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A B S T R A C T

The co-pyrolysis of tanned leather shaving waste (LS), a byproduct of the tanning industry, and rice husk (RH), 
an abundant agrifood residue, was performed to produce a hybrid activated biochar (ARL) to be used as support 
in the preparation of a Pd-based catalyst (Pd/ARL). The catalytic performance of Pd/ARL was compared with Pd/ 
biochar catalysts derived from the pyrolysis of the individual feedstocks (Pd/ARH from rice husk and Pd/ALS 
from leather shaving) in the hydrogenation of benzaldehyde. Pd/ARH and Pd/ARL exhibited significantly higher 
initial activity, with turnover frequencies greater than Pd/ALS (1.41 s− 1 and 0.58 s− 1 vs. 0.09 s− 1, respectively). 
However, Pd/ALS and Pd/ARL demonstrated superior selectivity toward the desired product, benzyl alcohol (92 
and 94 % for the former and later cases, respectively, vs. 78 % for Pd/ARH), effectively suppressing side reactions 
such as benzaldehyde acetalization with ethanol. Chemical and physical characterization of the biochars and 
catalysts revealed that Pd/ARL benefits from the synergistic properties of both feedstocks, including enhanced 
metal anchoring, high dispersion, and unique oxidation states. These factors contributed to the best overall 
catalytic performance, increasing the yield of desired products by up to 96 %. This research disclosed a novel 
strategy for the fabrication of cost-effective catalytic supports from waste materials aimed at modulating the 
hydrogenation reactions selectivity.

1. Introduction

The tannery industry transforms the byproducts of the meat pro-
cessing industry into leather, a valuable and lasting product that is used 
in several fields [1]. The most common tanning agent is chromium, and 
up to days, 85 % of all leather produced in the world still relies on this 
process [2]. However, greener alternatives, such as vegetable tannins 
and green organic polymers, are emerging to eliminate the use of heavy 
metals in tanning [3]. Despite these advancements, leather production is 
renowned for the huge amount of toxic solid and liquid waste generated 
during the cleaning, fleshing, splitting, tanning, shaving, and buffing 
stages of raw materials [4], with an estimated production of 700 kg of 
solid waste per 1000 kg of wet salted leather [5]. The shaving residues 
consist of about 35–40 % of the waste, thereby representing a byproduct 
with significant environmental, economic, and disposal impacts. Thus, it 
is essential to develop efficient methods to transform these byproducts, 
mitigating the environmental issues associated with improper waste 

management. Reusing waste materials, such as biomass and industrial 
by-products, has recently attracted huge attention, highlighting the 
significance of the circular economy in the new century. One approach 
for the biomass and waste conversion into value-added products is 
controlled pyrolysis, a thermochemical decomposition of organic matter 
in the absence of oxygen, which leads to the production of solid (bio-
char), liquid (bio-oil), and gaseous products (biogas) [6]. The pyrolysis 
of leather wastes has been investigated over the years [7], especially for 
char production and use in several applications, such as solid fuel [4], 
pollutants absorption and abatement [8,9], supercapacitors [10], bat-
teries [11], and fertilizers [5,12]. However, European Union legislation 
limits the application of biochar from non-vegetable sources in fields 
such as fertilization, making it crucial to explore alternative, less-studied 
applications [13]. Recently, our research group explored the potential of 
an activated biochar derived from metal-free leather shaving waste 
(ALS), prepared using Life GOAST (Green Organic Agents for Sustain-
able Tanneries) technology as support for the heterogeneous catalysis of 
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hydrogenation reactions [14,15]. However, ALS exhibited poor catalytic 
activity compared to the lignocellulosic-derived biochars. This was due 
to its low metal anchorage capacity and smooth morphology, adversely 
influencing inner cavities in charge of the mass transfer to the active 
sites. Despite these limitations, ALS displayed peculiar features, such as 
high surface area and N,O-functionalized surface, that could be advan-
tageous to design efficient heterogeneous catalysts. Among various 
biomasses used for the heterogenous catalyst fabrication, rice 
husk-derived activated biochar (ARH) showed superior performance as 
support for the Pd-based catalysts [15]. This was attributed to its hier-
archical porous structure, which facilitates internal mass transfer, as 
well as good interaction and dispersion of the metal active sites on the 
surface [15]. Additionally, its hybrid nature, composed of both carbon 
and silica, further tuned its catalytic properties. In this work, the 
co-pyrolysis of leather shaving waste (LS) and rice husk (RH) has been 
explored to effectively modify the biochar properties, synthesizing a 
composite material that leverages the favorable attributes of both bio-
masses, resulting in an excellent-performance catalyst [16]. This 
approach has been previously reported for the co-valorization of ligno-
cellulosic biomass with coal, plastics, or tire wastes [17], particularly to 
enhance the bio-oil yield and improve the quality of liquid fuel products 
[18], as well as optimization of the biochar features and physicochem-
ical properties towards specific applications, such as soil amendant, 
water treatment etc. [19]. Co-pyrolysis can indeed tune the porosity, 
surface functionality, PZC, and surface charge of the final biochar [20]. 
The co-pyrolysis of rice husk with different biomasses or non-biomass 
wastes has already been investigated in the literature, targeting bio-oil 
[21] and biochar production [22–24]. For instance, the addition of 
rice husk to oily sludge was found to improve bio-oil quality due to the 
synergistic effect of the alkali ashes of the biomasses, which significantly 
reduced the oxygenated compounds [25]. In this regard, Zhang et al. 
[26] reported that the addition of rice husk to sewage sludge pyrolysis 
enhanced the aromaticity of the produced char and the immobilization 
of the heavy metals in the structure, thereby improving the removal 
efficiency. The co-pyrolysis of different types of leather waste has also 
been reported [27]. For example, the co-pyrolysis of tanned buffing dust, 
chrome shavings, and tanning sludges led to higher yields of light tar 
and increased surface area in the biochar. This improvement was 
attributed to the synergistic action of various metal compounds (like 
CaCO3 and Fe2O3) in the residues [28]. However, the combination of 
leather shaving waste (LS) and rice husk (RH) for char production has 
not been reported yet.

