). As expected, under all conditions examined, both Pd 
catalysts exhibited very low activity toward hydrogenation of the ketone functionality, 
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a ording conversions in the 4�8% range despite the comparatively forcing reaction con-
ditions. 

Be er results were obtained in the presence of Rh/Al2O3 (Table 14). The hydrogena-
tion of levulinic acid (VI) was performed under more demanding conditions than those 
used for cinnamaldehyde (I). The reference experiment (Entry 1) was carried out at S/Rh 
molar ratio = 500/1, 80 °C, and 2.0 MPa H2 for 6 h. Under these conditions, (VI) was con-
verted nearly quantitatively (99%) to -valerolactone (VII), which was the sole detectable 
product (100% selectivity). Catalyst activity remained high through the third recycle (En-
tries 1r1�1r3), followed by a more pronounced decline upon the fourth reuse (Entry 1r4). 
The e ect of hydrogen pressure was subsequently examined by stepwise reduction while 
maintaining the other parameters constant. At 1.0 MPa (Entry 2) and 0.5 MPa (Entry 3), 
conversion remained essentially quantitative (98�99%) with complete selectivity to (VII). 
Lowering the temperature to 60 °C at 0.5 MPa (Entry 4), conversion decreased to 86%, 
indicating that temperature becomes limiting under reduced-pressure operation. Further 
decreasing H2 pressure to 0.2 MPa (Entry 5) led to 78% conversion after 6 h at 80 °C. Ex-
tending the reaction time to 22 h at 0.2 MPa (Entry 6) restored near-complete conversion 
(99%), and high activity was maintained for two recycling runs (Entries 6r1 and 6r2), be-
fore a sharp drop in conversion (44%) at the third recycle (Entry 6r3). Notably, selectivity 
to (VII) remained quantitative throughout all Rh/Al2O3 catalyzed experiments. 

Table 14. Hydrogenation of levulinic acid (VI) catalyzed by Rh/Al2O3 (Rh 0.18% w/w). 

Entry a T (°C) p(H2) MPa t (h) Conversion (%) b VII Selectivity (%) b 
1 80 2.0 6 99 100 

1r1 c � � � 92 100 
1r2 c � � � 88 100 
1r3 c  � � � 87 100 
1r4 c � � � 65 100 

2 80 1.0 6 98 100 
2r1 c � � � 98 100 
2r2 c � � � 77 100 
2r3 c � � � 55 100 

3 80 0.5 6 99 100 
3r1 c � � � 80 100 
3r2 c � � � 64 100 

4 60 0.5 6 86 100 
4r1 c � � � 52 100 

5 80 0.2 6 78 100 
5r1 c � � � 36 100 

6 80 0.2 22 99 100 
6r1 c � � � 100 100 
6r2 c � � � 93 100 
6r3 c � � � 44 100 

a Reaction conditions: Substrate (VI) 1.07 mmol (0.125 g); (VI)/Rh molar ratio = 500/1; Rh/Al2O3 = 
122.3 mg; Solvent: 2-propanol (6 mL). b Data determined by GC (%) using n-undecane as internal 
standard; c r = recycling experiment; � = same value as above. 

Also, Rh/TiO2 was employed as a catalyst in the hydrogenation of levulinic acid (VI), 
and the results are reported in Table 15. Under conditions analogous to those employed for 
Rh/Al2O3 (S/Rh molar ratio = 500/1, 0.2 MPa H2, 6 h), Rh/TiO2 was poorly active (21% con-
version) but fully selective to (VII) (Entry 1). Increasing H2 pressure to 1.0 MPa (Entry 2) 
improved conversion to 56%, and further pressure increasing to 2.0 MPa (Entry 3) af-
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forded quantitative conversion (100%), again with exclusive formation of (VII). However, 
a substantial loss of activity emerged upon recycling, with conversion decreasing by ap-
proximately half from the second reuse onward (Entries 2r2, 3r2, and 3r3), indicating lim-
ited stability under repeated operation. Reducing catalyst loading to S/Rh molar ratio = 
1000/1 at 2.0 MPa H2 lowered conversion to 35% after 6 h (Entry 4). Extending the reaction 
time to 22 h (Entry 5) restored complete conversion (100%), yet recycling again resulted 
in severe deactivation (45% conversion) (Entry 5r1). In all experiments, selectivity re-
mained quantitative to (VII). The results obtained suggest that, on TiO2, either the rate of 
carbonyl reduction or the e ective availability of activated hydrogen on Rh is more con-
strained than on Al2O3, thereby requiring a higher driving force in terms of hydrogen 
pressure to sustain high turnover. The activity loss during recycles is consistent with a 
combination of lower dispersion and/or reduced stability of Rh on TiO2 relative to Al2O3, 
greater susceptibility of the support surface to modication in a protic medium, and a 
larger impact of handling-related losses when the system already operates at moderate 
pressures. 

