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Abstract:  

Food waste worldwide has been threatening the environment and resulting in high carbon 

emissions. Although anaerobic fermentation is a potential solution transforming food waste into 

valuable chemicals, a large amount of the fermentation residue remains as solid waste. For closing 

the circular economy loop for food waste valorization, we proposed a thermo-chemical activation 

of a fermentation residue produced from a mixture of food waste and sludge to prepare a nitrogen-

enriched, advanced carbon material. This could be used as a support to synthesize Pd/C, Pt/C and 

Au/C catalysts for the aqueous-phase hydrogenation of vanillin to vanillyl alcohol at mild reaction 

conditions. The produced alcohol increased sixfold the commercial value of the original aldehyde. 

The catalytic performance (based on the vanillin conversion and vanillyl alcohol yield) followed 

the order of Pd/C > Pt/C > Au/C. The Pd/C catalyst showed an excellent catalytic activity (>99% 

vanillin conversion and >99% vanillyl alcohol selectivity) at optimized reaction conditions (i.e., 

30 ºC and 0.7 MPa H2 for 90 min, with 2 mmol vanillin/10 mg catalyst), along with high reusability 

and stability (up to four consecutive runs). These catalytic features outperformed those of a 

commercial Pd/C catalyst owing to: (i) high reduction degree and stabilization of the Pd particles 

on the carbon support, which accommodated a higher proportion of pyridinic than pyrrolic 

nitrogen, and (ii) rapid adsorption of the aldehyde group on the catalyst combined with rapid 

desorption of the newly formed hydroxymethyl group. This exceptional catalytic behavior was 

corroborated by efficient hydrogenation of other lignin-derived aromatic aldehydes, including p-

hydroxybenzaldehyde and syringaldehyde, to their respective alcohols. Our results can bring a 
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novel use for food waste in catalysis and represent a sustainable and efficient conversion of 

biomass into value-added chemicals and advanced materials.  

Keywords: 

food waste; fermentation residue; activated carbon; catalytic hydrogenation; engineered biochar; 

sustainable waste management 

1 Introduction 

Food waste production has significantly risen over the past few years. It is estimated that 4.16 

billion tons of food waste will be produced annually in 2025. This implies an increase of around 

50% in 20 years, compared to 2.78 billion tons of food waste disposal in 2005 [1]. Food waste 

primarily results from households, canteens, restaurants, and industrial food processing plants. It 

comprises biomass-based carbohydrates, proteins, oils, lignin and inorganic salts [2]. In view of 

environmental concerns and governmental policies, new processes and valorization strategies are 

being sought for the sustainable management and disposal of food waste [3,4]. 

Efficient valorization of the organic matrix in food waste into value-added chemicals and 

functional materials not only benefits the recycling of food waste but also helps achieve the 

reduction target of carbon emissions [5,6]. Anaerobic fermentation has been widely investigated 
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to convert food waste into high-value products [7-10]. This process involves the degradation of 

the organic components in food waste with microorganisms under anaerobic conditions, resulting 

in gaseous (methane and hydrogen) and liquid (carboxylic acids) products. However, the major 

bottleneck is that the vast majority of food waste remains as a residue in a solid state [11,12]. As 

such, it is crucial to develop alternative uses for the valorization of this food waste fermentation 

residue (FWFR) to close the loop [13,14]. An up-and-coming option for the valorization of the 

FWFR is the production of advanced carbon materials, particularly for activated carbon, 

engineered biochar and hydrochar, which can be applied in many applications, including soil 

conditioners, pollutant adsorbents, and catalyst supports [15-17].  

