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Oxidation of Vanillin with Supported Gold Nanoparticles
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Abstract The selective oxidation of vanillin to vanillic

acid was achieved using gold nanoparticles supported on

alumina and titania. Selectivities up to 99 % at conversions

over 90 % were obtained with pressurized oxygen as green

oxidant in alkaline aqueous media. Our studies showed that

the addition of at least 2 equivalents of strong Brönsted

base had a crucial role in suppressing vanillin degradation

and achieving high selectivity and conversion. The highest

activities involved turn-over frequency values up to

1300 h-1 and were achieved using alumina supported

catalysts.
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1 Introduction

The demand for chemicals derived from renewable

resources has increased remarkably due to the depletion of

fossil fuels and the serious concerns about climate change

[1]. Biomass lignin is an aromatic amorphous polymer and

the major source of renewable aromatic compounds [2].

However, there are few methods for the valorization of

lignin despite the extensive research ongoing in the area,

and therefore most of the produced lignin is burned as fuel.

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is currently

one of the few value-added chemicals commercially pro-

duced from lignin [2, 3]. Vanillin along with its derivatives

is widely used in food, perfume and pharmaceutical

industries [4]. Vanillic acid, produced by selective oxida-

tion of vanillin, has various chemical, biological and

medicinal applications in addition to its use in food and

fragrance industries [5–7]. The oxidation of lignin into

vanillin can produce vanillic acid but is usually accompa-

nied by undesired degradation processes [3, 8]. To prepare

vanillic acid, the selective oxidation of vanillin is therefore

carried out using stoichiometric oxidants, such as chlorite

and hexacyanoferrate(III) [9–11] or, in few cases, catalytic

systems, namely hydrotalcites [5].

Selective oxidation is one of the major transformations

in organic chemistry. Replacement of stoichiometric poi-

sonous oxidants with catalytic systems employing air or

oxygen as terminal oxidant is an important goal in green

and sustainable chemistry [12]. In recent years, gold cata-

lysts have gained attention in a variety of transformations,

such as CO oxidation, hydrogen peroxide synthesis and

especially, selective oxidation reactions [13]. Gold

nanoparticles, supported on e.g. metal oxides or carbon,

have shown very high activities and selectivities in the

aerobic oxidation of various alcohols, benzyl alcohol being

one of the most studied [14]. Traditionally, in nonpolar

organic solvent, such as toluene, benzyl alcohol is con-

verted to benzaldehyde, whereas further oxidation takes

place in alkaline aqueous media to produce benzoic acid

[15]. Using gold catalysts, various substituted benzylic

alcohols have been quantitatively converted to the corre-

sponding aldehydes [16], including vanillyl alcohol to

vanillin [17]. Herein, we report the first selective oxidation
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of vanillin to vanillic acid using gold nanoparticle catalysts

(Scheme 1).

2 Experimental

2.1 Catalyst Synthesis

Two methods for catalyst preparation were applied: direct

ion-exchange method (Au/Al2O3-DIE) and deposition

precipitation method (Au/Al2O3-DPU and Au/TiO2). We

reported the preparation and characterization of Au/Al2O3-

DIE previously in Ref. [18]. Gold was supported on alu-

mina and titania using deposition–precipitation method

with urea as precipitation agent, adapted from [19]. An

aqueous solution of HAuCl4 (99.9 %, Strem Chemicals) of

concentration 1 9 10-3 M was prepared corresponding to

final Au loading of 2 wt%. Urea was dissolved (0.42 M) at

80 �C and powdered support, Al2O3 (Alfa Aesar, c-phase,

40 lm, S.A. 200 m2 g-1) or TiO2 (Sigma-Aldrich,[95 %

anatase, –325 mesh, \44 lm, S.A. 9 m2 g-1 [20]) was

added. The slurry was mixed for 17 h at 80 �C, washed

with water until neutral, filtered and dried at 80 �C. The

catalyst was calcined in air at 300 �C for 4 h, heating rate

2 �C/min.

2.2 Catalyst Characterization

Gold particle size distribution and the metal dispersion

were determined by transmission electron microscopy

(TEM) by counting 100 particles from multiple separate

catalyst particles. A FEI Tecnai F20 TEM operated at

200 kV was used for collecting the bright-field images.

Scale calibration was done using Electron Microscopy

Sciences combined test specimen with both gold islands

and graphitic carbon. Gold dispersion was calculated from

the particle size distribution as reported by Delidovich

et al. [21]. Gold loading was determined by atomic

absorption spectrophotometer (AAS), Perkin Elmer 3030,

after dissolving the catalyst into aqua regia using micro-

wave heating.