In this work, co-pyrolysis and activation of LS and RH, resulting in 
the activated biochar labeled ARL, was investigated for the preparation 
of the Pd-based heterogeneous catalyst for the hydrogenation of benz-
aldehyde as industrially important reaction model. The activity of the 
obtained catalyst (labeled Pd/ARL) was compared to those derived from 
the single biomasses (Pd/ARH and Pd/ALS). A comprehensive charac-
terization (CHNS, N2 physisorption, Raman, XRD, pHPZC, MP-AES, SEM, 
TEM, XPS, TPR, and CO Chemisorption) of the materials was carried out 
to elucidate the synergistic effects of the starting biomasses on the cat-
alytic performance. The product selectivity was also explored in 
particular to highlight the crucial role of the support’s physicochemical 
features on the reaction mechanism.

2. Experimental part

2.1. Biochars synthesis and activation

The biochars (BCs) were prepared by slow pyrolysis of two different 
biomasses, rice husks (RH) and the metal-free leather tannery shaving 
waste (LS), supplied by Riseria delle Abbadesse, Grumolo delle Abba-
desse, and PASUBIO S.p.A., Arzignano, both in Italy, respectively. The 
biomasses underwent slow pyrolysis and steam activation. The detailed 
procedure can be found somewhere else [15]. Briefly, pyrolysis was 
performed in a vertical tubular oven equipped with a fixed bed quartz 

reactor, maintained at 700 ◦C for 30 min with a heating rate of 5 ◦C/min 
and a nitrogen flow of 100 mL/min. The obtained BCs were subjected to 
an activation step with a mix of N2/H2O (1:1 v/v) at a total flow rate of 
100 mL/min, heated at 850 ◦C at a rate of 10 ◦C/min for 90 min, 
resulting in the corresponding activated biochars (ACs). For 
co-pyrolysis, RH and LS were ground to a mesh size lower than 100 μm 
and mixed in a 1:1 ratio (w/w) to give a homogeneous powder (RL), 
which was then subjected to the pyrolysis and activation processes 
under the same conditions. The BCs from rice husks, leather shaving 
waste, and co-pyrolysis were labeled BRH, BLS, and BRL, respectively. 
The corresponding ACs, labeled as ARH, ALS, and ARL, were washed 
with a 1 M HCl solution for 1 h using ultrasound to eliminate alkali ashes 
present in the feedstocks and then rinsed with deionized water until the 
chlorides were no longer detectable with an Ag(NO3)2 assay.

2.2. Preparation of the catalysts

The activated biochars were ground to a fraction of 63-40 μm. The 
catalysts were prepared by the deposition precipitation of H2PdCl4 
(nominal 0.6 wt%) with a controlled pH of 10.5, which was adjusted 
over time with a NaOH solution (1 M). The mixture was stirred at room 
temperature for 2 h and then heated to 80 ◦C. At this temperature, a 
solution of sodium formate (2:1 with respect to Pd) was added, and the 
mixture was further stirred for another 1 h to form Pd0 on the surface. 
The catalyst was then filtered and washed with deionized water until no 
chlorides, confirmed through a negative AgNO3 test, then dried in an 
oven at 110 ◦C for 18 h. The obtained catalysts were labeled Pd/ARH, 
Pd/ALS, and Pd/ARL. The deposition precipitation method is recognized 
as a promising approach to prevent the formation of Pd oxychloride 
species on surface during the preparation of Pd catalysts, since such 
species negatively affect the hydrogenation performance of the catalysts 
by introducing acidity into the system [29].

2.3. Materials characterization

The BCs and ACs were analyzed using a CHNS elemental analyzer 
(UNICUBE, Elementar) to illustrate the chemical composition. The ash 
content was evaluated by thermogravimetric analysis (TGA 8000 Per-
kinElmer) following the ASTM-D7582 procedure. The oxygen % was 
calculated from the difference between the results of the two analyses, 
according to Equation (1). 

O%=100 − (C%+H%+N%+ S%+Ash%) (1) 

Raman spectra were recorded using a micro-Raman system (Senterra 
Bruker Optik GmbH, Massachusetts, USA), λ = 532 nm, and a laser 
power of 10 mW. The visible spectra were obtained using the Ocean 
Optics spectrophotometer (USB 2000), equipped with optical fiber, 
tungsten–halogen source, and silicon (350–720 nm) and germanium 
(720–1050 nm) detectors.

Scanning electron microscopy (SEM) was carried out using a FE-SEM 
LEO 1525 ZEISS (Jena, DE), equipped with the SE2 and InLens detectors, 
with an acceleration potential voltage of 15 keV. Samples were depos-
ited on the conductive carbon adhesive tape and metalized by sputtering 
with chromium (8 nm).

X-ray powder diffraction (XRD) analysis was performed by a Bruker 
D8 Advance Da Vinci diffractometer equipped with a LynxEye detector 
and a sealed tube providing CuKα radiation at an accelerated voltage of 
40 kV and an applied current of 30 mA.

The porosity properties were analyzed by N2 physisorption at 
− 196 ◦C (Micromeritics Tristar Plus II) after a degassing treatment at 
200 ◦C for 6 h at 0.15 mbar (Micromeritics VacPrep 061).

The point zero charge was determined by the pH drift method [30].
The XPS measurements were carried out with a PHI Genesis instru-

ment from Physical Electronics (Chanhassen, MN, USA), equipped with 
a monochromatic Al Kα X-ray source. The samples were supported on a 
copper conductive tape compatible with UHV for charge compensation. 
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Dual charge neutralization was used to neutralize charge accumulation 
during analysis. The binding energy was calibrated based on the C 1s 
peak at 284.6 eV.

