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Introduction

A shift from conventional petrochemical towards biomass-
based feedstocks is of both environmental and economic im-
portance for the future production of commodity chemicals.[1, 2]

The most important plant-derived biomass sources with high
potential are the carbohydrate components stored as polymers
in biomass (starch, cellulose, or hemicellulose). Advances in the
efficient transformation of these polymers give access to inter-
mediate molecules that can be further converted into substi-
tutes or analogues for chemicals currently obtained from pe-
troleum.[3, 4]

One such analogue molecule is 2,5-furandicarboxylic acid
(FDCA), the symmetrical furanic diacid synthesized from the
key biobased precursor 5-hydroxymethylfurfural (HMF) through
oxidation of both the primary alcohol and aldehyde groups.
FDCA has been identified as a possible interesting substitute
for terephthalic acid, a carbon fossil-based monomer used for
polyester large-scale synthesis.[4–7] The other important applica-
tions are expected to be for polyamides, polyurethanes, ther-
mosets, and plasticizers.[5, 8] The HMF intermediate is accessible
through acid-catalyzed dehydration of six-carbon carbohy-
drates, preferably from fructose rather than glucose.[9, 10]

Many of the common stoichiometric oxidation reagents
have been used for the conversion of HMF to FDCA.[11] Advan-
tageously, the use of molecular oxygen is preferred over differ-

ent catalytic systems. Soluble metal bromide catalysts (Co/Mn/
Br) in acetic acid, normally employed for the conventional oxi-
dation of para-xylene to terephthalic acid, have been tailored
for the HMF oxidation.[12, 13] Also, recoverable supported metal-
lic nanoparticles, mainly Pt-,[14–17] Ru-,[18, 19] and Au-based,[20–24]

and bimetallic catalysts[25–27] that permit the reaction in an
aqueous medium by using molecular oxygen or air have been
investigated.

However, it is worth noting that the noble catalyst systems
most often require an excess of a homogeneous base (mainly
NaOH) that is larger than the molar stoichiometric amounts to
accelerate the reaction and to maintain the FDCA formed in
aqueous solution as the salt of the dicarboxylic acid; thus, the
strong adsorption of the carboxylic acids on the catalyst is
avoided. Even though some studies reported the possibility of
conducting the aqueous-phase oxidation of HMF under base-
free conditions by using basic solids such as hydrotalcites or
mixed oxides (MgAl2O3, MgO�La2O3, etc.) as carrier materials
for Ru(OH)x or Au, it was demonstrated that these Mg-based
supports dissolved extensively during the reaction and liberat-
ed detectable amounts of magnesium ions.[18–20, 28] In this case,
the Mg-based solid bases served as a source of soluble basic
species to make the mixtures alkaline and result in the forma-
tion of Mg–FDCA salts. On the other hand, the base-free oxida-
tion of HMF over a Pt/ZrO2 catalyst was also reported in a con-
tinuous flow system;[16] HMF was completely converted with
high selectivity for FDCA at T = 100 8C and under a 10 bar pres-
sure of air ; a low liquid hourly space velocity (LHSV) of 3 h�1

was used for the conversion, and furthermore, a low concen-
tration of HMF (0.5 wt %) was used to ensure full dissolution of
the formed FDCA. Also, Pt nanoparticles stabilized by an ionic
polymer were shown to catalyze the oxidation of HMF to

Pt catalysts prepared over different metallic oxide supports
were investigated in the oxidation of 5-hydroxymethylfurfural
(HMF) to 2,5-furandicarboxylic acid (FDCA) in alkaline aqueous
solutions with air, to examine the combined effect of the sup-
port and base addition. The base (nature and amount) played
a significant role in the degradation or oxidation of HMF. In-
creasing amounts of the weak NaHCO3 base improved signifi-
cantly the overall catalytic activity of Pt/TiO2 and Pt/ZrO2 by ac-
celerating the oxidation steps, especially for the aldehyde
group. This was highlighted by a proposed kinetic model that

gave very good concentration–time fittings. Moreover, the pro-
motion of the catalyst with bismuth yielded a Pt�Bi/TiO2 cata-
lytic system with improved activity and stability. Y2O3� and
La2O3�ZrO2-supported catalysts exhibited lower activity than
Pt/ZrO2, which suggests no cooperative effect of the weakly
basic properties introduced and the homogeneous base.
Quantitative oxidation of HMF (0.1 m) and high yields of FDCA
(>99 %) were obtained in less than 5 h by using an HMF/Pt
molar ratio of 100 and Na2CO3 as a weak base over Pt�Bi/TiO2
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FDCA in water (HMF/Pt = 20 at T = 80 8C and P = 1 bar O2) with-
out addition of a base.[29] More recently, carbon nanotube
(CNT)-supported Au�Pd catalysts achieved total HMF conver-
sion with a yield of 94 % FDCA in 12 h in water under base-
free conditions (T = 100 8C under P = 5 bar O2 ; HMF/(Au + Pd) =

100).[30] A stable FeIII–polymer containing basic porphyrin subu-
nits was proposed.[31] It should be highlighted that, to be effec-
tive under base-free conditions, the catalysts must be loaded
with a low HMF to metal molar ratio, typically in the range 20–
40,[18, 29] or they require higher temperatures and longer reac-
tion times compared with reactions performed with the addi-
tion of base.[30] Even if it would be a more ecofriendly and safe
to perform reactions in water, improved catalysts are still
needed.

Some other results suggested that the catalyst support plays
a role for the catalytic performances in this oxidation reaction.
In the reaction at T = 65 8C with 4 equivalents of NaOH under
P = 10 bar air and an HMF/Au ratio of 150, Au/CeO2 prepared
by coprecipitation and a commercial Au/TiO2 catalyst gave full
HMF conversion with total selectivity to FDCA after 8 h, where-
as Au/Fe2O3 and Au/C with similar Au dispersion were much
less active.[21] At T = 130 8C (HMF/Au = 640), the ceria support
gave significantly fewer side products than the titania support.
In the oxidation of HMF in alkaline aqueous solution at T =

90 8C and under an atmospheric
pressure of oxygen, the carrier
(g-Al2O3, TiO2, ZrO2�La2O3) used
for supporting the preformed
poly(N-vinyl-2-pyrrolidone) (PVP)-
stabilized Pd nanoparticles influ-
enced the yield of FDCA.[31] The
highest FDCA yield was obtained
for a Pd/ZrO2�La2O3 catalyst.

