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Abstract

Uranium oxide catalysts supported uppi\l,O; and amorphous and mesoporous silica have been tested for,@AIINO/CO conversions.
Pre-calcination is deleterious to catalysts on a mesoporous support due to extrusion of the active uranium phase into poorly dispersed uraniu
oxide particles. Developing the catalysts under C{iH@ or CO/NO/He avoids extrusion and results in superior mesoporous catalysts (from uranyl
nitrate precursor) which are comparable to Pil catalysts. Chloride is found generally to be deleterious to catalyst performance. The exception
to this in UCL/y-Al,O3 calcined at 873 K for CO/@ In this system, the total activity is correlated to the level of chlorine retention and average
uranium phase crystallite size within the catalyst. The net rate expression for selective reduction of NO by CO over the best mesoporous cataly
is zero order in NO and proportional to [CH]in contrast to bulk YOg where the net rate depends upon [NO]. The activation endigy &nd
pre-exponential factors) are highly correlated both to each other and the net dispersion of thg plase recovered after catalysis; the most
active systems are highly dispersed whereApgvalues are more than compensated for by higher values of
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the mesoporous silicaHSiO,, synthesised by templating with
non-ionic surfactants as in the method due to Attard dial,

Uranium oxide based materials are active for a wide rangshow sufficient thermal stability to survive calcinationto 1073 K
of total and selective oxidation proces$es10]. These include with its tertiary structure largely intact. However, such calcina-
efficient catalysts for NQremoval processes, showing a nettion leads to an extrusion of4d@g from within the pores. There
activity comparable to Pt based catalysts and improved sele@are significant variations in the manner in which thgdd phase
tivity to NO in the region of light-off. Mesoporous dispersants develops depending upon the support used. This results in both
possess significantly higher surface areas upon which an actieeconsiderable variation in the average size of the supported
phase may be deposited, and have been applied for uraniuparticles and in the preferred polymorphs of@4. In meso-
oxide catalyst§11-13] Thus far, detailed catalytic information porous silica, a hexagonal phase @fQ4 forms first but is then
regarding NO reduction and CO oxidation by uranium catasuperceded by the orthorhombic form. Onamorphous siliga or
lysts has not been presented. Previous investigations utilisinglumina only the hexagonal form okQg is generally observed
amorphous supports have consistently shown that silica providg$4]. An exception to this is presented by catalysts derived from
poorer catalystf8,9] to Al,O3 or TiOs. UCly/vy-alumina, where formation of orthorhombigQOg is evi-

The support structure may affect how these materials maindent. In this report, we investigate the effects of these structural
tain an active phasg4]. The uranium catalysts supported on variations on CO oxidation by £and NO.

) 2. Experimental
* Corresponding author. Tel.: +44 2380 593307; fax: +44 2380 593781.

E-mail address: je@soton.ac.uk (J. Evans). . .
! Present address: Johnson Matthey Plc, Royston, Hertfordshire, UK. Catalysts prepared in the manner previously describéf
2 present address: ESRF, BP220, Grenoble F-38043, France. were pre-treated and calcined in a microreafdt6}. This reactor
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utilises a 20—30 mg sample charge held in place by quartz wool
plugs and permits the insertion of a 0.5 mm diameter itper-
mocouple directly into the bed6 mm long). Sample heating
to 873 K may be achieved using this configuration. Where calci-
nations have been made to 1073 K microreactor measurements
were made ex situ to the calcination. Gases are admitted under
mass flow control and the composition of the feedstock mea-
sured downstream of the catalyst bed using a quadropole mass
spectrometer station interfaced to the reactor via a stainless steel
capillary.