The samples were demineralized by refluxing for 5 h in a mixture of 
HCl:HNO3:H2O 3:1:4 and then subjected to Microwave Plasma Emission 
Spectrometry (Agilent Technology 4210 MP-AES) to quantify the Pd 
effective content.

Transmission electron microscopy (TEM) images were obtained 
using a Philips 208 TEM Microscope. The samples were prepared by 
putting one drop of an ethanol dispersion of the catalyst powder on a 
copper grid pre-coated with a Formvar film and drying in air.

Temperature Programmed Reduction (TPR), NH3 Temperature Pro-
grammed Desorption (NH3TPD), and CO chemisorption were carried out 
in lab-made equipment coupled with a Micromeritics TPRTPD 2900 
analyzer equipped with a Gow-Mac 24–550 TCD Detector (Bethelem, 
PA, USA). For TPR analyses, 100 mg of the sample was placed in a U- 
shaped quartz reactor and heated from 25 to 800 ◦C with a rate of 10 ◦C/ 
min in a reductive mixture of 5 % H2 in Ar (40 mL/min).For NH3TPD, 
100 mg of the sample was placed in a U-shaped quartz reactor. The 
sample was first reduced by 5 % H2/Ar mixture (30 mL/min) at 80 ◦C for 
1 h. After cooling, it was exposed to a 5 % NH3/He mixture (30 mL/min) 
at 25 ◦C for 1 h, followed by purging in He (30 mL/min) at for 1 h. The 
desorption was then performed in He (30 mL/min) with a temperature 
ramp of 10 ◦C up to 600 ◦C. For CO pulse chemisorption, 500 mg of the 
sample powders were placed in the same U-shaped quartz reactor, pre- 
treated in H2 at 25 ◦C for 1 h, and then purged in He for 1 h. The system 
was then kept at 25 ◦C to inject 0.2 mL of CO through a loop until 
saturation.

2.4. Catalytic tests

Benzaldehyde hydrogenation was carried out in a semi-batch reactor 
consisting of a jacketed three-necked flask equipped with a hydrogen 
bubbler to flow the gas into the solution and a mechanical stirrer (IKA 
Eurostar). The reactor was connected to a thermostat (Thermo Scientific 
Haake DC 30) to maintain the temperature at 25 ◦C. The catalytic ac-
tivity was measured in the hydrogenation of benzaldehyde under mild 
reaction conditions (25 ◦C and 1 bar) to ensure operation in the kinetic 
regime.

After preliminary tests to verify that the reaction was not affected by 
the mass transfer phenomenon, in a typical experiment, 200 mg of 
catalyst (mesh 63-40 μm) was placed in the reactor containing 75 mL of 
ethanol (Sigma Aldrich 99.8 %). H2 was bubbled in the mixture with a 
flow rate of 30 mL/min at atmospheric pressure, and the system was 
heated at 80 ◦C for 1 h to ensure the complete reduction of Pd. The 
system was then cooled down to 25 ◦C, and benzaldehyde was added so 
that the final concentration became 0.1 M. The system was stirred at 
1400 rpm and the reaction was monitored over time, sampling a small 
aliquot every 10 min. N-octane (Sigma Aldrich, 98 %) was used as an 
internal standard. The products were identified using a GC/MS (EI, 70 
eV) with an HP5-MS capillary column (L = 30 m; Ø = 0.32 mm; film =
0.25 μm). The products were quantified by a gas chromatography in-
strument (Agilent Technologies 7820) equipped with an HP-5 column 
(L = 30 m, Ø = 0.32 mm, and film made of polysiloxane = 0.25 μm) 
coupled with an FID detector. The relative error of repeating the reac-
tivity test for each catalyst was less than 5 %, and this was attributed to 
the instrumental error. For catalytic recycling, the operational 

conditions were kept the same. Between the cycles, the catalyst was 
filtered and washed with ethanol and dried in the oven at 110 ◦C 
overnight.

Benzaldehyde conversion and the products selectivity were evalu-
ated according to Equations (2) and (3): 

Conversion (%)=
nt Benzaldehyde

ni Benzaldehyde
*100 (2) 

Selectivity (%)=
nt product

ni Benzaldehyde − nt Benzaldehyde
*100 (3) 

Where ni corresponds to the moles at the beginning of the reaction and 
not to the moles at different time intervals.

The kinetics constants and TOF values were also found using Equa-
tions (4) and (5), considering the reaction order of zero respect to 
benzaldehyde [31]. 

kBenzaldehyde =
dCBenzaldehyde

dt
(4) 

TOF=
nt products

nPdDPd*t
(5) 

Where DPd corresponds to the Pd dispersion, calculated with CO 
chemisorption as: D = NS

NT
. (NS is the total number of metal atoms at the 

surface, and NT is the total number of metal atoms (surface and bulk) 
[32]. The time considered for TOF calculation is 600 s.

