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Abstract 

Vanillin, a flavoring agent, is used extensively in the food industry. It is primarily derived from a petroleum 

derivative through synthetic procedures, though these technologies present certain drawbacks, including the 

generation of undesired byproducts and a relatively low yield. Furthermore, residual lignocellulosic biomass 

serves as a renewable source of aromatic compounds with the potential to be used as raw material in the synthesis 

of vanillin. This would allow the valorization of the residue, resulting in the production of a highly demanded 

compound for the food industry. To achieve this objective, a heterogeneous Pd catalyst supported on alumina 

was prepared and its activity was investigated in the oxidation reaction of vanillyl alcohol, a model compound 

of lignin, to obtain vanillin. The impact of key reaction parameters, including temperature, oxidant 

concentration, pH of the medium, and solvent, was evaluated. The Pd(1%)/Al₂O₃ catalyst used was capable of 

achieving 84% conversion and selectivity over 99% towards vanillin under mild conditions after a 3-hour 

reaction period in an alkaline medium using water as a solvent.  
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1 Introduction 

 

Conventional lignocellulosic biomass waste disposal 

methods, such as combustion and composting, are 

inadequate in meeting the requirements for carbon 

neutrality and do not contribute to the development of 

a sustainable society. This is due to the low efficiency 

of these methods and the severe pollution they 

generate [1]. The most contemporary and sustainable 

treatment strategies for these wastes emphasize their 

conversion into energy, fuels and bioproducts, thereby 

contributing to a circular bioeconomy based on 

lignocellulosic biomass. In recent years, there has 

been a growing interest in the valorization of 

lignocellulosic biomass residues and the study of their 

potential to produce higher added value substances 

[2]. Lignocellulosic biomass is primarily constituted 

of three principal components: cellulose, 

hemicellulose and lignin (Scheme 1).  

 

 
Scheme 1: Representative illustration of the structural 

composition of lignocellulose and its components. 
 

Lignin constitutes over 20% of the total mass of 

the biosphere [3]. Moreover, it possesses the dual 

advantage of being a renewable resource and the sole 

direct source of renewable aromatic compounds. 

Additionally, it is an inedible compound, ensuring that 

it does not compete with the global food supply [4], 

[5]. In terms of its structure, it can be described as a 

three-dimensional amorphous polymer, mainly 

formed of three monomers: synapyl alcohol, coniferyl 

alcohol and p-coumaryl alcohol. The monomer units 

are bonded by various C–O and C–C linkages, 

including β-O-4, β-5, β–β, 5-O-4, α-O-4, 5-5 and β-1, 

forming a complex matrix with a varying composition 

[6.]. The specific configuration of this matrix depends 

on the origin of the biomass and the environmental 

conditions under which it grows. 

Given the inherent complexity and heterogeneity 

of lignin, most studies investigating lignin valorization 

employ aromatic monomers that are representative of 

its structural characteristics [5]. These model 

compounds simulate the phenolic and non-phenolic 

functional groups of the propyl side chain of lignin, 

thus representing the biopolymer while simplifying 

the reaction network to elucidate the mechanisms 

involved. Recently, Ali et al. published a 

comprehensive review paper exploring the conversion 

of the complex structure of lignin, composed of 

syringyl (S), guaiacyl (G) and p-hydroxyphenyl (H) 

units, into value-added products [7]. Another 

interesting monomer found in lignin is vanillyl alcohol 

(4-hydroxy-3-methoxybenzyl alcohol), which can be 

used as a model compound in the conversion of lignin 

to vanillin through oxidative processes. 

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is 

one of the most widely utilized additives in the food 

industry. Vanillin is added as a flavoring agent in a 

variety of food products, including ice cream, soft 

drinks, liquors, candies, confectionery, and baked 

goods. It is also utilized as a flavor enhancer in coffee 

and dairy products. Additionally, vanillin possesses 

antioxidant and antimicrobial properties, making it a 

valuable component in food products [8]. 

Furthermore, it serves as a precursor for the synthesis 

of additional flavoring agents, including ginger and 

jasmine oil [9]. Additionally, it is used as a ripening 

agent to enhance the sucrose content in sugarcane [10]. 

Vanillin has a multitude of applications in the 

medical, cosmetics, fragrances, nutraceuticals, 

pharmaceuticals, and fine chemicals industries, where 

it is employed as a chemical precursor [11], [12]. The 

global vanillin market size was valued at USD 627.1 

million in 2022 and it is anticipated that it will grow at 

a compound annual growth rate (CAGR) of 7.5% from 

2023 to 2030 [13]. Natural vanilla extract represents 

less than 1% of total vanillin production. At present, 

the demand for vanillin in the marketplace is 

approximately 20,000 tons, whereas the natural 

availability is less than 2,000 tons [14]. While the 

market for vanillin is comparatively limited in terms 

of production volume when contrasted with that of 

other lignin-based compounds, the final product 

obtained exhibits a notably high added value [15]. 

Most vanilla extract is obtained through 

synthetic methods [10]. This phenomenon may be 

explained by a number of factors, including the fact 
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that synthetic vanillin is a more cost-effective option. 

Indeed, the price of synthetic vanillin is approximately 

one hundred times lower than that of vanillin derived 

from natural sources (<$15 per kg versus between 

$1200 and $4000 per kg, approximately) [9]. At 

present, 85% of vanillin is synthesized from the 

petrochemical precursor guaiacol by condensation 

with glyoxylic acid or by the nitrose method (Scheme 2) 

[16]–[18]. 

 

 
 

Scheme 2: Traditional methods to obtain vanillin from 

guaiacol. a) Nitrous method b) glyoxylic method. 

Adapted from [17]. 

 

While these methods yield vanillin with high 

selectivity, two significant drawbacks must be 

considered. In the nitrose method, the formation of 

undesirable byproducts, such as nitrile and p-

aminodimethyl aniline, results in a lower product 

yield. Additionally, the utilization of toxic oxidants, 

including CuO, MnO₂, and PbO₂, in the glyoxylic 

method presents a concerning environmental and 

occupational safety risk [17]. Additionally, certain 

oxidation reactions necessitate rigorous conditions, 

such as elevated temperatures and high oxygen 

pressure [19]. As a consequence, the heterogeneous 

catalytic oxidation of vanillyl alcohol to vanillin has 

become a subject that is receiving increased attention. 

