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Evidence of furan formation from acetaldehyde overb-UO3
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Abstract

Furan, C4H4O, has been observed from acetaldehyde overb-UO3 during temperature programmed desorption (TPD) with
a high yield (ca. 40%) at low surface coverage. At high surface coverage crotonaldehyde, CH3CH==CHCHO (formed by
b-aldolisation of acetaldehyde), was the most dominant product. Flow experiments atP = 30 atm have indicated that one
can achieve high reaction selectivity to furan. The catalyst deactivated, however, after a few hours of time on stream. X-ray
diffraction analyses have shown thatb-UO3 has been reduced to a mixture ofa-U3O8 and UO2. The catalysts could be
regenerated by gas-phase O2 at 673–773 K, 30–40 atm for 2 h. The comparison between furan formation from acetaldehyde
to that from ethylene as well as from ethanol [J. Catal. 184 (1999) 553; Stud. Surf. Sci. Catal. 110 (1997) 265] over U oxides
indicates the following. (1)b-UO3 was far more active thana-U3O8. (2) Acetaldehyde gave the highest reaction yield. (3)
The reaction appears to be driven by the high oxidation state of U cations (U+6) as well as the potential presence of these
U+6 cations in a sixfold coordination environment, i.e. containing two vacancies to accommodate the coupling of two C2
molecules to the C4 furan product. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Uranium oxides have been used as heterogeneous
catalysts, promoters, as well as supports for other cat-
alysts in various reactions of industrial importance in-
volving natural gas or coal based fuels, and petroleum
and organic products [1]. The general formula for ura-
nium oxides, UnO2n+2, accounts for a number, but not
all of the reported oxides. Uranium can assume at least
three main valencies.+2 (UO), +4 (UO2), and+6
(UO3) in the solid state [1]. The binary oxides (in or-
der of increasing O/U ratios) that have been reported
at one time or another are: UO, UO2, U4O9, U16O37,
U3O7, U2O5, U5O13, U13O34, U8O21, U11O29, U3O8,
U12O35 and UO3 [2]. Stimulated in a large part by
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their potential use as nuclear fuels, large areas of the
complicated uranium oxide phase diagram have been
studied, revealing many mixed valance materials like
U3O8 and U4O9.

UO2 is an active and stable catalyst for the dehy-
drogenation of ethyl benzene to styrene and cumene
to a-methyl styrene [3]. It is also active for the de-
hydration/dehydrogenation of ethanol [4] and dehy-
dration of acetic acid [5]. U3O8 has exceedingly high
oxidative activity in the catalytic oxidation of carbon
monoxide, far higher than that of V2O5, MoO3, or
WO3 [6]. It is also active for the complete destruction
of environmentally undesirable volatile organic com-
pounds (VOCs) like chlorobenzene, benzene, butane,
cyclohexanone and butyl acetate [7,8]. In addition,
the presence of alkali and alkaline earth elements on
U3O8 increases its activity for the oxidation of CO by
NO [9]. Moreover, it has been shown that if uranium
is correctly impregnated, it can strongly improve the
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Table 1
The different phases of UO3

Type Structure

UO3 amorphous [12]
a-UO3 Hexagonal [29], Orthorhombic [30]
b-UO3 Monoclinic [13]
g-UO3 Orthorhombic [31], Tetragonal [32]
d-UO3 Cubic [33]
z-UO3 Hexagonal [34]
h-UO3 Orthorhombic [35]
ε-UO3 Monoclinic [36]

dispersion quality of alumina [10]. It was also reported
that addition of uranium (in the+4 oxidation state)
specifically improves the activity of SiC as a catalyst
support for CoMo catalysts for hydrodesulphurisation
(HDS) of thiophen [10]. Moreover, Bismuth–uranium
catalysts are active for the oxidative demethylation of
toluene [3] as well as for the formation of acryloni-
trile and acrolein by ammoxidation and oxidation of
propylene, respectively [11].

UO3 is considered the principal species in the gas
phase of uranium oxides. One amorphous and 7 crys-
talline modifications of UO3 are known.a-, b-, d-,
ε-, g-, z- and h-UO3 [12]. One may obtain different
phases of UO3 by changing the preparation condi-
tions of the decomposition of the starting materials.
For example, uranyl nitrate calcined rapidly at 773 K
for 3–4 h results in the formation ofb-UO3, while
calcination at 3◦C/min to 773 K yieldsg-UO3 [13].
The colour of the respective phases depends upon the
method of preparation. For example, theb-phase pre-
pared from ammonium uranate or uranium nitrate is
dark orange, while that prepared by U3O8 oxidation
product is a cherry red [14]. Table 1 presents the dif-
ferent phases of UO3.

