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Abstract

We report in this paper on the;Heduction and catalytic behavior of uranyl groups and nano-size crystallites of uranium oxide, co-encapsu-
lated in the pore system of MCM-41 host matrix by employing the two alternative methods of incipient wet impregnation and the exchange of
template cations. Based on the results of activity measurements, in situ IR spectroscopy and thermal programmed reduction/desorption studies
we conclude that both the uranyl groups and the highly dispersed crystallites of uranium oxide/MAMsamples may independently
contribute to the catalytic oxidation of organic molecules, such as methanol, the uranyl groups playing a more important role at lower
reaction temperatures. We also observed that the lattice oxygen and the size of uranium oxide crystallites play a vital role, not only in
the lowering of reaction onset temperature but also in deciding the nature and the reactivity of transient surface species formed during the
decomposition/oxidation of methanol. Furthermore, whereas the larger sixeddystallites helped in the growth of certain oxymethylene
(-OCH,) and polymerized oxymethylene ((-O&}) species, additional formation of formate-type complexes was observed during the
adsorption of methanol on smaller size particles. The formation of these distinct transient species accounted for the lowering of reaction
temperature and the enhanced conversion of methanol fo@®and methane as a function of the decrease in uranium oxide crystallite size.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction sis and the pore structure of the host material. In general,
these crystallites were of smallex nm) and more uni-

We reported recently on the development of novel formly distributed size when the samples were synthesized
guest—host systems, comprising of uranyl groups and nano-through the repeated cycles of incipient wet impregnation in
size crystallites of uranium oxide species that were an- a template-free MCM sample. On the other hand, compara-
chored/occluded in the mesopores of MCM-41 and MCM-48 tively larger size (3—15 nm) particles were formed when the
materials[1-5]. The techniques of DR UV-vis and fluo- template cations in a host matrix were exchanged directly
rescence spectroscopy were employed in these studies tavith the uranyl ions. Further, whereas thgQ4 particles
demonstrate that the contacting of MCM-41 or MCM-48 of less than 3nm size were found to be generally located
with an aqueous solution of uranyl acetate followed by within the pore system of host material, the larger size crys-
drying, resulted in the initial binding of uranyl ions at the tallites were dispersed at the external surfaces. As discussed
=Si—OH sites of host matrix. A part of these uranyl ions in an earlier study on this subjel&], such UQ dispersion
converted to nanosize crystallites og@k on subsequent at external surface of exchange-prepared sample may result
calcination at appropriate temperature. The loading of ura- due to the restriction imposed by template cations to trans-
nium and the size and location of uranium oxide crystallites port of uranyl ions within the pore system. On the other
in a sample depended upon the method adopted for synthehand, when the sample is synthesized through an impreg-

nation route, an easy access of uranyl ions within the pore
mspondmg author. Tel£91 22 25505146: §yst_em of template-free host ma.trix.and their subsequent
fax: 491 22 25505151/25519613. in situ conversion to gOg on calcination would result in