3. Results and discussion

3.1. Materials characterization

Pyrolysis and activation of RH, LS, and RL were carried out on the 
feedstocks without any further pretreatment to preserve the natural 
inorganic species present in the biomass. It is well established that these 
species, in particular alkali metals, can catalyze both the pyrolysis 
process and activation step, enhancing the formation of pores and the 
high surface area [33,34]. The acidic washing was carried out after 
activation on the resulting ACs to remove the alkali metals that could 
influence the catalytic activity. Table 1 reports the elemental analysis, 
including ash and oxygen content, as well as the H/C and O/C ratios of 
the ACs after the acidic washing. Elemental analysis of the BCs before 
activation is reported in SI (Table S1). The obtained results revealed 
significant differences between the samples. ARH exhibited the lowest 
carbon content (39.4 %), due to the very high inorganic content (silica) 
of the biomass retained in the solid fraction after pyrolysis, activation, 
and even after acidic washing, and attributed to the silica present in the 
biomass [15]. ALS had the highest carbon content (81.5 %), while it was 
53.7 % for ARL, confirming the contribution of the two biomasses in the 
final composition. ALS exhibited a very high percentage of heteroatoms 
(6 % N and 7 % O), deriving from the decomposition of the proteins 
composing the biomass (predominantly collagen) [35]. ARH had almost 
no nitrogen, while a small content (1.6 %) was retained in the 
co-pyrolyzed biochar. The oxygen content was lower in ARL compared 
to the other two materials, likely due to a promotion of oxygen removal 
during the co-pyrolysis, as reported in the literature [36]. According to 
the reports, a synergistic effect of the decomposition can occur in the 
co-pyrolysis of different materials (i.e., industrial sludges and biomass) 
because of the formation of oxygen-containing intermediates, the 
release of free radicals and due to the coexistence of different ashes that 
can act as catalysts, enhancing hydrogen transfer reactions and radicals 
formation. This results in the promotion of reactions such as deacety-
lation and decarbonylation, increasing oxygenated volatiles and con-
densates and, therefore, giving a lower amount of oxygen in the char 
[37,38]. Notably, all samples resulted in a low % of sulfur (>1 %) that 
could act as poison for the metal active phase [31]. The low O/C and 

Table 1 
Ultimate analysis and the atomic ratio of ACs.

Sample C [%] N 
[%]

H 
[%]

S 
[%]

O 
[%]

Ash 
[%]

H/C O/C

ALS 81.5 6.0 1.8 0.5 7.1 3.0 0.02 0.09
ARH 39.4 0.2 0.5 0.1 3.2 56.6 0.01 0.08
ARL 53.7 1.6 1.2 0.8 1.4 41.3 0.02 0.02
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H/C ratio, compared to other biochars reported in the literature 
[39–41], implies high degree of aromaticity.

The structural features of the chars were also investigated by Raman 
spectroscopy and XRD. In the Raman spectra of the biochars (Fig. S1) 
and the activated biochars (Fig. 1), two characteristic bands are present 
at around 1333 and 1590 cm− 1, which correspond to the sp2-bonded 
carbon with structural defects (D) and sp2-bonded graphitic carbon 
(G), respectively [39]. The peak position and values are given in Table 2. 
A few bands are also observed at 1180 and 1500 cm− 1, which can be due 
to some aromatics or volatile compounds still retained in the biochar 
structure [40]. The ID/IG ratio provides useful information about the 
order degree of the materials (Table 2). BRH showed a higher degree of 
order (0.90) compared to BLS and BRL (0.98, and 1.03, respectively). 

After activation, the biochars obtained from the single pyrolysis dis-
played an increase in the structural defects due to the high-temperature 
treatment and the oxidative effect of steam [41]. At the same time, the 
ID/IG value for ARL was maintained. The presence of heteroatoms can 
cause a large number of defects in the carbon structure. Therefore, 
considering the elemental analyses, the Raman results are consistent 
with the O and N content in the ACs.

In the XRD patterns, Fig. 2, two broad peaks at 2ϑ = 22–25◦ (002) 
and 43◦ (110), are associated with the carbonaceous structure, based on 
the hexagonal graphite 2H model. These peaks correspond to the 
stacking of aromatic ring layers and the in-plane extension of aromatic 
molecules, respectively [14]. Compared to ordered graphite, where d 
(002) = 3.354 Å, the ACs exhibit a higher degree of disorder. ALS and 
ARL showed similar carbonaceous structures. Also, the results of XRD 
confirmed the presence of SiO2 in various forms. In ALS apart from 
quartz as the most abundant phase, cristobalite and tridymite are also 
present. In ARH and ALR, on the other hand, cristobalite was typically 
detected for the sample derived from rice husk, as the prevalent form 
[42]. Notably, ARL shows a relatively higher abundance of SiO2 
compared to carbon, with the obvious predominance of the cristobalite 
phase. This evidenced once again that there are synergistic effects dur-
ing the co-pyrolysis, enabling of promoting some specific reactions. 
Wang et al. [43], for example, found that the activation energy of 
co-pyrolysis of sludge and rice husk was lower than that of individual 
pyrolysis steps, allowing the reaction to proceed under milder condi-
tions. This was attributed to the synergistic effects of alkali metals pre-
sent in the biomasses [36]. Similar effects are expected to occur in the 
co-pyrolysis of RH and LS, influencing the reorganization of the silica 
crystal phase in the material and achieving a higher degree of order at an 
activation temperature of 850 ◦C.

From a morphological point of view, highlighted by SEM micro-
graphs (Fig. 3), significant differences were evidenced for the obtained 
materials. ARH displayed a sponge-like structure made of deep cavities 
and holes with a diameter of some microns (<10 μm). It is reported that 
lignocellulosic biomasses are able to retain the shape of the plant cell 
walls, mainly made of cellulose, lignin, and hemicellulose [44], which 
could explain the peculiar structure of the AC. ALS instead showed a 
flatter morphology with some superficial cavities, probably due to the 
partial oxidation of the carbon caused by steam. The different nature of 
the shaving leather compared to lignocellulosic biomass, mainly made of 
collagen fibers, fibroblasts, and tanning agents [45], could explain the 
as-observed morphology. It is indeed made of soft matter that does not 
preserve its structure after pyrolysis. Looking at the SEM image of ARL, 
it is obvious that the cellular structure of the rice husk is somehow 
preserved. RH could act as a hard template for LS that instead melts 
completely under the pyrolysis conditions, forming a layer on the top of 
the rice husk biochar structure. According to previous works, the use of 
biopolymers like cellulose and starch and hard/soft templates (such as 
silica gel and self-assembly organic templates) results in interconnected 

Fig. 1. Raman spectra of the activated biochars. a) ARH, b) ALS, c) ARL.

