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Abstract

Occlusion of uranyl ions (Ug¥) in the pore channels of mesoporous MCM-41 and MCM-48 molecular sieves was accom-
plished using direct template ion-exchange method, and the samples were characterized by X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FT-IR), diffuse reflectance ultraviolet—visible spectroscopy (DRUV-VIS), and fluorescence
spectroscopy. A shift in 5O stretching IR bandAv = —34cnt1), and the appearance of broad and diffused bands in
the fluorescence spectra (480-620 nm) of thetJ@exchanged samples indicate a definite electronic interaction efJO
species with the silicatexSi—O~) surface. This inference is corroborated by DRUV-VIS results. Calcination inxaét/N
823K resulted in the formation of well-dispersedU;0g/a-U30; moieties, accompanied by a marginal decrease in the
concentration of Ug?t groups. The binding of UgF* species to mesoporous materials framework remained intact even
after calcination. The molecular sieves loaded with uranium oxide species showed appreciable activity, both for the oxidation
of CO and for adsorption/decomposition of eBH. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction The incorporation of specific functional groups onto
the walls of the channels in these molecular sieves
Mesoporous molecular sieves have received wide thus serves as an important step in heterogenizing
attention because of their diversified applications as the homogeneous catalyst systems. In consideration
shape selective catalysts, adsorbents, ion-exchangerghat uranium (i.e. uranyl ions or uranium oxides) may
and also in removal of heavy metal ions, radionuclides serve as promising oxidizing catalyst owing to its
and organics from effluents [1-3]. The well-defined variable valence states vis-a-vis vacant f-orbitals [4,5],
(tunable) pore sizes and the large pore openings of we have attempted the encapsulation of uranyl species
these molecular sieves render them unique host ma-(UO22%) in the mesopores of hexagonal MCM-41
terials for occlusion/anchoring of large molecules or and cubic MCM-48 molecular sieves. The emphasis
that of reactive metal complexes in their channels. was to achieve a well-dispersed catalyst system for
oxidation reactions. Earlier studies in this direction
mondmg author. Tel+91-22-576-7155: concern dispersion of uranium oxides over dense

fax: +91-22-572-3480/576-7152. oxide supports such as ADs, TiO2, Si0;, MgO,
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In the present investigation, we adopted a direct
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details can be seen elsewhere [10]. For the experiments

template ion-exchange method [7] for the entrapment carried out in the present study, the samples with the

of uranyl species (UgFt) in the mesopores of
MCM-41 and MCM-48 silicates. The samples in the

saturation uranium loading were utilized. The solid
mass after decantation was washed repeatedly, fol-

as-synthesized, as-exchanged and corresponding callowed by filtration and drying at 353K for 5h. The
cined forms were characterized by various techniques UO»2t-exchanged samples were calcined first in N

such as X-ray diffraction (XRD), induced coupled
plasma—atomic emission spectroscopy (ICP-AES),
Fourier transform infrared spectroscopy (FT-IR),
diffuse reflectance ultraviolet-visible spectroscopy
(DRUV-VIS), and fluorescence spectroscopy. The
catalytic performance of these materials was evalu-
ated for model reactions, viz. oxidation of CO and
adsorption/decomposition of GBH over a temper-
ature range 373-773K.

2. Experimental

2.1. Synthesis of MCM-41 and MCM-48

The mesoporous MCM-41 and MCM-48 sili-

for 1-2h and then for 6 h in air at 823 K. The effect
of calcination in N on the oxidation state of occluded
UO»%t species was also evaluated.

2.3. Characterization

Powder XRD patterns of the ion exchanged and
calcined samples were recorded i@ 2egion of
1-10 on Rigaku diffractometer using a nickel fil-
tered Cu kx radiation. The scan speed and step size
was 0.2 min~! and 0.02, respectively. The diffrac-
tion patterns were also recorded in highérragion
(10-60) in order to identify the bulk uranium phases.
FT-IR spectra in mid IR region were recorded on
a JASCO model-610 spectrometer at a resolution
of 4cmi! and using 6 wt.% of a sample in a com-

cates were synthesized hydrothermally as per the pressed KBr pellet. For each spectrum 100 scans were

procedure described elsewhere [8,9]. The typical
gel (molar) composition was 10S31.35(CTAO:
0.75(TMA),0:1.3N&0:680H0O for MCM-41, and
10SiG:3(CTA)20:2.5N20:600H0O for MCM-48.
The gels were crystallized in Teflon-lined stainless
steel autoclaves at 373 K for 1 and 3 days for MCM-41
and MCM-48, respectively. The solid products ob-
tained were washed with distilled water several times,

co-added. UV-fluorescence spectra were obtained on
a Hitachi, F-4500 fluorescence spectrophotometer,
using a monochromated 310nm radiation for ex-
citation and a UV-35 filter to cut off this radia-
tion in emission spectrum. DRUV-VIS spectra of
uranium-containing samples were recorded on a Shi-
madzu UV-260 spectrophotometer.