E-mail address: nmgupta@magnum.barc.ermet.in (N.M. Gupta). the formation of very small particles<@ nm). Using in situ
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IR spectroscopy, we further demonstrated that the surfacel5ml of 0.1 molar aqueous uranyl acetate solution for half
species formed during chemisorption of methanol at room an hour, filtered, washed, dried in vacuum (initially at RT
temperature were different in the case of dispersed. UO for 2 h and then at 60C) and then calcined at 55C for 1 h
nanocrystallites, as compared to those formed over hostin nitrogen followed finally by 8 h heating in oxygen. The
MCM or on bulk U3Og sample, under the identical reaction uranium content of the samples, as analyzed by spectropho-
condition [6]. We observed that while room temperature tometry, was found to be 10.7 and 12.1 wt.% in the impreg-
exposure of MCM sample to methanol resulted in the for- nated sample (referred in the text as IUM) and template ex-
mation of surface methoxy groups and dimethyl ether, the changed (TUM) sample, respectively. The surface area of
interaction over |YOg gave rise to formation of certain the host MCM-41, IUM and TUM samples was found to
formate-type complexes and oxymethylene species. On thebe 1000, 856 and 6307y 1, respectively. The surface area
other hand, the exposure of methanol over dispersed ura-of a bulk UsOg sample, obtained by calcination of uranyl
nium oxide crystallites resulted in the development of certain acetate in air, was-6 m? g~
polymerized oxymethylene, i.e. (—OG};, type speciefs]. The procedure for characterization of samples by pow-
The objective of present study was to further explore how der XRD, FTIR spectroscopy, DR UV-vis spectroscopy, N
the variation in uranium oxide crystallite size may influence sorption, TEM and XPS techniques has been described ear-
their reduction behavior and also the nature of the transientlier in detail [2-5]. The XRD measurements were made on
species formed during adsorption of methanol at actual reac-a Philips Analytical Diffractometer using Ni-filtered CuwK
tion temperatures. The experiments were performed on theradiation in the 2-region of 10-70 and at a scan rate of
above-mentioned two kinds of samples, viz. synthesized by 1°/min. The data were also collected in the selected 2—-10
template exchange method and alternately by wet impregna-26-region at a lower scan rate, so as to monitor the frame-
tion route. The samples were characterized with the help of work reflections carefully. The TEM pictures were taken on
multiple techniques, the details of which are described ear- a Jeol, model 2000 FX instrument, operating at 120kV. The
lier [1,3,5] The method of temperature-programmed reduc- samples for this analysis were prepared by ultrasonicating
tion (TPR) was employed for monitoring of the reduction a sample of 300 mesh size in ethanol and then dispersing it
behavior of different samples in the presence of hydrogen. on a carbon film supported on a copper grid.
The nature of surface species formed during interaction of
methanol at different temperatures was monitored with the 2.2. Catalytic activity
help of temperature-programmed desorption (TPD) and in
situ FTIR spectroscopy. The catalytic activity was evaluated The catalytic activity was monitored for the reaction of
for decomposition and oxidation reactions of methanol, with methanol using a fixed-bed down-flow tubular quartz reactor
an objective to establish a relationship between the nature ofof 8 mm diameter, operating in a pulse mode. Experiments
surface transient species formed over uranium oxide crys-were carried out at isothermal temperatures in 25<°8&0D0
tallites as a function of particle size and the corresponding region and at atmospheric pressure. A charge of 110mg
reaction products formed at different stages. Parallel exper-sample was placed in between two quartz wool plugs for
iments were also performed on parent MCM-41 and bulk each experiment, excepting in case of bulkQd when a
U30g samples, so as to examine the distinct role played by larger sample amount{200 mg) was taken because of its
encapsulated uranium oxide species. high density and low surface area. The sample temperature
was measured with a thermocouple fastened outside the
reactor wall just above the catalyst bed. The catalyst was

2. Experimental maintained under flow (30 mImirt) of purified He carrier
gas and the successive pulses (10 numbers) composed of
2.1. Sample preparation and characterization methanol+ argon (1:16 mol ratio) or alternatively that of

methanol+ argon+ oxygen (1:16:1.5 mol ratio) were in-

The method used for the preparation of nanosized ura-troduced at a time interval of about 25 min. The effluents
nium oxide species dispersed in mesoporous MCM-41 hostwere analyzed on-line on a CHEMITO model-8510 gas
has been described in our earlier publicatighgt,5] In chromatograph equipped with dual TCD and FID detec-
brief, the loading of uranium oxide species within the meso- tors, connected in tandem. Porapak QS (2m length, 3mm
porous MCM-41 was achieved using two different methods i.d.) or alternatively a Sperocarb (2m, 3mm i.d.) column
mentioned above. In case of impregnation method, uranyl was employed for separation of the products. Experiments
acetate solution (0.1 M, 15ml) was added slowly to 1 g of were also performed using argon as a carrier gas in order
template-free MCM-41 sample (pretreated at 0.13 Pa for 6 h) to estimate the hydrogen produced during the reaction.
and then stirred for 30 min. The resulting mass was washed
with de-ionized water and it was then dried slowly at room 2.3. FTIR studies
temperature under vacuum. The sample was finally cal-
cined in oxygen at 550C for 8 h. In the template exchange The infrared spectra were recorded in transmission
method, about 1.0 g of uncalcined MCM-41 was stirred with mode employing a JASCO-610 FTIR Spectrophotometer
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equipped with a DTGS detector. A self-supporting sample
pellet (80 mg, 25 mm diameter) was mounted for this pur-
pose in a high-temperature, high-pressure, stainless steel
cell, fitted with water-cooled Cafoptical windows and
having a provision for in situ treatment of a sample under
the desired temperature and pressure conditions. Three hun-,
dred scans were collected for recording of each spectrumg
at a resolution of 4cm! in order to achieve a good signal > |b
to noise ratio. Prior to its exposure to methanol, the sample%s
pellets were heated for 24 h in a vacuum of about 0.013 Pa <
at a temperature of 30C€. The experiments were carried (130)
out by exposing a sample wafer to a mixture of methanol
vapor+ argon (1:16 mol ratio), while maintaining the sam-
ple at an isothermal temperature in 25—-3Q@0region. The
final spectra were plotted after subtraction of IR bands due
to un-adsorbed methanol, if any. The values given in the ; ; ; ; ;
parentheses in some of the IR spectra represent the ab- 10 20 30 40 50 60 70
sorbance values that are indicative of the relative intensities 28/degree