Onceloaded into the reactor, samples were thoroughly purged ,
in a He flow prior to exposure to the reactive feedstocks. For CO . = 10
oxidation experiments, the reactive feedstock comprised a mix- % £ 3"
ture of 5% CO/He and 5% #£IHe to yield a CO:Q ratio of
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1:1, with a total flow rate of 20 mI mint (GHSV = 20,000 h%). %- % 2 el
NO reduction experiments utilised 5% NO/He and 5% CO/He £35z£8
gas mixtures over a range of NO:CO space velocities (ca. "R833

=
B

8800-180,000h1). Typically, the performance of these cat-
alysts was then tested by heating the sample to 873K atig. 1. CO conversion as a function of temperature for a range of supported ura-
10K min—1 whilst continually monitoring the exit feedstock nium oxide catalysts, varying by precursor, support and pre-calcination, under a
composition by mass spectrometry. The supported uranium syget oxidising (10 mi min* 5% CO, 5 mImir* Oz, 5 mimin~* He: 0,/CO =10:
tems were also tested against a more standard 2 wt.%,PHAl GHSV = 20,000 h') feedstock, and a linear heating ramp of 10 K ridin

catalyst (type 4, Johnson-Matthey) using the same weight of

catalyst and gas flows. the standard Pt/ADs catalyst, particularly in the temperature
Individual catalysts and pre-treatment are identified as folf€gion of reaction light-offfig. 3). _
lows: ucl or unitindex the precursor used (UGt uranyl nitrate Pre-calcination was beneficial for one of the most active mate-

UO,(NO3),-6H,0, respectively); al, si, or hi, index the sup- Mals (UCL/AI20z) for CO oxidation Fig. 1), and there was also
port material (Degussa Alon C alumina, Grace ES700 silica® significant variation in activity asz.afu_nctlon of pre—cglcmatlon
and H-SiO, mesoporous silica, respectively); lastly nc, or atemp_eraturg for the CQ/NO reactioRig. 4). Pre—ce_llcmatlon
temperature value detail pre-calcination temperatures (nc=r@f this uranium material on the non-porous alumina at 873K
pre-calcination). For example unit/h1/873 refers to a catalyst§eSults in an optimal catalyst for CO removal. This corresponds
derived from uranyl nitrate, supported upor-BiO,, and sub- to the minimum temperature required for chlorine removal
jected to a pre-calcination at 873 K.

Based upon a previous study of N@batement using ura-
nium nitrate derived catalysts supported upon the sgme
alumina[10] (Alon C, Degussa, 100fg~—1), all catalysts were 90
made to yield a nominal loading of 30 wt.% U. Only in the case L0
of uranyl nitrate on H-SiO, supports was the dependence of i L0
catalytic performance upon U loading investigated more closely
in the range Owto <U <47.5wt.%. PXRD data was collected
as previously describeld4] and UQ crystallite sizes derived
using the Scherrer formu[a7].

(%)
UOISIOAUOD ON

3. Results

Catalytic activity for CO oxidation was displayed by a wide
range of the materials synthesisddg( 1). A silica supported
catalyst of comparable activity to the more usual alumina sup-
ported variants was formed from uranyl nitrate on the meso-
porous silica without any pre-calcination. This same material
proved to be the most active one found for NO reduction by CO
(Fig. 2). For Cl free systems, the removal of any pre-calcination
step resulted generally in a lower “light-off” temperatures andrig. 2. %NO conversion achieved over 30 wt.% uranyl nitrate deriveeSid,
more active catalysts, the effect being most significant for Ndblaclk)t; ?Szo (dark greyy-Al203 ("ghlt_ %er) SUPPOftlefi catalysts. Orldi_“a|_

H F H text labels denote pre-treatment applied: no pre-cacmatlon, pre-cacmatlon
;fodmuiﬁgr;;[glgs?fozr:lz tno e;estef:g(;rt:\(;g/;gﬁ?e?ggcl;ﬁc?:;?ggc\j/vt O)RT air to 723 K/;h,l and 1073 K/3h. Reaction conc_iitions: 1Q mimhirb%
- . ) . *’RiO/He + 10 mimit 5% CO/He: GHSV = 20,0001, linear heating ramp of
uranyl nitrate/H-SiOp) is comparable to that derived from 10k min-1.

unit/hl/nc
unit/al/nc

Temperature (K)

unit/si/1073
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) o . . ) ples: (A) as prepared (BET =87Cm1); (B) unloaded, after calcination in air
Fig. 3. Selectivity toward Mand NO production during NO reduction by CO at 1073 K/3 h (BET = 590 Ag~1); (C) after loading with 30 wt.% uranyl nitrate
for the most active uranium oxide system (unit/h1/nc) compared to that deriveﬂO pre-treatment (BET = 3132@71). filled circles; unit/h1/1073 post CO/Nd
from a 2wt.% PUAOs standard catalyst. (a) Nselectivity (unit/h1/nc); (b) o5 ctionto 873K (BET=195%y~1): opencircles; ;Jnit/hl/nc post CO/NOreac-
N2O selectivity (unit/h1/nc); (c) N selectivity (Pt/AbOs); (d) N2O selectivity tion to 873K/3 h (BET = 221 g 1) ;