Among these applications, using biomass-derived carbon materials in catalysis has attracted 

significant attention [18,19]. The porous structure, high specific surface area, and excellent 

adsorption capabilities make them appropriate for developing renewable and carbon-supported 

metal catalysts for various catalytic processes [20,21]. However, achieving good metal dispersion 

onto the carbon material with high metal loadings is challenging. Heteroatom doping has been 

widely adopted, mainly nitrogen, onto the carbon material [22,23]. Such a modification increases 

its defects and disorder, facilitating the subsequent dispersion of metals and offering more active 

sites for catalysis [24,25]. For example, Zhou et al. [26] prepared a nitrogen-doped activated 

carbon through the pyrolysis of industry paper sludge with melamine, which showed superior 

electroconductivity and strong reduction ability to Cr (Ⅵ). Peng et al. [27] synthesized nitrogen-

doped carbon nanosheets by mixing pomelo mesocarps and urea in ethanol, followed by a high-
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temperature carbonization step, to prepare supercapacitors. These publications highlight the high 

potential of nitrogen doping to enhance the physicochemical properties of carbon materials 

produced from lignocellulosic biomass. Still, an external nitrogen source was needed except for a 

few nitrogen-containing biomasses, such as chitosan and seaweed. In contrast to lignocellulosic 

biomass, the FWFR contains a much higher N/C ratio, which makes it an excellent candidate for 

preparing nitrogen-enriched activated carbon or engineered biochar without the need for blending 

pretreatments.  

Given this background, this works addresses the first-time preparation of metal/N-C supported 

catalysts from a FWFR produced from the anaerobic fermentation of a solid mixture containing 

food waste and sludge. Three typical metal nanoparticles (Pd, Pt, and Au) were immobilized on 

the FWFR-derived carbon catalysts, which were thoroughly characterized, studying their 

morphology, metallic crystalline structures, distributions of metal valence states, and defect 

degrees. Then, these catalysts were evaluated for the catalytic hydrogenation of vanillin, one of 

the main products from the oxidative degradation of lignin [28]. This transformation involves 

converting the aldehyde group to a hydroxymethyl and a methyl group and converting the benzene 

ring to a cyclohexane [29]. The vanillin conversion is challenging due to the high number of side 

reactions, leading to different hydrogenated products. Among these, vanillyl alcohol is the most 

desirable owing to its high commercial value and wide use in the pharmaceutical industry [30]. 

However, very few studies have focused on the hydrogenation of vanillin to produce vanillyl 

alcohol, owing to the diverse side reactions. In particular, Duan et al. [31] used a Ni-Co-P/HAP 
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catalyst in the hydrodeoxygenation of vanillin and found that after 3 h reaction at 200 ℃, the main 

product was creosol, while the selectivity of vanillyl alcohol was less than 10%. Alijani et al. [32] 

used a Pd-activated carbon catalyst for the hydrodeoxygenation of vanillin. They achieved a 

selectivity to vanillyl alcohol below 80% at a reaction temperature of 50 ℃. Therefore, in this 

work, we have developed novel Pd/C, Pt/C and Au/C catalysts for this reaction. The experiments 

were conducted over a wide range of reaction conditions for achieving a high selectivity to vanillyl 

alcohol. Once the process was optimized, the stability and recyclability of the catalysts were 

evaluated to illustrate the potential industrial application of these novel catalysts. The new 

knowledge of this work will represent a landmark achievement in the fields of catalytic biorefinery 

and sustainable waste management. 

2 Experimental Section 

2.1 Materials 

Food waste, whose main constituents are 50% rice, 30% meat, and 20% vegetables, was collected 

from the canteen of Sichuan University in Chengdu (China). Sludge was obtained from a sludge 

storage tank at Chengdu Huayang Sewage Treatment Plant (Chengdu, China). The most 

representative properties of the sludge used in the experiment are listed in Table S1. K2PdCl4, 

HPtCl6·6H2O, HAuCl4·3H2O, vanillyl alcohol and creosol were purchased from Aladdin 

Biochemical Technology Co., Ltd (Shanghai, China). Vanillin was acquired from J&K Scientific 
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Co., Ltd (Beijing, China). Polyvinyl pyrrolidone (PVP) was obtained from Macklin Biochemical 

Co., Ltd (Shanghai, China), while Glycine was bought from Titan Scientific Co., Ltd (Shanghai, 

China). All the chemicals were used as received without further purification. 