Table 2 
Peak position of the D and G Raman bands, ID/IG ratios, and Full Width at Half 
Maximum (FWHM) of BCs and ACs.

Sample D position 
(cm− 1)

G position 
(cm− 1)

ID/ 
IG

FWHM D FWHM G

BRH 1340 1588 0.90 148.6 88.2
ARH 1335 1589 1.09 148.6 70.5
BLS 1350 1580 0.98 186.4 110.8
ALS 1345 1590 1.18 176.4 93.2
BRL 1340 1588 1.03 148.6 78.1
ARL 1336 1592 1.03 156.2 73.1

Fig. 2. XRD patterns of ARH, ALS, and ARL and reference patterns of quartz, 
cristobalite, and graphite.
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structures consisting of micro, meso, and macro pores [46]. In this case, 
the natural hierarchical structure of lignocellulosic biomass is retained 
in ARL and acts as a hard template for the carbonization of LS. SEM 
images also confirm the similarity of Raman signals of ARL with ARH. 
The sponge-like structure of ARH and ARL is a key factor in catalysis 
because it can minimize the diffusive resistance to mass transport of the 
reactants on the surface of the catalyst [47].

N2 physisorption analyses of BCs and ACs (Fig. 4, Table 3) were 
conducted to evaluate the textural properties. The adsorption- 
desorption isotherms of the BCs (dashed lines) show that the nature of 
the initial biomass influenced the final texture of the biochars. BLS 
resulted in a non-porous material, while both BRH and BRL displayed a 
porous pattern, confirming the analogies evidenced by SEM. Notably, 
BRL demonstrated the highest surface area, proving that there are syn-
ergistic effects occurring during the co-pyrolysis, that alter the final char 

Fig. 3. SEM images at different magnifications of a) ARH, b) ALS, and c) ARL.

Fig. 4. N2 adsorption-desorption of BCs (BRH, dashed red, BLS, dashed black, 
BRL dashed blue) and ACs (ARH solid red, ALS solid black, ARL solid blue).

Table 3 
Textural properties of BCs and ACs.

Samples SBET (m2/ 
g)a

SLangmuir (m2/ 
g)b

Smicro (m2/ 
g)c

Vtot (cm3/ 
g)d

Vmicro 

(cm3/g)e

BRH 199 323 270 0.15 0.06
BLS / / / / /
BRL 345 438 271 0.13 0.10
ARH 378 489 375 0.14 0.10
ALS 684 907 563 0.23 0.12
ARL 445 618 463 0.17 0.12
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structure [43]. Wang et al. reported that during the co-pyrolysis of rice 
husk and sewage sludge, free radicals derived from the devolatilization 
of RH were formed, improving the contact frequency with the macro-
molecules of sewage sludge. Moreover, the presence of different alkali 
metals deriving from both biomass could catalyze the pyrolysis reaction, 
incrementing the volatilization and, therefore, promoting pores forma-
tion, modifying the texture of the final structure [48]. The activation 
step further increased the surface area of all materials. This was 
observed particularly in the case of ALS, which exhibited a SLangmuir of 
approximately 900 m2/g and a typical isotherm type I, indicating a 
predominantly microporous structure. It is important to highlight that 
only the carbonaceous fraction undergoes modification during the 
activation. Therefore, BLS, having the higher C%, leads to the highest 

carbon burn-off. Conversely, ARH and ARL displayed a combination of 
type I and type IV isotherms, with the coexistence of interconnected 
micro and mesopores. This difference is once again attributed to the 
natural characteristics of the starting feedstocks, and similar to the re-
sults of previous analyses, it confirms that rice husk played a major role 
in determining the structural and textural properties of ARL. It is known 
that high surface area is an important feature to achieve a good 
dispersion of the metal phase in catalysis. However, the interconnection 
of micro and mesopores is also of huge significance to facilitate the 
diffusion of reactants on the active sites.

The surface functionalities are another crucial feature that influences 
the catalytic activity through controlling the surface total charge and 
nucleation sites for metal nanoparticles growth. Table 4 illustrates the 
pHPZC measured by the pH drift method, and the surface chemical 
composition of the materials, measured by XPS. The presence of C, N, O, 
Si on the surface of the samples alongside some traces of other in-
organics like Ca, Na, and Cl was confirmed by XPS analyses. The high 
value of O atomic % reported for ARH and ARL (22 and 24 %, respec-
tively) is mainly referred to the oxygen of SiO2. As depicted in Fig. 5, C1s 
core level spectra for ARH and ARL are deconvoluted into six contri-
butions, while that of ALS gave five contributions. The main difference is 
related to the presence of the peak at 283 ± 0.6 eV, attributed to C–Si 

Table 4 
XPS atomic concentration and pHpzc of ALS, ARH, and ARL.

Sample XPS Atomic concentration [%] pHPZC

C O N Si Ca Cl Na

ALS 85.0 7.0 6.0 – 0.1 0.4 1.5 4.1
ARH 70.0 22.0 – 8.0 – – – 7.1
ARL 71.0 20.6 1.0 7.2 – 0.5 0.5 7.6

Fig. 5. XPS spectra of a) ARH, b) ALS, and c) ARL.

Table 5 
C1s and N1s binding energies of ACs.

Sample C1s (eV) (atomic %) N1s (eV) (atomic %)

C–Si C––C C–C C–O, C–N C––O π Pyridinic Pyrrolic N-oxide

ARH 283.79 (9.89) 284.55 (67.50) 285.05 (8.86) 286.65 (5.50) 288.85 (4.39) 291.05 (3.85) –  
ALS – 284.49 (61.97) 284.99 (17.41) 286.59 (10.32) 288.79 (5.48) 290.99 (4.82) 398.21 (32.8) 400.57 (56.0) 403.99 (11.2)
ARL 283.24 (13.14) 284.52 (58.53) 285.02 (12.24) 286.62 (6.84) 288.82 (4.93) 291.02 (4.31) 397.88 (34.6) 400.9 (65.4) –

Table 7 
Pd effective wt.% measured by MP-AES, Pd NPs average size measured by TEM and CO chemisorption, Pd dispersion, and Pd 3d5/2 binding energies measured by XPS.