We have previously shown that U oxides are also
active for C-C bond formation reactions. Acetone was
converted to isobutene ona-U3O8 [15] (isobutene
has been observed from acetone by other workers
over CeO2 [16] and Gd2O3 [17]) and mainly dehy-
drated to propene on UO2. These results indicated a
structure-sensitive nature and/or or a sensitivity to the
oxidation state of U cations (U3O8 is composed of
U+6 and U+4 cations) [15]. Moreover, we have also
reported the formation of furan from ethanol as well
as from ethylene in a single step stoichiometric reac-
tion overb-UO3 [18,19].

Furan and furan derivatives are raw materials for the
production of industrial chemicals for use as pharma-
ceuticals, herbicides, stabilisers. They are also build-
ing blocks for conducting polymers, which are used
for device fabrics and anticorrosion coating applica-
tions for inorganic semiconductors [20], and in the
production of tetrahydrofuran by hydrogenation [21].
However, the classical methods of furan production
are very expensive. In fact, the challenge is the pro-
duction of furan in a one-step gas-phase reaction using
C4 hydrocarbon feedstock, which would be an attrac-
tive alternative to currently applied multistage process
[22]. It is commercially prepared by: the decarbonyla-
tion of furfural over catalysts based on nickel or cobalt
or by pyrolysis at 700◦C [23], oxidation of butadiene
over molybdenum–bismuth catalyst [24], or hydro-
genation of maleic anhydride [25]. This work presents
the catalytic formation of furan from acetaldehyde
overb-UO3 catalyst by temperature programmed des-
orption (TPD) and catalytic tests and shows that one
can obtain furan from acetaldehyde in a high yield.

2. Experimental

b-UO3 was prepared from uranium nitrate solution.
U(OH)6 was precipitated with ammonia solution at pH
9. The precipitate was filtered and washed in water.
The filtered precipitate was dried at 373 K overnight
and calcined at 773 K for 18 h [13]. XRD (Fig. 1)
indicated a pure form ofb-UO3 and confirmed the
absence of any other uranium oxide phases. Several
UO3 preparations have been performed. In most of the
cases a mixture ofb-UO3 and g-UO3 was observed
with b-UO3 as the dominant phase depending on the
temperature ramping rate.

TPD was performed using a fixed-bed reactor in-
terfaced to a high vacuum chamber equipped with
a quadruple mass spectrometer (base pressure ca.
5 × 10−8 Torr, working pressure during TPD=
2–3× 10−6). The reactor pressure during TPD was
ca. 10−3 Torr at a pumping speed of ca. 10 m3/h.
The mass spectrometer is multiplexed with an IBM
PC that is equipped with a program that allows the
monitoring of 12 masses simultaneously at a cycling
rate of ca. 2 s. The ramping rate during TPD was kept
fixed at 15 K/min. The fragmentation patterns of each
product were checked in order to identify unambigu-
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Fig. 1. X-ray diffraction of as prepared, used and regenerated U
oxides. UO2 was prepared by H2-reduction of U3O8 at 773 K
for 12 h; ∗ 2θ at 17.29. This value may correspond to either the
(1 0 0) of UO2 (OH)2, 2θ = 17.27 or to the (0 0 1) ofε-UO3·H2O,
2θ = 17.32.

ously the reaction products by the method described
previously [26]. Mass spectrometer correction factors
with respect tom/e 28 were calculated following the
method described in Ref. [27].

Steady-state reactions were carried out in a
fixed-bed reactor at different pressures. The reactor
was placed in a programmable oven connected to a
gas chromatograph (GC), equipped with flame ionisa-
tion detector (FID), via a six-way valve. To separate
the products, the column (Chromosorb 102) was tem-
perature programmed with an initial temperature of
333 K for 2 min, then ramped at 1 K/min to 393 K.
The GC was coupled to a PC running PEAKSIMPLE
III software for data acquisition.

Batch reactions were performed in a glass reactor
(32 ml volume) which was placed in an oven. The
weight (230 mg) and prior treatment of the catalyst
together with the reaction temperature (473 K) were
kept constant for all the experiments. The prior treat-
ment consisted of heating the catalyst to 523 K under
dry air for 1 h. The reactor was evacuated after the
pretreatment of the catalyst and the desired amount

of acetaldehyde and 20 ml of helium were introduced
at room temperature via a rubber septum. After equi-
librium was obtained the temperature was adjusted to
573 K and the reaction was followed by injecting the
gas samples from the reactor into the GC/MS. In or-
der to monitor CO and CO2 during the batch reactions
a GC, operating isothermally at 300 K, equipped with
a thermal conductivity detector (TCD) and a chro-
mosorb 102 column was used.