of individual bands.

Fig. 1. Effect of calcination on XRD pattern of TUM (a) and IUM (b, c)

. samples. Calcination temperature: curves (a, b)°&5Curve (c) 800C.
2.4. Temperature-programmed reduction (TPR) and Inset figure shows XRD patterns of (d) TUM and (e) IUM samples in
temperature-programmed desorption (TPD) studies 2-10° 2¢-region.

TPR and TPD profiles were recorded on a TPDRO-1100
instrument (Thermoquest, Italy), equipped with a thermal etate followed by drying in air resulted in the anchoring of
conductivity detector and coupled on-line to a Quadrupole uranyl ions within the pores of MCM-41 host matrix, both
mass spectrometer (Omnistar 200, Pfeiffer Vacuum). For in case of [IUM and TUM samples. A part of these uranyl
recording of a TPD profile, a 50 mg aliquot of sample was groups converted to 4Dg crystallites on subsequent calci-
placed in a quartz microreactor, pretreated at ¥5@nder nation in air (at 550C), as revealed by DR UV-vis results
He flow (30 mimirr1) for 24 h and then cooled to room [5]. Even though both the uranyl groups andQd crys-
temperature. Around forty number pulses (10 ml each) of tallites existed together in both kinds of samples, the size
5% methanol in argon were then dosed over the sample,of U3Og particles was found to be quite different. For in-
while maintaining it under He flow (10 mlmirt). The cat- stance, curves a and b ig. 1 show typical XRD patterns
alyst was then purged with He (20 mlmiH for one hour of samples TUM and IUM, respectively, recorded in 10=70
in order to remove the physisorbed methanol. A TPD run 26-region. Curves d and e in the inset of this figure show the
was recorded in 25-55@ temperature region at a ramp- comparative patterns of TUM and IUM samples in 2=10
ing rate of 100C min~1. The effluents from the reactor were 20-region and these XRD patterns reveal that the long range
continuously monitored by TCD and QMS as a function of ordering of the host matrix is preserved to a good extent in

temperature. the case of both the samples. The XRD reflections appearing
TPR profiles were similarly recorded in the flow obH  at d-values of 4.15, 3.40, 2.62, 2.07, 1.96, 1.75 and 1.59 A
(5%) + Ar (20 mImin—1t) and at a heating rate of’€/min. in curve a inFig. 1 correspond closely t¢00 1}, {03 1},

The effluent was passed through a soda lime trap to remove{13 1}, {200}, {033}, {133} and {162} reflections of

the water formed during the reaction. Prior to recording of a «-U30g [JCPDS card no. 24-1172]. The average patrticle

profile, the sample was calcined in air at 6@and then sub-  size of these uranium oxide crystallites in TUM sample was

jected to in situ pretreatment, first in oxygen flow (580 found to be~10 nm, as calculated using Scherrer equation.

1.5h) and then in helium (55, 1.5h). On the contrary, we see only a broad XRD profile in this
260-region in the case of sample prepared through impregna-
tion route (curve b irFig. 1). This is ascribed to high dis-

3. Results and discussion persion of uranium oxide species in this case, mostly within
the pores of host material. Such a phenomenon has been
3.1. Sample characteristics reported by other researchers for metal oxides dispersed in

mesoporous materialg,8]. In support of these XRD data,
The method of preparation had profound influence on the typical TEM pictures of TUM and IUM samples taken along
physico-chemical characteristics of the samples, as moni-the pore axis are presented kiig. 2a and brespectively.
tored by XRD, N sorption, DR UV-vis, FTIR and XPS  These pictures exhibit the hexagonal pore structure of host
techniques. As mentioned above, the sorption of uranyl ac- MCM-41 [9] and at the same time reveal some disordering
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Fig. 2. TEM monograph of (a) TUM and (b) IUM sample, along pore
axis.