The heterogeneous catalytic oxidation of vanillyl 

alcohol is generally carried out via two distinct 

methodologies. The initial method, designated as 

“aerobic oxidation”, involves the oxidation of vanillyl 

alcohol by means of high O2 pressure during 

hydrothermal processes. The second method involves 

the oxidation of vanillyl alcohol using H2O2 as an 

oxidant. This method is particularly advantageous as 

H2O2 is a low-cost, easily available and eco-friendly 

oxidant [20]. Therefore, it is of great importance to 

identify environmentally friendly alternatives to 

current vanillin production via the oxidation of 

vanillyl alcohol using active, selective and reusable 

catalysts under mild conditions and according to the 

principles of green chemistry [11]. 

Many studies show that using supported noble 

metal catalysts helps to oxidize lignocellulose 

derivatives. For instance, Wu et al., examined Au-Pd 

catalysts that were supported on phosphate-modified 

Mg-Al hydrotalcite and activated carbon. The study 

reported a 52.8% conversion and approximately 50% 

selectivity, utilizing air as the oxidant in 

photocatalytic reactions [11]. Wu et al., reported using 

Au nanoparticles and graphene quantum dots as 

catalysts to oxidise veratryl alcohol to veratryl 

aldehyde, another model compound used to study 

lignin transformation pathways [21]. The study 

yielded interesting results with respect to conversion 

and selectivity through the modulation of reaction 

time and pH. It was observed that higher conversions 

were attained at alkaline pH, while the reaction was 

directed towards the synthesis of veratric acid rather 

than veratraldehyde. 

In line with these facts, this investigation 

examines the heterogeneous catalytic oxidation of 

vanillyl alcohol using H2O2 as an oxidizing agent 

under varying reaction conditions, with the objective 

of developing a more environmentally sustainable 

process to produce vanillin than current methods. A 

Pd/Al2O3 catalyst prepared by impregnation was 

utilized. 

 

2 Materials and Methods 

 

2.1 Catalyst preparation 

 

The 1 wt% Pd/Al2O3 catalyst was obtained by 

impregnation with an excess of solution onto 

commercial alumina (Air Products), which had been 

previously ground and sieved to a particle size of 60–

100 mesh. To achieve this, the required mass of PdCl2 

to obtain 1 wt% Pd was dissolved in a 0.01 M HCl 

solution, resulting in the formation of a water-soluble 

palladium chloro-complex. The solution was then 

placed in contact with the γ-Al2O3 support for a period 

of 24 h. After this, the solid was separated from the 

liquid by decantation and placed in an oven at 105 °C 

for another 24 h to dry. To reduce the palladium, the 

dried solid was placed in an Erlenmeyer flask, which 

was immersed in a water bath at 50 °C. A 

formaldehyde solution (37 wt%) was added dropwise 
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until the palladium catalyst turned dark gray. A KOH 

solution (30 wt%) was then added until a pH value 

between 9.5 and 10.0 was reached. The final step 

consisted of subjecting the material to a heating 

process in an oven maintained at a temperature of        
60 °C for a period of 24 h. The remaining chloride on 

the catalyst was removed by washing with deionized 

water until no chloride remained, as verified with 

silver nitrate. 

A bimetallic PdSn0.4/Al2O3 catalyst was prepared 

via Surface Organometallic Chemistry on Metals 

(SOMC/M) techniques. To do this, a solution of 

SnBu4 in n-decane was added to the previously 

prepared Pd/Al2O3 monometallic catalyst. The 

reaction temperature and time required to achieve a 

Pd/Sn atomic ratio of 0.4 were established according 

to previous studies conducted by our research group 

[22]. 1.199 g of monometallic catalyst and 16 L of 

SnBu4 dissolved in 15 mL of decane were used for the 

bimetallic catalyst prepared in this work. The solid 

was separated from the liquid phase and repeatedly 

washed with n-heptane under N2 flow after 4 h of 

reaction. 

The performance of a PdBi0.5/Al2O3 bimetallic 

catalyst, prepared by the impregnation method, was 

also analyzed. In the synthesis procedure, the required 

quantity of Bi(NO3)3.5H₂O was dissolved in a solution 

of deionized water and HCl (1:1) to achieve an atomic 

ratio of Bi/Pd = 0.5. The resulting mixture was 

allowed to stand for 24 h, after which it was dried in 

an oven at 105°C for a further 24 h. Finally, the solid 

was reduced by a H2 stream at 500 °C for 2 h. 

 

2.2 Support and catalysts characterization 

 

The textural properties of the support (specific surface 

area, SBET, and pore volume, Vp) were determined by 

physical adsorption of N2 at –196 °C using a 

Micromeritics ASAP 2020 instrument. The surface 

morphology was analyzed by scanning electron 

microscopy (SEM) on an FEI Quanta 200 SEM 

equipped with an energy dispersive X-ray (EDX) 

spectrometer (SDD Apollo 40). The concentration of 

Pd in the catalyst was determined by atomic 

absorption spectroscopy using a Varian AA 240 

spectrophotometer. The metal particle size 

distribution in the catalyst was determined using a 

JEOL 100 CX transmission electron microscope 

(TEM). The samples were ground and dispersed in 

deionized water by ultrasound. For the determination 

of the particle size histogram, the mean particle size 

(dVA mean volume-area diameter) was obtained from 

Equation (1) by measuring over 200 Pd particles from 

the micrographs taken directly from the screen using 

the bright field image. 
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where ni is the number of particles with a diameter di. 

The surface chemical composition and oxidation state 

were analyzed by X-ray photoelectron spectroscopy 

(XPS), employing a PHI Versa Probe II Scanning XPS 

Microprobe with monochromatic Al Kα (1486.6 eV) 

X-ray radiation as the excitation source and a charge 

neutralizer. The pressure within the analysis chamber 

was kept below 2.0×10–6 Pa. High-resolution spectra 

were recorded at a specified take-off angle of 44° 

using a multichannel hemispherical electron analyzer 

operating in the constant-pass energy mode at 29.35 

eV. The spectra were referenced to the C 1s signal of 

adventitious carbon at 284.8 eV. The recorded spectra 

were analyzed using Multipack software, version 

9.6.0.15. 