Sample Pd effective wt.% Average Pd particle size (nm) Pd dispersion (D) Pd 3d5/2 (eV) (atomic %)

TEM CO chemisorption

Pd/ARH 0.64 1.2 4.1 0.26 334.20 (33) 335.96 (46) 337.74 (21)
Pd/ALS 0.44 1.8 2.3 0.47 – 335.78 (58) 337.59 (42)
Pd/ARL 0.67 1.5 2.1 0.53 – 335.70 (69) 337.52 (31)

Table 6 
Catalytic activity for Pd/ACs on the hydrogenation of benzaldehyde. Reaction conditions: BAL 0.1 M, 100 mL EtOH, 200 mg catalyst, 25 ◦C, 1 bar H2 30 mL/min, 1400 
rpm.

Sample TOF 
(s− 1)

kald × 103 (mol L− 1 s− 1 

gPd− 1)
BAL conversion (%) at 30 
min

BALOH yield (%) at 30 
min

BALOH selectivity (%) at 30 
min

BALOH + TOL yield (%) at 60 
min

Pd/ 
ARH

1.41 42 97 76 78 59 + 22

Pd/ALS 0.09 6 9 8 92 17 + 1
Pd/ARL 0.58 33 82 77 94 84 + 12
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bonds [49,50]. The other components, at 284.5 ± 0.05 eV, 285.0 ±
0.05 eV, 286.6 ± 0.05 eV, 288.8 ± 0.05 eV and 291.0 ± 0.05 eV are 
assigned to sp2 hybridization (C––C) of the graphitic and aromatic 
bonds, sp3 C–C bonds, C–O or C–N, C––O, and π-plasmon excitations, 
respectively [51]. According to the atomic % of each contribution, as 
reported in Table 5, ALS has the highest amount of surface functional-
ities which can act as anchoring sites for metal NPs, with 10 % of 

C–O/C–N species, in line with the chemical bulk composition reported 
by CHNS (Table 1). However, ARH and ARL also have a considerable 
amount of oxygen related to the SiO2, that can be found in the form of 
–OH free functionalities on the surface. N1s core level spectra of A-LS 
(spectra reported in SI, Fig. S2, binding energies reported in Table 5) 
showed the presence of three main contributions at 398.2 eV and 400.6 
eV, and 404.0 eV, that were attributed to pyridinic, pyrrolic and 
graphitic functionalities, respectively [52–54]. It is reported that pyr-
idinic sites are the major contributors to the dispersion of metal NPs 
[54]. However, the presence of N-oxide groups, and C––O functionalities 
like carboxyl or carbonyl can also play an important role in modulating 
the charge of the material, increasing the overall acidity. An enhanced 
acidity of A-LS compared to the other biochars was confirmed by pHPZC 
measurements, reported in Table 4 (the curves are reported in Fig. S3), 
that evidenced a low point zero charge (around 4.1) for ALS, compared 
to ARH and A-RL, which display neutral pHPZC. The absence of N-oxide 
groups on the surface of ARL was considered the discriminant feature 
that decreased the acidity of the biochar obtained by co-pyrolysis.

3.2. Catalytic features and activity

MP-AES measurements were performed on the final catalysts to 
evaluate the effective Pd loading (Table 7). The analysis showed a lower 
effective wt. % for Pd/ALS compared to the other two samples (0.44 wt 
% vs. 0.64 wt% and 0.67 wt% for Pd/ARH and Pd/ARL, respectively). 
This difference can be attributed to the low PZC of ALS. Specifically, 
under the synthesis conditions employed, ALS, with a pHPZC of 4, ex-
hibits a significantly more negatively charged surface compared to ARH 
and ARL, which have a pHPZC of approximately 7. This electrostatic 

Fig. 6. Kinetic profiles of benzaldehyde hydrogenation over a) Pd/ARH, b) Pd/ALS, c) Pd/ARL and d) zero order plots. Reaction conditions: BAL 0.1 M, EtOH 100 
mL, catalyst 200 mg, 25 ◦C, 1 bar H2 30 mL/min, 1400 rpm.

Fig. 7. NH3 Temperature Programmed Desorption of the catalysts.
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environment could create conditions less conducive to the nucleation 
and growth of Pd nanoparticles, thereby resulting in less efficient 
deposition on ALS with respect to ARH and ARL. This difference was 
considered for the comparison of the catalytic tests results, normalizing 
the concentrations of the reactant and products by the gram of Pd 
effectively present in the reaction media.

Fig. 6 depicts the kinetic profiles for the consecutive hydrogenation 
of benzaldehyde to benzyl alcohol followed by the hydrodeoxygenation 
to toluene across the three catalytic systems. Zero-order plots [31] were 
compared to evaluate the kinetics of Pd over the different supports, and 

the resulting kinetic constants for benzaldehyde conversion are reported 
in Table 6.