in the pore structure. It is of further interest to notice that
the uranium crystallites are more uniformly distributed in
the case of IUM samples, as is evident from the difference
in the contrast of some of the pores (marked with the ar-
rows). We also observe iRig. 2bthat the particles of size
<3nm are located mostly within the mesopores of host ma-
trix. On the other hand, a wider range of particle size dis-
tribution (2—15 nm) is noticeable in the case of TUM where
large size particles are dispersed at the external surface of
the host materialKig. 29. This is in accordance with the
XRD results of curve a ifrig. 1 The bar graphs ifrig. 3a

(Frequency %)

(C)

(Frequency %)

(b)
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Fig. 3. Plots (histograms)
and (b) IUM sample, as arrived from TEM results.
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Particle Size (nm)

showing particle size distribution in (a) TUM

strong influence, the extent of Y& — U30Og conversion
and the size of YOg particles increasing considerably at

and bgive the size distribution of uranium oxide crystallites high calcinations temperatures. In order to show this trend,

in TUM and IUM samples, respectively.

curve ¢ inFig. 1 presents the XRD pattern of an IUM sam-

The above inference regarding the comparatively higher ple, recorded on calcination at 800 instead of 550C (cf.

dispersion of UQ species at the external surface of TUM

sample gets validated when we compare the U/Si ratio atTable 1
the surface of two samples, as determined by XPS measureXPS data for bulk §Og, IUM and TUM samples

ment. These results are presentedable 1 TUM sample
shows a very high U/Si ratio of about 7.3 compared to a
corresponding value of 0.7 in case of IUM sample. The de-

Sample

BE (eV)
af7/2

FWHM for 4%2 signal
4152

U/Si

tailed results on XPS studies are given elsewhgleThe IUM
temperature at which a sample was calcined subsequent tg“M
soaking in uranyl solution followed by drying also had a —>°°

381.6
381.7
381.5

392.2
392.2
392.1

3.7
2.8
2.7

0.73
7.2
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curve a inFig. 1), indicating the prevalence efU3Og crys- at higher temperatures, the formation o2-5mol% of

tallites (average particle size7 nm). organics (formaldehyde, dimethoxy methane and methyl
formate) was observed at temperatures in region 25200

3.2. Catalytic activity The typical temperature dependent catalytic activity data for

MCM-41 and bulk L4Og samples are given iRig. 4A and B

The methanol was found to adsorb strongly in host respectively. The corresponding results on the samples IUM
MCM-41 material but its conversion to reaction products and TUM are presented iRig. 5A and B respectively. As
was rather small. Thus, at a typical temperature of 8)0  observed in these figures, CO and O@ere the main reac-
a conversion of only~11mol% of dosed methanol was tion products with the yield of CO being greater than that
observed, and CO, GQand dimethyl ether were the main of CO,, and no measurable quantities of organic products
reaction products. The bulk 40g on the other hand ex-  were formed on both these samples. In addition, the forma-
hibited poor adsorption of methanol due to small surface tion of small amounts of Cidand H was also observed at
area and again only a small fraction of adsorbed methanoltemperatures above 30G. Further, as compared to TUM,
was found to react at temperatures below S00In this the percentage conversion of methanol was always higher
case, while CO and COwere the main reaction products in the case of sample IUM. Thus, a maximum conversion

14 60
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Fig. 4. Temperature-dependent yield of different reaction products formed during exposure;©HGer (A) MCM-41 and (B) bulk YOg catalyst
samples. (b) CO, (c) C£ (d) dimethyl ether, and (e) organics. Curve (a) represents the % conversion of methanol.
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Fig. 5. Temperature-dependent yield of different reaction products formed during exposurg@HCher (A) IUM and (B) TUM catalyst samples. (b)
CO, (c) CQ, (d) CH; and (e) H. Curve (a) represents the % conversion of methanol.



546 D. Kumar et al./Catalysis Today 93-95 (2004) 541-551

IUM sample are presented kig. 6. The difference in the
activity behavior in case of IUM and TUM samples in
spite of their similar uranium content and also the different
reaction products formed on bulk3Qg and UQ./MCM
samples may thus be related to the effect of particle size.