Different carbon types were
also applied for supporting
metals and the functional
groups on the carbon atoms
were found to have a crucial
role.[17, 27, 30, 32] The rates of HMF
oxidation were not influenced
by the presence of acidic- or
basic-site-functionalized carbon nanofibers (oxygen- or nitro-
gen-containing groups) in either the Pt or the Au case; how-
ever, the carbon-nanofiber support with basic groups im-
proved the ability of supported Au to form FDCA from HMF
under mild conditions.[27] The carbonyl/quinone groups on
functionalized carbon nanotubes supporting Au�Pd nanopar-
ticles favored FDCA formation by enhancing adsorption of
the reactant and intermediates, in contrast to carboxyl
groups.[30]

Recently, we also demonstrated that, in the presence of
active-carbon-supported Pt catalysts, the use of 2 equivalents
with respect to HMF of a milder base such as Na2CO3 in place
of NaOH gave a very active catalyst with an excellent yield of
FDCA by maintaining the desired optimum pH value during
the oxidation of HMF in alkaline aqueous solution.[17] In this
study, we have investigated different oxide supports for Pt

that should be stable in aqueous solution (TiO2, ZrO2, and ZrO2

in which Y2O3 or La2O3 was incorporated), and we examined
the influence of the nature (NaHCO3 or Na2CO3) and the
amount of the homogeneous base on the catalytic performan-
ces of the resulting catalysts to evaluate whether lower
amounts of homogeneous base could be used. Additionally,
the possible promotion by bismuth and the recyclability have
been studied for these new catalysts. Indeed, we have also
previously shown a strong synergistic effect of Pt and Bi in
terms of the activity and stability of a Bi-promoted catalyst rel-
ative to those of the monometallic Pt/C catalyst.[17] Bi-promot-
ed catalysts displayed superior activity compared with the
monometallic catalyst, increased resistance to oxygen poison-
ing, and prevented Pt leaching. By using the optimized condi-
tions (T = 100 8C, P = 40 bar air, Na2CO3/HMF/Pt = 2:1:0.01, and
Bi/Pt = 0.2), HMF was completely and selectively converted
into FDCA within 3 h.

Results and Discussion

Characterization of catalysts

The chemical composition and physicochemical properties of
the prepared Pt and Pt�Bi catalysts are listed in Table 1.

Doping of ZrO2 with Y2O3 or La2O3 increased the specific sur-
face area of the support. It increased the pore volume and de-
creased the average pore diameter from 12 nm in pure zirconia
to 6 nm in the doped zirconia.

The surface areas and the pore volumes determined by N2

physisorption of the bare supports and the corresponding Pt
catalysts were in the same range. Moreover, deposition of Bi
on the Pt catalyst did not produce a significant change in the
total porosity. This indicates that the preparation methods that
were chosen did not lead to significant changes in the physi-
cochemical parameters of the bare supports.

X-ray diffraction patterns for the different Pt and Pt�Bi sam-
ples are shown in Figure S1 and Figure S2 in the Supporting
Information. In all samples, only the typical patterns of the
support (TiO2 or ZrO2) were observed, which suggests the pres-
ence of very small Pt crystallites (size<2 nm). On titania, the X-

Table 1. Chemical composition and physicochemical parameters of the supports and supported Pt and Pt�Bi
catalysts.

Catalyst Metal loading [wt %] BET surface Pore volume Pore diameter Metal particle
Pt Bi area [m2 g�1] [cm3 g�1] [nm] size [nm]

TiO2 0 0 94 0.33 14 –
Pt/TiO2 3.6 0 92 0.32 13 2.2�0.6
Pt�Bi/TiO2 3.4 0.7 93 0.32 13 2.3�0.6
ZrO2 0 0 62 0.19 12 –
Pt/ZrO2 3.3 0 57 0.18 13 2.0�0.5
Pt�Bi/ZrO2 2.6 0.6 56 0.18 13 2.3�0.5
ZrO2�La2O3 0 0 133 0.25 7 –
Pt/ZrO2�La2O3 3.1 0 127 0.22 6 1.9�0.4
ZrO2�Y2O3 0 0 120 0.24 6 –
Pt/ZrO2�Y2O3 2.7 0 118 0.23 6 1.8�0.4
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ray spectra showed broad peaks arising from the anatase
phase. On pure zirconia, the most abundant phase was mono-
clinic. With incorporation of yttrium or lanthanum, zirconia was
stabilized as the tetragonal phase with increases of the surface
area and pore volume. In the X-ray patterns of the doped zir-
conia, no discernible reflections other than those of zirconia
(tetragonal state) itself were observed. There was no diffraction
from the La2O3 or Y2O3 crystallites, which indicated good dis-
persion or the formation of solid solutions.

Figure 1 shows representative micrographs from TEM analy-
sis carried out on the TiO2-supported Pt and Pt�Bi catalysts.

The corresponding size distribution of the particles in each
sample is also displayed. The TEM results for the ZrO2, ZrO2�
La2O3, and ZrO2�Y2O3 supported Pt (and Pt�Bi) catalysts are
similarly shown in Figure S3 in the Supporting Information. In
all solids, the support surfaces were uniformly covered with
particles of relatively homogeneous sizes. The measurements
for the Pt/TiO2 and Pt/ZrO2 catalysts revealed the presence of
very small particles with the mean sizes estimated at (2.2�0.6)
and (2.0�0.5) nm, respectively, with a quite narrow distribu-
tion. The mean particle sizes in the Pt/ZrO2�La2O3 and Pt/
ZrO2�Y2O3 catalysts were slightly lower at (1.9�0.4) and (1.8�
0.4) nm. In the Bi-promoted catalysts, the metal particles were
also homogeneously distributed on the oxide supports. Fig-
ure 1 b (3.4 % Pt, 0.7 % Bi/TiO2) and Figure S3 b in the Support-
ing Information (2.6 % Pt, 0.6 % Bi/ZrO2) show that the deposi-
tion procedure of bismuth on the monometallic catalysts did
not modify the average diameters, which were (2.3�0.6) and
(2.3�0.5) nm, respectively. Energy-dispersive X-ray spectrosco-
py analysis of the bimetallic catalysts revealed that the parti-
cles contained both Pt and Bi with a molar ratio of approxi-

mately 0.2. Owing to the preparation method, it may be ex-
pected that the Bi lies mainly on top of the Pt.

Catalytic tests

All catalysts listed in Table 1 were tested in the batch reactor
under optimized test conditions: T = 100 8C, P = 40 bar air,
0.1 m HMF solution, and catalyst loading to give an HMF/Pt
molar ratio of 100.

Modeling the reaction kinetics

The oxidation of HMF involves the oxidation of both
the aldehyde and alcohol functional groups. By fol-
lowing the evolution of the reaction with time, differ-
ent products were detected and analyzed. The cata-
lytic oxidation of HMF to FDCA can be described by
a mechanistic model, according to the pathway illus-
trated in Scheme 1.

