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Abstract Heterogeneous ruthenium-based catalysts were

applied in the selective, aerobic oxidation of 5-hydroxy-

methylfurfural, a versatile biomass-derived chemical, to

form 2,5-furandicarboxylic acid. The oxidation reactions

were performed in water with dioxygen as the oxidant at

different pressures without added base. Catalysts were

prepared by depositing catalytically active Ru(OH)x spe-

cies on a number of different supports, such as titanium-,

aluminum-, cerium-, zirconium-, magnesium- and lantha-

num oxides, magnetite, spinel, hydrotalcite and hydroxy-

apatite. All the catalysts were found to be active in the

oxidation reactions, and the choice of support was dem-

onstrated to be important for the catalytic performance.

Keywords 5-hydroxymethylfurfural �
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1 Introduction

In recent years, the interest for production of fine and bulk

chemicals from biomass-based resources has increased

significantly [1]. An example of such a bio-based chemical

is 2,5-furandicarboxylic acid (FDA) [2]. FDA can be pre-

pared by selective oxidation of 5-hydroxymethylfurfural

(HMF) which is available from hexose monosaccharides,

e.g. glucose and fructose, by acid-catalyzed dehydration [3,

4]. This makes FDA a bio-renewable feedstock directly

available from biomass. FDA has in particular been pro-

moted as an important renewable building block for pro-

duction of plastic, due to its similarity to the fossil

feedstock terephthalic acid [1].

Selective oxidation of organic molecules has attracted

increasing attention over the past decade, especially with

molecular oxygen [5–9]. In aerobic oxidations, air or

molecular oxygen are used as the oxidants instead of

classical metal oxides, containing, e.g. chromium or man-

ganese. Oxygen is considered a ‘‘green’’ oxidant because it

produces water as the only by-product unlike the afore-

mentioned metal oxides, which generate stoichiometric

amounts of metal waste. From an economic point of view,

aerobic oxidation is also very attractive due to the low cost

of oxygen and its unlimited accessibility.

A number of different heterogeneous catalyst systems

have previously been reported for the selective oxidation of

HMF to FDA. One of the first successful studies was made

by Vinke et al. [10] using supported Pd or Pt catalysts under

alkaline conditions. Here, ruthenium supported on carbon

was also shown to be an active catalyst for the reaction,

though not giving quantitative yield and possessing low

catalyst stability. A Pt/C catalyst promoted with bismuth

was further applied for HMF oxidation by Kröger et al.

[11]. Recently, Corma and coworkers further showed that

also gold nanoparticles supported on different metal oxides

can catalyze the selective oxidation of HMF to FDA in

good yields, although only in presence of base [12].

Several reactions are known in the literature to be cata-

lyzed by ruthenium-based catalysts [13–16], including

oxidation reactions [17]. However, the number of reports on

heterogeneous ruthenium-based oxidation catalysts is lim-

ited and (beside Vinke et al. [10]) primarily reported by the

groups of Kaneda [18, 19] and Mizuno [20, 21] for oxida-

tions of alcohols to oxo compounds in organic solvents.
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Very recently we have shown that it is possible to oxi-

dize HMF aerobically to FDA using a heterogeneous,

ruthenium oxide-hydroxide catalyst [22]. In this study,

Ru(OH)x was supported on three different magnesium-

containing supports: MgO (magnesium oxide), MgAl2O4

(spinel) and Mg6Al2(CO3)(OH)16�4H2O (hydrotalcite), and

a clear support dependence on the catalyst activity and

FDA yield was found.

Here we present the usage of other heterogeneous

Ru(OH)x-based catalysts in the selective aerobic oxidation

of HMF to FDA. Several catalysts were prepared with dif-

ferent supports, characterized by electron paramagnetic

resonance (EPR), x-ray powder diffraction (XRPD), nitro-

gen sorption (BET area), transmission electron microscopy

(TEM) and energy dispersive spectroscopy (EDS) and their

catalytic activity compared. Notably, the oxidations were

conducted in water and without the addition of base

(Scheme 1). The effect of oxygen pressure and reaction time

on the yield of FDA was examined.

2 Experimental

2.1 Materials

HMF ([99%), 2-furoic acid (98%), levulinic acid (LA)

(98%), formic acid (FA) (98%), ruthenium(III) chloride

(purum), hydrotalcite (HT), magnetite ([98%), hydroxy-

apatite (HAp) ([97%), aluminium oxide ([99.9%), zirco-

nium oxide (99%), lanthanum(III) nitrate hexahydrate

(99.99%) and sodium hydroxide ([98%) were acquired

from Sigma-Aldrich. Ruthenium(III) nitrate hexahydrate

(99.9%) and magnesium nitrate hexahydrate (p.a.) were

obtained from Merck. Cerium oxide (99.5%) and lantha-

num(III) oxide (99.9%) were purchased from Alfa Aesar.