GC/MS instrument was a Hewlett Packard 6890 gas
chromatograph coupled with Hewlett Packard 5973
mass selective detector. The GC employed a Gas Pro
GSC capillary column of 30 m×0.32 mm internal di-
ameter with helium as carrier gas. The capillary col-
umn was temperature programmed with an initial tem-
perature of 473 K for 2 min, then ramped at 20 K/min
to 513 K. The mass selective detector was set to record
mass spectra in a range of 10–500 AMU at predeter-
mined rate of 3 scans/s. A split ratio of 30:1, i.e.1

30th
of the sample volume injected into the GC/MS was
used. A 5 ml Hamilton gas proof lockable syringe was
used to inject the gas samples into the GC/MS.

Polycrystallinea-U3O8 was obtained from BDH
chemical, while UO2 was prepared by H2-reduction
of a-U3O8. UO2 is totally inactive for furan forma-
tion (in effects it reductively couple acetaldehyde to
butene [28]) and only traces of furan were observed
overa-U3O8.

3. Results

3.1. TPD after acetaldehyde adsorption overβ-UO3

Several TPD runs at various surface exposures of
acetaldehyde overb-UO3 were conducted. Fig. 2
and Table 2 present the desorption profile during
acetaldehyde(16.2 × 103 L)-TPD on b-UO3. A
complex set of desorption products were observed.
Unreacted acetaldehyde (CH3CHO, m/e 29, 44, 43)
desorbed in two temperature domains, at 340 and
450–500 K. The two main products were: croton-
aldehyde at 390 K (CH3CH==CHCHO, m/e 70, 41,
39, 69), furan at 420 K (C4H4O, m/e 39 and 68).
In addition, small amounts of butadiene at 530 K
(CH2==CHCH==CH2 m/e 39 and 54) and butene at
560 K (CH3CH==CHCH3 m/e 39, 56 and 55) were
also detected. Along with these products traces of
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Fig. 2. TPD after acetaldehyde adsorption overb-UO3, at room
temperature.

ethanol (m/e 31, 46, 45) crotyl alcohol (m/e 72), ace-
tone (m/e 43, 58 and 15) and crotonic acid (m/e 86,
41, 39, 69) with a combined carbon selectivity of less
than 1% also desorbed. Adsorption ofm/e 42 was ob-

Table 2
Carbon yield and selectivity of products during TPD after ac-
etaldehyde adsorption, overb-UO3, at room temperature

Product Peak
temperature (K)

Carbon
yield (%)

Selectivity
(%)

Acetaldehyde
(m/e 29)

320–340,
450–500

66 –

Furan (m/e 68) 420 10.1 30.5
Crotonaldehyde
(m/e70)

390 7.2 21.6

Butene (m/e 56) 540 2.4 7.2
Butadiene (m/e 54) 560 2.1 6.4
Propene (m/e 42) 540–550 11.4 34.2

served at 540–550 K. Quantified analysis of the frag-
mentation pattern at this temperature indicated that
it is most likely due to propene (m/e 41, 42 and 39)
and not ketene (only traces ofm/e 14 were detected).
CO2 (m/e 44) desorbed at higher temperature 700 K.
Blank experiments showed comparable amounts of
CO2.

Fig. 3 presents the carbon yield obtained dur-
ing several acetaldehyde-TPD runs onb-UO3 at
different initial exposures. Several points may be
deduced from this figure. First, furan is highest at
low coverage (reaching a carbon yield of ca. 40%),
while the aldolisation reaction product, crotonalde-
hyde required higher surface coverage to appear.
Second, no considerable change in reaction yield
is observed at high exposures. This latter result
may indicate that surface saturation is reached, at
∼ 3 × 103 L. Third, there were no signals corre-
sponding to propene, butadiene or butene at low
coverage.

3.2. Batch reactions

In order to study the effect of furan formation
as a function of prolonged contact time, reactions
of acetaldehyde onb-UO3 were performed in a
batch reactor at 473 K at different initial acetalde-
hyde concentrations. At high concentrations of ac-
etaldehyde (4× 10−6 mol/ml) along with furan
other competing products appeared mainly croton-
aldehyde and C4 hydrocarbons. But at lower con-
centrations the other reaction products decreased
significantly. Fig. 4 presents furan and CO2 forma-
tion as a function of time. The decrease of furan is
concomitant with CO2 production. In fact, 2 mol of
acetaldehyde are required to make 1 mol of furan
and 1 mol of acetaldehyde makes ultimately 2 mol of
CO2.

(O2−)s + 2CH3CHO → C4H4O + 2H2O (1)

5(O2−)s + CH3CHO → 2CO2 + 2H2O (2)

where s is the surface. Although CO2 production is
higher than that of furan (about four times higher
per mol of acetaldehyde) the high selectivity of the
reaction to furan provides the required motivation for
further investigations.



H. Madhavaram, H. Idriss / Catalysis Today 63 (2000) 309–315 313

Fig. 3. Carbon yield of furan, crotonaldehyde and acetaldehyde as a function of surface coverage during TPD of acetaldehyde overb-UO3.