The catalytic activity of the systems were compared in terms of 
Turnover Frequency (TOF) [55], as detailed in Table 6, and revealed 
that Pd/ARH and Pd/ARL exhibited higher activity compared to Pd/ALS 
(1.41 and 0.58 s− 1, respectively, vs. 0.09 s− 1). Even though the TOF and 
kald of Pd/ARL with respect to Pd/ARH (33 vs. 42 mol L− 1s− 1mgPd− 1) 
were slightly lower, the yield of the desired products (BALOH and TOL) 
and consequently the selectivity was higher. The byproducts formed, 
especially over Pd/ARH, were identified as ethoxy and diethoxy 

Fig. 8. TEM images and Pd particle size distribution of a) Pd/ARH, b) Pd/ALS, c) Pd/ARL.
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methylbenzene, resulting from acetalization with ethanol used as the 
solvent [15]. While Pd/ARH exhibited higher activity, a portion of BAL 
was converted into byproducts, increasing the overall reaction rate and 
TOF without improving the hydrogenation product yield. The difference 
in catalytic activity of the samples was attributed to the 
chemical-physical properties of the supports which influenced the 
structural features of the final materials. NH3TPD analyses reported in 
Fig. 7 revealed that Pd/ARH had the highest acidity, with a peak 
at120 ◦C, indicating the presence of weak acidity, and additional peaks, 
partially overlapping, at 270, 350, and 430 ◦C, indicating moderate and 
strong acid sites [56]. Pd/ALS displayed two distinct peaks (at 120 and 
315 ◦C), corresponding to weak and medium acidity, however, the low 
% of Pd and activity, made it difficult to establish a direct correlation 
between acidity and catalytic performance. In contrast, Pd/ARL 
exhibited only a small peak at around 100 ◦C, related to weak acid sites, 
with no evidence of stronger acid sites. Consequently, Pd/ARL favored 
hydrogenation pathways, suppressing acid-catalyzed side reactions such 
as acetalization. Notably, catalyst acidity also plays a key role in the 
hydrogenolysis of BALOH to TOL, which explains the slower TOL for-
mation observed with Pd/ARL compared to Pd/ARH (Fig. 6) [57].

TEM images (Fig. 8, S4, Table 7) evidenced that spherical Pd NPs 
were formed on the surface of all the catalysts, well-dispersed and with 
an average diameter <2 nm. However, Pd/ARH also exhibited larger 
and less uniform agglomerations with an average size of 22 nm (Fig. S4). 
This difference was corroborated by CO chemisorption measurements 
(Table 7), which indicated an average Pd NPs size of 4.1 nm for Pd/ARH, 
compared to 2.3 and 2.1 nm for Pd/ALS and Pd/ARL, respectively. 
Moreover, CO chemisorption indicated a higher Pd dispersion for Pd/ 

ARL (0.53), followed by Pd/ALS (0.47), and Pd/ARH (0.26). The pres-
ence of a negative peak at 80 ◦C in the TPR profile of Pd/ARH (Fig. 9), 
related to the decomposition of the β-hydride species [31], confirmed 
the presence of larger particles on the surface of Pd/ARH. The absence of 

Fig. 9. Temperature Programmed Reduction of the catalysts.

Fig. 10. XPS spectra of Pd 3d. a) Pd/ARH, b) Pd/ALS c) Pd/ARL.

Table 8 
Comparison of results obtained with different heterogeneous catalysts reported 
in literature.

Catalyts Reaction conditions TOF 
(h-1)

Ref.

0.67 wt % Pd/ARL  2088 This 
work

5 wt% Pt/MIL-101 50 mg cat., 21 mmol BAL, 20 mL 
ethanol, 25 ◦C 40 bar H2.

4500 [77]

0.5 % Pd/C 4 mg Pd, 9.8 mmol BAL, 100 mL 
ethanol, 25 ◦C, 1 bar H2.

1044 [31]

1.5 wt % single atom 
Pd/TiO2

0.2 μmol Pd, 0.5 mmol BAL, 10 mL 
ethanol, 30 ◦C, 1 bar H2

1002 [65]

0.95 wt % Pt/ 
@-La2O3/SBA-15

100 mg cat., 1.88 mmol BAL, 20 mL 
H2O, 40 ◦C, 7 bar H2

2324 [78]

5 wt % Pt on 
mesopolymer

12 μmol cat., 21 mmol BAL, 20 mL 
H2O, 40 bar H2, 25 ◦C

3462 [79]

1.1 wt % Au/Al2O3 
0.7 wt % Pt/Al2O3

BAL/metal molar ratio: 1000, 0.05 M 
BAL in H2O, 80 ◦C, 9 bar H2

234 
669

[80]

1 % Pd/mayenite 25 mg cat., 2.4 mmol BAL, 10 mL 
diethyl ether, 20 ◦C, 8 bar H2

149.7 [70]

0.85 wt % Pt/ 
@-ZrO2/SBA-15

100 mg cat., 1.49 mmol BAL,20 mL 
2-propanol, 50 ◦C,10 bar H2

2143 [81]

1 wt % Pd/GPN BAL to metal molar ratio: 1000, 0.3 
M BAL in p-xylene, 50 ◦C, 2 bar H2

2127 [82]

Fig. 11. Recycling cycles over Pd/ARL.
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this peak in Pd/ARL and Pd/ALS can be attributed to the formation of 
small (<2 nm) Pd nanoparticles and/or a low amount of Pd [58,59]. 
Notably, the absence of other peaks at higher temperature confirmed 
that the preparation method was successful to avoid the formation of 
oxychlorides species (typically reducing around 250 ◦C).