Magnesium oxide (p.a.) was purchased from Riedel-de

Haën AG. 2,5-Diformylfuran (DFF) (98%) was obtained

from ABCR GmbH & Co. 2,5-Furandicarboxylic acid

(FDA) ([99%) and 5-hydroxymethyl-2-furan-carboxylic

acid (HMFCA) ([ 99%) were purchased from Toronto

Research Chemicals Inc. and dioxygen (99,5%) from

Air Liquide Denmark. All chemicals were used as

received.

2.2 Catalyst Preparation

Magnesium-lanthanum oxide was prepared by co-precipi-

tation and supported Ru(OH)x catalysts by deposition–

precipitation procedures described elsewhere [20, 21, 23].

21.7 g (0.05 mol) La(NO3)3�6H2O and 38.4 g

(0.15 mol) Mg(NO3)2�6H2O were dissolved in 250 mL

water. Then 1 M solution of KOH was added in small

portions to maintain pH around 12 over a time period of

8 h. Hereafter, the formed precipitate was filtered, washed

with water and calcined at 650 �C for 6 h.

4.88 g of support (i.e. TiO2, Al2O3, Fe3O4, CeO2, ZrO2,

MgO, MgAl2O4, HT, La2O3 or HAp) was added to 143 mL

of 8.3 mM aqueous RuCl3 solution (1.19 mmol Ru). After

stirring for 15 min, 28 mL of 1 M NaOH solution was

added and the mixtures were stirred for 18 h. Then the

catalysts were filtered off, washed thoroughly with water

(colourless filtrates suggested absence of ruthenium ions)

and dried at 140 �C for 40 h. A similar preparation pro-

cedure was applied for MgO�La2O3 supported catalyst,

except that no base was added to the mixture. Approxi-

mately 4.9 g of each catalyst was obtained containing 2.4

wt% Ru.

2.3 Oxidation Reactions

HMF oxidation reactions were carried out in stirred Parr

autoclaves equipped with internal thermocontrol (T316

steel, Teflon
TM

beaker insert, 100 mL). In each reaction the

autoclave was charged with 63 mg of HMF (0.5 mmol)

and 10 mL of water. This initial HMF concentration

(0.05 M) was chosen to ensure complete dissolution by

extrapolation of the experimental data on FDA solubility in

water to 140 �C. Subsequently, the supported Ru(OH)x

catalyst was added (0.025–0.105 g, 0.006–0.025 mmol Ru)

and the autoclave was flushed and then pressurized

with dioxygen (1–40 bar, ca. 1.6–64 mmol) and main-

tained at 140 �C for a given period of time under stirring

(700 rpm).

After the reaction, the autoclave was rapidly cooled on

ice bath to room temperature (i.e. 20 �C) and a sample

taken out for HPLC analysis (Agilent Technologies 1200

series, Aminex HPX-87H column from Bio-Rad,

300 mm 9 7.8 mm 9 9 lm, flow 0.6 mL/min, solvent

5 mM H2SO4, temperature 60 �C) after filtering off the

catalyst and measuring of the pH value. FDA concentration

was measured in a similar way, after addition of 1 mL

of 1 M NaOH solution to the post-reaction mixture.

Reference samples were used to quantify the products. In

recycling studies the catalyst was filtered off from the post-

reaction mixture, washed with 0.1 M NaOH and water, and

dried at 140 �C for 12 h before reuse.

O
OHO

O
OO

OHHO
FDAHMF

Ru(OH )x/support

H2O
O2

140o C

Scheme 1 Aerobic oxidation of HMF to FDA with supported

Ru(OH)x catalyst in water without added base
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2.4 Catalyst Characterization

XRPD patterns were recorded using a Huber G670 powder

diffractometer (Cu-Ka radiation, k = 1.54056 Å) in the 2h
interval 5–100�.

EPR spectra (X band) were measured with a Bruker

EMX-EPR spectrometer at room temperature with a rect-

angular 4102 ST cavity operating in the TE102 mode. The

microwave source was a Bruker ER 041 XG Microwave

bridge with frequencies around 9.22 GHz.

TEM images were recorded on a FEI Tecnai Trans-

mission Electron Microscope at 200 kV with samples

deposited on a carbon support. EDS analysis was per-

formed with an Oxford INCA system.

Surface areas were determined by nitrogen sorption

measurements at liquid nitrogen temperature on a Micro-

meritics ASAP 2020. The samples were outgassed in vac-

uum at 150 �C for 4 h prior to the measurements. The total

surface areas were calculated according to the BET method.