The oxidation can proceed through the partially
oxidized intermediates 5-hydroxymethyl-2-furancar-
boxylic acid (HMFCA) and 2,5-diformylfuran (DFF),
which are both subsequently oxidized to 5-formyl-2-
furancarboxylic acid (FFCA), before further oxidation
to FDCA. It is generally believed that the hydroxy-
methyl group undergoes oxidative dehydrogenation
to form the aldehyde and that the aldehyde groups
are first hydrated to form the geminal diols (in I1, I2,
and I3) before oxidative dehydrogenation to the
acids.[34–36] The base has been reported to enhance
the selectivity towards carboxylic acids in the oxida-
tion of alcohol or aldehyde functions, by favoring
the conversion of the aldehyde into the correspond-
ing geminal diol. The base also largely neutralizes
the carboxylic acids responsible for product inhibi-
tion. Notably, oxygen participates indirectly in the
reaction, by removing the adsorbed hydrogen

atoms from the catalyst surface. In our study, the amount of
oxygen introduced with P = 40 bar air was estimated and
found to be at least four times the amount required for the
removal of hydrogen atoms adsorbed on the catalyst surface.
Previous work has shown that the oxidation rates did not
change beyond 40 bar air pressure, which indicated that O2

availability at P = 40 bar (T = 100 8C) was not limiting for the
complete oxidation of HMF to FDCA in this discontinuous
batch mode reaction.

Moreover, the determination of the order of the reaction by
using the differential method reveals that the HMF oxidation
to DFF and HMFCA is first order with respect to HMF. Elemen-
tary and nonelementary reaction rates were expressed from
the proposed mechanistic model (Scheme 1) with the assump-
tion that the first oxidation of HMF gives both DFF and
HMFCA. The rate equations for each species consumed and
formed are given in Equations (1)–(5), in which ki represents
the various rate constants (Scheme 1) and Cw represents the
concentrations of the various compounds.

Figure 1. TEM images of catalysts and the corresponding particle size distributions:
(a) 3.6 % Pt/TiO2 ; (b) 3.4 % Pt, 0.7 % Bi/TiO2.
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dCHMF

dt
¼ �ðk1 þ k2ÞCHMF

ð1Þ

dCHMFCA

dt
¼ k1CHMF � k3CHMFCA

ð2Þ

dCDFF

dt
¼ k2CHMF � k4CDFF

ð3Þ

dCFFCA

dt
¼ k3CHMFCA þ k4CDFF � k5CFFCA

ð4Þ

dCFDCA

dt
¼ k5CFFCA

ð5Þ

Modeling was performed in the MATLB software. The least
squares fitting algorithm of MATLAB lsqcurvefit was used to es-
timate the kinetic parameters of the different oxidation steps,
with the assumptions that :

1) the temperature of the reaction is regulated and assumed
to be stable throughout the experiment at 100 8C;

2) the amount of the active species of the catalyst is constant;
that is, the catalyst undergoes no transformation during
the catalytic reaction;

3) the gem-diol form of the aldehyde group is unstable and
the equilibrium is shifted to carbonyl form;

4) all dehydrogenation reactions are irreversible;
5) the oxygen concentration is constant in the liquid phase

and oxygen is sufficiently available.

Effect of the added base in blank tests

HMF is known to be unstable in alkaline aqueous solu-
tion.[21, 24, 25, 37] Background blank reactions were carried out in
the absence of any catalyst to study the effects of time, the

nature and amount of added base, and temperature on HMF
stability under air pressure. Figure 2 shows the HMF conversion
and the evolution of the pH value during the reaction. In the
absence of base, HMF was found to be stable over time under
standard conditions (T = 100 8C, P = 40 bar air, and 0.1 mol L�1).
In the presence of NaOH (strong base) or Na2CO3 (weak base,
pKa = 6.2) with a base-to-HMF molar ratio of 2, HMF was rapidly
degraded without the formation of the corresponding desired
oxidation intermediates over 4 h (Scheme 2). The color of the
reaction mixture turned rapidly from yellow to dark brown
with longer reaction time. HPLC analysis detected HMFCA and
2,5-bis(hydroxymethyl)furan (BHMF). Levulinic and formic acids
could also be detected. However, these yields did not exceed
10 % at the maximum after 1 h and then the concentrations

Scheme 1. Reaction pathway for aqueous HMF oxidation to FDCA.

Figure 2. Degradation of HMF and evolution of the pH value, in a base-free
aqueous solution or in the presence of different bases, without addition of
a catalyst. Reaction conditions: no catalyst, T = 100 8C, P = 40 bar air,
0.1 mol L�1 HMF. &, &: base-free; ~,~: 2 equiv NaHCO3 ; ^,^: 2 equiv
Na2CO3 ; *,*: 2 equiv NaOH. Plain line and open symbol: HMF conversion;
dotted line and filled symbol: pH value.
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decreased to yield humin byproducts, the structure of which
must look like those described by van Zandvoort et al.[38] The
formation of these acids within the first one or two hours may
explain why the pH value of the solution decreased at the be-
ginning of the reaction.

In contrast, with the use of 2 equivalents of NaHCO3 (weaker
base, pKa = 10.3), HMF was stable over time.

Analysis of the reaction medium clearly indicates that, at
high pH values (pH>11), HMF was degraded and the reaction
pathway involved both ring opening to form levulinic acid and
formic acid and the Cannizzaro reaction that leads to the for-
mation of HMFCA and BHMF by
the base-induced disproportio-
nation of the aldehyde group of
HMF.[39] The formation of prod-
ucts HMFCA and BHMF with
a maximum yield of 10 % sug-
gests that they reacted further
to produce other waste prod-
ucts, as proposed in Scheme 2.

These results confirm that the
pH value of the medium may be
crucial for the oxidation reaction.
Consequently, from these experi-
ments, it can be suggested that
HMF should be stable at pH
values of less than 8. Operation
at these pH values should mini-
mize or suppress the formation
of byproducts.

Influence of NaHCO3 base con-
tent on the catalytic perform-
ances of Pt/TiO2

The HMF oxidation reaction was
carried out with the Pt/TiO2

monometallic catalyst. Figure 3

shows the experimental and modeling results of 3.6 % Pt/TiO2

at different NaHCO3-to-HMF molar ratios in the range 1–4 in
comparison with the results of the base-free experiment.