2.3 Oxidation Procedure

The oxidation experiments were carried out in glass liners

loaded into a pressurized steel autoclave. For a typical run,

0.133 mmol of substrate, catalyst (10 mg) and water (2 ml)

were measured into the glass liners. The preheated auto-

clave was pressurized with 5 bar oxygen and the mixtures

were stirred at 80 �C with magnetic stirring (1000 rpm).

After the reaction, the autoclave was depressurized and

3 ml of water/acetonitrile (1:1) was added to the reaction

mixture. The catalyst was separated by centrifugation and

the solution was filtered.

2.4 Product Analysis

The products were identified using 1H-NMR. Values of

reaction conversion and selectivity were determined by

HPLC using Agilent 1200 HPLC system equipped with an

Agilent ZORBAX Eclipse Plus C18 (4.6 9 150 mm,

5 lm) column at 30 �C. The samples were diluted to

concentration ca. 0.5 mg/ml. Separation was achieved with

gradient from 20 % acetonitrile/80 % water (both con-

taining 0.1 % trifluoroacetic acid) to 65 % acetonitrile in

9 min. Detection was carried out with DAD at 260/10 nm.

Acetophenone was used as a standard at 0.5 mg/ml con-

centration. See Supporting Information for detailed product

analysis.

Turn-over frequencies (TOF) per surface Au atom were

calculated from the conversion according to

TOF ¼ nsubstratec

nAuDAut

where nsubstrate is the number of moles of the substrate, c is

conversion, nAu is number of moles of gold, DAu is dis-

persion and t is time.

3 Results and Discussion

Three metal oxide supported catalysts were applied in the

oxidation of vanillin. Previously, we reported oxidation of

benzyl alcohol [15] and carbohydrates [18] using Au/Al2O3

catalyst prepared by direct-ion exchange method (DIE),

and the same catalyst was used herein to oxidize vanillin.

In addition, gold was deposited on alumina and titania

using deposition–precipitation with urea (DPU). The mean

particle size, gold dispersion and gold loading of the cat-

alysts are summarized in Table 1. According to TEM

analysis, Au/Al2O3-DPU had a narrow particle size distri-

bution with a mean particle size of 2.8 ± 0.6 nm (Fig. 1a),

similar to Au/Al2O3-DIE. In contrast, Au/TiO2 had a

broader particle size distribution and large particles up to

13 nm were observed (Fig. 1b). Due to the different

Scheme 1 Selective oxidation of vanillin with metal oxide supported

gold nanoparticle catalysts
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particle sizes, gold dispersion of the catalysts varied from

18 to 43 %.

We initiated our studies on vanillin oxidation by using

Au/Al2O3-DPU in water with 5 bar oxygen pressure at

80 �C. Only 6 % conversion was observed when vanillin

was subjected to oxidation without added base. According

to our previous results, additional base is required to oxi-

dize aldehydes to acids [15]. Hence, we decided to study

the effect of base by adding up to 4 equiv of NaOH in a

30 min reaction (Fig. 2). The most dramatic increase of

conversion from 19 to 79 % was achieved by switching

from 1 to 2 equiv. of added base. Surprisingly, the selec-

tivity to vanillic acid increased simultaneously from 83 to

[99 %, showing that the additional base also prevents

undesired side reactions. Furthermore, increasing the

amount of base to 4 equiv. resulted in even higher

Table 1 Catalyst properties
Entry Catalyst Au loadinga (wt%) Db (nm) Dispersionc

1d Au/Al2O3-DIE 1.8 ± 0.15 2.4 ± 0.6 0.43

2 Au/Al2O3-DPU 1.9 ± 0.03 2.8 ± 0.6 0.37

3 Au/TiO2 1.9 ± 0.04 4.6 ± 2.0 0.18

a Au loading determined by AAS
b Au particle size distribution determined by TEM analysis by counting 100 particles
c Dispersion calculated from the particle size distribution according to Ref. [21]
d Detailed characterization of Au/Al2O3-DIE was published in Ref. [18]

Fig. 1 TEM images and particle size distributions of a Au/Al2O3-DPU and b Au/TiO2
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Fig. 2 Effect of added base on the oxidation of vanillin with

0.7 mol% Au/Al2O3-DPU and 5 bar O2 in 30 min at 80 �C
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conversions (up to 90 %) without affecting the selectivity.

In particular, the reaction reached a high TOF value of

1300 h-1 after 15 min with 3 equiv. of NaOH added. In

contrast, a prolonged reaction (5 h) with 1 equiv. of NaOH

gave only 45 % conversion.