Table 15. Hydrogenation of levulinic acid (VI) catalyzed by Rh/TiO2 (Rh 0.15% w/w). 

Entry a 
S/Rh  
mol 

p(H2) MPa t (h) Conversion (%) b VII Selectivity (%) b 

1 500/1 0.2 6 21 100 
2 500/1 1.0 6 56 100 

2r1 c � � � 49 100 
2r2 c � � � 22 100 

3 500/1 2.0 6 100 100 
3r1 c � � � 94 100 
3r2 c � � � 54 100 
3r3 c � � � 34 100 

4 1000/1 2.0 6 35 100 
5 1000/1 2.0 22 100 100 

5r1 c � � � 45 100 
a Reaction conditions: Substrate (VI) 1.07 mmol (0.125 g); Rh/TiO2 = 73.4 mg (S/Rh = 1000); Solvent: 
2-propanol (6 mL); T = 80 °C. b Data determined by GC (%) using n-undecane as internal standard; 

c r = recycling experiment; � = same value as above. 

A comparative experiment was performed using both synthesized and commercial 
Rh catalysts under identical operating conditions (S/Rh molar ratio = 500/1, 80 °C, 0.2 MPa 
H2, 6 h (Table 16 and Figure 5). All Rh-based catalysts tested were completely selective to 
(VII), with no detectable formation of undesired byproducts such as 4-hydroxypentanoic 
acid or products arising from further hydrogenation. This exclusive selectivity is advan-
tageous because it substantially simplies downstream purication. Among the tested 
catalysts, synthesized Rh/Al2O3 (Rh 0.18% w/w) exhibited the highest activity (78% con-
version), surpassing commercial Rh/Al2O3 (Rh 5% w/w; 61% conversion). At constant sup-
port chemistry, this di erence is plausibly a ributable to the preparation protocol, which 
may yield improved dispersion and a more uniform distribution of the Rh phase; di er-
ences in the specic alumina grade may also inuence activity. In contrast, synthesized 
Rh/TiO2 (Rh 0.15% w/w) was the least active under these mild-pressure conditions, sug-
gesting that the support can signicantly a ect metal dispersion and accessible surface 
area. Similarly, the low conversion obtained with commercial Rh/C (Rh 5% w/w) is con-
sistent with limited availability of active sites under the chosen conditions. 
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Table 16. Catalytic performance of synthesized and commercial supported Rh catalysts in the hy-
drogenation of levulinic acid (VI). 

Entry a Cat. Conversion (%) b VII Selectivity (%) b 
1 Rh/Al2O3 (0.18%) 78 100 
2 Rh/TiO2 (0.15%) 21 100 
3 Rh/Al2O3 (5%)  61 100 
4 Rh/C (5%)  34 100 

a Reaction conditions: Substrate (VI) 1.07 mmol (0.125 g); Substrate/Rh molar ratio = 500/1Solvent: 
2-propanol (6 mL); T = 80 °C; p(H2) = 0.2 MPa; t = 6h. b Data determined by GC (%) using n-undecane 
as internal standard. 

 

Figure 5. Comparison of catalytic performance of synthesized and commercial supported Rh cata-
lysts in the hydrogenation of levulinic acid (VI). 