First, under base-free conditions (Figure 3 a), conversion of
HMF was slow and was complete only after 12 h of reaction
time. The major products formed during the reaction were
DFF and FFCA, which confirmed that, in the absence of base,
the oxidation occurs mainly by the oxidative dehydrogenation
of the alcohol group of HMF to form the aldehyde (DFF).
Indeed, it is accepted that, in the case of thermal activation
under base-free conditions, the oxidation of the alcohol func-

Figure 3. Evolution of the concentrations of HMF and the products DFF, HMFCA, FFCA, and FDCA, as well as HPLC
and TOC mass balances, as a function of time (experimental data: symbols ; model estimates: lines) at different
NaHCO3/HMF molar ratios in the presence of 3.6 % Pt/TiO2 : (a) 0 equiv NaHCO3; (b) 1 equiv NaHCO3 ; (c) 2 equiv
NaHCO3 ; (d) 4 equiv NaHCO3. Reaction conditions: T = 100 8C, P = 40 bar air, 0.1 m HMF, HMF-to-Pt molar
ratio = 100. ^: HMF; ~: DFF; &: HMFCA; *: FFCA; *: FDCA; + : molar balance; � : TOC; g : pH value.

Scheme 2. Possible pathways of HMF degradation products during HMF oxidation at high temperature in the presence of strong added base.
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tion is the rate-controlling step of the HMF oxidation.[14] The
oxidation rate of the aldehyde functional groups in the two in-
termediates is very low, as a result of the acidic medium,
which is unfavorable for the initial hydration of the aldehyde
to the gem-diol. A high defect in the molar balance was rapidly
observed (40–50 %, both by HPLC and total organic carbon
(TOC) measurements), which is attributed to precipitation of
the acids and diacid formed onto the catalyst surface. Indeed,
FDCA, FFCA, and HMFCA are water-insoluble compounds
(�0.09 wt % solubility of FDCA in water at T = 30 8C).[16] The
crystallization is favored by a low pH value of the aqueous
medium (pH<2) in the absence of a base and it decreases the
reaction rate.

The used catalysts were analyzed to confirm the deposition
of products on the solids. Figure 4 shows the thermogravimet-

ric analysis (TGA) and compares the weight loss for the fresh
catalyst and the solids recovered after catalytic tests in the ab-
sence or presence of base. The minor weight loss observed for
fresh catalyst and the used catalyst in the presence of a base
corresponds to the release of absorbed water, whereas a signifi-
cant weight loss (>50 %) was observed between T = 150 and
300 8C for the used catalyst under base-free conditions; this
loss can be assigned to the decomposition of adsorbed furanic
compounds on the catalyst surface, most likely solid carboxylic
acids recovered with the used catalyst.

The solubility of the carboxylic compounds can be improved
by forming the carboxylate salts by addition of a base (prefer-
entially a weak base). For one mole of FDCA, two moles of
sodium ions are required to generate the 2,5-furan dicarboxy-
late ion. It is evident that, in the presence of increasing
amounts of NaHCO3 homogeneous base (Figure 3 b,c,d), oxida-
tion rates were improved relative to those in base-free condi-
tions. In all cases, HMF was nearly completely converted within
2 h. HMFCA and FFCA were formed as major intermediates
and much better molar balances (95–100 %) were attained,
which demonstrated the pivotal role of the added homogene-
ous base.

In the presence of one molar equivalent of NaHCO3

(0.5 equiv Na+), the FFCA yield attained a maximum of 70 %
when the HMF had been completely consumed after 2 h. This
maximum concentration decreased to 60 % and 40 % as the
molar ratio of NaHCO3 to HMF increased to 2 and 4, respective-
ly. In fact, the increasing base loading (which influences the pH
value of the reaction medium) accelerated drastically the rate
of the subsequent oxidation of FFCA to FDCA. If only half the
amount of base required to neutralize the diacid was added
(NaHCO3/HMF = 1), the pH value of the reaction medium drop-
ped from 9 to 3 as the reaction proceeded, and the reaction
was not completed after 12 h of reaction (Figure 3 b). The final
oxidation of FFCA was still low as a result of the acidic
medium and a 10 % loss in molar balance was noted after
12 h, which we attribute to crystallization of FDCA. If the reac-
tion was followed for up to 24 h, the loss increased to 25 %
(not shown). With 2 equivalents of base (the stoichiometric
amount required to neutralize the acid groups of FDCA
formed), the final pH value was 6.7 and FFCA was totally con-
verted into FDCA after 12 h (Figure 3 c). However, after a further
increase of the base concentration (NaHCO3/HMF = 4), the pH
value remained above 7.6 and a yield of FDCA>95 % was at-
tained within 10 h (Figure 3 d). This can be explained by the ac-
celeration of the hydration of aldehydes in the aqueous solu-
tion to geminal diols by the base. However, a slight loss in the
mass balance, based both on the HPLC-detected products and
TOC analysis, was observed in the presence of 4 equivalents of
NaHCO3 (Figure 3 d), whereas it was nearly complete at the
lower NaHCO3/HMF ratio of 2 (Figure 3 c). Therefore, we sug-
gest that the optimum NaHCO3-to-HMF molar ratio would
rather be 2 in the presence of Pt/TiO2 catalyst. In our previous
work with a Pt/C catalyst, 4 equivalents of NaHCO3 were
shown to be necessary.[17] Similar catalytic performances to
those of Pt/C can be obtained with Pt/TiO2, although
a NaHCO3/HMF ratio of 2 instead of 4 for Pt/C is sufficient.

The oxidation rate constants for the chosen model were esti-
mated from the experimental kinetic data (represented by
symbols in Figure 3), through least squares parameter fitting
by minimizing the sum of the squared error between the ex-
perimental concentration values and the concentration values
calculated by the system of first-order ordinary differential
equations. The estimated kinetic parameters are given in
Table 2.

In the base-free reaction, after a good fitting during the
early phase of oxidation of HMF, a significant gap was ob-
served after 1 h between the experimental and estimated data,

Figure 4. TG analysis (solid line) and differential thermal analysis (dotted
line) in air of 3.6 % Pt/TiO2 (a) before (c), (b) after catalytic testing in base-
free conditions (c), and c) after catalytic testing in the presence of
2 equivalents of NaHCO3 (c).

Table 2. Kinetic parameters estimated for the 3.6 % Pt/TiO2 catalyst.

Amount of added base Rate constant [h�1]
k1 k2 k3 k4 k5

base-free reaction 0.244 0.351 8.031 0.125 0.080
1 equiv NaHCO3 0.596 2.208 0.604 24.781 0.129
2 equiv NaHCO3 0.616 1.771 1.139 27.334 0.397
4 equiv NaHCO3 0.618 1.590 0.831 27.444 0.525
2 equiv Na2CO3 1.643 1.897 0.904 74.154 1.412
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which is the logical consequence of byproduct formation and
leads to the dramatic increase of defect in the molar balances
(Figure 3 a).