The catalytic activity was determined in pulse

filtered, and dried at 353K, and were designated as mode using a tubular quartz reactor (8mm o0.d.)

as-synthesized samples.

2.2. Preparation of U@**-exchanged
MCM-41 and MCM-48

The entrapment of Ug¥*-ions in the mesoporous
materials was carried out by contacting 1g sample
of as-synthesized MCM-41 or MCM-48 with 80 ml

in a temperature range of 473—-773K and at ambi-
ent pressure. A catalyst charge of ca. 150mg was
loaded in the reactor in between quartz wool plugs.
While the catalyst was maintained under He flow
(30mImin1), successive pulses (500 each) of
feed mixture (CO:Q = 2:1) were introduced at a
desired temperature. In the case of experiments in-
volving methanol decomposition, reactant feed mix-

of aqueous uranyl acetate solution (0.035 molar) at a ture was 9vol.% of methanol vapor in argon. The

pH of 4, under constant stirring at 323 K. Different
loading of uranium were achieved by varying contact
time, 12-54 h. A saturation loading of Y& -ion was

time interval between two pulses was around 30 min.
Prior to the run, the catalyst was activated at 623 K
under He and @ flow. A Chemito model-8510 gas

reached in around 20 h time using both as-synthesizedchromatograph, equipped with thermal conductivity

MCM-41 and MCM-48. The latter, however, showed
a higher saturation uranium uptake§3 wt.% of ura-
nium as metal) compared to MCM-41 (43 wt.%). The

detector and Porapak-QS/Sperocarb column, was em-
ployed for on-line analysis of the reactant and product
species.
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3. Results and discussion - .

3.1. XRD studies

902 (0.53)

XRD patterns of both as-synthesized and 30
exchanged MCM-41 showed typical reflections
100, 110, 200, and 210 in the range 2-6harac-
teristic of MCM-41 [8]. Similarly, the XRD pat-
tern of as-synthesized MCM-48 and corresponding
UO,%*-exchanged sample showed two major reflec-
tions at 211 and 220, in addition to six minor reflec-
tions 321, 400, 420, 332, 422, and 431 in the range
3.5-5, typical of MCM-48 [8]. However, a decrease
in the intensity of the reflections was observed in
case of UQ?-exchanged samples [10] indicating a
partial loss of crystallinity. This could be attributed
to the partial hydrolysis oESi—-O-S& linkages of
the mesoporous silicate network during the exchange
process. No diffraction reflections due to uranium
(bulk oxide) phases were detected in the as-exchanged
samples. Upon calcination, weak reflectionsdat:
4.15, 3.39, 2.62, 2.07, 1.96 and 1.75A were ob-
served, which can be indexed forU30s (JCPDS
Card No0.24-1172). The formation of this uranium
oxide phase may be attributed to the dehydroxylation rjg 1. FT.R spectra of MCM-48: (a) as-synthesized, (b)
of the uranyl oligomers, followed by oxidation. It  U0,%"-exchanged and (c) UB*-exchanged and calcined. The
may be noted that in addition to Q@F-ions, abun- values in parenthesis indicate the absorbance values.
dance of other hydrolyzed species/oligomers such as
(UO2)2(OH)2t and (UQ)3(OH)s™ in uranyl solu-
tion has been reported under the concentration and the960cnT?! is due to defect sites=(Si—O---X*,
pH conditions used in the present study [11,12]. The where X": Na*, CTAT or HT). All these bands are
samples calcined exclusively inoNatmosphere indi-  characteristic features of the MCM-41 and MCM-48
cated the formation ak-U30O7 (d = 3.43, 3.13, 2.88, silicate framework [13]. An additional IR band ap-
2.71,1.92, 1.63 and 1.54 A; JCPDS Card No.15-4). pearing at~902 cnt! in the UQ,2t-exchanged sam-
ples of MCM-48 or MCM-41 (Figs. 1b and 2b) may
be attributed tovy=p stretching vibrations of uranyl
species [14]. The bands appearing at 1543, 1460'cm
(vcoo) and 676 cm! (Soco) are characteristic of the
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3.2. FT-IR studies