2.2 Catalysts synthesis 

The synthesis of the catalysts comprises three steps: i.) the preparation of the support, ii.) their 

thermal and chemical activation, and iii.) the incorporation of the active metals on the solid 

produced. For the former, the food waste was firstly crushed into a uniform emulsion and mixed 

with sludge at a dry mass ratio of 9:1. Then water was added to obtain a 20 g/L mixture according 

to a conventional anaerobic fermentation process reported in the literature [33]. After adjusting the 

pH value of the mixture at 8 with sodium hydroxide, the anaerobic fermentation was carried out 

at room temperature for 8 days. According to the literatures, the anaerobic fermentation of food 

waste with sludge is efficient at pH 8, as this medium provides a high conversion to volatile fatty 

acids [33,34]. Therefore, this pH was used to maximize the conversion and obtain a recalcitrant 

solid (fermentation) residue. Afterward, the fermentation mixture was centrifuged to remove the 

supernatant and washed with ethanol and deionized water. Then, the remaining fermentation solid 

residue was dried at 80 ℃ to obtain the FWFR. In the second step, the FWFR was first subjected 

to a thermal treatment in a tubular furnace at 450 °C for 2 h under nitrogen gas (20 mL STP/min 

flow rate). Subsequently, the obtained biochar was ground into small particles and chemically 

activated with KOH. For the activation, the biochar was soaked with a KOH solution (4 M) for 12 
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h, using a KOH solution/biochar ratio of 4 mL/g. Then, water was removed in an oven at 105 ºC. 

Subsequently, the pretreated biochar was subjected to another thermal treatment in a tubular 

furnace at 800 °C for 2 h under a nitrogen atmosphere (20 mL STP/min flow rate). After cooling 

to room temperature, the solid residue was washed with deionized water until the pH value was 

nearly 7 and dried to obtain the activated carbon. Prior to the impregnation step, Pd, Pt and Au 

metal nanoparticles were synthesized. For this, a PVP/Glycine (stabilizer and reducing agent, 

respectively) solution and a metal cation solution, containing either K2PdCl4, HPtCl6·6H2O or 

HAuCl4·3H2O, were mixed in a pressurized tube (the metal concentration was 1.7 g/L), with the 

tube being immersed in an oil bath at 180 °C for 2 h. Each metal suspension was then mixed with 

the activated carbon support (mass ratio of metal to carbon support equals 1.5 : 98.5) and stirred 

at room temperature for 2 h in a beaker to ensure the metal particles adsorbed on the activated 

carbon support. In all the cases, the amounts of precursors were in excess (three times higher) with 

respect to the theoretical values, as our previous experience showed that part of these metal 

particles could adhere to the wall of reaction tubes during the synthesis. After removing the liquid 

fraction in an oven at 105 oC, the solid fraction was calcined in a tubular furnace under a closed 

air atmosphere at 400 ℃ for 1 h. This methodology allows synthesizing metal (c.a. 1 wt%) 

supported catalysts of Pd/C, Pt/C and Au/C (Table S2). 

2.3 Characterization of the solid samples 
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The elemental composition of the FWFR was determined by elemental analysis, using a Vario EL 

cube-Elementar analyzer, and inductively coupled plasma atomic emission spectroscopy (ICP-

AES) on a 5100SVDV, Agilent Technologies apparatus. The chemical groups in the FWFR were 

determined by Fourier Transform Infrared Spectroscopy (FT-IR) on a Nicolet iS50, Thermo Fisher. 

The fiber analysis was determined using the Vanset chemical titration (for cellulose, hemicellulose, 

lignin and starch) and the Kjeldahl method (to calculate the protein content according to the 

amount of N in the sample). The activated carbon and prepared catalysts were characterized by X-

ray diffraction (XRD), N2 isotherm adsorption-desorption, transmission electron microscope 

(TEM), X-ray photoelectron spectroscopy (XPS) and Raman spectrometry. XRD spectra were 

obtained from Bruker AXS D8 Advance X-ray diffractometer with Cu Kα as the X-ray source (λ 

= 1.54056 Å, 40 KV, 40 mA), while the N2 isotherm adsorption-desorption curves were acquired 

on a Micromeritics ASAP 2460. TEM images were obtained by a Thermo Fisher Scientific Talos 

F200S TEM and XPS analyses were conducted on a Thermo Fisher Scientific ESCALAB Xi+ X-

ray photoelectron spectrometer, with the results calibrated with C1S binding energy at 284.8 eV. 