In opposition to what was observed in the base-free reac-
tion, the results in Figure 3 b, c, and d indicate that, with the
addition of the base NaHCO3, a close match was obtained
within the entire range of time between the experimental and
estimated concentrations versus time data. This shows that the
model described in Scheme 1 represents a good approxima-
tion for the conversion of HMF into FDCA. The mechanism of
oxidation of aldehyde to carboxylic acid involves a base-cata-
lyzed hydration of aldehyde to geminal diol. According to the
calculated kinetic constants, and as expected from this mecha-
nism, increasing amounts of base not only neutralize the car-
boxylic functions but also accelerate the oxidation rates of the
aldehyde functions in the intermediates to the fully oxidized
FDCA (k4 and particularly k5). The model provides higher values
for k2 than for k1, which would suggest the predominant for-
mation of the DFF intermediate. However, one must consider
that the aldehyde function reacts very rapidly in the presence
of the base to yield FFCA and the maximum amount of DFF
formed is very low. This is consistent with the high reactivity of
DFF demonstrated by Verdeguer et al. ,[15] who measured a turn-
over frequency of 48 h�1 for DFF compared with 4 h�1 for
HMF. In the presence of 4 equivalents of NaHCO3, the constant
k5, which determines the rate of transformation of FFCA to
FDCA, exhibits a four-times higher value than that with the
use of 1 equivalent of NaHCO3.

Effect of using Na2CO3 base for Pt/TiO2

As previously studied with a Pt/C catalyst,[17] the influence of
the nature of the carbonate base (CO3

2� versus HCO3
� , pKb =

3.65 and 7.65, respectively) was studied over the 3.6 % Pt/TiO2

catalyst. The substitution of 4 equivalents of NaHCO3 by
2 equivalents of Na2CO3 improved significantly all oxidation
rates, as shown in Figure 5. The reaction was completed within
8 h with a final yield of FDCA of 91 %. The effect was as shown
previously in the presence of Pt/C; that is, the addition of
2 equivalents of carbonate with respect to HMF increased sig-
nificantly the overall oxidation rate compared to the use of
4 equivalents of bicarbonate. These rate increases are essential-
ly due to the pH value, which remains at a value of more than
8 throughout the oxidation reaction.

As compared with the reaction with 4 equivalents of
NaHCO3, it was also noted that the yield of the intermediate
oxidation product HMFCA was significantly increased at the ini-
tial reaction stage in the presence of 2 equivalents of Na2CO3.
HMFCA was formed in a maximum concentration of
30 mmol L�1 after 30 min. The HMFCA and FFCA maximum
concentrations were formed in almost the same amount. This
is different to the reactions performed in the presence of
NaHCO3, in which both HMFCA and DFF were observed in
small amounts. Also, no intermediate product DFF was detect-
ed during the reaction with Na2CO3 as the base. Moreover, the
HPLC and TOC balances did not fit. A defect in balance based
on HPLC analysis was noted, whereas the TOC balance was

complete over the entire course of the reaction. This indicates
that some waste products are formed under these basic condi-
tions that are not detected by HPLC; however, they are soluble
and not adsorbed on the solid catalyst. As mentioned previ-
ously (Scheme 2), under strong basic conditions (which seems
to be the case with 2 equivalents of Na2CO3), HMF degradation
occurs through the Canizzaro reaction disproportionation to
form HMFCA. Furthermore, under too basic conditions, HMFCA
is also not stable and degradation of HMFCA can take place. In
addition, the absence of DFF might be due to the basic
medium favoring the Canizzaro reaction of DFF. These results
confirm that a moderately basic reaction medium is preferable
for the Pt/TiO2 catalyst. The substrate HMF and the first inter-
mediates formed seem to be more sensitive to the basicity of
the reaction medium in the presence of Pt/TiO2 than Pt/C.

The kinetic constants in the presence of 2 equivalents of
Na2CO3 differ from those obtained with 4 equivalents of
NaHCO3 (Table 2). The oxidation reactions of the aldehyde
functions in the reactant and in the intermediates were drasti-
cally accelerated, as demonstrated by the larger values of the
k1, k4, and k5 constants, which were multiplied by around
a threefold factor. In particular, there was a significant accelera-
tion in the final oxidation of FFCA to FDCA. In contrast, the k2

and k3 constants that correspond to the oxidation of an alco-
hol function increased little. The higher performance of the
catalyst with the addition of 2 equivalents of the CO3

2� base
compared with 4 equivalents of HCO3

� base can be explained
by the strength of these bases.[40]

Analysis of the final reaction mixtures by inductively coupled
plasma optical emission spectroscopy (ICP-OES) showed that
a small amount of the platinum metal was leached (up to 3 %).

Effect of the nature of the oxide support

The supports ZrO2, Y2O3�ZrO2, and La2O3�ZrO2 were used to
evaluate if the basic sites introduced in ZrO2 could cooperate
with the homogeneous base and allow the amount of added
base to be reduced. Catalytic experiments of the zirconia-

Figure 5. Evolution of the concentrations of HMF and the products DFF,
HMFCA, FFCA, and FDCA as a function of time (experimental data: symbols;
model estimates: lines) over 3.6 % Pt/TiO2 in the presence of Na2CO3. Reac-
tion conditions: T = 100 8C, P = 40 bar air, 0.1 m HMF, HMF-to-Pt molar
ratio = 100, Na2CO3/HMF = 2. ^: HMF; ~: DFF; &: HMFCA; *: FFCA; *:
FDCA; + : molar balance; � : TOC; g : pH value.
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based Pt catalysts were carried out under the optimum reac-
tion conditions determined for Pt/TiO2 (T = 100 8C, 40 bar air
pressure, and HMF/Pt = 100) in the presence of 2 equivalents
of NaHCO3. The results are summarized in Table 3.

As seen from Table 3, Pt/ZrO2 exhibited lower performances
in comparison with Pt/TiO2 under the same conditions. Conver-
sion of HMF was complete in more than 2 h. The partially oxi-
dized intermediates HMFCA and DFF formed in small amounts
were rapidly oxidized to FFCA. After 24 h, 95 % of FDCA was
obtained over Pt/ZrO2. It is expected that the doping of ZrO2

with Y2O3 or La2O3 will introduce some basicity in the cata-
lyst.[41, 42] However, the results indicate that the doping did not
improve the catalytic activity of the Pt catalysts. Yields of FDCA
of 78 and 75 % were obtained in the presence of Pt/ZrO2�Y2O3

and Pt/ZrO2�Y2O3, respectively. Hence, if we consider that the
Pt dispersion was very similar in all ZrO2-based catalysts
(Figure 1 and Figure S3 in the Supporting Information), the in-
troduction of Y2O3 or La2O3 even decreased the oxidation effi-
ciency of Pt/ZrO2. These observations are different from the re-
sults of Siyo et al. for Pd catalysts. They obtained higher yields
in FDCA in the presence of Pd�nanoparticles/ZrO2�La2O3 than
in the presence of Pd�nanoparticles deposited on TiO2.[32]

Small defects of molar balance (<5 %) were always observed
in the presence of Pt supported on zirconia-based supports.
Analysis of the final reaction mixtures revealed that after 24 h
about 3 % Pt had leached from the catalysts, as with Pt/TiO2.