 

2.3 Catalytic experiments 

 

Oxidation reactions were conducted at atmospheric 

pressure in a 250 mL glass reactor immersed in a 

thermostatic bath with constant stirring. The reactor 

was charged with 50 mL of solvent, 1 mmol of vanillyl 

alcohol (VA), and H₂O₂ as oxidizing agent, and the 

temperature was increased to the desired value. Once 

the set temperature was reached, the reaction was 

initiated by adding 100 mg of catalyst and the reaction 

was allowed to run for a period of 3 h. Experiments 

were conducted under a variety of operational 

conditions to assess the impact of different reaction 

variables on VA conversion. Each catalytic test was 

performed in triplicate. Reaction samples were 

subjected to analysis by ultra-high-performance liquid 

chromatography (UHPLC) in a DIONEX UltiMate 

3000 apparatus, employing a C18 column at 25 °C, 

with an ultraviolet (UV) detector at 230 nm. The 

mobile phase consisted of acetonitrile (ACN) 30%-

water (H2O) 70% at a flow rate of 1 mL/min. 

Identification of the reaction products was performed 

using a GC/MS apparatus (GCMS QP-2010 ULTRA, 

Shimadzu, Japan). 
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3 Results and Discussion 

 

3.1 Support and catalysts characterization 

 

The BET surface area and pore volume of the γ-Al2O3 

support were 216 m² g⁻¹ and 0.45 m³ g⁻¹, respectively. 

As illustrated in Figure 1(a), the N2 adsorption-

desorption isotherm for γ-Al2O3 is classified as type 

IV(a) according to the IUPAC classification [23]. This 

type of isotherm is representative of mesoporous 

materials, for which the adsorption behavior is 

determined by the interactions between molecules in 

the condensed state as well as by the interactions 

between the adsorbate and the adsorbent. In these 

solids, adsorption occurs in multilayers and hysteresis 

cycles typical of capillary condensation phenomena 

are also observed. 

 

 
Figure 1: Textural and morphological characteristics of the γ-Al2O3 support and Pd/Al2O3 catalyst. (a) N2 

adsorption/desorption isotherm of the γ-Al2O3 support; (b) and (c) SEM-EDX micrograph of the Pd/Al2O3 

catalyst; (d) and (e) TEM micrograph with particle size distribution histogram; (f) High resolution Pd 3d core 

level spectrum of the Pd/Al2O3 catalyst 

 

SEM measurements were conducted to elucidate 

the morphological characteristics of the Pd/Al₂O₃ 

catalyst and to evaluate the distribution of Pd within 

the sample. The results of this evaluation are presented 

in Figure 1(b) and (c). The characteristic porous 

structure of alumina and a uniform distribution of Pd 

over the entire catalyst surface was observed, as 

illustrated by the marked area. 

The content of Pd on the catalyst, determined by 

atomic absorption was 0.98 wt%. This confirmed that 

the concentration of the metal present on the catalyst 

was consistent with the nominal content. The 

transmission electron microscope image (Figure 1(d)) 

of the Pd/Al2O3 catalyst reveals a uniform distribution 

of metal particles (darker spots) on the support. 

The mean particle size (Dva) was determined 

using data from particle size distribution histograms 

(Figure 1(e)). A bimodal distribution is observed, with 

most particles having a mean size of 6.01 nm and a 

minor contribution from particles with an average 

value of ca. 11 nm. It has been reported that liquid-

phase reduction during the preparation of Pd catalysts 

often results in broad particle size distributions [24]. 

In this regard, Lamme et al., demonstrated that in the 

preparation of palladium catalysts supported on 

carbon nanotubes (Pd/CNT), the reduction process 
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with sodium borohydride resulted in bimodal particle 

size distributions, comprising particles of 1 nm and 

larger than 10 nm in size [25]. The formation of small 

particles was explained by the adsorption of the metal 

precursor and the subsequent reduction by the 

reducing agent. Conversely, the reduction of the 

precursor species in solution, followed by 

precipitation, results in the formation of large particles 

on the support. The dispersion (D) was calculated 

according to Equation (2) [26] with the dVA value of 6 

nm, resulting in a value of 18.52%. 
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where M is the molar mass of Pd, ρ is its density (12.02 

g/cm3), ni is the number of particles with a diameter di 

and σ is the area occupied by 1 mol of palladium on 

the surface (4.77×104 m2 /mol) [27]. 

X-ray photoelectron spectroscopy (XPS) was 

employed to examine the surface composition and 

chemical state of Pd surface species in the Pd/Al2O3 

catalyst. The spectral regions of the C 1s, Al 2p, O 1s, 

and Pd 3d core level signals were investigated. The 

high-resolution Al 2p spectrum exhibits a maximum 

at approximately 74 eV, while the high-resolution O 

1s signal displays its maximum at around 531 eV. The 

observed binding energies (BE) are characteristic of 

these elements in the oxidic environment of alumina, 

which represents the predominant component in the 

sample. The high-resolution Pd 3d core level spectrum 

(Figure 1(f)) displays the BE of the Pd 3d5/2 and Pd 

3d3/2 doublet at ca. 335 and 339 eV, respectively. 

These values correspond to palladium in its metallic 

state (Pd(0), as previously documented in the literature 

[28]. In addition, to further investigate the oxidation 

state of palladium, the Pd 3d5/2 peak was 

deconvoluted. The results indicated that although a 

small contribution of oxidized palladium species 

appears, it is predominantly in its reduced state on the 

catalytic surface. The contributions assigned to Pd(0) 

and Pd(II) appeared at ca. 331–335.5 eV and 335.5–

337.6 eV, respectively. Table 1 shows the B.E. of the 

signals obtained and, in brackets, the percentage 

contribution of each of these species. 

 

 

 

Table 1: Core levels BE (eV) of Pd 3d5/2, Pd 3d3/2, O 

1s, Al 2p, for Pd/Al2O3 reduced catalyst. 
B.E. (eV) Surface 

Atomic 

Ratio 

Pd 3d5/2 Pd 3d3/2 O 1s Al 2p Pd/Al 

Pd(0) 334.4 (87) 

Pd(II) 336.4 (13) 

Pd(0) 

339.0 
530.9 74.02 0.0048 

 

3.2 Catalytic tests 

 

The absence of diffusion limitations was verified by 

analytical criteria, comparing the maximum transport 

rates in the physical stages, i.e. diffusion of reactants 

and/or products at the gas-liquid interface, the liquid-

solid interface, and the internal diffusion in particles, 

with the initial reaction rate. Further details of these 

studies can be found in the Supplementary Material. 