(Pt/Al2O3). ’

and the onset of §0g crystallites (of~20 nm domain size) H1-SiOp with 30 wt. % uranyl nitrate (C) caused larger reduction
[14]. in both pore diameter and surface area, consistent with there
The structural aspects of the active most active mesoporu3eing an internal coating of the mesopores. The two other pore
material were investigated further. The pore size distributiorsize distributions were derived ex situ after reaction under the
(Dollimore-Heal methoffL 8] (Fig. 5)) and surface area of the as- 2.5% CO/2.5% NO/95% He. One is derived from a catalyst
made H-SiO;, support (A) are both reduced after pre-calcinationpre-calcined to 1073 K prior to catalytic study and results in a

of the unloaded mesoporous support to 1073 K (B). Loading thgoor catalystKig. 1); the second, uncalcined catalyst was the
most active uranium catalyst. Whether pre-calcined to 1073 K

or allowed to evolve under the reactive feedstock to 873K, the
pore size distributions derived ex situ were extremely similar,
with an average pore diameter of ®8So the large variations in
catalytic activity are not due to any changes in the mesoporous
structures.

Fig. 6 shows a powder X-ray diffraction pattern from a
30wt.% uranyl nitrate/ltSiO, catalyst pre-calcined to 873K
and then reacted to 873 K under the CO/NO feedstock. This pat-
tern differs from any measured pre-cataly[did] or in similar
previous studiefl0]. The uranium present post reaction is not
as W0Og or UsOg, but this pattern most closely resembles is
UsO11 (UO22) [19,20]

The activity of this chlorine-free UQsupported on iSiO,

. . . . . . . . shows a broad maximum between 20 and 30wt.% loadings
00 750 800 8§50 900 950 1000 1050 1100 (Fig. 7) with a T 50%~200K lower than that of pure 4Dsg
Pre-treatment Temperature (K) (47.5wt.% U). At loadings lower than 20 wt.% catalytic perfor-

. o . o _ mance gradually deteriorates, both in terms of overall activity
Fig. 4. Variation in the temperature at which 25% NO conversion is achieved (T d of selectivit t sh  at loadi f5Wt.% U |
25%) over UC}/Al ;03 catalysts, under a 10 ml mifi 5% NO/He + 10 ml mint and of selectivity (not shown); at loadings of Swt.% U or less,

5% CO/He (GHSV=20,000H) feedstock and a linear heating ramp of INCreasingly significant contributions from support materials
10K min~1, as a function of pre-calcination temperature. resulted in increasing proportion ob® being formed. A direct
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Fig. 8. Comparison of the temperature at which 50% NO is achieved for uranyl
nitrate derived, H-SiO, supported catalysts (unit/h1l/nc, open circles) against
that derived from a 2wt.% Pt/ADs catalyst (filled circles), as a function of
contact time (3).

difference in T 50% between the systems increasesrtoK at

PN T T T N T S N ' U N OO W A OO 002§1
2 2
2 . 0 ¥ Y . 0 Estimates of the apparent activation energ)j and pre-
exponential factory) for both catalytic reactions were made
Fig. 6. Powder X-ray ray diffraction (PXRD) pattern from uranyl nitrate/H  from Arrhenius plots of the CO or NO conversion curves in
SiO;, catalyst (calcined at 873 K) derived at room temperature afterNOreductiorpegions of low conversion (<20%Jig. 9). By way of refer-
by CO to 873K. ence, the performance of bullgOg was also measured for both

) ) ) reactions and analysed for kinetic parameters in the same way.