Typical FT-IR spectra of unloaded, & -

exchanged, and Ug"-exchanged and calcined
MCM-48 are shown in Fig. 1. Corresponding data for
MCM-41 are shown in Fig. 2. In the IR spectra, the

acetate ions [15].
As reported widely [16], the Ug¥t groups are
linear, and in uranyl acetate they exhibit a strong

absorbance values of the selected bands are reportedbsorption band at-930cnt! due to asymmetric
in parentheses for a comparative evaluation of their U=0 stretch; the corresponding symmetric vibration

intensities. The IR bands at2922 and 2852 cmmt are
typical of CTA™(vc—+) group. The major bands ap-
pearing between 1230 and 459chare attributed to
various stretchingusi—o—s;) and bending dsi—o—si)
frequencies of=Si—O-Si& linkages. The band at

expected at-856 cnT 1 is observed only in very thick
samples. It is well documented that thed stretch-
ing frequency in a uranyl compound changes with
the ligand and a relationship exists between this fre-
quency and the 80 bond distance [14]. A red shift
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Fig. 2. FT-IR spectra of MCM-41: (a) as-synthesized, (b).80

exchanged and (c) UB*-exchanged and calcined. Fig. 3. Fluorescence spectra of MCM-48: (a) ¥®-exchanged

and (b) UQ?t-exchanged and calcined. Excitation wavelength:
310nm.

of ~30cnt 1t in this band, as seen in Figs. 1b and 2b, 3.3. UV-fluorescence studies

thus, indicates a perturbation of adsorbed uranyl ions,

arising from their bonding (through oxygen of uranyl The UV-fluorescence study (Fig. 3) provides im-
group) with the mesoporous framework, hence weak- portant information regarding the form in which ura-
ening the O bond. On calcination, these bands are nium is present in the mesopores. Curves (a) and
seen in the nearly at the same frequencies when the(b) present the representative fluorescence spectra of
acetate groups are removed completely (Figs. 1¢c andUO,?*-exchanged MCM-48 before and after calcina-
2¢). The intensity of 902cm" band, however, de- tion, respectively. For a comparison, the fluorescence
creases marginally on calcination (Figs. 1¢ and 2c), spectrum of uranyl acetate is shown in inset. It gives
indicating that a part of Ug¥™ groups transform to  rise to several well defined and sharp emission bands
other uranium oxides during the calcination process, in the 470-590 nm range, which are assigned to tran-
as is evident from XRD data. From the relative inten- sitions between vibrational level of first excited elec-
sities of ve—y at 2922 cm! and vy=p at 906 cnT?, tronic state ¢’ = 0) to vibrational levels of ground

as seen in an earlier study [10], it is evident that the electronic statey/ = 0-5) of uranyl ions [17]. On the
attachment of U@*t-ions is accompanied with the other hand, U@?t-exchanged MCM-48 shows con-
progressive removal of CTiions. It may thus be  siderably broad and overlapping emission bands be-
inferred that the anchoring of the uranyl group occurs tween 484 and 620 nm (curve). Apart from that, all
via direct replacement of template ions, as is brought the band positions are shifted to higher wavelength,
out in [10] in detalil. which is an indication of weakening of the uranyl
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(U=0) linkages. This can be envisaged to happen as
a result of an interaction of U™ -ions with the sili-
cate ESi—O~ groups) matrix, as discussed above. A
decrease in the intensity of the emission bands after
calcination (Fig. 3b) is consistent with our IR data
suggesting the transformation of some of the B0
species giving rise to non-fluorescent uranium oxides,
the presence of which is also revealed by XRD data.
A comparison between Fig. 3a and b shows a small
but reproducible blue shiftedAp = —7nm) in the
wavelength of the emitted radiation after calcination
of the as-exchanged sample. This could be tentatively
ascribed to their less constrained environment after
the removal of template ions. Further, as in case of IR
result, similar fluorescence behavior was observed in
the UQ2t-exchanged MCM-41 samples.

3.4. DRUV-VIS studies

The DRUV-VIS spectra of UgFt-exchanged
MCM-41 and MCM-48 are shown in curves a and c of
Fig. 4, respectively. For a comparison, the spectrum of
uranyl acetate is included (curve e), which shows the
characteristic structure due to electron-vibration in-
teraction, typical of UG?" moiety [18]. The distinct
structure of the uranyl spectrum with sharp bands is
ascribed to definite transitions from electronic levels
coupled to GU=0 vibrations [18]. The comparison
of spectra of the Ug¥t-exchanged sample with that
of uranyl acetate reveals that the bf®-exchanged
samples also exist in the hexavalent state in the form
of UO,2t species. It is also observed that the spectra
of UO»2+-exchanged samples may be attributed to the
bonding of=Si—-O~ units to linear GU=0 molecules
in the equatorial plane forming a uranate type of
local structure, similar to an observation reported
elsewhere [18]. Fig. 4b and d show the DRUV-VIS
spectra of U@%t-exchanged and calcined MCM-41
and MCM-48 samples. It is observed that the max-
imum appearing at~430nm in UQ2t-exchanged
MCM-41 shifts to a shorter wavelength in the cor-
responding calcined sample~421nm). Similarly,

