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Abstract: With the aim of preparing bio-sourced supports with 

enhanced properties in catalysis, we devised an original strategy 

allowing the immobilization of metal nanoparticles. Thus, size-

controlled hydrochars with a high degree of hydroxyl functionalities, 

from both neat sucrose or modified with acrylic acid (10 wt. %), were 

derivatized with ether linkers containing ammonium groups. These 

non-porous carbon-based materials were used as suitable supports 

for the immobilization of palladium nanoparticles. The catalytic 

materials were synthesized by reduction of Pd(OAc)2 to Pd(0) under 

H2 atmosphere in the presence of the corresponding hydrochar, and 

fully characterized by standard methods. Among the different 

hydrochar-supported palladium materials, those functionalized with 

tetraalkylammonium groups afforded heterogeneous catalysts, 

exhibiting high activity in hydrogenations of different types of 

substrates (alkynes, alkenes, and carbonyl and nitro derivatives). 

The most efficient catalyst was recycled up to ten runs without loss 

of catalytic behavior, in agreement with the unchanged catalytic 

materials after catalysis [Transmission Electron Microscopy (TEM) 

analyses] and the lack of metal leaching in the extracted organic [no 

palladium detected by Inductively Coupled Plasma-Atomic Emission 

Spectrometry (ICP-AES)]; these systems exhibited enhanced 

recyclability properties as compared to commercial Pd/C catalyst.  

Introduction 

Palladium nanoparticle-based catalysts play a pivotal role in H2-

based reactions, such as hydrodehalogenations of haloarenes[1] 

and the reduction of unsaturated substrates,[2] including oxidized 

nitrogen derivatives,[2a, 3] especially for the production of anilines 

at industrial scale.[4] This versatile reactivity offers great potential 

towards contaminated water/soil remediation via degradation of 

pollutants[5] and environmentally friendly processes by means of 

selective catalytic reduction approaches precluding NOx 

emissions.[6] In this context, the synthesis of palladium 

nanoparticles (PdNPs) has been intensively studied over the last 

decades, with particular focus on finely control size, composition 

and morphology of the as-prepared particles, having these key 

parameters a direct impact on catalytic activity.[7] However, the 

cost and low abundance of noble metals in the Earth’s crust 

demand for robust immobilization strategies for the synthesis of 

heterogeneized catalysts encompassing efficient recycling. 

Since the re-use of the these high-value metal particles is a 

major concern from economic and environmental point of view, 

different approaches to prepare reusable PdNPs have been 

reported in the literature, such as their immobilization in liquid 

phases, e.g. ionic liquids,[8] water[9] and polyols,[1-2, 10] as well as 

on different solid supports, e.g. mesoporous silica,[11] zeolites,[12] 

clays,[13] polymers,[14] metal-organic frameworks[15] or carbon-

based materials.[7, 16] Particularly concerning the latter materials, 

carbon nanospheres,[17] nanotubes,[3a, 18] halloysite-hydrochar 

nanocomposites[19] and graphene oxide,[20] are among the most 

used. 

In the search of new materials with enhanced properties, 

hydrothermal carbonization (HTC) methods affording non-

porous and spherically-shaped hydrochars enriched with 

sulfonic,[21] amino,[22] aminopropyltriethoxysilane[23] or 

ethylenediamino groups have been reported involving renewable 

biomass as carbon precursors.[24] Up to now, the presence of 

multiple functional groups on the surface of the hydrochars has 

limited their chemoselective functionalization.[25] A 

glutaraldehyde cross-linked polyethylene imine strategy has 

successfully been applied for the derivatization of hydrochars,[26] 

but more efforts are required for their selective functionalization.  

Hitherto, raw carbonaceous materials from biomass have been 

used as supports for palladium-based nanocatalysts showing 

catalytic activity[16-17] for both adsorption and 

hydrodehalogenation of chlorinated hydrocarbon pollutants.[27] In 

this context, we envisioned to study the selective derivatization 

of free hydroxyl groups on the carboxylic acid-free hydrochars 

via ether bond formation to graft a tetralkylammonium tail, with 

the purpose of obtaining supports containing both robust linkers 

(high chemical stability of ether groups) and efficient metal 
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nanoparticles stabilizers (ammonium moieties inducing 

electrostatic stabilization). 