In addition, several tests were carried out with 

different stirring speeds (Figure S1, Supplementary 

Material), with 700 rpm being a suitable value to 

ensure a kinetic regime. It was observed that higher 

stirring speeds resulted in a decrease in the catalytic 

activity, possibly due to catalyst degradation. Each 

catalytic test was performed in triplicate. Initially, an 

experiment was conducted in the absence of a catalyst, 

thereby confirming that H2O2 alone was not capable of 

oxidizing VA, as no conversion was obtained. 

Scheme 3 illustrates the possible reactions 

involved in the oxidation of vanillyl alcohol (VA) to 

VN, considering the byproducts identified in the 

GC/MS analysis. 

It has been established that the oxidation of VA 

by H₂O₂ involves the formation of hydroxyl radicals 

derived from H₂O₂, which react with the 

hydroxymethyl group of VA to form vanillin (1). The 

aldehyde group of vanillin can be subsequently 

oxidized to give vanillic acid (2) [29]. Vanillin can 

undergo oxidation to 2-methoxy-1,4-benzenediol (3) 

via the Dakin oxidation reaction [30]. The observation 

of this product was limited to trace quantities in the 

reactions of the present study involving high 

concentrations of H2O2 in acetonitrile. Additionally, 

1,4–2 methoxybenzoquinone (4) was identified in 

trace amounts. This finding aligns with previous 

observations by other authors [31], [32]. 

Initial studies were performed using acetonitrile 

as the solvent because it was reported in the literature 

to be a suitable medium for this reaction [31], [33]–

[35]. 
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Scheme 3: Possible products derived from VA 

oxidation. 

 

The results obtained with different 

concentrations of H2O2 and acetonitrile as solvent are 

shown in Figure 2(a). It was determined that the 

conversion remained between 30 and 40% when the 

amount of oxidant was increased from 2 to 10 mmol, 

indicating that the amount of hydroxyl radicals present 

was sufficient to ensure the oxidizing capacity of the 

medium. After 3 hours of reaction, the selectivity to 

vanillin reached its maximum (17%) at 8 mmol H2O2 

and decreased drastically with the subsequent increase 

in oxidant concentration. This was a result of the 

undesired oxidation or degradation of vanillin, which 

favored the formation of some by-products (2-

methoxy-1,4-benzenediol and 1,4-2-

methoxybenzoquinone). The same behavior with respect 

to the dependence of conversion and selectivity to 

vanillin as a function of H2O2 concentration was 

previously observed by Elamathi et al. [31]. The authors 

employed a FeMCM-41 (100) catalyst at 60 °C and 

observed that the conversion of VA increased 

gradually from 85 to 95% as the molar ratio of H2O2 

to VA increased from 1 to 5. Simultaneously, the 

selectivity to vanillin exhibited a marked decline, 

dropping from 82 to 13% as the concentration of the 

oxidant increased. 

 

    
 

Figure 2: Conversion (%) of VA and Selectivity (%) 

to VN: (a) as a function of H2O2 concentration and (b) 

as a function of temperature. Reaction conditions: 

catalyst loading = 100 mg, VA = 1 mmol, solvent = 50 

mL final vol., t = 3 h, stirring speed: 700 rpm. T = 50 

°C (Figure 2(a)), H2O2 = 2 mmol (Figure 2(b)). 
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Regarding the effect of temperature (Figure 2(b)), 

it was observed that conversion increased from 22 to 

27% as the temperature increased from 30 to 50 °C. 

No significant increase in conversion was observed 

with further increases in this variable. Higher 

temperatures favored vanillin degradation to other 

compounds, explaining the decrease in selectivity 

above 60 °C (where maximum selectivity to vanillin 

was observed). 

The influence of the solvent and the pH of the 

reaction medium were also investigated. Inspired by 

the literature, a series of experiments were conducted. 

These experiments included tests that were performed 

without pH control [29]–[31], [34]–[41] and tests in 

which the reaction medium was alkaline [17], [33]. 

Initially, experiments were carried out using 

acetonitrile as a solvent because it has been reported 

to enhance the VA oxidation reaction by promoting 

the formation of active radical species [42]. 

Subsequently, the reaction was studied in a strong 

alkaline medium by adding 4 mmol NaOH. However, 

when using acetonitrile, it was not possible to obtain 

an adequate reaction mixture and distribution of the 

catalyst in the reaction medium, and the reagent could 

not be solubilized. Therefore, other solvents were 

tested (Table 2), keeping in mind that polar solvents 

favor the reaction. Moderate results were obtained in 

isopropanol (ISO) with 33% conversion of VA and 

47% selectivity to vanillin. Precipitate formation was 

observed in the reaction medium, indicating that 

higher conversion was not achieved due to the low 

solubility of the reagent in the medium. Conversely, 

the reaction in the aqueous medium (W) achieved 84% 

VA conversion with a selectivity towards VN over 

99%. It has been proposed that an alkaline medium 

stabilizes the aldehyde group of VN and prevents 

further oxidation. This explains the high selectivity of 

the reaction towards vanillin [43]. Furthermore, under 

these conditions, the formation of the perhydroxide 

radical from peroxide would be favored, since it is a 

more reactive species than the hydroxyl radical [44]. 

This is also an explanation for the increased activity 

observed in this case. 

 

Table 2: Conversion and Selectivity to VN for 

oxidation of AV in different solvents in an alkaline 

medium. 
Catalyst Solvent X%a SVN% 

Pd/α-Al2O3 ACN - - 

ISO 33 47 

W 84 <99 

α % conversion at 180 min reaction. 

The results obtained in the present work are very 

promising. Although in many cases several authors 

have achieved very good results, with high 

conversions and/or selectivities, the reaction 

conditions do not always follow the principles of 

green chemistry. The development of an 

environmentally friendly technology for obtaining 

vanillin from lignocellulosic biomass must take into 

account: using low- or non-toxic reagents, avoiding or 

using harmless solvents and separating agents, 

minimizing energy requirements, operating at or near 

ambient temperature and pressure, and selecting 

substances that minimize chemical accidents [18]. 