comparison with the standard PtpRl; catalyst £ig. 8) Shows  The values of(,y andv were highly correlated: the most active
thatthe uranyl nitrate based system is the rather less active acra§ssiems yielded the highest activation energfég.(10. This
the range of contact tl.mes mvestlgated. 'Hoyvever, over most Qfompensation effedP1] afforded the most active catalysts the
the range of contact times, the dlﬁ‘erentla! is small (ca. _25 K)-highest values of. The errors associated wittys) and v are
Only at the shortest contact times tested did the conversion pegstimated as ca:=10% ant-20%, respectively, so the relation-

formance of the Pt catalyst become significantly the better, sucghip between these two kinetic parameters for CO oxidation and
that below a contact time of 0.055(GHSV=72,000h%) the  NQO reduction can be regarded as very similar.
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tems. The generally deleterious effect of Cl on the amorphous

| | | | | | and mesoporous Sigan clearly be seen, especially where no
30 60 90 120 150 180 210 240 pre-calcination step has been undertaken. In terms of the best
Activationenergy (kJmol ™) catalysts derived from the Ugprecursor, the situation is now

Fig. 10. Variation of Ing) with E), derived from Arrhenius analysis of the mvert_ed with the alumm_a_based systems, calcined up to 873K,
CO and NO conversion over all the catalysts investigated. Filled circles, N&Showing the highest activity.
reduction; open circles, CO oxidation. The order of NO reduction with respect to CO and NO was
investigated for the unit/hl/nc cataly$tig. 12. These results

. . afforded the total rate expression for this reaction of:
The relationship between the rate constant at 723 K for NO

reduction by CO per unit area and the domain size of the — xjcoj'4 (1)
UO,» was investigated for the uranyl nitrat€ig. 11a) and

UCl4 (Fig. 11b) derived catalysts on the three types of supportwhich compares to that derived previously for the same reaction
The performance of bulk 4Dg for NO reduction is also indi- catalysed by bulk gOg [8]:

cated. The most active system for this conversion, unit/hl/nc,

5.00

) . 04
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Fig. 11. (a) Ing’23BET) vs. PXRD derived gO11 average crystallite thicknesses for NO reduction by CO derived from differing precursors and pre-treatments.
Filled circles, H-SiO;; open circles, ES70; triangleg;Al,03. Catalysts derived from (a) uranyl nitrate and (b) LICI
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The net order in both cases is the same but in the meso- ®
porous case the total order is now determined solely by the CO
component.

. . 200 L]
4. Discussion

The ability of supported uranium oxide catalysts to facilitate
the catalytic oxidation of CO and the selective reduction of NO
varies greatly with support, precursor and preparative methodol-
ogy. In the case of the HSIO, supported catalysts, the methods
of catalyst pre-treatment appear to dominate. Silicas have been
considered as poor dispersants for an active plg8e-10]
but by avoiding a pre-calcination stage in the preparation, sil-
icas become considerably superior supports than alumina. The ook °
increased activity of these systems is maintained even when they o e
are reacted to 873 K. L L

The principal reason for this appears to be that this protocol
maintains a lower oxidation number of the uranium and avoids
large scale sintering of the supported Uhase, thereby main- sl O.
taining high dispersion and activityrig. 11a). Avoidance of L T
pre-calcination also allows containment of the supported ura- ! N .
nium oxide within the mesopores of the silica. Developing the Log (ex situ UOy, domain size)
catalystunder the reactive fee_dStOCk (CeIHe or CO/NO/He), Fig. 13. Variation of the ne(,) derived for NO reduction by CO as a function
overcomes the problem of active phase extrufidit However, o ex situ UQ (logarithmic axis) domain size for all catalysts studied: open
avoiding the pre-calcination step in alumina supported catalystSrcles are uncalcined systems (nc) with W@ precursor.
also results in small USdomain sizes but fails to elicit superior
performance.

For the uranyl nitrate/I+SiO; catalyst the rate of NO reduc- UOz during NO reduction by CO. This lower oxygen content
tion by CO is independent of [NO], unlike for bulkzOg [8]. in this study may be expected to facilitate the dissociation of
Hence in this mesoporous catalyst dissociation of NO has beetflsorbed NO.
made relatively easier. In terms of surface species, the forma- The compensation effect betweenip@ndE ) is essentially
tion of N,O can occur in two ways: the disproportionation of identical for both CO oxidation and NO reduction, indicating