=
o
o

[e]
o
1

)]
o
1

3.3. In situ FTIR studies on adsorption/reaction of
methanol

40 In order to identify the individual reaction steps respon-
sible to different catalytic properties of TUM, IUM, 4@g

and MCM-41 samples as described above, and to discrimi-
nate between the transient species formed during the inter-

201

% Conversion and yieldof products (mole)

d action of methanol on theses sample, in situ FTIR studies

0+ — were performed at various reaction temperatures. The par-

0 100 200 300 400 500 allel studies carried out under room temperature conditions
Temperature [°C] have been described in our earlier w@ek.

Fig. 6. Temperature-dependent yields of reaction products formed during 3 3 1. Adsorption of methanol over MCM-41 and bulk
exposure of CHOH + O, over IUM catalyst sample (b) CO, (c) GO U3Og
and (d) CH. Curve (a) represents the % conversion of methanol. -
Curves a and b ifrig. 7 present the IR bands of MCM-41

in two different regions after exposure to pwol of
to the extent of about 86% and 74% was observed in the methanol at 25 and 20Q, respectively. As seen in curve
case of samples IUM and TUM, respectively, at a typical a inFig. 7, the adsorption of methanol over MCM-41 gave
reaction temperature of 50C€ (curve a). Also, the onset rise to prominent bands at 2956 and 2846¢nrelated to
temperature for the formation of GOvas comparatively ~ asymmetric and symmetric stretching vibrations of widely
lower in case of sample IUM, and at the same time the reported methoxy (—OC#j groups[10,11] The 1465 crmt
ratio CQ,/CO was always higherH{g. 5, curves b and ¢).  band in this figure may be identified with the corresponding
The conversion of methanol increased significantly when C—H bending vibration. The bands at 2994 and 1442tm
methanol+ oxygen were reacted on both the samples, the along with the overlapping bands in 1360-1330¢nme-
yield of CQ; increasing at the expense of CO and CH gion in this figure may be attributed to the presence of
Typical activity data for the reaction of G@H + O, over condensed and adsorbed methda6l11]} Another band at

2802
(0.012)

~ d
>

S

Q \MM
g 2955 ~__ 2889

©

o]

L

2

o b
<

2956 (0.035)

2846 (0.025)

a

3000 2900 2800 2700 1800 1600 1400

Wavenumber [cm™]

Fig. 7. IR spectra of sample MCM-41 (curves a, b) argDgJ (curves c, d), after contact with p4mol of methanol at two different temperatures, curves
(a, ¢) 25°C and curves (b, d) 20TC. The values in parentheses represent the relative absorbance values.
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1632 cnt? is typical deformation mode vibration of water Curve d in Fig. 7 shows the corresponding spec-
molecules that are formed during the reaction. Because oftrum recorded after exposure of methanol oveyOd at
the absence of associated rotational bands, it is surmised200°C. The prominent(C—H) stretching region bands in
that the water molecules are in an adsorbed state. 2950-2730cm? in curve d inFig. 7 match well with the
The IR bands due to methoxy species were found to de- C—H stretching bands of formaldehyde. Similarly, the promi-
crease in intensity (as seen from absorbance values given iment bands at 1771, 1745 and 1716¢nsorrespond to the
parentheses) with the progressive increase in reaction tem-PQR branching of the formaldehyde carbony! grojdjgg. In
perature (curve b ifig. 7). At the same timey(C—H) bands addition to the above-mentioned species, also observed were
due to dimethyl ether at around 3008, 2996, 2985, 2932, the bands due to CO and G@n 2400-2000 cm?! region
2914, 2903, 2889, 2879, 2834, 2817 and 2805tand cor- (not shown in this figure). These results thus reveal that the
responding’(C—H) bands at about 1454 and 1473 ¢nare formate and oxymethylene species (curve Eiig. 7) trans-
observed, the intensity of which increased on further rise in form at elevated reaction temperatures to produce formalde-
temperature. It is envisaged that the formation of dimethyl hyde and the oxides of carbon as main prod{(te.
ether occurs during interaction of methoxy groups with free
CH30H molecules at higher temperaturg®]. Also ob- 3.3.2. Adsorption of methanol over IUM and TUM samples
served in curve b ifrig. 7 are a number of rotational bands As compared to above-mentioned results on bujoy)
in 19001500 cm! region associated with 1634 crhband, sample (curves c and d iRig. 7), a significant difference
indicating the release of water vapor. was noticed in the nature of the transient species formed
Curves c and d ifrig. 7 show the surface species formed and also in the reaction onset temperature wher@HH
over bulk UOg on methanol adsorption. The major species was dosed on UGMCM samplesFigs. 8 and 3epict the
formed in this case during room temperature adsorption aretransmission IR spectra in the C—H stretching and bending
represented by 1570 cth band, which is a characteristic  modes of methanol, when samples TUM and IUM were ex-
stretching vibration of unidentate formate (—-COGpecies posed to 54.mol of methanol at different temperatures in
bonded to metal sites. The formation of such species has25-300°C region. Following picture emerges from the re-
been reported earlier for the adsorption of methanol on othersults exhibited in these figures. We observe in curve a in
metal oxides als§l3—15] The overlapping bands observed Figs. 8 and @he C-H stretching~+2956, 2848 cm?) and
in frequency region of 1550-1370 crhin curve c inFig. 7 C-H bending (1465 cmt) region vibrational bands arising
may be identified with oxymethylene (—OGHgroups, due to methoxy groups, formed on interaction of {CHH
as discussed in our earlier publicatig®l. We thus infer with silicate host at room temperature (cf. curve &ig. 7).
that the interaction of methanol with uranium oxide results The band at 1444 crt along with the overlapping bands in
in its dehydrogenation to give formaldehyde in adsorbed 1400-1330cm! region are typical of adsorbed methanol.
state, which in turn on oxidation yields the formate-type The corresponding stretching region IR bands of adsorbed
species. methanol overlap with those due to methoxy grojijis11].
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Fig. 8. IR spectra of sample TUM, after contact with G#ol of methanol at different temperatures: (a)°25 (b) 100°C, (c) 200°C and (d) 300C.
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Fig. 9. IR spectra of sample IUM, after contact with jo#hol of methanol at different temperatures: (a)°25 (b) 100°C, (c) 200°C and (d) 300C.