Also, the type of catalytic material used must be 

relatively inexpensive and easy to produce, as well as 

active and selective. In the literature, there are several 

works on VA oxidation using different active phases 

and operating conditions. For a direct comparison with 

the results obtained in this work, a summary of those 

works using H2O2 as oxidant is presented below, as 

well as some results using O2. 

As can be seen in Table 3, besides the results 

presented in this paper (entries 1 and 2), only one 

reference (entry 5) uses water as a solvent. This work 

describes the use of a Co3O4 catalyst assisted by low 

frequency ultrasound irradiation at 75 °C for 15 min. 

In this sono-Fenton assisted oxidation, a VA 

conversion of 38% and a selectivity to VN of 50% 

were obtained [30]. It is worth mentioning that the 

temperature used by the authors was 75 °C, which is 

higher than the one used in our case. Regarding this 

operating parameter, the results found ranged from      

50 °C (entry 8) to 140 °C (entry 13). In the first case, 

Saberi et al. [34] reported the use of an iron oxide-

based magnetic material (Fe2O3/Al-SBA-15) with 

interesting results (99% conversion and 88% 

selectivity), despite using a higher oxidant to VA ratio. 

In the case of entry 13, Palli et al. [39] reported the use 

of a Ce0.8Fe0.2O2 catalyst that achieved 91% 

conversion and 99% selectivity in acetonitrile at        

140 °C using O2 as oxidant. 

Concerning the heterogeneous noble metal 

catalysts, it has been documented that Pt (entry 14) and 

Au-Pd (entry 15) were used, yielding conversions of 

32% and 53%, respectively. In contrast, higher yields 

were achieved when Pd was employed as the active 

metal (entries 16 and 17). With regard to the operating 

conditions, in all cases O2 was used as an oxidant, and 

different solvents were employed instead of water.  

It can be said that the results reported in the 

present work are very promising and meet the above-
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mentioned requirements of green chemistry by using a 

harmless solvent such as water and mild operating 

conditions (temperature of 50 °C and atmospheric 

pressure). This would result in enhanced energy 

efficiency, reduced waste, and the utilization of clean 

processes. 

 

Table 3: Catalytic performances of catalysts for the oxidation of VA to VN. 
Entry Catalyst Conditions T (°C) t (h) XVA 

(%) 

SVN Yield 

(%) 

Ref. 

1 Pd(1%)/γ - Al2O3 1 mmol VA; 2 mmol H2O2; 

50 mL water; 0.1g catalyst 

50 3 15 95 14.25 this work 

2 Pd(1%)/γ - Al2O3 1 mmol VA; 2 mmol H2O2;  
4 mmol NaOH; 50 mL water; 

0.1g catalyst 

50 3 84 <99 83.16 this work 

3 CoTiO3 1 mmol VA; 2 mmol H2O2; 2 
mmol NaOH; 25 mL 

isopropanol; 0.1g catalyst 

85 5 99 99.8 90.8 [33] 

4 Cu-Ti composite 
oxides 

1 mmol VA; 3 mmol H2O2; 
20 mL acetonitrile; 

0.05g catalyst 

85 1 66 71 46.9 [36] 

5 Co3O4 1.3 mmol VA; 2 mmol H2O2; 
4 mL water; 0.004g catalyst; 

20 kHz ultrasound 

75 0.25 38 50 19 [30] 

6 FeMCM-41 1.0 mmol VA, 1 mmol H2O2, 
30 mL acetonitrile, 

0,2 g catalyst 

60 0.5 85 82 69.7 [31] 

7 Carbon-supported 
cobalt nanocomposite 

2 mmol VA, 0,6 mmol H2O2, 
50 mL acetonitrile, 

0.1 g catalyst 

85 1 50 95 47.5 [29] 

8 Fe2O3/Al-SBA-15(10) 5.2 mmol VA, 20 mmol 

H2O2, 50 mL acetonitrile, 

0.1 g catalyst 

50 2 99 88 88.1 [34] 

9 CuO/MgAl2O4 5 mmol VA, 20 mmol H2O2, 
8 mL acetonitrile, 

0.1 g catalyst 

90 8 81 100 81 [35] 

10 CuO/MgFe2O4 5 mmol VA, 20 mmol H2O2, 
8 mL acetonitrile, 

0.1 g catalyst 

90 8 64 100 64 [35] 

11 Cu0.4Co0.6Fe2O4@PC 1 mmol VA, 1 mmol H2O2, 
40 mL acetonitrile, 

0.075 g catalyst 

80 0.66 96 81 77.8 [37] 

12 Cu0.1Ce0.9O2-δ 200 mg VA, O2 (atm. 
pressure), 10 mL N, n-

dimethyl formamide; 

0.050 g catalyst 

130 12 95 100 95 [38] 

13 Ce0.8Fe0.2O2 300 mg VA; O2 (20 bar); 

20 mL acetonitrile; 

100 mg catalyst 

140 5 91 99 90.1 [39] 

14 Pt/CuClP 1g VA; air (20 bar); 30 mL 

t-butanol; 50 mg catalyst 

150 10 32 76 24.3 [40] 

15 Au–Pd bimetallic 
nanoparticles on 

phosphorylated 
hydrotalcite 

0.2 mmol VA; 3 mL dioxane; 
50 mg catalyst; exposed to 

visible-light irradiation 
emitted by a 300 W Xe arc 

lamp 

25 24 53 50 26.5 [11] 

15 Pd/C 1 mmol VA; O2 (5 bar); 10 
mL p-xylene; 20 mg catalyst 

120 9 83 100 83 [41] 

16 0.1Sn-Pd/C 1 mmol VA; O2 (3 bar); 10 

mL p-xylene; 15 mg catalyst 

120 6 100 100 100 [41] 

 

The introduction of a second non-precious metal 

promoter onto the Pd active sites represents a well-

established methodology to modify the catalytic 

characteristics of the monometallic-based catalyst 

[45], [46]. 