Inductively coupled plasma spectrometry (ICP) analysis

was performed on diluted post-reaction mixture and quan-

tified with ICP standard solutions (Fluka) on a Perkin Elmer

ELAN 6000 with cross-flow nebulizer and argon plasma.

3 Results and Discussion

XRPD analysis of the prepared Ru(OH)x catalysts with

TiO2, CeO2 or MgO�La2O3 support (2.4 wt% Ru) did not

reveal crystalline ruthenium oxide phases. However, at

higher metal loading, corresponding to 40 wt% Ru,

ruthenium dioxide was clearly found (diffractograms of

Ru(OH)x/TiO2 materials are shown in Fig. 1). This obser-

vation could indicate that amorphous ruthenium oxide

might also be present in the 2.4 wt% Ru catalysts.

In the recorded EPR spectra of the catalysts (not shown)

trace amounts of Ru(III) could only be identified in the

hydrotalcite-supported 2.4 wt% catalyst. However, in the

Ru(OH)x/TiO2 material with 40 wt% Ru, ruthenium(III)

was also identified, thus suggesting that both oxidation

states were present in the ruthenium oxide, i.e.

RuO2�Ru2O3, with RuO2 as the major component and

Ru(III) oxide in trace amount [24].

TEM images of the prepared Ru(OH)x/TiO2 and

Ru(OH)x/CeO2 catalysts are presented in Fig. 2. Ruthenium

species were not observed on the surface of titania, possibly

due to their small size and the microscope resolution.

EDS analysis was performed on both whole catalyst

samples and on random areas on the catalysts (see Fig. 2).

Atomic ratios of Ru:Ti and Ru:Ce were determined to be

1.8:98.2 and 3.7:96.3, respectively, on both the whole cata-

lyst and random area measurements. Thus, the weight per-

centage of Ru on titania and ceria was found to be 2.32 and

2.26 wt%, respectively, which is in good accordance with the

expected content calculated from the preparation procedure.

In previous work, we explored the oxidation reaction of

HMF to FDA in water solutions with added base using

titania-supported gold nanoparticle catalyst [4]. Here, we

initially investigated Ru(OH)x/TiO2 as catalyst in the HMF

oxidation reaction in aqueous media without added base.

Firstly, experiments were carried out at 1 bar dioxygen

pressure at 140 �C. After 2 h of reaction most of the HMF

remained unconverted under these reaction conditions with

less than 1% of FDA being formed. However, already at

this reaction time decomposition to formic acid (FA)

occurred resulting in a yield of 13.8% which increased to

55.4% after 20 h of reaction. FDA yield amounted after

this reaction time to only 2.3%.

Further, we investigated the reaction at increased oxy-

gen pressures. The products formed in oxidation reactions

at 2.5 and 20 bars of dioxygen as a function of reaction

time are presented in Fig. 3a and b, respectively.

The observed intermediate products were identified as

HMFCA and DFF, as also previously found [4, 22].

At both examined oxygen pressures a significant forma-

tion of formic acid occurred, which was not the case in the

Fig. 1 XRPD diffractograms of 2.4 and 40 wt% Ru(OH)x/TiO2

catalysts
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analogous Au/TiO2-catalyzed aqueous oxidation [4]. Here,

presence of sodium hydroxide facilitated FDA formation and

prevented the formation of the acid-catalyzed degradation

products [1, 4, 25]. Nevertheless, at 20 bars of dioxygen the

formation of FDA occurred significantly faster than at

2.5 bar with the Ru(OH)x/TiO2 catalyst, whereas the

reaction rate for degradation did not seem to increase. Thus,

by performing oxidation of HMF in water solutions with

Ru(OH)x/TiO2 catalyst at elevated pressure, it proved pos-

sible to obtain high selectivity towards 2,5-furandicarboxy-

lic acid and high substrate conversion, while avoiding the

formation of degradation by-products, such as FA and LA.

Different metal oxide supports, spinel (MgAl2O4), hydro-

talcite [HT; Mg6Al2(CO3)(OH)16�4(H2O)] and hydroxyapa-

tite [HAp; Ca10(PO4)6(OH)2] were screened in order to find a

system with supported Ru(OH)x species that could provide

high selectivity towards desirable oxidation products.

Characteristics of the screened supports and corre-

sponding catalysts are compiled in Table 1. The results

obtained in HMF oxidation with the catalysts are shown in

Fig. 4.

As seen in Fig. 4, catalysts with basic magnesium-con-

taining support generally showed high efficiency in HMF

to FDA oxidation, whereas the usage of other oxides (e.g.

ZrO2 and Al2O3) induced the formation of formic acid.

Fe3O4 and hydroxyapatite supported Ru(OH)x catalyst

revealed good selectivities towards FDA formation, how-

ever, in both cases formation of solid humins was observed

constituting approximately 30% of the mass balance.

