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Furan formation during ethanol-TPD over 3-UO; is observed.
Previous work has shown the formation of furan from ethylene-
TPD over 8-UO; (13). The negligible activity of «-U30s (contain-
ing U%" cations representing 86% of total U cations) indicates
that the surface structure of 8-UQO; contains the necessary sites.
These sites are proposed to be U cations with double vacan-
cies to accommodate two ethoxide species followed by coupling to
CHZCH20U6+OCH2'CH2. Flow experiments of ethanol also indi-
cated the formation of furan, besides acetaldehyde, over 5-UOs3
(while «-U30g was inactive).  © 1999 Academic Press

Furan and furan derivates are utilised as chemical build-
ing blocks in the production of other industrial chemicals
for use as pharmaceuticals, herbicides, stabilisers, and fine
chemistry (1). Furan is commercially manufactured from
the decarbonylation of furfural either by noncatalytic py-
rolysis at 700°C (1) or over catalysts based on nickel (2)
or cobalt (3). It can also be made by oxidation of butadi-
ene (4, 5). This work presents evidence of furan formation
over pure 8-UOs; from ethanol. Over a-U3Og only traces of
furan were formed, while UQO, was inactive. The uranium
oxide system, one of the most complex oxides known (6),
is one of the richest to investigate. This is due to the wide
range of oxidation states of uranium cations (from +2 to
+6) and the existence of several stable stoichiometric and
super- and substoichiometric bulk structures ranging from
UO,_, to UOg; each of these may present more than one al-
lotropic phase (7). One may divide the observed reactions
(catalytic and stoichiometric) of the uranium compounds
into two parts: (i) oxidation [such as the ammoxidation of
olefins to acrylonitrile on USbO catalysts (8,9) and the total
destruction of chlorinated compounds on U3Og (10)] and
(i) C-C bond formation [such as coupling of ethylene to
butadiene on U complexes (11) and reductive coupling of
acetaldehyde to butene and butadiene (12) over UO;]. We
have recently successfully combined both routes (oxidation
and coupling) into one: oxidative coupling of two molecules
of ethylene to furan, C4H4O, on polycrystalline 8-UO3 (13).
The reaction of acetaldehyde over -UOs is also investi-
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gated (12, and work in progress). Although small amounts
of furan were observed, the main reaction is that of the
B-aldolisation product: crotonaldehyde.

This study was conducted as follows. 8-UQO3 was synthe-
sised from uranium nitrate by precipitation with ammonia
and calcination at 573 K for 18 h (this method gave us the
purest 8-UQOs3 phase) (14). X-ray diffraction confirmed the
absence of any other uranium oxide phase. o-U30g was ob-
tained from BDH Chemicals, and UO; was prepared by H,
reduction of U3O0g (or UO3) at 1 atm for 12 h (15). X-ray
photoelectron spectroscopy (XPS) was previously used to
investigate the oxidation states of U cations on the surfaces
of U0y, @-U30g, and UO3 to quantitatively determine the
atomic concentrations of U*" cations on the surface and
near surface of these oxides by this group (15). The surface
and near surface of the 8-UQOj3 do not contain U** cations;
i.e., all cations are in a +6 oxidation state. U cations in
a-U3Og represent ca. 84% of U cations (higher than the
theoretical value of 67%, presumably because of surface
oxidation of some surface U** cations), while UO; surfaces
do not contain any.

A Hiden mass spectrometer (530 amu) in a high vacuum
chamber (base pressure ca. 10~ Torr, working pressure dur-
ing TPD = (2-3) x 10~° Torr) multiplexed to a PC was used
to monitor the desorption products during TPD (8 =0.25K
s~1) at a cyclic rate of ca. 100 amu/10 s. Products were anal-
ysed following the method described previously (16). Mass
spectrometer correction factors with respect to m/e28 were
calculated following the method described in Ref. (17). The
reactor pressure during TPD was ca. 10> Torr at a pumping
speed of ca. 10 m*/h.

Figure 1 presents TPD after ethanol adsorption over
B-UOs3 at room temperature. Unreacted ethanol (m/e 31)
desorbs in two temperature domains at 350 and 450 K: both
peaks contributed 87% of the overall carbon yield. Ac-
etaldehyde (m/e29) formed by dehydrogenation of ethanol
also desorbed in two temperature domains at 450 and 490 K
and contributed 10% of the carbon yield and 77% of the
carbon selectivity. Evidence of carbon—carbon bond forma-
tion was clear by the desorption of m/e 68 concomitant with
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FIG. 1. Product distribution during ethanol-TPD over 8-UOs.

m/e39 due to furan at 490 K with a carbon yield and carbon
selectivity of 3 and 23%, respectively. A peak at m/e30 was
also was observed at 505 K; however, detailed analysis in-
dicated that this peak is a non-carbon-containing molecule
and is attributed to NO. Moreover, m/e 44 desorbed in two
peaks at 580 and ca. 680 K. The first peak is that of N,O,
while the second is that of CO,. For quantitative analy-
sis the high-temperature CO; desorption is not taken into
consideration since it mainly results from bulk carbonate
and hydrogenocarbonate decomposition (18). Blank TPD
(not shown) showed similar m/e 30 and 44 peak profiles.
The carbon yield and carbon selectivities of ethanol/TPD
over U3;Og were also calculated (Fig. 3) for comparison. The
main reaction product is acetaldehyde (98% carbon selec-
tivity) with only traces of furan. UO, was inactive for furan
formation.