In that sense, the influence of adding a second 

metal as a promoter to the Pd(1%)/Al2O3 catalyst was 
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subsequently investigated to determine if the catalytic 

performance could even be improved. Based on 

previous studies carried out in our research group, the 

performance of a bimetallic PdBi0.5/Al2O3 catalyst 

prepared by the successive impregnations method and 

a bimetallic PdSn0.4/Al2O3 catalyst prepared by 

Surface Organometallic Chemistry on Metals 

(SOMC/M) techniques have been evaluated. This last 

technique allows a bimetallic catalyst with well-

defined properties (particle size and surface 

composition) to be obtained under mild reaction 

conditions. These bimetallic catalysts have been 

extensively studied in our working group and they 

have shown good catalytic performance in oxidation 

reactions using H2O2 as oxidant [47], [48]. 

The preparation of the latter catalyst by these 

techniques can be described as a two-step process. 

First, the system is heated to 120 °C in an H2 

atmosphere; this allows the formation of an 

organobimetallic compound where the organic groups 

are anchored to the metallic surface. In the second 

step, the catalyst is reduced in a stream of H2 at 500 

°C for 2 h. The bimetallic phase is obtained by 

releasing all the organic fragments in this step. The 

reactions can be represented as follows: 

( ) xyBuHOAl
yx

SnBuPdH
xy

ySnBuOAlPd +
−

→++
32

/
422432

/  

 

( ) ( ) ( )yBuHxOAl
y

PdSnH
yx

OAl
yx

SnBuPd −+→
−

+
−

4
32

/
22

4

32
/

4

 

 

The reaction between SnBu4 and Pd/Al2O3 was 

followed by GC, measuring the variation of the 

organometallic compound concentration in the 

impregnation solution. It was found that the initial 

concentration of the SnBu4 solution does not affect the 

maximum amount of Sn incorporated, and the 

saturation value depends only on the temperature. It 

was also found that with this technique, the Sn is 

selectively deposited on the Pd particles and not on the 

support. Table 4 shows the reaction conditions used in 

the preparation of the bimetallic catalyst, including the 

measured initial and final concentrations of SnBu4. 

As depicted in Figure 3, the PdBi0.5/Al2O3 

catalyst showed a conversion of 38% and very low 

selectivity to VN, less than 5%, when tested in an 

alkaline medium. Under the same alkaline conditions, 

the PdSn0.4/Al2O3 catalyst showed a conversion of 

83% with a selectivity to VN of 92%.

 

Table 4: Preparation of PdSn catalyst and amount of tin fixed (measured as Sn/Ru ratio). 

Catalyst 
T 

(°C)(1) 

M 

(g) (2) 

Reaction 

Time (h) 

Ci 

(mmol L–1)(3) 

Cf 

(mmol L–1)(3) 

mmol Sn 

fixed 

mmol 

Pd 
Sn/Pd(4) 

Pd Sn0.4/γ-Al2O3 120 1.199 4 3.2 0.17 0.046 0.113 0.40 
(1) Reaction Temperature. 
(2) Mass of monometallic catalyst used. 
(3) SnBu4 concentration (Ci = initial concentration and Cf = final concentration). 
(4) Atomic Relation. 

 

 
Figure 3: Conversion (%) of VA and Selectivity (%) 

to VN using PdBi0.5/Al2O3, PdSn0.4/Al2O3 and 

Pd/Al2O3 catalysts. Reaction conditions: catalyst 

loading = 100 mg, VA = 1 mmol, solvent (water) = 50 

mL final vol., H2O2 = 2 mmol, T = 50 °C, t = 3h, 

stirring speed: 700 rpm. 

Sun et al. [37] studied the oxidation of vanillyl 

alcohol using O2 as oxidant and p-xylene as solvent, at 

120 °C and with Pd/C and PdM/C catalysts (M = Mn, 

Co, Cu, Zn, and Bi, metal loading = 0.1 wt%). They 

observed that Sn promoted the conversion of vanillyl 

alcohol, with an increase of approximately 45% from 

69 to 100%. Conversely, the introduction of Bi, Cu, 

Mn, Co and Zn resulted in a reduction in alcohol 

conversion, with values decreasing to between 21 and 

54%. 

To investigate the reusability of the Pd/Al2O3, a 

sample of the catalyst was repeatedly used in the 

oxidation of vanillyl alcohol. After each cycle, the 

catalyst was separated from the reaction mixture by 

filtration. The catalyst was then dried at 105 °C for 2 

h. As shown in Figure 4, no significant drop in vanillyl 

alcohol conversion was observed until the catalyst was 

reused three times. On the third use, the conversion 

38
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drops probably due to catalyst lixiviation, as can be 

concluded by observing the presence of Pd in the 

reaction medium by atomic absorption studies. A 

notable aspect is that the selectivity to VN maintained 

high values during all reuses. 

The powder catalyst was destroyed during the 

process, so it could not be used for further testing. 

However, this does not invalidate the results, which 

show the catalyst's activity. In order to implement an 

industrial application of the process, it would be 

interesting to explore the possibility of developing a 

structured catalytic system to enhance its mechanical 

resistance. 

 
Figure 4: Reutilization study for the Pd/Al2O3 

catalyst. Reaction conditions: catalyst loading = 100 

mg, VA=1 mmol, solvent (water) = 50 mL final vol., 

H2O2 = 2 mmol, T = 50 °C, t = 3h, stirring speed: 

700rpm. 

 

4 Conclusions 

 

The oxidation of vanillyl alcohol was studied using a 

Pd(1%)/Al2O3 catalyst and H2O2 as an oxidizing 

agent. It was possible to obtain a high conversion of 

alcohol (84%) with selectivity over 99% to vanillin 

under mild pressure and temperature conditions, using 

water as a solvent in an alkaline medium. 

Additionally, the catalyst was reused three times 

without any significant loss of activity, consistently 

exhibiting a high selectivity towards vanillin. 

However, it was not feasible to use the catalyst for 

further testing. The addition of a second metal did not 

introduce noticeable improvements in the catalytic 

performance. Moreover, in the case of PdBi, there was 

a considerable decrease both in the VA conversion and 

in the selectivity to vanillin. 

The methodology represents an interesting 

alternative for the preparation of vanillin from 

lignocellulosic biomass by means of an 

environmentally friendly process using mild reaction 

conditions and water as solvent. 

The catalytic results obtained in the laboratory 

are promising. Nevertheless, it is challenging to 

achieve further improvements in the performance of 

the catalyst in terms of its stability. In this regard, the 

development of a structured catalytic system to 

enhance the mechanical strength will be considered. 