4. Conclusive Remarks 
This work focused on the development and evaluation of low-precious-metal hetero-

geneous catalysts for hydrogenation reactions, specifically Pd- and Rh-based systems sup-
ported on different metal oxides: Pd/Al2O3 (Pd 0.24% w/w), Pd/TiO2 (Pd 0.18 wt% Pd), 
Pd/ZrO2 (Pd 0.21% w/w), Pd/SiO2 (Pd 0.37% w/w), Rh/Al2O3 (Rh 0.18% w/w), and Rh/TiO2 
(Rh 0.15% w/w). A one-pot synthetic methodology, advantageous due to the avoidance of 
conventional calcination and activation steps, enabled the successful incorporation of low 
metal loadings on alumina, titania, zirconia, and silica supports. Catalytic performance was 
assessed using model substrates containing C=C and/or C=O functionalities, namely (E)-
cinnamaldehyde and levulinic acid. In the hydrogenation of (E)-cinnamaldehyde, Pd cata-
lysts proved highly effective for chemoselective C=C reduction, affording 3-phenylpropanal 
as the major product. While Pd/ZrO2 and Pd/SiO2 exhibited limited activity, Pd/Al2O3 and, 
in particular, Pd/TiO2 delivered high conversions under relatively mild conditions (0.1�1.0 
MPa H2, 30�60 °C). Pd/Al2O3 displayed activity comparable to commercial Pd/Al2O3 (2 wt% 
Pd). Notably, Pd/TiO2 outperformed not only commercial Pd/Al2O3 but also Pd/C (5 wt% 
Pd), combining higher activity with improved stability upon recycling and enabling full 
conversion even at high substrate-to-metal ratios (up to 5000/1; 40 °C, 0.2 MPa H2, 3 h). Sup-
port acidity significantly influenced selectivity, most clearly for TiO2-based catalysts. Acidic 
surface sites promoted secondary reactions leading to isopropyl 3-phenylpropyl ether and, 
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more prominently, hemiacetal formation via reaction between 3-phenylpropanal and 2-pro-
panol. Solvent screening confirmed the suitability of a polar protic medium (2-propanol) for 
these systems; CPME also performed well with Pd/Al2O3, although its higher cost limited 
its practical attractiveness. Rh-based heterogeneous catalysts were also competent for cin-
namaldehyde hydrogenation, albeit requiring more forcing conditions to reach quantitative 
conversion. Rh/TiO2 was more active than commercial Rh/Al2O3 (5 wt% Rh) and Rh/C (5 wt% 
Rh), but the acidic support again favored hemiacetal formation. In contrast, the synthesized 
Rh/Al2O3 catalyst displayed higher activity and excellent chemoselectivity for C=C hydro-
genation, affording 3-phenylpropanal with selectivities above 98%. In levulinic acid hydro-
genation, Pd-supported catalysts were essentially inactive toward reduction of the C=O 
group, even under relatively harsh conditions (80 °C, 2.0 MPa H2). Conversely, Rh/TiO2 and 
Rh/Al2O3 showed substantially improved performance and surpassed commercial Rh 
benchmarks. The alumina-supported Rh catalyst was the most active system investigated. 
A key outcome of these Rh catalysts was their complete selectivity toward -valerolactone, 
a high-value product of interest as a fuel component, synthetic intermediate, and green sol-
vent. Overall, the results demonstrate progress toward sustainable catalyst design by com-
bining high catalytic performance and, in several cases, good recyclability with minimal 
loadings of precious metals. This strategy offers both economic benefits and reduced reli-
ance on scarce resources, aligning with the principles of green chemistry and sustainable 
technologies. 

Outlook 

Future work should include the following: (i) advanced structural characterization 
of the catalysts by XANES and EXAFS; (ii) evaluation of additional model substrates to 
probe versatility in hydrogenation of di erent functional groups; and (iii) extension of the 
one-pot methodology to new heterogeneous platforms, including supports widely used 
in industry, such as magnetite. 
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h ps://www.mdpi.com/article/10.3390/reactions7030039/s1, Figure S1: SEM (Scanning Electron Mi-
croscopy) micrographs of homemade TiO2; Figure S2: SEM micrographs of commercial TiO2; Figure 
S3: SEM and EDX (Energy-Dispersive X-ray) analyses of Pd/TiO2 (commercial support); Figure S4: 
SEM micrographs of Pd/TiO2 (commercial support); Figure S5: SEM micrographs of Pd/TiO2 (home-
made): (left) In-Lens and (right) backsca ered electron detector images; Figure S6: SEM and EDX 
analyses of Pd/TiO2 (homemade support); Figure S7: SEM and EDX analyses of Rh/TiO2; Figure S8: 
STEM (Scanning Transmission Electron Microscopy) image of Rh/TiO2; Figure S9: STEM image of 
Pd/TiO2 (commercial support); Figure S10: STEM image of Pd/TiO2 (homemade support); Figure 
S11: SEM images of Pd/Al O : A (before use); B (after use); C (magnied view of selected clusters 
after use); Figure S12: TEM (Transmission Electron Microscopy) images of Rh/Al O : (a) overall view; 
(b) and (c): magnied view of selected clusters; (d) magnied view of selected clusters after use. 
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