The Raman spectra were obtained on a Thermo Fisher Scientific DXRxi Raman spectrometer, with 

an excitation wavelength of 532 nm and a wavenumber in the range of 1000-3000 cm-1. The 

catalyst metal loading was measured by inductively coupled plasma atomic emission spectroscopy 

(ICP-AES) on a 5100SVDV, Agilent Technologies apparatus. 

2.4 Catalytic hydrogenation of vanillin  
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The catalytic experiments were carried out in a 50 mL stainless steel autoclave reactor equipped 

with a mechanical stirrer and an inner thermocouple (Shijisenlang, China). For a typical run, 2 

mmol vanillin, 50 mg catalyst and 20 mL deionized water were placed in the air-tight reactor. 

Before the pressure of the reactor was pressurized at 2 MPa (experimental conditions), the inner 

atmosphere was purged 5 times with H2 to remove the air. Then, the reactor was heated to 60 oC 

in a furnace and held for 2 h, with 500 rpm of mechanical stirring. After the reaction was completed, 

the catalyst was separated from the reaction mixture by filtration. First, the reaction solution was 

analyzed by gas chromatography-mass spectrometry (GC-MS) (6890N-GCMS, Agilent) to 

identify the reaction products. Then, these were quantitatively determined by gas chromatography 

with a flame ionization detector (GC-FID) (Clarus 580, PerkinElmer) to calculate the conversion 

and yields of the products. In order to verify the purity of the hydrogenated products, the liquid 

effluent was analyzed by solution-state nuclear magnetic resonance spectroscopy on a Bruker AV 

Ⅱ-400 MHz, examining the spectra of vanillin, vanillyl alcohol, and the other hydrogenated species 

produced.  

In this work, the vanillin conversion and the yield of products were calculated by equations 1 and 

2, respectively. 

Conversion (%) = (n initial vanillin – n remained vanillin) / n initial vanillin × 100%                 (1) 

Yield (%) = n product / n initial vanillin × 100%                                       (2) 
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where n initial vanillin represents the moles of initial vanillin used in the reaction, n remaining vanillin

accounts for the moles of the remained vanillin after the reaction, and the n product is the moles of 

each product generated in the reaction. 

2.5 Adsorption performance of the activated carbon and Pd/C 

The adsorption performance of the Pd/C catalyst was measured by ultraviolet spectroscopy (UV 

1800 BPC spectrophotometry). Vanillin, vanillyl alcohol and guaiacol were used to evaluate the 

adsorption properties of Pd/C. Three different aqueous solutions containing each one of these 

chemicals were prepared. Then, the same amount of the Pd/C catalyst was added to each solution 

to assess the adsorption of each species on the catalyst individually. After stirring to dissolve the 

liquid species in the aqueous medium, the concentrations of the chemicals in the solution were 

determined by ultraviolet spectroscopy, and the time-relative concentration (t-c) curve was 

evaluated for each chemical. 

3 Results and discussion 

3.1 Composition of the FWFR produced by fermentation 

A solid material comprising a food waste and sludge mixture was used as the feedstock. As the 

fermentation process advanced, the color of the fermentation liquid and the solid fraction gradually 
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darkened, leading to the production of a gray-yellow suspension, with a solid content (i.e., FWFR) 

of 42.8%. The elemental analysis of this FWFR (Fig. 1a) shows a total organic content (C, H, O 

and N) of 90.4%, with C and O being the most abundant elements. The inorganic fraction primarily 

consists of 4.5% of Si, 1.1% of Al, and 0.6% of Fe. Figure 1b plots the fiber composition of the 

material, showing that starch is the most abundant organic component in FWFR, with a relative 

amount of 41.8%, followed by proteins with a proportion of 25%. The high starch content can be 

attributed to an incomplete fermentation of rice, which might exist as amylopectin with a higher 

degree of polymerization, while the protein content might reflect the presence of meat and beans 

in the food waste. The FWFR contains 14.6% lignocellulose, derived from vegetables in food 

waste. Specifically, cellulose, lignin, and hemicellulose contents are 5.5%, 7.5%, and 1.6%, 

respectively. As lignocellulosic biomass contains more cellulose than lignin [35,36], the lower 

amount of the former in the FWFR indicates that polysaccharides are more readily biodegraded 

during fermentation, resulting in a FWFR solid residue with a more significant proportion of lignin. 