Figure 2 shows ethylene-TPD over 8-UQOs. In addition
to furan (490 K) both acetaldehyde and ethanol desorbed
with a wide peak centered at ca. 500 K. Furan yield is, how-
ever, four times lower in the case of ethylene-TDP than in
the case of ethanol-TPD. Two major differences exist be-
tween the two experiments (Figs. 1 and 2): (1) the absence of
ethylene during ethanol-TPD and (2) the formation of both
acetaldehyde and ethanol during ethylene-TPD. These in-
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dicate that (i) the dehydration route is not favoured over
B-UOs3; and (ii) the reaction intermediates for furan for-
mation might be ethoxide species (most likely two vicinal
species).

From the above results one may propose the following
reaction mechanism. First, coupling of two C2-O species
on one uranium cation proceeds as

2CH;CH,O (a) 4+ U$" — CH;CH,0OU* OCH,CH;. [1]

Evidence of coupling reactions over U™ cations (in the gas
phase) has been reported (19), such as ethylene coupling
to give UC4H; and UC¢H{ . Moreover, a unit lattice of 8-
UO; is composed of five U*® cations: three of them are
sixfold-coordinated to oxygen anions (i.e., containing two
coordinative unsaturations, U.’) and the remaining two are
in a pentagonal bypyramid structure (i.e., each U cation is
sevenfold-coordinated to oxygen anions) (20). On the other
hand, all U cations of «-U3Og are sevenfold-coordinated to
oxygen anions, also in a pentagonal bypiramid structure.
Thus, it is not surprising that «-UsOg is unreactive for the
coupling reaction (the traces observed on «-U3Og might be
due to a thin layer of UO3 formed at the surface of U3Og
(not detected by XRD) (see Fig. 3). Second, U catalysts
are well known for their dehydrogenation and oxidative
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FIG. 2. Product distribution during ethylene-TPD over -UOs3.
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dehydrogenation (8, 9, among others) properties. The ab-
straction of the 8-H atoms followed by the coupling tail to
tail of two adjacent species may thus be the limiting step
for the reaction

CH;CH,OU*"OCH,CHj; + 20>~ (1)
— CH,CH,0U% OCH,CH, + 20H (a) 2]

CH,CH,OU®* OCH,CH, + 20H (a) + O* ()
— C4H,0 (500 K) + VoUX O + 3H,0 3]

Vo =oxygen vacancy, X <6.

The absence of butadience and the presence of ethanol dur-
ing ethylene-TPD indicates that the above reaction path-
way may be very similar, if not the same, for both reac-
tions (ethylene to furan and ethanol to furan). Moreover,
the absence of tetrahydrofuran and dihydrofuran during
ethylene- and ethanol-TPD indicates that the dehydrogena-
tion route is fast. It is worth indicating that furan desorption
is reaction limited since furan desorbed upon room temper-
ature adsorption over 8-UQOs at ca. 350 K.

Preliminary flow experiments using ethanol as a reac-
tant, at atmospheric pressure and temperatures between
423 and 523 K, have shown the following: (1) Ethanol (ca.
2500 ppm) in He indicated initial furan formation (besides
acetaldehyde) that decreased with time on stream until dis-
appearance after 3-4 h (acetaldehyde formation was un-
changed). (2) The maximum carbon selectivity obtained
for furan was 23% with 81% conversion (at 72001 h~' kg1,
423 K, and 10° Pa) with acetaldehyde as the other prod-
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FIG. 3. Furan carbon selectivity (%) versus fraction of U®* cations
during ethanol- and ethylene-TPD over -UQOs3, «-U3Og, and UOy; x =
4,6.
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TABLE 1

Furan Formation during Flow Experiments
of Ethanol/He over 8-UQ3*

Molecules of furan per g of catalyst Temperature (K)

2.43 x 10" 423
6.2 x 10" 448
1.14 x 10%° 473
1.3 x 10% 493

¢ BET surface area=7 mz/g; F/W=72001h" kg’l; T=423 K, total
pressure = 10° Pa, [Ethanol];, = (1 £0.1) x 10~ mol/ml.

uct. (3) Substituting He by air resulted in increasing the ac-
etaldehyde selectivity. (4) Increasing the temperature from
423 to 523 K also increased the selectivity to acetaldehyde.
(5) XRD after the production of furan stopped indicated
partial transformation of 8-UQO3 mainly into «-U3QOg. In ef-
fect, thermodynamic limitation requires 3 to 4 MPa of O,
to revert «-U3O0g to B-UQO3 (we have not yet conducted
catalytic regeneration at these high pressures). (6) Table 1
shows the total furan production (i.e., the GC furan peak
areas have been calculated and integrated as a function of
time until no formation is observed) as a function of re-
action temperature. Both the amount of furan produced
and the fact that this production increased with increasing
reaction temperature may indicate that the reaction is not
limited to titration of the surface oxygen anions of 8-UOs.
(7) furan was not observed over «-U3Os.

In summary, this work presents evidence of furan forma-
tion over 8-UQOs3 during ethanol-TPD, ethylene-TPD, and
ethanol flow experiments. «-U3zOg had negligible activity
for this coupling reaction, whereas UO, was inactive. As
shown in Fig. 3 the change in the U%* population between
B-UO3 and «-U30g does not explain (by itself) the sharp de-
crease of the activity. Structural differences are most likely
the reason behind the activity difference.
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