Taking into account our experience in the synthesis of both 

hydrochars[28] and metal-based nanocatalysts,[29] we have 

prepared functionalized supports for the immobilization of 

PdNPs, given the promising properties of raw hydrochars as 

supports for catalytic materials.[30] Herein, we describe a 

comparative study of alkylammonium functionalized hydrochars 

versus their parent hydrochars as supports for the 

immobilization of palladium nanoparticles. 

Results and Discussion 

Synthesis and characterization of hydrochar-based 

supports 

Carbon materials HCh-A and HCh-B were prepared as 

previously described via hydrothermal treatment of both neat 

sucrose and sucrose supplemented with acrylic acid (10 wt%), 

respectively, in moderate yields (32-40%, see Figure S1 in the 

Supporting Information).[31]  

Boehm titration analyses revealed the presence of carboxylic 

acid, lactone, and phenol functionalities, being phenols the most 

abundant groups (57 and 54% of the total number of surface 

functional groups for HCh-A and HCh-B, respectively; see Table 

S1 in the Supporting Information). 

Robust chemical functionalization of supports is crucial in the 

rational conception of stable materials that can resist the 

conditions required for catalytic applications. Actually, the 

stability of the catalytic materials is a key enabling factor towards 

high turnover numbers and their enhanced reusability properties. 

In particular, unbranched ether bond linkages present high 

chemical stability and their cleavage can only take place under 

strongly acidic or extremely basic conditions.[32] To conceive a 

selective functionalization strategy via ether bond formation, the 

carboxylic acid residues on the hydrochars surface should be 

removed. Thus, an optimized thermal treatment (340 °C for 30 

min) of HCh-A and HCh-B led to their complete decarboxylation, 

resulting in the new hydrochars HCh-C and HCh-D, respectively 

(Figure 1). The thermal procedure enabled not only to remove 

the carboxylic acid residues, but also minimize the amount of 

lactonic groups present in HCh-A and HCh-B (Figure 2). Even 

though the four hydrochars are acid materials, a moderate 

increase of the pH at the point of zero charge (pHPZC) was 

observed for the thermally treated materials, HCh-C and HCh-D 

(see Table S1 in the Supporting Information), in agreement with 

the decrease of the acid groups (determined by Boehm titration).  

Fourier Transform Infrared (FTIR) spectra of HCh-A and HCh-B 

presented strong absorption bands in the range of 1585-1600 

cm-1 corresponding to aromatic C=C bond stretching. The 

presence of alcohols (absorption bands at 3200-3640 and 1049-

1276 cm-1) and carboxylic acids (bands in the region 3200-3640, 

ca. 1690 and 1000-1250 cm-1) was also evidenced.[33] As 

expected, the bands assigned to carboxylic acids are more 

intense in the case of HCh-B (see Figure S2 in the Supporting 

Information). 

The morphology of HCh-C and HCh-D did not exhibit significant 

modifications in comparison to the untreated hydrochars HCh-A 

and HCh-B, as observed by SEM micrographs (Figure 3 vs 

Figure S1 in the Supporting Information). In accordance with the 

Boehm titration results, HCh-D obtained by thermal treatment 

showed a decrease of the IR absorption bands associated to 

carboxylic groups, especially the band assigned to the C=O 

bond stretching (Figure 4).  

 

  

Figure 1. Synthesis of functionalized hydrochars and Pd@hydrochar-based 

catalytic materials.  

 

Figure 2. Boehm titration analyses of hydrochars HCh-A, HCh-B, HCh-C, and 

HCh-D. 

In terms of porosity, the thermally treated HCh-C and HCh-D 

presented low N2 uptake which correlated with the non-porous 

nature of the starting hydrochars HCh-A and HCh-B, 

respectively. The specific surface area (7 m2 g-1) and total pore 

volume (0.01 cm3 g-1) were determined for HCh-D which 

matched with the values of the parent hydrochar HCh-B;[31] 

however the negligible porosities of HCh-C and HCh-A could 

not be quantified by the analytical method employed.[34]  The 

volume of HCh-D results from the large porosity created by the 

aggregation of small hydrochar particles and proves that the 

thermal treatment did not affect the surface area and total pore 

volume characteristics of the material (Figure 3).  