In addition, a strong band observed at 1616 ¢ralong with and the bending regions of C—H vibration in curves b and
shoulders at 1644 and 1652 thin the C—-H bending region ¢ in Fig. 8 and also in curves b and c iRig. 9. As in
in and a group of weak bands in the 3050—2950 tnegion curve d inFig. 7, we observe a number of overlapping vi-
in Figs. 8 and Sre those corresponding to the bending and brational bands in 2925-2748 crregion corresponding to
stretching region vibrations of polymerized oxymethylene C-H stretching bands of formaldehyde and also the bands
species (-OCH),,, formed due to interaction and dehydro- at 1772, 1745 and 1716 cth along with the shoulders at
genation of methanol over dispersed uranium oxide crystal- 1791, 1731 cm! that are typical PQR vibrations of carbonyl
lites. group in formaldehyd¢6,16]. A simultaneous decrease in

The assignment of above-mentioned vibrational bands the intensity of IR bands due to above-mentioned polymer-
in 1650-1610cm?! region to polymerized oxymethylene ized oxymethylene species is observed in case of both the
(-OCH),, species was based on our experiments on adsorp-samples, indicating that a part of these species convert to
tion of formaldehyde on UGMCM samples, as is discussed form of formaldehyde. In addition, we observe in curve c
in detail in Ref[6]. In brief, the identical bands in the region in Figs. 8 and % prominent IR band at 1575 cth due to
3050-2900 and 1650-1600 chwere also observed when unidentate formate species (-OOCH), and also a vibrational
formaldehyde vapor were dosed over YRICM samples at band at 1558 cmt attributed normally to bidentate formate
room temperature. These (—O@} species were found to  species ¥OOCH) [16]. Comparing the data in these two
be stable on pumping of the sample at ambient temperature figures, the intensity of these formate bands is found to be
and gave rise to release of free formaldehyde along with very weak in case of TUM sample (curve chig. 8). The
the reaction products such as CO and.CGib subsequent bands due to these formate complex species are found to
raising of sample temperature. It is of interest to notice that grow with the rise in sample temperature and in case of [IUM
the intensity of these bands (marked withis almost two sample their concentration at sample temperature of 200
times greater in case of IUM sample (curve aFig. 9) as is even greater than that of the polymerized oxymethylene
compared to that on TUM (curve a ffig. 8), as is revealed  species indicating thereby a partial conversion of polymer-
by the absorbance values given in parentheses. Further, irized species to formate complex species. Further, the bands
case of curve a ifffig. 9, we also observe an additional IR are also noticed in the 2400-2100chregion, which are
band at about 1575 cm, not seen in curve a iRig. 8 and attributed to the formation of CO and G@nd again the in-
this is typical of the unidentate formate complex species tensity of these bands was found to be considerably higher
[14-16] These formate species may form as a result of in case of the sample IUM as compared to TUM.
further oxidation of above-mentioned oxymethylene and  With further rise in temperature to 30Q, we observe
poly-oxymethylene species at uranium sites. the formation of methane (3016 cthand a number of ro-