The cellulose content of this residue is crystalline, as revealed by the broad signal peak was in the 

XRD spectrum at 2θ = 15°-25° (Fig. 1c). Such a development indicates that amorphous cellulose 

is more readily biodegraded into liquid species than crystalline cellulose, which increases the 

proportion of this latter in the FWFR. These results agree with the FT-IR spectrum of the FWFR 

(Fig. 1d). The O-H and N-H signal peaks are respectively attributed to the polysaccharide and 

protein components in the fermentation residue, with the C=O signal peak being attributed to the 

acetyl group in hemicellulose. The characteristic diffraction peaks of SiO2 and Al2O3 and the signal 
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peaks of Si, Al, and Fe oxides are also observed in the XRD pattern and FT-IR spectrum, which 

confirm the presence of metal oxides in the FWFR.  

Figure 1. Characterization of FWFR. (a. Element analysis; b. Contents of organic components; c. 

XRD pattern; d. FT-IR spectrum) 

3.2 Structural features of the catalysts 

As a carbon-rich and nitrogen-containing source, the FWFR was converted to a N-doping activated 

carbon support and used to prepare metal-loaded catalysts. The N2 isotherm adsorption-desorption 

analysis (Fig. 2) reveals that the specific surface area of the activated carbon is 1315.51 m2/g, with 

a pore volume of 0.61 cm3/g and an average pore diameter of 1.82 nm (Table 1). After the metal 

loading on the activated carbon, the specific surface areas of the Pd/C, Pt/C, and Au/C catalysts 
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were reduced to 895.81, 1066.72, and 1023.31 m2/g, respectively. These diminishments were 

accompanied by decreases in their pore volumes (Table 1). This is because the metal nanoparticles 

occupy part of the internal pores and channels of the activated carbon. Besides, ICP analysis 

reveals that there are no statistically significant differences in the metal loading, i.e., around 1 wt% 

for the three catalysts synthesized (Table S2). 

Figure 2. N2 isotherm adsorption-desorption curves of Pd/C, Pt/C, Au/C, and C. 

Table 1. BET analysis of Pd/C, Pt/C, Au/C, and C. 

Catalyst
Surface area 

(m2/g)

Pore volumes 

(cm3/g)

Average pore width 

(nm)

C 1315.51 0.61 1.82

Pd/C 895.81 0.45 1.96

Pt/C 1064.72 0.51 1.89
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Au/C 1023.31 0.49 1.86

After the metal loading, the TEM analysis (Fig. 3) reveals that the three catalysts have sheet-like 

structures comprising amorphous carbon, with the metal particles well-dispersed on the carbon 

supports. EDX-mapping demonstrates that the black spots appearing in the TEM images, 

especially for Pt/C, are attributed to the convolution carbon support layers (Fig. S1). The sizes of 

these metal particles differ, which is possibly ascribed to the different reduction behaviors of the 

metal ions with variable reduction potentials. In particular, the particle size of Pt is primarily 

distributed within the range of 2-3 nm, with an average particle size of 2.8 nm. In comparison, Pd 

and Au species are more easily reduced and aggregated into larger particles. For example, the 

particle size of Pd is distributed in a broad range of 5-65 nm, with an average particle size of 33.5 

nm. Notably, the larger Pd particles on the Pd/C catalyst blocked the pore structure of the activated 

carbon support to a more significant extent. This resulted in a more pronounced decrease in the 

surface area of the catalyst in comparison to the original carbon support for the Pd/C catalyst than 

that observed for the other two catalysts.  
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Figure 3. TEM images of Pd/C, Pt/C, and Au/C. 