A selective functionalization of hydroxyl groups was then 

envisaged via ether bond formation through different strategies 

compatible with the nature of the supports. Reaction of 

hydrochars with sodium hydride in an aprotic solvent (DMF) was 

an efficient treatment for the deprotonation of the hydroxyl 

groups into alkoxides, sequentially reacting with the 

bromoalkylammonium bromide 1 via a nucleophilic substitution 

reaction (Figure 5). 
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Figure 3. SEM micrographs of hydrochars obtained by thermal treatment 

(HCh-C and HCh-D) and their functionalization via ether linkages (HCh-E and 

HCh-G from HCh-C; HCh-F and HCh-H from HCh-D). Note: for HCh-H, image 

magnification is 3,000x; for the other images, 5,000x. 

 

 

Figure 4. FTIR spectra (KBr pellets) of HCh-D, HCh-F, HCh-H, and the 

bromoalkylammonium 1. 

Based on the quantified hydroxyl functional groups (determined 

by Boehm titration), 2 and 20 equiv. of NaH were used (Figure 

5). In both cases, NaH was added to a suspension of the 

corresponding hydrochar (HCh-C or HCh-D) suspended in dry 

DMF under Ar; the reaction mixture was then heated to 90 ºC for 

the specified time (40 min or 6 h). For the mild strategy, the 

ammonium salt 1 was added directly to the reaction mixture. 

However, when harsher reaction conditions were employed, the 

supernatant was filtered out under Ar after the basic treatment, 

and then the alkoxide-based hydrochar was re-suspended in a 

solution containing 1 in order to avoid concomitant degradation 

reactions. In both cases, the alkylation reactions were run at 90 

ºC for 16 h under Ar. The resulting solids were fully 

characterized by SEM, elemental analysis, solid state NMR, and 

FTIR.  

 

 

Figure 5. Mild and harsh strategies for HCh-C and HCh-D functionalization via 

ether bond formation, leading to HCh-E and HCh-G (from HCh-C), and HCh-F 

and HCh-H (from HCh-D). 

SEM micrographs before and after functionalization revealed 

that the hydrochar derived from neat sucrose (HCh-C) was 

much more sensitive to basic treatments (under both mild and 

harsh conditions, HCh-E and HCh-G, respectively) than the one 

containing acrylic acid as additive (HCh-D), observing broken 

spheres and debris for HCh-E and HCh-G (Figure 3). In contrast, 

HCh-D presenting smaller fused nanospheres was 

functionalized under both basic conditions preserving the 

morphology, leading to HCh-F (mild conditions) and HCh-H 

(harsh conditions) (Figure 3). After these observations, we 

focused on the characterization of HCh-F and HCh-H. 

In contrast to FTIR spectra of the starting materials (the 

ammonium salt 1 and HCh-D), HCh-F and HCh-H exhibited a 

more intense band at ca. 1060 cm-1 that was attributed to the C–

O bond stretching of ether groups, in agreement with the 

reported data (C–O bond stretching appears at 1150-1085 cm-1 

for acyclic ethers) (Figure 4).[35] Extended reaction times 

employed for the preparation of HCh-H can yield ether groups 

on the surface without incorporating ammonium linkers. 

Accordingly, the nitrogen content determined by elemental 

analysis (see Table S2 in the Supporting Information) for both 

functionalized materials was similar (0.88% for HCh-F and 

0.92% for HCh-H); for the non-functionalized material HCh-D, 

the nitrogen content was practically negligible (0.08%). 

 

Synthesis and characterization of Pd@hydrochar-based 

supports 

We prepared zero-valent PdNPs supported on the different 

hydrochars following a one-step procedure. Pd(OAc)2 was 

reduced under hydrogen pressure in the presence of the 

corresponding hydrochar (HCh-C to HCh-H) (Figure 6), leading 

to materials containing the metal particles dispersed on the 

support surface as evidenced by Transmission Electron 

Microscopy (TEM) (Figure 7). 
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Figure 6. One-step methodology for the synthesis of PdNPs supported on 

hydrochar-based supports (Pd@Hydrochar). 

We also tested a sequential two-step methodology, preparing 

first colloidal PdNPs in glycerol under hydrogen pressure using 

polyvinylpyrrolidone (PVP) as stabilizer based on our previously 

reported approach,[29c] followed by physisorption of these 

preformed PdNPs on HCh-F. In this case, PVP competes with 

the hydrochar as stabilizer and only partial immobilization of 

PdNPs on the support was achieved as observed by TEM (see 

Figure S3 in the Supplementary Information). 