At elevated reaction temperatures of 100 and ZD0we tational bands) along with the increase in the intensity of
observe the presence of new bands in both the stretchingbands due to CO and GOWe also notice a simultaneous
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decrease in the intensity of bands arising due to polymerizedpected, no hydrogen consumption is observed during the
oxymethylene species and formate complex species. A com-TPR cycle of host MCM-41 material (curve a kig. 10.
plete decomposition of formaldehyde is thus seen clearly in U3Og, on the other hand, undergoes a single step reduc-
case of sample IUM (curve d iRig. 9) in contrast to corre-  tion as shown in curve b irfrig. 10 the temperature of
sponding data in curve d iRig. 8 peak maximum being at+640°C. A weak shoulder band
Thus, based on the above results it is quite evident thatat ~510°C is also noticeable in this figure. XRD pattern
the chemisorption behavior of bulk3@g and dispersed of spent sample, recovered after a TPR cycle, indicated
UO, species is quite different. Thus, while room tempera- the transformation of &0g to UO, species. TPR profile
ture adsorption over bulk 40g resulted in the formation of  of samples IUM and TUM are given in curves ¢ and d of
formate complex and oxymethylene species, the exposurethis figure. In case of both the samples we observe two re-
of methanol over UgMCM gave rise to surface-adsorbed duction stages. For IUM sample these reduction stages are
(-OCH), type polymerized species. These surface tran- observed at temperatures of 510 and SZ5whereas for
sients undergo further oxidation/decomposition reactions to TUM samples we observe TPR peaks at 520 and°@00
give rise to CO, C@and CH; as final products; the size of The peaks observed at 510 and 520in case of IUM and
UQO, crystallites having a strong influence on these trans- TUM samples are attributed to reduction of uranyl groups
formations. The results dfigs. 8 and Xlearly reveal that  whereas the peaks observed at 575 and®60fre ascribed
the smaller size crystallites of uranium oxide3nm) in to reduction of WOg. It is of interest to observe in these
sample IUM exhibited better oxidizing activity compared to data that the intensity of TPR band corresponding to uranyl
those of larger size (2—-15 nm) on sample TUM. Overall, the groups is much higher in case of IUM (curve chiyg. 10,
IR studies thus demonstrate that various intermediates, suchkas compared to TUM sample (curve d kig. 10. These
as oxymethylene, poly-oxymethylene and the formate-type observations are in line with our finding that the content
complex species, play a vital role in the overall processes of uranyl group is higher in case of IUM sample com-
of decomposition and oxidation of methanol and the surface pared to TUM, even though samples were prepared under
transformations that they undergo under particular reactionthe same condition of calcination. Our assignment of 510
conditions are governed by the morphology of the dispersedand 575C TPR bands to reduction of uranyl groups and

UQO, species. U3Og species, respectively, finds support when we compare
the TPR plots of an IUM sample calcined at two different
3.4. Temperature-programmed reduction temperatures, i.e. 55C (curve c inFig. 10 and 800°C
(curve e inFig. 10), respectively, since the high temperature
Fig. 10 presents the TPR profiles of bulk 30s, calcination resulted in larger size crystallites ofQ4 (see

uranium-free MCM-41, IUM and TUM samples. As ex- Curve c inFig. 1). The change in the relative intensity of
above-mentioned TPR bands in curves ¢ and Eigf 10is

thus in agreement with our inferences.

522
585 3.5. Temperature-programmed desorption
e 600 Fig. 11 shows typical temperature-programmed desorp-
tion (TPD) profiles, obtained after room temperature adsorp-
520 tion of methanol on host MCM-41 and IUM samples. A
parallel experiment on bulk oxide sample gave no desorp-
510 tion signal, indicating only negligible adsorption of methanol

over low surface area 4@s. TPD spectrum inFig. 11A

for adsorption of methanol over siliceous MCM-41 shows

c 575 a single broad desorption profile with a maximum tempera-

3 ture (Tmax) Of about 150C. On the other hand, we observe

two well defined TPD peaks at 140 and 3thfor adsorp-

tion of methanol over IUM sample={g. 11B). The QMS

analysis of the desorbed species from MCM-41 and IUM

samples are also presented in the respective figures. As seen

b in these data, the desorbed species in case of MCM-41 in

: . : : ? : the lower temperature range correspond to methanol, wa-
100 200 300 400 500 600 700 ter, dimethylether, carbon dioxide and hydrogen. The study