Additionally, the activity, selectivity and stability of 

the catalytic system will be evaluated in relation to its 

direct application with material derived from 

lignocellulosic biomass. 
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Supporting Information 

 

1 Controlling stages of oxidation reactions 

 

For liquid‐phase oxidation reactions, mass transfer 

processes can affect the reaction rate and must be 

absent to ensure that the reaction is governed by 

kinetic rather than by mass transfer parameters, i.e. the 

rate of the physical processes is greater than the rate 

of the chemical reactions. 

In the case of three‐phase catalytic systems, the 

transport processes of reactants from the phase in 

which they are fed into the reactor to the contact with 

the catalyst where they react and then, the reverse 

steps followed by the products are as follows: 

• Gas/liquid mass transfer; 

• Diffusion of reactants and products in the 

liquid phase to and from the catalyst particle (external 

diffusion); 

• Diffusion of reactants and products inside the 

catalyst pores (internal diffusion). 

 

2 Characteristics of Reactions in Heterogeneous 

Catalysis 

 

For a gaseous reactant to be catalytically converted 

into products in a three‐phase system, a given 

sequence must generally occur. It first needs to be 

transferred from the gas phase to the liquid phase and 

then, to the catalytic interface. Once it has reached the 

active site it can adsorb on it or react with another 

adsorbed reagent (Eley‐Rideal‐type reactions). The 

product must then be desorbed and transferred from 

the interface to the liquid phase. 

The transport steps can be classified as follows, 

considering a catalyst with a porous structure: 

1) Dissolution of the gaseous reagent in the 

liquid medium. 

2) Diffusion of the dissolved reactants towards 

the catalyst particle (external diffusion). 

3) Diffusion of the reactants into the catalyst 

pores (internal diffusion). 

4) Adsorption of the reactants on the catalyst 

surface. 

5) Chemical reaction on the active surface of the 

catalyst. 

6) Desorption of the product. 

7) Diffusion of the products out of the catalyst 

particle. 

8) Diffusion of the products from the particle 

into the liquid stream. 

The diffusion steps are physical processes, while 

the other steps are chemical ones. 

 

3 Diffusional Limitations 
 

Experimental or analytical criteria can be used to 

identify the existence of diffusional limitations. In the 

first case, the variation of the reaction rate or any other 

experimental parameter, such as the stirring rate, is 

studied. In the second case, the reaction rate is 

compared with the maximum transport rates in the 

physical steps by calculating transfer coefficients and 

diffusivities. 

 

3.1 Experimental criteria 

  

To experimentally ensure that there were no mass 

transfer limitations, tests were conducted in which the 

stirring speed was varied between 400 and 800 rpm at 

50 °C with 172 L of 136 vol. H2O2 and 50 mL of 

solvent, using 100 mg of the monometallic catalyst 

Pd/C and 150 mg (1 mmol) of Vanillyl Alcohol (VA) 

as substrate. As illustrated in Figure S1, the initial 

reaction rates (ri) for each stirring speed are depicted, 

calculated from the slopes of the conversion vs. time 

curves (at 10% conversion). It is evident that at stirring 

speeds below approximately 600 rpm, (ri) exhibits a 

decline, indicative of mass transfer limitations. 

Consequently, a speed of 700 rpm was selected for the 

subsequent tests. 

Figure S1: Initial reaction rate vs Stirring speed. 

Reaction conditions: catalyst loading = 100 mg, VA = 

1 mmol, solvent = 50 mL final vol., t = 3 h, T = 50 °C, 

H2O2 = 2 mmol.
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3.2 Analytical criteria  

 

When analytical criteria are used, the initial reaction 

rate is compared with the maximum transport rates in 

the physical steps. In the case of the oxidation reaction 

with hydrogen peroxide, in the liquid phase, the 

diffusion of reactants and/or products at the gas/liquid 

interface, at the liquid/solid interface, and inside the 

particle is evaluated. The expressions used for the 

calculation of the different coefficients are given 

below. 

 

3.2.1  Diffusional limitations at the gas/liquid interface 

 

For this case, we started from the assumption that 

hydrogen peroxide can decompose releasing O2 that 

acts as an oxidizing agent, whose diffusion limitation 

constitutes the most unfavorable case among the 

possible oxidizing agents that may be present in the 

reaction medium. Thus, to ensure that there is no 

resistance to the transport of O2, the gaseous reactant 

released from H2O2, at the gas/liquid interface, the 

following relationship must be fulfilled Equation (S1): 

 

1.0

2

)(

1



=

O
C

G
a

L
k

obsi
r

  (S1) 

 

Where: 

obsi
r )(  : initial reaction rate obtained 

 experimentally; 

L
k  : matter transfer coefficient at the gas‐

liquidinterface; 

G
a  : interfacial area per unit volume of reactor; 

2
O

C   : O2 concentration in the liquid phase 

calculated from the initial amount of H2O2. 

The criterion states that if the observed reaction 

rate is less than 10% of the value of the maximum 

gas/liquid matter transfer rate, then the transport 

process is much faster than the observed chemical 

reaction, thus not limiting the overall process. 

For the calculation of the coefficient kL.aG 

various correlations determined by several authors can 

be used. One of them is that proposed by Meille et al. 

who studied the determination of the coefficient kL.aG 

in laboratory tank reactors, magnetically stirred and 

without the use of baffles, whose volumes were 

between 25 and 300 cm3 (Gas/liquid mass transfer in 

small laboratory batch reactors: Comparison of 

methods). In their work, they obtained a linear 

relationship between the coefficient and the stirring 

speed. Considering the 150 cm3 capacity reactor, 

which is the one that most resembles the one used in 

this work, the correlation to be used is shown in 

Equation (S2): 

98.24
1014.1 NGl ak 
−

=  (S2) 

  

For a stirring speed of N=700 rpm= 11.67 s–1, a 

coefficient of kL.aG = 0.1723 s–1 is obtained. 

The reaction conditions used were 50 °C with 

172 L of 136 vol. H2O2 and 50 mL of solvent, using 

100 mg of the monometallic catalyst Pd/C and 150 mg 

(1 mmol) of Vanillyl Alcohol (VA) as substrate. From 

the conversion curve, the initial reaction rate at 10% 

conversion was calculated and then, the ∝(1‐O2) 

criterion was applied. The results in Table S1 show 

that under the working conditions, there are no 

limitations for O2 transport at the gas/liquid interface 

and within the reaction volume. Since it is satisfied 

that ∝(1‐O2) < 0.1, it can be said that the reaction rate 

does not exceed 10% of the transport rate of the 

reactant. 