 

Pd@HCh-C 

 

Pd@HCh-D 

 

Pd@HCh-E

 

Pd@HCh-F

 

Pd@HCh-G 

 

Pd@HCh-H

 

Figure 7. TEM images of hydrochar-supported PdNPs (Pd@HCh-C to 

Pd@HCh-H). 

Concerning the one-step methodology (Figure 6), the influence 

of the nature of the support resulted crucial for the deposition of 

PdNPs on hydrochars (Figure 7). For the materials obtained 

after thermal treatment presenting hydroxyl groups on the 

surface (HCh-C and HCh-D), large agglomerates of palladium 

were observed for Pd@HCh-C, whereas supported and 

unsupported nanoparticles were detected for Pd@HCh-D, 

showing a large size distribution (6.7 ± 2.8 nm). Thus, we can 

conclude that the interaction of the hydroxyl groups on the 

surface is not strong enough to immobilize the nanoparticles on 

the carbonaceous support in an efficient manner. In contrast, for 

the tetralkylammonium functionalized hydrochars under both 

mild (Pd@HCh-E and Pd@HCh-F) and harsh (Pd@HCh-G and 

Pd@HCh-H) conditions, PdNPs were efficiently adsorbed on the 

supports. This might be due to the electrostatic interaction of the 

nanoparticles with the ammonium groups on the surface of the 

hydrochars, as this type of interaction is well-known to kinetically 

stabilize metal nanoparticles avoiding their agglomeration.[36] 

The particle size distribution of those PdNPs prepared from 

supports functionalized under mild conditions were more 

homogeneous [Pd@HCh-E (6.6 ± 2.2 nm) and Pd@HCh-F (5.4 

± 1.5 nm)] than those obtained under harsher conditions 

[Pd@HCh-H (6.8 ± 2.5 nm) and Pd@HCh-G]. In particular, two 

populations of PdNPs were present in Pd@HCh-G [ca. 5.0 nm 

(42%) and 8.0 nm (58%), see Figure S4 in the Supporting 

Information]. Besides, given the degradation of acrylic acid-free 

supports under basic conditions (see above Figure 3), 

Pd@HCh-E and Pd@HCh-G were discarded for further 

reactivity studies. Overall, Pd@HCh-F presented the best 

dispersion and the smallest PdNPs among the series of 

functionalized materials (see Figure S4 in the Supporting 

Information for further details).  

X-ray Photoelectron Spectroscopy (XPS) analysis of Pd-based 

nanomaterials derived from acrylic acid hydrochars (Pd@HCh-D, 

Pd@HCh-F, and Pd@HCh-H) served to prove the presence of 

Pd(0) as well as the elements coming from the support [C, O 

and Br (Figure 8 for Pd@HCh-F) and Table S3 in the Supporting 

Information]. Nitrogen could not be detected by this technique 

due to its low content (0.43%, determined by elemental analysis), 

below the limit of detection of the XPS technique (ca. 0.5%).  

 

 

 

Figure 8. XPS analysis for Pd@HCh-F: survey spectrum (left) and high-

resolution spectrum in the Pd 3d binding energy region (right).  
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Figure 9. Powder X-ray diffractogram corresponding to Pd@HCh-F (red), 

showing the reference patterns for fcc Pd(0) structure (blue).  

Powder X-Ray Diffraction (PXRD) of Pd@HCh-F revealed the 

presence of crystalline Pd(0) showing the expected fcc structure 

(Figure 9). A broad band centered on 24° (2) points to the 

presence of amorphous material due to the carbon-based 

support.  

With the aim of determining the support structure, Raman 

analyses were carried for HCh-D, HCh-F, Pd@HCh-D, and 

Pd@HCh-F. However, any absorption corresponding to graphite 

(G) or diamond (D) bands was observed, as reported for 

sucrose-derived biochars obtained by pyrolysis at relative low 

temperature (215 ºC).[37] 

In order to evidence the functionalization of the support, solid 

state NMR analyses were performed by means of 13C Cross-

Polarization Magic Angle Spinning (CP MAS) NMR experiments. 

The 13C CP MAS NMR spectrum of Pd@HCh-F exhibited a 

peak in the aliphatic region around 30 ppm, analogously to HCh-

F, but not present for HCh-D; this resonance could be attributed 

to the N-functionalization of the hydrochar (Figure 10).  