Temperature (°C) thus indicates that a part of methanol is weakly bound to

Fig. 10. TPR profiles of (a) MCM-41, (b) 4Ds, (c) IUM, (d) TUM the hpst sample and gets released on thgrmal activation. The

samples calcined at 55C. Curve (e) represent the TPR profile of lum  est interacts to form the products mentioned above. Mass

sample calcined at 80C. spectral analysis ifig. 11Breveals the formation of formic

TCD Signal (a.u.)
o

640
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-0 100 200 300 400 500 600 a_cid (m'e = 45, 46) in temperature region 300—400), and

£ : : : simultaneously that of C& H,O and H. It may thus be

5 Wate r1E-7 inferred that whereas binding at framework sites of MCM

i Methang/ 5 : i Hydroges—11E-8 is a major process at the low temperatures, a part of ad-

5| —F—co +1E-9 sorbed methanol interacts with the dispersed uranium oxides

E P ’ ’ DIME - 1E-1 at higher temperatures to result in the formation of different

= ; L 1E-1 transient species, which in turn oxidize to yield the reaction
2400 4 products mentioned above. These TPD results are thus in
g perfect harmony with our IR data presentedrigs. 8 and 9
_%300 ] These results also help us to conclude that the sja&cies
5200 . serve as a reversible source of oxygen that promotes these
™ 0@_ oxidation steps.

E ; Water  |1E-7

g— M ethanoli F1E-8 4 Summary

; (o10] r1E-9

E ’ Formic Acfd 1E-1 Based on the results of activity measurements, IR and
~ 75 ‘ ~1E-1 thermal programmed reduction studies we can conclude that
g both the uranyl groups and the highly dispersed crystallites
1507 of uranium oxide in U/IMCM samples may independently
2125 i contribute to the catalytic oxidation of organic molecules,
= such as methanol. Further, the uranium oxide crystallites

1007 ; not only serve as independent reaction sites but the bulk

0 100 260 360 460 560 600 oxygen and the size of the particles also plays an impor-
tant role in deciding the nature and reactivity of the tran-
sient surface species formed during decomposition/oxidation
Fig. 11. TPD profiles obtained on (A) MCM-41 and (B) IUM samples of methanol. The picture that emerges from the results of
after satura'tion coverage of methanol followed by flushing in helium. The present study on the reaction of methanol over, IMICM
corresponding reaction products evolved are also shown. (Figs. 7-9 is presented irScheme 1Thus, the interaction
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CO, H, CO, H,
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A
(—OCH2)n ad ’ HCHO CO, CO,, Hz
nanocrystallites o A A
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U-Oxide Si OH . CH;0H
(~OCH»)4 ¢——— CHsOH |~ Si-OCH; — ") CH;-O-CH;
-H, -H,O
5 #
O~ of U-oxide
lHl
(~OOCH)aq CH4

v \
HCOOH CO,. H,

Favored on smaller size (<3nm ) crystallites of U-Oxide

Scheme 1. Steps involved in reaction of £3H over UQ/MCM catalyst.
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of methanol with silanol groups results in the formation of initially and the contribution of gOg particles increasing
methoxide species which may transform to give dimethyl with rising temperature.
ether or methane or alternatively may decompose at elevated Over all, we may thus conclude that the presence of uranyl
temperatures to produce the oxides of carbiégq. 8, 9 and groups, the lattice oxygen and the size afQd crystallites
11), as shown irScheme 10n the other hand, the interac- together play a vital role, not only in lowering of the reac-
tion with uranium oxide species results in dehydrogenation tion onset temperature but also in deciding the nature and
of methanol molecules, so as to give rise to formation of reactivity of the transient surface species formed during ad-
oxymethylene groups, which polymerize further to produce sorption/oxidation of methanol, thus influencing the kinetics
poly-oxymethylene species. We observeFigs. 8 and 9 and the selectivity of the reaction.
that the polymerization process occurs to a relatively greater
extent on the IUM sample consisting of highly dispersed
UQO, crystallites, as compared to sample TUM. Further, the References
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