The crystalline phases and the valence states of the metal particles on the activated carbon 

materials were determined by XRD and XPS (Fig. 4). For the Pd/C catalyst, four diffraction peaks 

at 2θ = 40.1°, 46.6°, 68.1°, and 82.1° are observed, assigned to the (111), (200), (220) and (311) 

crystal planes of Pd, respectively. (JCPDS card No. 46-1043) [37]. The diffraction peak for the 

(101) crystal plane of PdO is also observed at 2θ = 33.9° (JCPDS card No. 41-1107). The XPS 

spectrum of Pd 3d can be divided into Pd0 3d5/2 (336.9 eV), Pd0 3d3/2 (342.2 eV), Pd2+ 3d5/2 (338.4 

eV), and Pd2+ 3d3/2 (344.0 eV). This allows calculating the relative contents of Pd0 (73.5%) and 

Pd2+ (26.5%), indicating that most of the Pd species were reduced to Pd0 [38]. In the case of the 

Pt/C catalyst, diffraction peaks for Pt diffraction peak ((111) crystal plane, JCPDS card No. 04-
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0802) and PtO ((222) crystal plane, JCPDS card No. 47-1171) are observed, while the Au/C 

catalyst only shows signals for Au crystal planes ((111), (200), (220) and (311), JCPDS card No. 

04-0784) [39,40]. The diffraction peaks of SiO2 or Al2O3 are detected in the XRD patterns of the 

three catalysts. These species derive from the initial sludge after being subjected to the 

carbonization process. The XRD patterns of the activated carbon support are shown in Fig. S2. For 

the latter two catalysts, the XPS analyses show that the proportion of Pt0 in the Pt/C catalyst 

accounts for 49% of the total Pt, whereas Au0 represents 100% of the Au species in the Au/C 

catalyst [41,42]. These results confirm that the reduction degrees of these metal species follow the 

order of: Pt < Pd < Au, and are highly correlated to their reduction potentials.  

In addition to metal species, it has been widely reported that the presence of different forms of N 

species in carbon-supported catalysts affects their catalytic activity. N1s spectra can be 

deconvoluted into three peaks: pyridinic N, pyrrolic N, and quaternary N, respectively. However, 

the N1s spectra of our material do not adequately fit three peaks, while a perfect fit is achieved 

considering the contribution of pyridinic N and pyrrolic N only. These data indicate that N is 

present in the form of pyridinic N and pyrrolic N. The incorporation of the active metal phase 

affects the relative proportions of these species in the final catalysts. In particular, the proportion 

of pyridinic N is significantly higher in the Pd/C catalyst (58.8%) than in the Pt/C (45.6%) and 

Au/C (32%) catalysts. Associated with the increased binding energy of Pd 3d caused by the 

increase of its electronic density, the presence of different proportions of pyridinic N and pyrrolic 

N reveals that pyridinic N is beneficial for the stabilization of Pd particles on the support. This 
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beneficial influence accounts for the covalent bonding between pyridine N and Pd particles. For 

this, the filled π-orbital of pyridine N donates a σ-type covalent bond with partial ionic character 

to the empty d-orbital of Pd [43]. Therefore, these data indicate that Pd stabilizes better than Pt or 

Au on the C support.  

Figure 4. XRD and XPS patterns of Pd/C, Pt/C, and Au/C. 

The prepared catalysts were characterized by Raman spectroscopy (Fig. 5) to investigate the 

degree of graphitization and the presence of defects in the materials. The D band at 1351.2 cm-1
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reveals the defect of the internal structure of the carbon material, and the G band at 1593.2 cm-1 is 

related to the plane stretching motion of the sp2 carbon atom [44]. Regarding the defects and 

disorder, the ratio between the D and G bands (ID/IG) is a helpful parameter for describing the 

phenomena for carbon materials [45,46]. The ID/IG value of the carbon support is 0.96, which 

increases to 1.02 for Pd/C, 1.01 for Pt/C and 1.03 for Au/C. These results can be ascribed to the 

disruption in the carbon supports when introducing the active metals, which creates more defects 

in their structure, thus promoting the catalytic activity.    

Figure 5. Raman spectra of C, Pd/C, Pt/C, and Au/C.  