 

Figure 10. 
13

C CP MAS NMR spectra of HCh-D, HCh-F, and Pd@HCh-F.  

denotes signals probably due to residual DMF adsorbed on the surface.
[38]

 

Consequently, Pd@HCh-F was the selected material for 

catalytic studies; Pd@HCh-D (hydrochar bearing hydroxyl 

groups) and commercial Pd/C (10 mol%) were used for control 

purposes. 

 

Pd-catalyzed hydrogenations 

In this study, we chose the hydrogenation of 1-phenyl-1-propyne 

as benchmark reaction, using both catalysts, Pd@HCh-D 

(ammonium-free support) and Pd@HCh-F (ammonium-

functionalized support) under low H2 pressure (1 and 3 bar) and 

moderate temperature (50 ºC), in the presence of 0.5 mol% Pd 

loading. Both systems gave full conversion under 3 bar H2 for 2 

h (entries 1-2, Table 1). Under smoother conditions (1 h and 1 

bar H2 pressure), Pd@HCh-F kept its activity, while Pd@HCh-D 

led to only 34% conversion (entries 3-4, Table 1). High chemo- 

and stereoselectivity towards the formation of the cis-alkene was 

obtained with both catalysts (entries 3-4, Table 1). TEM 

analyses after hydrogenation (entries 1-2, Table 1) evidenced 

clear differences between both catalytic materials: while 

Pd@HCh-F was not modified, Pd@HCh-D showed 

agglomeration (see Figure S5 in the Supporting Information), in 

accordance with the activity loss when Pd@HCh-D was recycled 

(entry 1, Table 1). In contrast to metal-based catalysts for the 

semihydrogenation of alkynes,[29e, 39] the catalytic behavior of 

Pd@HCh-D and Pd@HCh-F proved that the hydrochar supports 

did not passivate the palladium surface, thus favoring the 

adsorption of alkenes. 

 

Table 1. Hydrogenation of 1-phenyl-1-propyne catalyzed by PdNP supported 

on functionalized hydrochars.
a 

 

Entry Catalyst Time 

(h) 

pH2 

(bar) 

Conv. 

(%)
b
 

Selectivity (%)
b
 

1
c
 Pd@HCh-D 2 3 >99 >99 (2H) 

2
d
 Pd@HCh-F 2 3 >99 >99 (2H) 

3 Pd@HCh-D 1 1 34 91% (cis-2H’) + 9% 2H 

4 Pd@HCh-F 1 1 >99 8% trans-2H’ + 72% 

cis-2H’ + 20% 2H 

a
 Reaction conditions: 1 mmol of 1-phenyl-1-propyne (2), 0.5 mol% of Pd, 1 

mL of heptane at 50 ˚C. 
b
 Determined by GC using dodecane as internal 

standard. 
c 

After the first run, TEM analysis evidenced the agglomeration of 

PdNPs (see Figure S5a in the Supporting Information); its recycling gave only 

70% conversion. 
d
 After the first run, PdNPs were not modified (see Figure 

S5b in the Supporting Information). 

 

Then, we applied the most active catalyst, i.e. Pd@HCh-F, in 

the hydrogenation of di-, tri- and tetra-substituted alkenes under 

1 bar H2 pressure (entries 1-4, Table 2). The cyclic conjugated 

alkene 3 led selectively to the corresponding hydrogenated 

compound 3H, even at 0.1 mol% Pd (entry 1, Table 2). Internal 

alkenes are more challenging substrates; 2,3-dimethyl-but-2-ene 

(4) gave the reduced compound under higher pressure (3 bar 

H2; entry 2, Table 2). The geminal alkene 2,3-dimethyl-but-1-ene 

(5) mainly led to the isomerization product (4, 65%) together with 

2,3-dimethylbutane (35%) (entry 3, Table 2). In accordance to 

these results, the hydrogenation of (R)-limonene ((R)-6) mainly 

afforded the product corresponding to the hydrogenation of the 

exocyclic C=C bond (entry 4, Table 2). 