Catalytic experiments over these catalysts were also con-
ducted under base-free conditions. The catalysts displayed
very low activity; HMF conversion was slow and was not com-
plete after 24 h (80 % HMF conversion). The major intermedi-
ates observed were DFF (20 %) and FFCA (25 %). In the pres-
ence of Pt/ZrO2, only 10 % of FDCA was formed after 24 h. This
low productivity is in line with the results of Lilga et al. ,[16] who
had to use a large catalyst/HMF ratio.

The influence of the nature of the added base with Pt/ZrO2

was also studied, and the results with 2 equivalents of NaHCO3

or Na2CO3 (2 and 4 equiv Na+ , respectively) are compared in
Figure 6. The addition of Na2CO3 in place of NaHCO3 improved
significantly the oxidation rates and maintained the higher pH
value (>8). As for Pt/TiO2, with Na2CO3, HMF was fully oxidized
after 1 h and 93 % of FDCA was reached in less than 10 h, rela-
tive to more than 24 h with NaHCO3. There was a small dis-

crepancy in the mass balance on the HPLC-detected products
and the TOC balance in both experiments in the presence of
Pt/ZrO2.

Stability of catalysts

The recyclability and stability of the Pt/TiO2 catalyst
was investigated by reusing the catalyst in consecu-
tive catalytic runs. Figure 7 compares the evolution
at total conversion of HMF of the selectivities to
FFCA and FDCA for four successive runs after 12 h
under the optimized reaction conditions (T = 100 8C,
P = 40 bar air, HMF/Pt = 100) in the presence of
2 equivalents of NaHCO3.

In the first run (Figure 7), HMF was fully oxidized in
less than 2 h and a nearly complete conversion to
FDCA was attained after 12 h. After the first run, the
spent catalyst was simply recovered by filtration,
washed with water, and dried overnight under

vacuum at 40 8C. When the spent catalyst was reused without
any reactivation (second and third runs), a significant decrease
of activity was observed. Indeed, total oxidation of HMF was
attained after 4 h, and the amount of unconverted FFCA in-
creased in the second and again in the third runs. The reaction
mixture analyzed by ICP-OES at the end of the experiments re-
vealed that very small quantities of Pt (<2 %) were leached
out in the solution, which cannot explain the deactivation. The

Table 3. Comparison of the catalytic performances of Pt supported on different zirco-
nia supports in the presence of NaHCO3 (NaHCO3/HMF = 2) after 2, 12, and 24 h.[a]

Catalyst 2 h 12 h 24 h
HMF conv.
[%]

FFCA yield
[%]

FDCA yield
[%]

FFCA yield
[%]

FDCA yield
[%]

Pt/ZrO2 97 13 82 0 95
Pt/ZrO2�Y2O3 91 29[b] 63 15 78
Pt/ZrO2�La2O3 74 37[c] 56 18 75

[a] Reaction conditions: T = 100 8C, P = 40 bar air, 0.1 m HMF, HMF-to-Pt molar ratio =

100, NaHCO3/HMF = 2. [b] Contains also 2 % of HMFCA. [c] Contains also 7 % of
HMFCA.

Figure 6. Effect of the nature of the base (Na2CO3 versus NaHCO3) in the oxi-
dation of HMF (experimental data: symbols; model estimates: lines) with Pt/
ZrO2 : (a) NaHCO3 and (b) Na2CO3. Reaction conditions: T = 100 8C, P = 40 bar
air, 0.1 m HMF, HMF-to-Pt molar ratio = 100. ^: HMF; ~: DFF; &: HMFCA; *:
FFCA; *: FDCA; + : molar balance; � : TOC; g : pH value.
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catalyst recovered after the third run was reactivated by reduc-
tion under hydrogen. The initial catalytic activity was then to-
tally recovered (run 4). This behavior was also observed during
HMF oxidation over Pt supported on carbon, for which the
oxygen atmosphere led to covering by oxygen or overoxida-
tion of the active platinum sites during catalytic tests when
HMF was fully converted.[17]

A solution to this problem proposed in the literature for the
oxidation of alcohols or carbonyl compounds in aqueous solu-
tion is the addition of another metal, such as bismuth (a non-
noble metal). Bi can protect the platinum from oxidation, and
the oxophilic properties promote the oxidative dehydrogena-
tion of the alcohol group by interaction between Bi and a p

electron of the furan ring.[17] If used alone, bismuth is inactive
for the oxidation reaction; if associated to Pt, a significant in-
crease of the overall catalytic performances and lifetime of the
catalyst was observed in HMF oxidation with Pt supported on
carbon. Bi promotion also limited Pt leaching into the reaction
medium.

Therefore, we prepared bimetallic Pt�Bi/TiO2 catalysts with
different Bi/Pt ratios varying between 0.09 and 0.52. Table 4
compares the catalytic performances of the Pt/TiO2 catalysts
loaded with different Bi/Pt molar ratios after 1 and 6 h of reac-
tion for HMF conversion and for HMFCA, FFCA, and FDCA for-
mation. The reaction was performed under standard conditions

with 2 equivalents of Na2CO3. The course of the reaction as
a function of reaction time is illustrated in Figure 8 for the Bi/
Pt molar ratio of 0.22.

The oxidation of HMF in the presence of Pt/TiO2 promoted
by bismuth was remarkably accelerated with respect to the
monometallic parent catalyst up to a Bi/Pt ratio of around
0.22. With this 0.22 ratio, total conversion of HMF was attained
after 1 h and FFCA formed was completely converted into
FDCA in less than 4 h, compared with more than 8 h without
Bi promotion (Figure 8 versus Figure 6 b). A good molar bal-
ance was calculated, which was improved relative to that of
the experiments on the monometallic catalysts. The solutions
that were yellow in the presence of the Pt/TiO2 catalyst
became colorless when Bi was added. A further increase of the
Bi/Pt ratio to 0.32 did not change significantly the overall reac-
tion rate, and the balances were still complete. However,
higher bismuth loading (Bi/Pt = 0.52) led to a loss of the bene-
ficial effect of Bi promotion as a result of high coverages of
the Pt particles with Bi, based on the knowledge that it is de-
posited on top of the metallic surface. At the end of the 6 h re-
action, the final yield of FDCA was 84 %, which is similar to
that obtained over the nonpromoted catalyst.