Apart from Pd size and distribution, it is well known that Pd0 is the 
most active phase in hydrogenation reactions [60]. Therefore, Pd3d XPS 
measurements were performed to assess the amount of Pd0 and Pd2+ on 
the surface of the catalysts (Fig. 10, Table 7). For Pd/ALS and Pd/ARL, 
the doublets corresponding to Pd 3d5/2 and Pd 3d3/2 were resolved into 
four distinct components, whereas six components were identified for 
Pd/ARH. Regarding Pd 3d5/2, the predominant peak at 335.7 ± 0.2 eV 
was attributed to the metallic Pd0, while the shoulder at 337.6 ± 0.2 eV 
implies the presence of Pd2+ on the surface, likely in the form of PdO. 
The signal at 334.20 eV observed for Pd/ARH was associated with 
metallic Pd0 existing as larger nanoparticles, consistent with the previ-
ous characterization findings. It is known indeed that the 3d binding 
energy of Pd0 shifts towards higher values with decreasing cluster size 
[51]. The atomic surface concentration of the Pd species is summarized 
in Table 7. Notably, considering the double contribution of Pd0 for 
Pd/ARH, this sample exhibits the highest proportion of reduced species 
(approximately 80 %), followed by Pd/ARL (around 70 %) and Pd/ALS 
(about 60 %), confirming a positive relation between the oxidation 
states of the metal and the activity. The higher selectivity of Pd/ARL is 
therefore to be also referred to the more homogeneous distribution and 
higher dispersion of Pd. The high percentage of Pd2+ in Pd/ALS could be 
assigned to several factors. For instance, a greater presence of micro-
pores on ALS can hinder the reduction of Pd species by limiting the 
accessibility and diffusion of the reducing agent to the active sites where 
Pd precursor are adsorbed [61]. Additionally, oxygen functionalities on 
the carbon surface play a significant role. It has been reported that ox-
ygen functionalities, especially carboxylic groups, enhance H-spillover, 
promoting metal reducibility and increasing the catalytic activity [62]. 
However, Stucchi and coworkers [60] found that an excessive presence 
of highly polarized oxygen functionalities such as C––O, can hinder 
benzaldehyde hydrogenation by interfering with interactions between 
the aromatic ring and the catalytic surface, ultimately reducing catalytic 
efficiency. These two perspectives highlight the complex role of oxygen 
functionalities. In the case of Pd/ALS, the high amount of O-groups 
likely limited benzaldehyde adsorption, that combined with its lower 
metal loading, resulted in lower catalytic performance. Meanwhile, 
Pd/ARL benefited from an optimized balance of oxygen functionalities, 
enhancing the hydrogenation activity without hindering benzaldehyde 
adsorption on the catalyst’s surface. Ultimately, the combination of 
several factors, including Pd oxidation state, metal dispersion, surface 
functionalities, micro- and mesoporosity, was crucial in optimizing 
Pd/ARL performance, making it a competitive catalyst, compared to 
other systems reported in literature (Table 8).

The hydrogenation of benzaldehyde is often reported as a model 
reaction to evaluate the activity of a catalytic systems in hydrogenation 
reactions, therefore extensive studies are reported in literature, inves-
tigating nobles and non-noble metals, oxides and carbon supports, 
mesoporous and microporous materials, and different reaction condi-
tions [60,63–76]. To evaluate the catalytic properties of our systems, a 
comparison with the TOF of other catalysts was evaluated, in reaction 
systems as much similar as possible to the one employed in this work 
(liquid phase, mild reaction conditions), as reported in Table 8. The TOF 
registered for our system resulted in line with literature. Even if a higher 
initial activity is reported for other examples, often this is related to the 
use of expensive and complex systems. In our case the aim was to 
valorize a cost-effective waste that results complicated to be disposed.

Considering the promising results, Pd/ARL was subjected to recy-
cling to assess the stability. The recyclability was investigated at less 
than 50 % conversion for three cycles, as reported in Fig. 11. After one 
cycle, the catalyst showed constant conversion and an increase in 
selectivity for both products (from 78 to 87 % for BALOH and from 0.9 to 

1.8 % for toluene). The increased selectivity after one cycle can be 
attributed to the prolonged exposure of the catalyst to a constant flow of 
hydrogen, which may have enhanced the stability of the reduced Pd 
phase, thereby improving its efficiency in promoting the hydrogenation 
pathway. Ellis et al. reported that the selectivity of Pd catalysts for the 
hydrogenation of alkynes increased over time, due to the prolonged 
hydrogen exposure [83]. Despite a slight decrease of conversion after 
the third cycle (from 33 % to 26 %), the selectivity further increased, up 
to 99 % for BALOH and 1 % for toluene, achieving a higher total yield on 
the desired products (26.4 % after three cycles, compared to 25.9 % on 
the fresh catalyst).

4. Conclusions

The co-pyrolysis of leather shaving waste and rice husk proved to be 
an effective strategy to optimize the properties of the resulting biochar 
by integrating the complementary characteristics of the two precursors. 
The distinctive structure and morphology of RH were preserved, but the 
incorporation of LS significantly enhanced the surface area of the ma-
terial, increasing SBET from 378 m2/g (ARH) to 445 m2/g (ARL). Addi-
tionally, ARL exhibited a more functionalized surface with oxygen and 
nitrogen-containing groups (Table 5), compared to ARH which pro-
vided more nucleation sites for the metal phase, resulting in a higher 
dispersion (96.3 % increase in dispersion) and more uniform distribu-
tion of Pd nanoparticles.

The improved characteristics of Pd/ARL directly influenced its cat-
alytic performance, achieving a hydrogenation product selectivity of 84 
% for BALOH and 12 % for TOL and a TOF of 0.58 s− 1, while maintaining 
good stability over 3 reaction cycles. In contrast, Pd/ALS, with the 
smallest particle size (<2 nm) and good dispersion (47 %), suffered from 
poor metal anchoring due to the flat morphology and high microporosity 
of the support, indicated a lower activity. The limited activity was also 
caused by the existence of almost 50 % of Pd in the less-active Pd(II) 
state, reducing its efficiency for hydrogenation reactions.

The co-pyrolysis approach demonstrated tangible benefits in modi-
fying the characteristics of single biochars. The limitations of RH alone, 
such as low surface area and poor functionalization, were mitigated by 
incorporating LS, resulting in ARL with enhanced textural and surface 
chemical properties. Similarly, the high microporosity and weak 
morphology of ALS were improved by the structural reinforcement from 
RH. These synergistic modifications addressed the negative character-
istics of individual materials, making co-pyrolysis a promising strategy 
for designing effective biochar-based catalytic supports.
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