4-Phenyl-3-buten-2-one (7) led selectively to the formation of 4-

phenylbutan-2-one (7H), a common skeleton present in 

fragrances (entry 5, Table 2). For this reaction, the catalyst was 

reused ten consecutive runs preserving its catalytic behavior 

(Figure 11); for all 10 runs, no palladium was detected by ICP-

AES for the extracted organic products (less than 0.05 ppm Pd, 

limit of detection). TEM analyses after the 5th and 10th runs did 

not show any morphological change in relation to the starting 

catalytic material (see Figures S6 and S7 in the Supporting 

Information). Thus, the functionalization by grafting 

tetraalkylammonium groups via ether bond linkages allows the 

recyclability of the supported nanocatalyst Pd@HCh-F for 

hydrogenation processes. 

The performance of Pd@HCh-F was benchmarked to 

commercial Pd/C. This commercial material gave quantitative 

conversions up to three recyclings under the same reaction 

conditions (50 ºC, 30 min and 0.5 mol% catalyst loading), but the 
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conversion decayed to 36% in the fourth cycle. The efficient 

recycling capabilities of Pd@HCh-F in comparison to Pd@HCh-

D and commercial Pd/C validate our mild functionalization 

strategy towards the design and synthesis of robust hydrochar-

supported catalysts which could be of interest for other 

carbonaceous raw supports.[30, 40] 

 

 

 

Table 2. Pd@HCh-F catalyzed hydrogenation of different functional groups.
a 

Entry Substrate Product Pd 

(mol%) 

t 

(h) 

pH2 

(bar) 

Conv. 

(%)
b 

Selectivity 

(%)
b,c  

1
d
  

3 

 

3H 

0.5 

(0.1) 

1 

(1) 

1 

(1) 

>99 

(98) 

100 

(100) 

2
e
  

4 

 

4H 

0.5 1 3 50
 

100
 

3
e
  

5 

 

4H 

0.5 1 3 >99
 35 (4H) 

65 (4) 

4 

 

(R)-6 

 

6H 

0.5 1 3 >99 85 (6H)
f
 

5  

7 

 

7H 

0.5 0.5 1 

>99 

(Run 

10: 

>99) 

100 

6 
 

8 

 

8H 

0.5 1 3 

49 

(Run 2: 

90,
g
 

Run 3: 

>99
h
)  

100 

7
d 

 

9 

 

9H 

0.5 
15 

(1) 

3 

(3) 

>99 

(30) 

100 

(100) 

8
d 

 

10 

 

10H 

0.5 

(0.1) 

0.5 

(1) 

1 

(1) 

>99 

(<5) 

100 

(100) 

9 

 

11 

 

11H 

0.5 1 3 >99 100 

a
 Reaction conditions: 1 mmol of substrate, 1 mL of heptane at 50 ˚C using 

Pd@HCh-F as catalyst. 
b
 Determined by GC-MS analyses using dodecane as 

internal standard. 
c
 Characterization of the product by NMR. 

d
 Data in brackets 

correspond to 0.1 mol% catalyst loading. 
e
 Dodecane as solvent and heptane 

as internal standard. 
f
 Menthane and isomerization products of menthene were 

also detected. 
g
 after 6 h. 

h
 after 15 h. 

With the aim of proving the high activity of Pd@HCh-F, we 

studied the hydrogenation of a tetrasubstituted compound, 

1,2,3,4,5-pentamethylcyclopentadiene (entry 6, Table 2). At 

short time (1 h under 3 bar H2), 49% conversion was achieved 

leading exclusively to 1,2,3,4,5-pentamethylcyclopentene. The 

catalyst was recycled and reused under the same conditions but 

at longer times, giving full conversion after 15 h of reaction (after 

6 h of reaction, 90% conversion was attained). These results 

show that this catalytic system only hydrogenates conjugated 

tetrasubstituted alkenes.  

Exploration of the hydrogenation substrate scope Pd@HCh-F 

revealed that both nitro and aldehyde groups can be reduced 

under mild reaction conditions. In particular, benzaldehyde (9, 

entry 7, Table 2) and nitrobenzene derivatives (10 and 11, 

entries 8-9, Table 2) were efficiently reduced; for 11, no 

hydrodehalogenation was observed under these reaction 

conditions. However, acetophenone and indole were not 

hydrogenated by Pd@HCh-F even under harsher conditions (40 

bar H2 and 50 ºC for 16 h).  

 

 

 

Figure 11. Recycling of hydrogenation of 4-phenyl-3-buten-2-one catalyzed by 

Pd@HCh-F. 