150

Activation energy (kJ mol-1)
O
L

two molecularly adsorbed NO species, i.e.: that the rate of dissociation of the oxidant species has become
facile enough so that no term containing [NO] or]@ present
2NQ(g) — N20(g) + O(a) (3) in the rate expression. Thga) values therefore pertain to the

th i f dsorbed NO molecule with dsorb abstraction of surface framework oxygen from the active phase
or the reaction of an adsorbed L molecuie with an adsorbe y CO. Per site therefore, the most active systems possess the
nitrogen species left from a previous dissociation event, i.e.:

least reducible supported uranium oxide phases. THggeal-
N(a) + NO(a) — N20(g) (4) ues for the NO/CO reaction correlate with the logarithm of the
UO; » domain size Fig. 13 and with the pre-exponential fac-

If NO dissociation has been facilitated so no molecular surtor. Thus increasing the crystallite size of the $}Onay ease
face NO species adsorbed at defect sites on the oxide surfatiee loss of oxygen at a particular site, but these sites will be of
exist for an appreciable time, @ formation may only now reduced availability.
occur via an Eley-Rideal type interaction of a gas phase NO The three cases that deviate most from this general observa-
molecule with an adsorbed N atom before the latter has thdon (open circles irFig. 13 have UC} as the precursor and
chance to find a second) species with which to recombi- no pre-calcination step. In the alumina case, which has been
natively desorb as N The high selectivity to N formation  investigated in most detail with regard to levels of Cl retained
indicates the recombination is the faster process under the coafter calcination, we can see that the activity maximum in these
ditions studied. systems (for CO oxidation and NO reduction) corresponds to

The ex situ diffraction characterisation of samples after catalthe situation wherein the complete loss of Cl from the system
ysisindicate a lower oxygen content thag4 and the presence has occurred but a relatively small averaggg crystallite size
of a phase of uranium oxide not previously seen on alumina sups retained; calcination in excess of this temperature (873 K)
ported catalysts, namely UQ [10]. The stoichiometry of this resulting in ever larger, more poorly dispersed and less reactive
phase is consistent with the range proposed by Wells Et@l. systemg14]. The high activity of the ucl/al/873 system occurs
for the active phase of uranium oxide present supporteg-on at the confluence of these two factors.

Al203 (i.e. UQ,, 2<x<2.25). In situ XRD in these alumina Chlorine retention appears to interfere with the active sites
based systems, however, only showed the preseg®g Bhd  formed by small JOg particles. A similar result has been
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previously reported regarding the activity of Rh/ceria/zirconiaprecursor does result in a catalyst that is of comparable activ-
catalyst§22,23]. Chlorine retention, promoted by low tempera- ity to even the best uranyl nitrate based system. This promotion
ture pre-treatment, was shown, in that case, to lead to a decreasamincides with the complete removal of ClI from this just prior
vacancy population and activity, similar to the pattern reportedo sintering of the |JOg phase to relatively large and inactive
here. Interms of th&(,) for CO abstracting oxygen fromthe ura- particles.
nium oxide phase, the deleterious affect of Cl is not significant
outside of the three examples where no pre-calcination has beéeknowledgements
employed. Our previous wor 4] has shown that Cl removal
(at least from the alumina based systems) starts to proceed at BNFL and the EPSRC are thanked for funding a PhD stu-
the lowest calcination temperature (723K) and is completedéentship to TIC and the EPSRC are for postdoctoral funding to
by 873 K. Moreover, thermogravimetric analyses, coupled witHtMAN. We are also extremely grateful to Professor G.C. Allen
mass spectrometry, indicate that all major weight loss eventgnd Dr. K.R. Hallam (University of Bristol Interface Analy-
have occurred by ca. 700-750K for all these supports. So aft&is Centre) for their advice in interpreting the ex situ PXRD
pre-calcination (at 723, 873, and 1023 K) chlorine retention willdata.
be relatively low. Howevelt-ig. 11b clearly shows that for the
net rate constant for NO reduction by CO, nine of the system®&eferences
(out of 12) derived from Cl precursors show an activity similar to
or less than that of bulk 4Dg; in the Cl-free system this applies
to five cases (out of 12). The presence of Cl in the catalyst pre- 24 (1984) 546: .
- . V. Corberan, A. Corma, G. Kremenic, Ind. Eng. Chem. Prod. Res. Dev.
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