3.3. Steady-state reactions

Since in order to makeb-UO3 from U3O8 at least
30 atm of oxygen are required, it was preferable to
conduct the flow experiments at this pressure. Fig. 5

Fig. 4. Furan and CO2 formation as a function of time
over b-UO3. Reactor volume= 32 ml, [catal.] = 230 mg,
T = 473 K, P = 1 atm, [CH3CHO] = 9.67× 10−7 mol/ml.

presents furan production at 30 atm and 673 K using
an acetaldehyde concentration= 2.5 × 10−8 mol/ml,
balance N2. At these conditions, furan was the main
oxygenated product detected (reaction products moni-
tored by GC and GC–MS). Traces of benzene and C4
hydrocarbons were also observed. CO2 was observed
and basically accounted for the remaining mass bal-
ance. The catalyst was deactivated after∼5 h, how-
ever. XRD (Fig. 1) of the deactivated catalyst showed
complete transformation ofb-UO3 to a mixture of

Fig. 5. Furan formation as a function of time on stream over
b-UO3. T = 674 K,P = 30 atm, [CH3CHO] = 2.5×10−8 mol/ml
(11× 10−7 g/ml), F/W = 25 ml min−1 g catal−1.
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U3O8 and UO2. The catalyst could however recover
its catalytic activity following regeneration at 623 K
for 2 h at 40 atm of O2. Also shown in the figure
the reaction of acetaldehyde on the regenerated cata-
lyst. Clearly the regeneration has resulted in an active
catalyst.

4. Discussion

In previous work we have compared the reactions of
ethylene to that of ethanol for the production of furan
overb-UO3 surfaces by TPD [18,19]. As shown in the
equations below acetaldehyde is far more active (on a
C% basis) than ethylene or ethanol for the production
of furan.

H2C==CH2 ⇒ C4H4O
(5–6%)

+ CH3CH2OH

+CH3CHO (3)

CH3CH2OH ⇒ C4H4O
(20–25%)

+ CH3CHO (4)

CH3CHO ⇒ C4H4O
(35–40%)

+ traces of CH3CH==CHCHO

(5)

(the equations are not balanced for the sake of sim-
plicity)

There are several common points in the three sets
of studies (ethylene, ethanol and acetaldehyde). (1)
Making furan from these appears to be driven by ox-
idation steps. This is based on the following observa-
tion: while acetaldehyde and ethanol are formed from
ethylene no ethylene was observed from ethanol [18]
and no ethanol was observed from acetaldehyde (this
work). (2) Flow experiments and XRD analyses have
shown that the catalyst deactivation is associated with
formation of a mixture ofa-U3O8 and UO2 (reduc-
tion). (3) Although the formation of furan from ethy-
lene requires oxygen transfer from the lattice that from
acetaldehyde or ethanol do not necessarily require this
transfer. Thus, the reduction of the substrate is as-
sociated with other side reactions. Probably the most
important side reactions are the complete oxidation
to CO2 (observed but not quantified, in TPD exper-
iments, and accounting for the remaining mass bal-
ance in flow experiments) and H2O (observed but not

quantified). Water formation is in fact related to the
O to H ratio of the reactants. The lower is the ratio
the more likely the reaction will proceed before total
surface depletion as shown by Eqs. (1), (6) and (7)

2CH2==CH2 + 3(O2−)s → C4H4O + 2H2O (6)

2CH3CH2OH + 3(O2−)s → C4H4O + 4H2O (7)

where s is the surface.
Another important requirement is the coupling of

the two C2 molecules to make furan or its precursor.
We have previously [18] indicated that the presence
of double vacancies is most likely the reason for the
observed activity ofb-UO.3. The unit cell ofb-UO3
contains 5U+6 cations, two of them are sixfold co-
ordinated while the remaining are sevenfold coordi-
nated — complete coordination is with eight oxygen
anions. In other words, the high oxidation state of U is
necessary but not the sole factor behind furan forma-
tion. For example, while U3O8 contains a ratio U+6 to
U+4 = 2 (15), all U cations are sevenfold coordinated
and indeed only traces of furan are detected.

In summary, the reaction of acetaldehyde was in-
vestigated over the surfaces ofb-UO3 and a-U3O8.
b-UO3 was active for making furan whilea-U3O8
was not. TPD results indicated that the selectivity to
furan was high at low surface coverage while at high
surface coverage the other competing reaction prod-
uct, crotonaldehyde, increased considerably (Fig. 3).
Flow experiments have shown that furan is the major
organic product formed. Although deactivation of the
catalytic material was considerable after few hours on
stream the catalyst could be easily regenerated by O2
at 30 atm and 673–773 K (Fig. 5).
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