The slower hydrogenation of aldehydes compared to nitro 

groups permitted to carry out a reductive amination in one pot 

procedure starting from nitrobenzene and benzaldehyde to yield 

N-benzylaniline (11) in 57% isolated yield (Figure 12). The 

reaction proceeds via condensation of the formed aniline with 

the unreacted aldehyde to form the corresponding 

benzylideneaniline which undergoes hydrogenation much easily 

than the parent aldehyde. Reaction by-products arising from 

reduction of the aldehyde [i.e. aniline (32%), the condensation 

intermediate (phenylmethylidene)aniline (8%), and also benzyl 

alcohol (9%)], were detected by 1H NMR. The reaction 

conditions were not further optimized. 
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Figure 12. Pd@HCh-F catalyzed one-pot reductive amination. 

 

Conclusion 

With the aim of synthesizing selectively functionalized hydrochar 

supports derived from a naturally occurring sugar (sucrose), a 

thermal treatment of HCh-A and HCh-B precursors afforded 

enriched carbonaceous materials with hydroxyl groups exhibiting 

no traces of carboxylic acids on the surface, together with little to 

negligible porosity properties. Taking advantage of the chemical 

stability of the ether bond linkages, a series of functionalized 

tetraalkylammonium hydrochars were prepared enabling a 

comparative study towards the use of these materials as both 

supports and stabilizers for the synthesis of palladium 

nanoparticles. The ammonium groups prompted an electrostatic 

stabilization and in consequence an efficient adsorption of the 

metal nanoparticles on the hydrochars. 

These catalytic materials were straightforwardly prepared in a 

one-pot procedure, by in-situ reduction of Pd(OAc)2 in the 

presence of the corresponding support under hydrogen 

atmosphere. Among these as-prepared materials, Pd@HCh-D 

and Pd@HCh-F were chosen for catalytic evaluation due to the 

exhibited stability of supports during the synthesis of the 

catalytic materials (as evidenced by SEM analyses). These 

heterogeneous catalysts were tested in the hydrogenation of 

different unsaturated functional groups, revealing high selectivity. 

Pd@HCh-F was highly efficient towards the full hydrogenation of 

alkyne and alkene substrates under mild conditions. Moreover, 

aldehyde and nitro groups were also hydrogenated. The 

enhanced recyclability of Pd@HCh-F was proven, being reused 

10 consecutive runs preserving the catalytic reactivity; no metal 

leaching was detected in the extracted organic phases. Under 

the same reaction conditions, the activity of commercial Pd/C 

decayed after the third catalyst recycling, giving only a 36% 

conversion in the fourth run. 

Overall, the low porosity of HCh-D and derived hydrochars might 

help against deleterious diffusion pathways through the catalyst 

support itself, thus enabling milder reaction conditions than for 

micro- and mesoporous catalytic materials.[12a, 12c] In contrast to 

unfunctionalized supports such as Pd@HCh-D and those 

reported in the literature,[30, 40] tetraalkylammonium 

functionalization enables the recyclability of the catalytic material 

Pd@HCh-F mainly thanks to the robustness of the support and 

Pd-support electrosteric interactions. 

Experimental Section 

For general procedures, materials, and instruments, see Section A in the 

Supporting Information. 

Synthesis of (10-bromodecyl)triethylammonium bromide  

(10-Bromodecyl)triethylammonium bromide (1) was prepared in a 

solvent-free approach from 1,10-dibromodecane and NEt3 at 90 ºC for 16 

h as a white solid (highly hygroscopic, 93% yield); see Section C in the 

Supporting Information for further experimental and characterization data. 

Preparation of hydrochars 

The hydrochars HCh-A and HCh-B have been recently reported[31] and 

prepared based on the procedure reported by Demir-Cakan et al.[41] (see 

Section B in the Supporting Information).  

To tune the surface chemistry properties of the synthesized hydrochars, 

the materials were thermally modified. Thermal treatments were 

performed in a vertical Thermoline 2100 furnace using a fixed bed quartz 

reactor. HCh-A and HCh-B (1.0 and 1.5 g, respectively) were introduced 

in the furnace at ambient conditions, heated to 290 °C (leading to HCh-C’ 

and HCh-D’) or 340 °C (leading to HCh-C and HCh-D) for 30 min, and 

then cooled. The treatments were carried out under N2 flow (5 cm3/s) 

and the temperature was increased at a 10 °C/min rate.  