With regard to the kinetic constants deduced from the
model, they show the synergistic effect brought by Bi promo-
tion up to the optimum Bi/Pt ratio of 0.2–0.3. Nevertheless, the
effect is not as significant as that observed for Pt/C catalysts
for this reaction under the same reaction conditions.[17]

The promoted 2.6 wt % Pt�0.6 wt % Bi/ZrO2 catalyst (molar
ratio Bi/Pt = 0.25) was compared with the monometallic coun-
terpart with 2 equivalents of Na2CO3. A similar synergistic
effect of Bi was observed: total oxidation of HMF and the inter-
mediates was complete after 6 h with a yield of FDCA of 97 %,
instead of 10 h and a yield of 93 % in the presence of Pt/ZrO2.
The mass balances were in relatively good agreement.

Analysis of the filtered reaction medium by ICP-OES after the
reaction showed no detectable leaching of Pt (Pt<0.5 %) in
contrast to the monometallic catalyst (Pt�3 %) and no bis-
muth leaching (Bi<0.5 %). In addition to the stabilization of

Figure 7. Consecutive use of Pt/TiO2 (&: FDCA; &: FFCA): 1st run: fresh cata-
lyst ; 2nd and 3rd runs: spent catalyst used without reactivation; 4th run:
catalyst used after reduction of the spent catalyst. Reaction conditions:
T = 100 8C, P = 40 bar air, 0.1 m HMF, HMF-to-Pt molar ratio = 100, NaHCO3/
HMF = 2, t = 12 h.

Table 4. Comparison of the catalytic performances after 1 and 6 of the
reaction of bismuth-promoted Pt/TiO2 with varying Bi/Pt molar ratios by
using Na2CO3 (Na2CO3/HMF = 2).

Bi/Pt 1 h 6 h Rate constant [h�1]
conv. [%] yield [%] k1 k2 k3 k4 k5

HMF HMFCA FFCA FDCA

0 90 <1 6 84 0.637 0.953 0.433 10.119 1.374
0.09 99 1 2 94 0.467 2.246 0.370 20.820 3.208
0.22 >99 0 0 99 0.876 3.656 0.820 49.181 3.605
0.32 >99 0 1 97 0.410 3.264 0.514 25.342 3.452
0.52 95 3 8 84 0.898 1.426 0.489 24.354 1.179

Figure 8. Evolution of the concentrations of HMF and the products DFF,
HMFCA, FFCA, and FDCA as a function of time (experimental data: symbols;
model estimates: lines) over Pt�Bi/TiO2 (Bi/Pt = 0.22) in the presence of
2 equivalents of Na2CO3. Reaction conditions: T = 100 8C, P = 40 bar air, 0.1 m

HMF, HMF-to-Pt molar ratio = 100, Na2CO3/HMF = 2. ^: HMF; ~: DFF; &:
HMFCA; *: FFCA; *: FDCA; + : molar balance; � : TOC; g : pH value.
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the metallic active sites, the promotion by Bi also lowers the
leaching of the Pt surface.

Bimetallic catalyst recyclability was also investigated by reus-
ing the Pt�Bi/TiO2 catalyst with a Bi/Pt ratio of 0.22 in consecu-
tive runs. The results for four runs are shown in Figure 9. It

must be emphasized that, in this case, the recovered catalyst
has not been reactivated under H2 after each run. It was just
filtered off the solution of the previous run carried out over
10 h of reaction, washed, and dried under vacuum at 40 8C
before the new run with fresh HMF solution. Upon recycling of
the bismuth-promoted Pt/TiO2 catalyst, only a slight decrease
in the catalytic performance was observed. As expected, the
deactivation was much less important for the bimetallic cata-
lyst with respect to the loss of activity observed if monometal-
lic Pt/TiO2 catalyst was reused without pre-reduction. The recy-
clability of the catalyst has been much improved by Bi promo-
tion, in accordance with previous studies on the increased re-
sistance of Pt�Bi/C to oxygen poisoning. In all of the experi-
ments presented in Figure 9, no Pt or Bi could be detected in
the final reaction medium within the limits of the analysis
method, which demonstrates also the chemical stability of the
used catalyst. The small decrease in activity of the reused bi-
metallic catalyst still observed could be ascribed to deposition
of some insoluble humins formed during the reaction. Howev-
er, TGA measurements on the final used catalyst did not reveal
any significant weight loss (Figure 4). Therefore, it could be the
result of some overoxidation of the Pt particles despite the
presence of Bi. Nevertheless, this loss of activity is much less
than on the monometallic catalyst. The catalyst may recover its
activity by reactivation under H2, as was observed for the mon-
ometallic catalyst (Figure 7). In conclusion, as in the case of Pt/
C catalysts, promotion by Bi decreases both oxidation and
leaching of Pt under aerobic conditions.

Conclusions

TiO2- and ZrO2-based supported Pt catalysts were characterized
and studied in the oxidation of HMF to FDCA in alkaline aque-

ous solutions (NaHCO3 or Na2CO3) with dioxygen from air. Pre-
liminary investigations over Pt/TiO2 showed that, if the reaction
was carried out without addition of a homogeneous base, the
reaction was blocked because the pH value became too acidic
and precipitation of the carboxylic products formed occurred
on the catalyst. In moderately alkaline aqueous solutions, the
Pt-based catalyst became much more efficient. DFF and
HMFCA were formed in a first step and further converted into
FFCA and finally to FDCA with very good yields. The oxidation
of the aldehyde moiety in FFCA is the limiting step under the
given conditions, in accordance with the underlying mecha-
nism (preliminary hydration step of the aldehyde function to
form the geminal diol favored by the basic medium). We
showed that the replacement of 4 equivalents of weak base
NaHCO3 by 2 equivalents of the stronger Na2CO3 base gave
a catalytic system that was more active for the consecutive
transformation of the FFCA intermediate to the fully oxidized
FDCA. However, some byproducts were formed, which lowered
the final yield of FDCA. A kinetic model was proposed based
on the main reactions and major reaction components to pre-
dict the concentration–time trends reasonably well. In addition,
promotion of Pt/TiO2 by Bi displayed a catalyst with increased
activity and ability for reuse. The Pt/ZrO2 catalyst was slightly
less active than Pt/TiO2 under the optimized conditions. Intro-
duction of Y2O3 or La2O3 in the ZrO2 support did not show a co-
operative effect of the weak basic sites in the solid and the ho-
mogeneous base.