 

Table S1: Calculation of parameters at the gas/liquid 

interface. 
Parameter 𝐤𝐥. 𝐚𝐆 [1/s] CO2 [mol/L] (𝒓𝒊)𝒐𝒃𝒔 

[mol/L.s] 

∝𝟏 

Value 0.1723 0.021 4.27 × 10–

3 

0.01 

 

3.2.2  Diffusional limitations at the liquid/solid interface  

 

To determine that there is no resistance to the transfer 

of the reagents at the liquid/solid interface, the 

criterion taken is the same as that employed for the 

gas/liquid interface. For both reactants (O2 and VA), it 

must be fulfilled that the ratio between the reaction 

rate and the rate of transport of matter must be less 

than 10%. That is, if Equation (S3) applies: 
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obsi
r )(  : initial reaction rate obtained experimentally; 

C
k  : matter transfer coefficient at the 

liquid/solid interface; 

c
m  : catalyst mass; 

i
C  : reagent concentration in liquid phase; 

C
a  : external area of the catalyst per unit mass of 

catalyst, calculated by Equation (S4): 

 

pp
dCa


=

6
 (S4) 

 

p
d  : catalyst particle diameter; 

p
d ≈ 200 

micrones = 0,02 cm 

p
  : density of catalyst particles;

p
 ≈ 540 

kg/m3 = 0,54 g/cm3 

 

For the calculation of the transfer coefficient kC, 

the expression proposed by Martínez was used 

(Transferencia de materia en tanques agitados: 

Disolución de sólidos puros) for suspended particles 

in spherical stirred tank reactors, Equation (S5): 
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 (S5) 

 

M
D  : molecular diffusivity of the reactants in the 

reaction mixture; 

l
d   : stirrer diameter = 2 cm; 

T
d  : inside diameter of the tank = 8 cm 

h  : height of liquid level = 4 cm 

M
  : reaction mixture density; 

M
  ≈ 1 g/cm3 

M
  : dynamic viscosity of reaction mixture; 

M
  

= 0,00466 g/(cm.s) 

 

Diffusion coefficients were obtained by 

correlation of the Wilke‐Chang model (Correlation of 

diffusion coefficients in dilute solutions). Thus, with 

the values of kc and the rest of the data presented 

below, the values of ∝2 for the two reagents are 

calculated and presented in Table S2. 
 

C
a  = 555, 55 cm2/g 

c
m  = 0,100 g 

Table S2: Calculation of parameters at the liquid/solid 

interface. 
Parameter kc-O2 

[cm/s] 

kc-VA 

[cm/s] 

∝𝟐−𝑶𝟐 ∝𝟐−𝑽𝑨 

Value 1.261 0.159 2.92 × 10–4 2.41 × 10–3 

 

3.2.3  Intraparticle diffusional limitations 

 

The Weisz‐Prater criterion was used for both reagents 

to check whether there are resistances to matter 

transfer within the catalyst particle. According to this 

criterion, the limitations to matter transport are 

negligible if Equation (S6) is fulfilled: 
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L: ratio of catalyst particle volume to the external 

surface area of the catalyst particle, which for 

spherical particles is given by Equation (S7): 
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e

i
D  : effective diffusivity of the reactants inside the 

catalyst pores, calculated from Equation (S8): 

 




pM

D
e

i
D



=  (S8) 

p
  : porosity of catalyst particle; ϵ_p = 0,8 

  : catalyst particle tortuosity; τ = 6 

S

i
C  : concentration of the reagents on the catalyst 

surface. 

 

As can be seen in Table S3, for both O2 and VA 

the Weisz‐Prater criterion is fulfilled, since for both 

reagents the value of Φ << 1. It can thus be determined 
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that there are no limitations to matter transfer within 

the catalyst particle. 

 

Table S3: Parameters inside the particle. 
Parameter ΦO2 ΦVA 

Value 9.47 × 10–6 4.67 × 10–5 

 

4 HPLC Method 

 

In order to optimize the HPLC DAD method for VA 

and VN quantification, different mobile phases, 

column temperature and flow rates were tested. 

First, a mobile phase that would allow an 

appropriate elution for both compounds was selected. 

To this end, different solutions of acetonitrile:water 

(30:70, 50:50), methanol:water (35:65, 50:50) and 

acetonitrile in an aqueous solution of 15% acetic acid 

were tested (Figure S1). The mobile phase 

acetonitrile:water 30:70 delivered the most defined 

peaks for both compounds with minimum baseline 

noise.  

 

 
Figure S2: Chromatogram with different mobile phase. 
 

Next, flow rate and column temperature were 

adjusted (Figure S2 and S3), with the purpose of 

minimizing retention times of the compounds, 

maintaining a good separation of the peaks. Two 

column temperatures were tested: 25 °C and 35 °C, 

resulting in no differences between chromatograms, 

therefore it was decided to select the lowest column 

temperature. 

 
Figure S3: Chromatogram with different flow. 

 
Figure S4: Chromatogram with different column 

temperature. 
 

Regarding the flow rate, it was observed that at 1 

mL/min, good peak resolution would be obtained with 

short run times, further increase in flow rate would 

lead to undesirable levels of pressure in the column.  

Using the chromatographic conditions selected, 

the retention times for VA and VN were 2.2 minutes 

and 3.8 minutes respectively, and since the best 

response of the detector was observed at 230 nm, 

chromatograms at this wavelength were used for 

quantification (Figure S4). 

 

Figure S5: Chromatogram with different wavelength. 
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5 Products Identification by GC-MS 

 

Samples from the reactions in which the selectivity to 

vanillin was low were analyzed by GC/MS. From the 

spectra, it was possible to identify, in addition to 

vanillyl alcohol and vanillin, some minor products: 2-

methoxy-1,4 benzendiol, 1,4-2 methoxybenzoquinone 

as shown in Figure S5. 

 

 

 
Figure S6: Chromatogram of an VA oxidation reaction sample, with the mass spectra of the identified compounds. 

 

 