Synthesis of functionalized hydrochars 

Two different functionalization conditions were employed for the 

derivatization of carboxylic acid-free hydrochars HCh-C and HCh-D 

(named mild and harsh, Figure 1). 

General procedure under mild reaction conditions: NaH (2 equiv.) was 

added to a suspension of the corresponding hydrochar (1 equiv. of OH 

function as determined by Boehm titration for HCh-C or HCh-D) in dry 

DMF (60 mL/mmol) under Ar. The reaction mixture was then heated to 

90 ºC for 40 min. At that time, the ammonium salt 1 (6 equiv.) was added 

in one solid portion and the reaction mixture was maintained at 90 ºC for 

16 h under Ar. The solid was recovered by vacuum filtration and washed 

with DMF (3 x 10 mL), HBr/MeOH (1/3 vol. ratio) (3 x 10 mL), MeOH (3 x 

10 mL) and acetone (3 x 10 mL). The functionalized material was then 

dried under reduced pressure to provide HCh-E (from HCh-C) and HCh-

F (from HCh-D).  

General procedure under harsh reaction conditions: NaH (20 equiv.) was 

added to a suspension of the corresponding hydrochar (1 equiv. of OH 

function as determined by Boehm titration for HCh-C or HCh-D) in dry 

DMF (60 mL/mmol) under Ar; the reaction mixture was heated to 90 ºC 

for 6 h. The supernatant was filtered out under Ar and discarded. Then, a 

solution of the ammonium salt 1 (6 equiv.) in DMF (60 mL/mmol) was 

added to the hydrochar residue and the reaction mixture was heated to 

90 ºC for 16 h under Ar. The mixture was then filtered out and the 

hydrochar residue was washed with DMF (3 x 10 mL), HBr/MeOH (3 x 10 

mL), MeOH (3 x 10 mL) and acetone (3 x 10 mL). The resulting solid was 

then dried under reduced pressure to provide HCh-G (from HCh-C) and 

HCh-H (from HCh-D). The as-prepared hydrochars were characterized 

by elemental analysis, FTIR, and SEM. For a description of the 

characterization techniques employed, see Section A in the Supporting 

Information. 

Synthesis of Pd@hydrochar-based supports 

Palladium acetate (5 mg, 0.022 mmol) was mixed with 0.100 g of the 

corresponding hydrochar (HCh-C, HCh-D, HCh-E, HCh-F, HCh-G, HCh-

H) in 10 mL of ethanol (99.8%) in a Fisher-Porter bottle. The mixture was 

then pressurized with 3 bar of H2 at 75 °C, and stirred overnight. The 

solid was recovered by vacuum filtration, washed with ethanol 99.8% (3 x 

10 mL) and dried under reduced pressure. All Pd@hydrochar materials 
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were characterized by Transmission Electron Microscopy (TEM). 

Pd@HCh-D and Pd@HCh-F were further characterized by different 

techniques (see section 3): solid state Nuclear Magnetic Resonance 

(ssNMR), elemental analysis, SEM, FTIR, Raman, XPS, and ICP-AES.  

Pd-catalyzed hydrogenation reactions 

Substrate (1 mmol) in 1 mL of heptane and in the presence of 0.5 mol% 

Pd of the corresponding catalytic material (Pd@HCh-D, Pd@HCh-F) 

was pressurized at the convenient pressure (from 1 to 40 bar) and 

temperature, and stirred for the appropriate time. After depressurization 

and cooling down at room temperature, the liquid phase was recovered 

by micro-filtration and the catalytic material washed with heptane (3 x 1 

mL). The combined heptane fractions were evaporated under reduced 

pressure and the organic products were analyzed by Gas 

Chromatography coupled Mass Spectrometry (GC-MS) and 1H NMR, 

using dodecane as internal standard, unless otherwise stated.  

Despite the different porosity characteristics (specific surface area of 759 

m2g-1 and total pore volumes of 0.23 and 0.31 cm3g-1),[34] palladium 

supported on activated carbon (Pd/C, 10 mol%) was tested as catalyst 

control.  

Catalytic recycling 

The catalyst was recovered after hydrogenation by filtration, washed with 

heptane (5 x 10 mL) and dried under vacuum for 2 h before to be used in 

the subsequent hydrogenation reaction. 
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