Similarly to Au/Al2O3-DPU, also the Au/Al2O3-DIE

and Au/TiO2 catalysts oxidized vanillin with very high

selectivities when at least 2 equiv. of NaOH was used

(Table 2). The alumina supported catalysts gave high

conversions of around 90 %, whereas Au/TiO2 gave only

35 % conversion in 30 min reaction with 3 equiv. of

NaOH. However, comparison of the turn-over frequencies

shows that the activities per surface gold atom are in the

same range for all of the catalysts (Table 2).

To further study the effect of base, we carried out

vanillin oxidation using sodium carbonate or sodium

bicarbonate. NaCO3 provided similar selectivities, though

much lower conversions than NaOH in 2 h (Table 3,

entries 1–4). NaHCO3 gave only 70 % selectivities

regardless of the amount used (entries 5–6). Control

experiments in the absence of catalyst showed no conver-

sion or degradation of vanillin after 2 h (without base or

with 2 equiv. NaOH). However, when 1 equiv. of NaOH

was applied without any catalyst, 20 % of vanillin was

converted into a mixture of products after 4 h, even though

no vanillic acid was detected. As shown in previous studies

on degradation of vanillin under oxygen pressure, in mildly

alkaline conditions (pH \12), vanillin undergoes autocat-

alytic oxidation through radical mechanisms [8]. To sup-

press these radical reactions, high concentrations of alkali

are employed in production of vanillin by oxidative

cleavage of lignin [3, 22]. While detailed mechanism of

vanillin degradation is unclear, the radical reactions result

in complex product mixtures typically containing quinonic

compounds with a characteristic red-brown color.

Accordingly, we observed in our system a similar colored

reaction solution indicating decreased selectivity. How-

ever, in highly alkaline conditions, degradation is avoided

and oxidation to vanillic acid can take place.

The additional base has multiple roles in gold-catalyzed

oxidation reactions [23]. The oxidation of aldehyde pro-

ceeds through a geminal diol formed by attack of

hydroxide ion on the carbonyl carbon. Subsequent dehy-

drogenation of the diol produces the carboxylic acid. The

hydroxide ion is also required to deprotonate the product to

prevent adsorption of the free acid and consequent deac-

tivation of the catalyst. In general, 1 equiv. of NaOH would

be enough to achieve this [15]. In case of vanillin however,

the acidic phenolic hydroxyl group can also be deproto-

nated. Previously, Tsukuda’s group studied the effect of

ring substituents on the oxidation of benzylic alcohols

using polymer-stabilized gold nanoparticles in alkaline

aqueous media [24, 25]. P-methoxybenzyl alcohol was

readily oxidized into the corresponding acid, whereas p-

hydroxybenzyl alcohol gave only the corresponding alde-

hyde even with 3 equiv. K2CO3. The authors reasoned that

deprotonation of the phenolic hydroxyl and delocalization

of the negative charge hinders further oxidation of the

aldehyde to the acid [24]. Correspondingly, similar mech-

anism in vanillin oxidation explains the increasing con-

versions with increasing hydroxide ion concentration.

4 Conclusions

Vanillin was efficiently oxidized into vanillic acid with

metal oxide supported gold nanoparticles. Up to 90 %

vanillic acid was produced in alkaline aqueous solution in

30 min under oxygen pressure. Au/Al2O3 catalysts, pre-

pared by direct-ion exchange and deposition–precipitation

methods gave the highest activities, turn-over frequencies

being over 1300 h-1. The amount and nature of the added

base had a significant effect on both the selectivity and

activity of the catalysts. The selectivity decreased due to

Table 2 Oxidation of vanillin

to vanillic acid with Au

catalysts

Entry Catalyst Van:Au Conv. (%) Select. (%) TOF (h-1)

1 Au/Al2O3-DIE 150 93 [99 650

2 Au/Al2O3-DPU 140 88 [99 670

3 Au/TiO2 140 35 [99 540

Reaction conditions: 0.133 mmol vanillin, 3 equiv. NaOH, 10 mg catalyst, 2 ml H2O, 5 bar O2, 80 �C,

30 min

Table 3 Oxidation of vanillin to vanillic acid with 0.7 mol% Au/

Al2O3-DPU using different bases

Entry Base Amount (equiv.) Conv. (%) Select. (%)

1 NaOH 1 34 87

2 NaOH 2 78 99

3 Na2CO3 1 22 84

4 Na2CO3 2 21 95

5 NaHCO3 1 30 70

6 NaHCO3 2 23 73

7 – – 11 88

Reaction conditions: 0.133 mmol vanillin, 10 mg Au/Al2O3-DPU,

2 ml H2O, 5 bar O2, 80 �C, 2 h
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degradation of vanillin when 1 equiv. of base or less was

used. However, with at least two equivalents of a strong

base, such as NaOH, [99 % selectivity and high conver-

sion to vanillic acid were achieved for the first time with

heterogeneous gold catalysts.
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