a shift from ~430 to ~424nm is observed for the
UO»%*t-exchanged MCM-48. It has been generally
agreed that the nature of blue shift of the visible and
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Fig. 4. DRUV-VIS spectra: (a) UsS™-exchanged MCM-41, (b)
UO»%*-exchanged and calcined MCM-41, (c) bRY-exchanged
MCM-48, (d) UQ2t-exchanged and calcined MCM-48 and (e)
uranyl acetate dihydrate.

be taken as a reflection on the stability of the 430
species in the mesoporous matrix due to a strong in-
teraction between U§3* and the=Si-O sites, as
mentioned above.

3.5. Catalyst activity studies

the near infrared bands may be taken as a measure

of the metal-ligand covalent bonding [19]. This hyp-
sochromic shift seen in Fig. 4b and d could, therefore,

In order to evaluate catalytic activity of the
uranium-containing mesoporous molecular sieves,
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Fig. 5. Catalytic oxidation of CO over (a) MCM-48 and (b)
UO»%*-exchanged and calcined MCM-48.

two model reactions, viz. oxidation of CO and
adsorption/decomposition of GBH were chosen
for study over the temperature range of 373-773K.
Typical results obtained for uranium-containing
(53 wt.%) MCM-48 are presented here in brief.

3.5.1. CO oxidation

The uranium-containing MCM-48 showed con-
siderably high catalytic activity compared to host
MCM-48, as shown in data of Fig. 5. Around 60%
of CO dosed in a pulse over uranium-containing
MCM-48 converted to C® at a temperature of
770K (curve b), the corresponding yield over host
MCM-48 being less than 10% (curve a). Also the
activity onset temperature is relatively low in the
uranium-containing molecular sieve. This oxida-
tive activity can be attributed to the definite role of
UO,»%*-ions and/or oxides for the conversion of CO
to CQp, in agreement with [20].

3.5.2. Methanol adsorption/decomposition

K. Vidya et al./Journal of Molecular Catalysis A: Chemical 181 (2002) 91-97
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Fig. 6. Reaction products formed on exposure of methanol pulses
over UQ2t-exchanged and calcined MCM-48 (a) &Qb) CO
and (c) CH.

5vol.% of methanol was eluted from each of these
pulses, when introduced over MCM-48 at temper-
atures of 470, 570, and 770K, respectively. The
reaction products were also different. Thus, while
reaction over MCM-48 predominantly gave rise to
formation of dimethyl ether 1.7 mol%) at tem-
peratures above 670K, the reaction products over
uranium-containing MCM-48 were CO, GOand
CHgj. The product distribution for reaction of GBH
over uranium-containing MCM-48 as a function of
temperature is shown in Fig. 6. The difference in cat-
alytic behavior of two samples can be attributed to the
difference in the catalyst nature. In case of MCM-48,
due to the presence of weakly acidieSi—OH
groups, the products obtained are catalyzed by an
acid pathway. On the contrary, in uranium-containing
MCM-48, the reaction is catalyzed by an oxidative
route, yielding CO, C@, and CH, [21].

A higher amount of methanol was adsorbed/reacted 4. Conclusions

over uranium-containing MCM-48 compared to the

host matrix. While no unreacted methanol was eluted

when successive 6—7 pulses of methanol (i@l

In the present investigation, the successful en-
trapment of UQ?t-ions within the mesopores of

each) were dosed over uranium loaded sample atMCM-41 and MCM-48 is demonstrated. MCM-48
temperatures in range 470-770K, about 25, 11, and was found to be trapping higher amount of &¥®-ions
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than MCM-41. Under the experimental conditions, it  [3] A. Corma, Chem. Rev. 97 (1997) 2373.
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ture does not collapse. Both FT-IR and fluorescence 83 (1987) 1263.
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the.mes_opo_rous matrix. Further, _the results Of_ Fat' McCullen, J.B. Higgins, J.L. Schienker, J. Am. Chem. Soc.
alytic oxidation of CO and adsorption/decomposition 114 (1992) 1083;
of CH3OH indicate that the entrapped uﬁ-ions P. Selvam, S.K. Bhatia, C. Sonwane, Ind. Eng. Chem. Res.

; : ; 40 (2001) 3237.
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