3.3 Catalytic hydrogenation of vanillin 

Preliminarily, the possible catalytic activity of the carbon support was evaluated to address whether 

or not the support contributes to the catalytic activity of the materials. When the support is used as 

a catalyst, vanillin conversion is meager, and the liquid product does not contain vanillyl alcohol 
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(Fig. S3). These data indicate that the carbon support alone is not responsible for the catalytic 

activity of our metal/C catalysts. The characterization of the liquid effluents produced after the 

reaction using the Pd/C, Pt/C and Au/C catalysts reveals that they are made up of vanillin, vanillyl 

alcohol and creosol, without benzene ring-hydrogenated products. The conversion and selectivity 

to the reaction products are highly dependent on the catalyst. For Pd/C, the conversion of vanillin 

is as high as 99.9%, with this being converted primarily into vanillyl alcohol (yield of 83.3%), and 

a small amount (0.2 % yield) of creosol formed. The carbon loss might be attributed to the 

formation of condensation products that are undetectable by gas chromatography due to their high 

molecular masses. In comparison, the Pt/C and Au/C catalysts are less catalytically active under 

the studied conditions. Specifically, the conversions of vanillin are 50.8% and 40.7%, and the 

yields of vanillyl alcohol are 45.9% and 33.0%, respectively (Fig. 6a). The better catalytic 

performance of Pd/C can be attributed to two complementary phenomena. On the one hand, Pd-

based catalysts are more effective and selective in the hydrogenation of the aldehyde groups in 

vanillin [32]. The Pd/C catalyst contains both reduced (73.5%) and oxidized (26.5%) species, with 

a higher proportion of the former and a higher ID/IG ratio. In comparison, the Pt/C catalyst contains 

slightly more oxidized (51.0%) than reduced Pt (49.0%) species, while the Au/C catalyst does not 

contain oxidized Au species, and both catalysts have lower ID/IG ratios. Therefore, the ratio of 

reduced/oxidized species in the Pd/C catalyst might be a good balance to achieve effective and 

selective hydrogenation. On the other hand, the higher proportion of pyridinic N in the Pd/C 

catalyst promotes the stabilization of Pd particles on the carbon support, resulting in a higher 

catalytic efficiency [47]. 
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Considering the high carbon loss, the reaction conditions of the Pd/C catalyst were optimized to 

maximize the carbon use efficiency (Fig. 6b-e). Firstly, the catalyst/substrate ratio was decreased 

to mitigate the condensation reactions. A decrease from 50 mg to 10 mg of catalyst (i.e., a decrease 

in the catalyst/vanillin ratio from 25 to 5 mg/mmol) in the reaction medium could increase the 

yield to vanillin alcohol up to 99.3% without compromising the vanillin conversion (99.5%). 

Secondly, the process was conducted at a milder temperature and the H2 pressure was reduced to 

increase the energy efficiency for possible industrial implementation. The experimental results 

show that the catalyst still displays an excellent catalytic activity. More importantly, vanillin 

conversions higher than 99% and high vanillyl alcohol yields are achieved even at room 

temperature (30 ºC) with a H2 pressure as low as 0.7 MPa. The curves showing the time evolutions 

of the vanillin conversion and vanillyl alcohol yield overlap, thus demonstrating a high selectivity 

toward this target product within only 90 min. The 1H and 13C NMR spectra of the hydrogenated 

products are highly consistent with those of vanillyl alcohol (Fig. 6g). This confirms not only the 

excellent catalytic performance of Pd/C for the hydrogenation of vanillin to vanillyl alcohol but 

also the high purity of the vanillyl alcohol produced.  

After the optimization, the stability of the Pd/C catalyst was evaluated by recycling experiments 

(Fig. 6f). The used Pd/C catalyst was separated from the reaction mixture by filtration and 

desiccated; then, it was used again without any further H2 reduction. In these experiments, the 

vanillin conversion and vanillyl alcohol yield remained >99% even after four successive runs. This 
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indicates that the catalyst is not noticeably deactivated during the process and suggests a high 

potential for industrial application. Therefore, its catalytic activity was compared with a 

commercial Pd/C containing 3 wt% of Pd, revealing that our Pd/C catalyst has a significantly 

superior catalytic performance while the commercial catalyst achieves a substantially lower 

(34.4%) vanillin conversion. These results highlight the outstanding performance of our Pd/C 

catalyst and its renewable origin and carbon-neutral nature.  

Figure 6. Vanillin hydrogenation reaction (a. Different catalysts; b. Amount of Pd/C; c. Reaction 

temperature; d. Pressure of H2; e. Reaction time; f. Stability of the Pd/C.). The 400MHz 1H and 

13C NMR spectrums of vanillin, vanillyl alcohol, and the hydrogenated product (g). 