The supported catalysts with basic carrier materials, i.e.

MgO, MgO�La2O3 and HT gave excellent selectivities and

substrate conversions resulting in FDA yields above 95%.

However, ICP analysis of the post-reaction solutions

showed presence of magnesium ions, indicating that the

support dissolved to a certain extent during reaction [23,

26]. This was confirmed by the relative high pH values

measured in post-reaction mixtures with these supports,

which was obtained from basic hydroxides formed upon

Fig. 2 High-resolution TEM images of the 2.4 wt% Ru(OH)x/TiO2 catalyst (top) and 2.4 wt% Ru(OH)x/CeO2 catalyst (bottom). White circles
represent the areas analyzed by EDS
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Fig. 3 HMF oxidation with Ru(OH)x/TiO2 catalyst in water at

2.5 bars O2 (a) and 20 bars O2 (b) (0.05 M HMF, 140 �C, 5 mol% Ru

to HMF)

Table 1 Supports applied for

oxidation of aqueous HMF to

FDA with heterogeneous

Ru(OH)x catalysts

Support Support surface

area (m2/g)

Catalyst surface

area (m2/g)

Reaction

time (h)

pH after

reaction

TiO2 123 128 6 2

Al2O3 149 145 6 2

Fe3O4 44 45 6 2

ZrO2 53 97 6 2

CeO2 62 8 6 2

CeO2 (blank) 62 – 18 3

MgO 30 27 6 10

La2O3 59 5 6 8

MgAl2O4 63 54 6 2

HT 8 6 6 7

HAp 17 25 6 3

MgO�La2O3 30 68 6 8

No cat – – 18 1
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Fig. 4 Product yields in HMF oxidation reaction with Ru(OH)x/

support catalysts (0.05 M HMF, 2.5 bars O2, 140 �C, 6 h, 5 mol%

Ru). �The reaction time was 18 h
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dissolution of the support accompanied by formation of

salts of the acid products.

In order to elucidate the effect of the magnesium-con-

taining supports, a control experiment was conducted in

which Ru(OH)x/TiO2 catalyst was used together with two

mole equivalents of MgCl2. The reaction was carried out at

reaction conditions identical to the support screening

experiments (0.05 M HMF, 140 �C, 6 h). Although HMF

was fully converted in the control experiment, only 3 and

2% of FDA and HMFCA were formed, respectively, while

the rest constituted formic acid. This strongly suggested

that the support played an important role with respect to the

catalyst performance, rather than simply providing mag-

nesium ions.

A similar pattern was also observed in a blank experi-

ment when no catalyst was introduced into the reaction

mixture. Here, formic acid was formed in 92% yield, while

yield of FDA and other oxidation products was less than

1%.

Apart from magnesium-containing supports, good oxi-

dation performance was also observed for ceria-supported

catalyst, as seen in Fig. 4. Although selectivity towards

FDA was only moderate in the time frame of 6 h, no

degradation products were here observed. Hence,

Ru(OH)x/CeO2 was further tested in the catalyzed HMF

oxidation at different pressures (Fig. 5).

The obtained data clearly suggested that it was possible

to avoid formation of undesirable degradation products by

use of elevated pressures, whereas ambient pressure (i.e.

1 bar of O2) led to formation of 3% formic acid after 1 h of

reaction. Therefore, with a desire to perform the reaction at

lowest possible pressure, we investigated the product for-

mation over time at 2.5 bars pressure (Fig. 6).

As observed from Fig. 6, the FDA yield constituted 38%

under applied conditions after 6 h, which is higher than the

FDA yield observed when Ru(OH)x/TiO2 was used as the

catalyst under the same reaction conditions (see Fig. 3a).

The yield of FDA increased to 60% after 18 h of reaction.

However, HMFCA contributed 10% to the mass balance

while no formic acid or levulinic acid were detected in the

post-reaction mixture, possibly due to degradation of the

formed FA and LA at extended reaction times.

Importantly, upon re-use the Ru(OH)x/CeO2 catalyst

revealed no loss of activity, providing 38 and 36% yield of

FDA after 6 h of reaction in second and third runs,

respectively. This clearly demonstrated the applicability of

the ceria catalyst system in line with the study performed

by Corma and coworkers [12], in which gold nanoparticles

deposited on ceria showed superior performance in aerobic

oxidations compared to Au/TiO2 in the absence of base.

4 Conclusions

A number of Ru(OH)x/support catalysts were prepared and

identified as highly efficient catalysts for aerobic oxidation

of HMF to FDA under base-free and low to moderate

oxygen pressures. Especially, ceria-supported catalysts

showed higher activities and selectivities compared to

those based on TiO2 as a support.

Further development of the catalytic systems, screening

of different substrates and additional catalyst characteri-

zation are in progress.
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