Experimental Section

Catalyst preparation

The platinum-based catalysts were prepared with commercially
available supports: TiO2 (DT51, supplied by Millenium, now Cristal),
ZrO2, ZrO2�10 %La2O3, and ZrO2�8 %Y2O3 (MELCAT XZO, supplied
by Mel Chemicals). The Mel Chemicals powders were pretreated by
calcination in air (flow rate: 20 mL min�1) at T = 560 8C for 3 h with
a heating rate of 3 8C min�1. The monometallic Pt catalysts were
prepared by using a deposition–precipitation method in an aque-
ous solution of potassium tetrachloroplatinate.[43] The support was
slurried with water, and a desired amount of K2PtCl4 was added to
this suspension. Afterwards, the pH value was adjusted to 11 by
addition of solid KOH. The suspension was heated to reflux at
a temperature of 80 8C for 1 h, after which the mixture was cooled
and filtered. The solid was washed, dried, reduced under a hydro-
gen flow (flow rate: 60 mL min�1; heating rate: 2 8C min�1 up to T =
300 8C; t = 3 h at T = 300 8C) after purging with Ar, and finally passi-
vated in 1 % O2/N2.[44, 45]

To ensure the deposition of bismuth on the platinum, the bimetal-
lic Pt�Bi catalysts were prepared through a surface redox reaction
in the liquid phase from the monometallic catalysts and an aque-
ous solution of BiONO3 with glucose as the reducing agent and ac-
cording to a previously reported procedure.[43, 44] The monometallic
Pt catalyst was added to an aqueous solution of glucose. An ap-
propriate amount of BiONO3 dissolved in 1 m HCl was added into
the mixed slurry under a nitrogen atmosphere and the pH value
was increased to 9 with NaOH. The catalyst was filtered, washed,
and dried under vacuum at T = 40 8C.

Figure 9. Successive reuse of Pt�Bi/TiO2 (Bi/Pt molar ratio = 0.22) without
pretreatment of the spent catalyst. Reaction conditions: T = 100 8C,
P = 40 bar air, 0.1 m HMF, HMF-to-Pt molar ratio = 100, Na2CO3/HMF = 2,
t = 10 h. &: HMFCA; &: FFCA; &: FDCA.

ChemSusChem 0000, 00, 0 – 0 www.chemsuschem.org � 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim10&

�� These are not the final page numbers!�� These are not the final page numbers!

Full Papers

http://www.chemsuschem.org


Catalyst characterizations

The platinum and bismuth contents in the solids were determined
after digestion and dissolution of the solids in H2SO4 and aqua
regia at T = 250–300 8C and analysis of the solution by using ICP-
OES (Activa Jobin–Yvon).
The specific surface area (SBET) was measured by N2 adsorption/de-
sorption at the liquid nitrogen temperature by using a Micromerit-
ics 2020 apparatus after first degassing the sample under vacuum
at T = 350 8C for 3 h.
Powder X-ray diffraction patterns were obtained with a D8 Ad-
vance A25 diffractometer (Bruker) with CuKa radiation (l=
0.154184 nm). The crystalline phases were identified by reference
to the JCPDS (International Centre for Diffraction Data) data files.
Crystal size values were calculated if possible by using the Scherrer
equation from the width at half-maximum intensity.
TEM analysis of the supported catalysts was carried out with
a JEOL 2010 microscope with a LaB6 source operating at 200 kV.
The sample was suspended in ethanol and agitated ultrasonically.
A drop of the suspension was placed on a copper mesh grid with
carbon film coating, and the ethanol was allowed to evaporate.
For the La2O3�ZrO2 and Y2O3�ZrO2 supported catalysts, extractive
replica were used. A drop of the suspension was deposited on
freshly cleaved mica, dried, and covered by a carbon film. After dis-
solution of the support in a solution of water, acetone, and HF, the
metal particles remained stuck to the carbon film. The mean size
of the nanoparticles was estimated by counting approximately
300–500 particles.

Catalytic experiments

HMF was purchased from Interchim as a 500 g batch of 95 %
purity. For all experiments described, the same batch was used
without any purification. HMF contains impurities that were not
identified; however, they are often reported as humins, which give
some yellow color to the HMF substrate. Some of the dark humins
formed during the preparation of HMF were shown to deposit on
the catalyst surface and to deactivate the catalyst.[46, 47] The HPLC
calibration was performed with HMF of higher purity (Sigma–Al-
drich, >99 %). The aqueous-phase reactions were performed in
a 300 mL batch high-pressure reactor made of Hastelloy and
equipped with a magnetically driven gas-inducing stirrer. In the
standard reaction, HMF (95 %; 2 g) dissolved in the alkaline aque-
ous solution (150 mL) containing the desired amount of base (ex-
pressed as the base/HMF molar ratio) was loaded into the reactor
with an appropriate amount of catalyst (HMF/Pt molar ratio = 100).
The initial concentration was chosen to be low because of the low
solubility of the product acids HMFCA, FFCA, and FDCA in aqueous
solution, which may cause precipitation and/or inhibit the reaction.
The reactor was then sealed and pressurized with P = 40 bar air at
time zero. The mixture was heated to the reaction temperature of
100 8C (total pressure in the reactor then reached approximately
51 bar) under stirring (approximately 1000 rpm). The progress of
the reaction was followed by taking liquid samples at regular times
through a sample diptube. The samples were filtered (through
a 0.45 mm polyvinylidene fluoride membrane), diluted 15 times,
and then analyzed. After the reaction, the autoclave was cooled to
room temperature and the catalyst was filtered off.
The progress of the reaction was determined by HPLC equipped
with a photodiode array detector and a refractive index detector in
series. The reaction products were separated on an ICE-Cora-
gel 107H column thermostatted at T = 65 8C, by using 10 mm

H2SO4 as the mobile phase at a fixed flux of 0.6 mL min�1. Reten-
tion times and calibration curves for the observed products were

determined by injecting known concentrations of reference com-
mercial products. The total organic carbon in solution was mea-
sured with a TOC analyzer (Shimadzu 5050A), and the measured
value was compared to the molar balance calculated from HPLC
analysis. The pH value was measured with a MeterLab PHM 240 pH
meter.
The possible presence of platinum or bismuth in the reaction
medium during the catalytic reactions was detected by ICP-OES of
the liquid samples.
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Selective Aerobic Oxidation of 5-HMF
into 2,5-Furandicarboxylic Acid with
Pt Catalysts Supported on TiO2- and
ZrO2-Based Supports

Back to bases : The addition of increas-
ing amounts of NaHCO3 soluble base
improved significantly the catalytic ac-
tivity of Pt/TiO2 in HMF oxidation to
FDCA by accelerating the oxidation rate
of the aldehyde group. Moreover, the
promotion of the catalyst with bismuth
yielded a Pt�Bi/TiO2 catalytic system
(with Na2CO3 as the weak base) with im-
proved activity and stability with re-
spect to the monometallic catalyst.
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