3.4 Adsorption performance of the Pd/C catalyst 
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The adsorption behavior of vanillin and vanillin alcohol on the Pd/C catalyst was investigated to 

gain more insights into its excellent catalytic performance during the hydrogenation of vanillin to 

vanillyl alcohol. Their adsorptions capabilities were also compared to those of guaiacol containing 

the same benzene structure and C-OH and C-O-C functionalities. Under the same conditions, the 

adsorption performance of the Pd/C is vanillin > guaiacol > vanillyl alcohol (11.5%, 5.8%, and 

2.4%, respectively for 2 h adsorption) (Fig. 7). These data indicate that the aldehyde group of 

vanillin can be readily adsorbed on the Pd/C catalyst, increasing the hydrogenation selectivity of 

vanillin to vanillyl alcohol. In parallel, the low adsorption of vanillyl alcohol promotes its rapid 

desorption, avoiding over-hydrogenation and unleashing active catalytic sites on the Pd/C catalyst 

for further hydrogenation of more vanillin molecules. These results are in close agreement with 

the high vanillin conversion and vanillyl alcohol selectivity achieved.  

Figure 7. Hydrogenation mechanism of Pd/C (a. Adsorption performance of Pd/C; b. Schematic 

diagram for hydrogenation of vanillin). 

3.5 Catalytic hydrogenation of other lignin-derived aldehydes 
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The hydrogenation capabilities of the Pd/C catalyst were then tested for the selective 

hydrogenation of other lignin-derived aldehydes in view of the excellent catalytic features shown 

for vanillin conversion. Figure 8 shows that our Pd/C catalyst, apart from vanillin, also exhibits an 

outstanding catalytic performance for the hydrogenation of the aldehyde group into a 

hydroxymethyl group when p-hydroxybenzaldehyde or syringaldehyde are used as the substrates. 

In particular, the conversions of p-hydroxybenzaldehyde, vanillin and syringaldehyde are >99% 

within 60, 90, and 480 min, respectively, with >95% yields to their respective hydrogenated 

products in all the cases. The varying reaction times needed to complete the process are related to 

the different hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units in these lignin-derived 

aldehydes. Their hydrogenation capabilities decrease as follows: H > G > S. These results are 

attributed to the higher contents of methoxyl groups in G and S units, which can hinder the 

adsorption of the reactants on the Pd/C catalyst and consequently decelerate the subsequent 

hydrogenation process.  
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Figure 8. Hydrogenation reactions of other lignin-derived aldehydes.  

4 Conclusions 

This work has innovated the valorization of a food waste fermentation residue into N-rich Pd/C, 

Pt/C and Au/C catalysts. These catalysts were tested for the aqueous phase hydrogenation of 

vanillin to vanillyl alcohol, with the following catalytic activity (based on the vanillin conversion 

and vanillyl alcohol yield): Pd/C > Pt/C > Au/C. The difference in catalytic performance was 

related to the higher reduction degree and more pronounced stabilization of the Pd particles on the 

carbon support compared to those of Pt and Au. The higher ratio of reduced/oxidized metal species 

and higher ratio of pyridinic N/pyrrolic N of the Pd/C catalyst were also responsible for the 

superior catalytic performance. The rapid adsorption of the aldehyde group on the Pd/C catalyst, 

combined with the rapid desorption of the newly formed hydroxymethyl group, also contributed 

to the excellent activity and selectivity. In particular, at optimum processing conditions (30 ºC and 

0.7 MPa H2 for 90 min, with 2 mmol vanillin/10 mg catalyst), the Pd/C catalyst proved very 

effective for vanillin hydrogenation with >99% vanillin conversion and vanillyl alcohol selectivity, 

which could be maintained over four consecutive runs. These results outcompeted those produced 

with a commercial Pd/C catalyst, which showed substantially lower activity. In addition, the 

activity of the Pd/C catalyst proved effective for the hydrogenation of other lignin-derived 

aromatic aldehydes, such as p-hydroxybenzaldehyde and syringaldehyde, into their respective 

alcohols. These results can promote the selective hydrogenation of lignin-derived aldehydes and 
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bring novel and promising uses for food waste, thus paving the way for a greener and more 

sustainable development. 
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