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a b s t r a c t

The interaction between uranyl nitrate hexahydrate (UNH) and rubidium nitrate in solid state at elevated
temperatures has been studied for several compositions using simultaneous thermal analysis techniques
(TG–DTA–EGA), X-ray diffraction and IR spectral measurements. The formation of rubidium uranyl nitrate
has been observed in rubidium nitrate rich mixtures even at ambient temperature during mixing of the
two nitrates in solid state. The reaction at room temperature was incomplete in mixtures containing
eywords:
igh level nuclear waste
alciner
enitration
itrato-complex formation
volved gas analysis (EGA)

higher than 30 mol% uranyl nitrate hexahydrate. Thermal and XRD data on equimolar mixture indi-
cate complete dehydration of uranyl nitrate hexahydrate by 300 ◦C to form rubidium uranyl nitrate,
Rb[UO2(NO3)3], which decomposes on further heating to the polymerised structures, Rb2[(UO2NO3)2(O)2]
and Rb4[(UO2)3(O)4(NO3)2] above 360 ◦C and 460 ◦C, respectively. Rb4[(UO2)3(O)4(NO3)2] reacts with UO3

above 550 ◦C to form rubidium diuranate, Rb2U2O7, when the initial nitrate mixture is prepared from com-
positions containing UNH at 50 mol% or lower levels. In the case of initial nitrate mixtures containing a

owev
higher amount of UNH, h

. Introduction

Nitrates of rubidium and uranium are constituents of the high
evel liquid waste of spent nuclear fuels along with other fission,
orrosion and actinide products [1]. Procedures targeted at iso-
ation of these components to ensure their fixation with a view
o confine the activity in the stable forms have been the subject
f many discussions in the literature. Donnet et al. [2] studied
he adsorption of rubidium on a column using natural mordenite.
igh temperature reactions of rubidium nitrate with silica, alu-
ina and metakaoline were investigated by Mukerji and Kanyal

3] in the context of waste immobilization programme. Synthesis
nd decomposition schemes of mixed nitrato complexes of rubid-
um and rare earths as well as uranium and cesium have been the
ubject of earlier investigations [4,5].

The study of multiphasic interactions between various nitrates
f high level nuclear waste at high temperatures is of interest in
he context of determining suitable calcination conditions for con-

ersion of nitrate to oxide form. These studies, taken together with
he available information on the decomposition of the individual
omponent nitrates [6–8], are expected to provide useful data for
esigning calciner for denitration of nuclear waste.

∗ Corresponding author. Tel.: +91 22 25593291; fax: +91 22 25505151.
E-mail address: bhupkal@barc.gov.in (B.B. Kalekar).

040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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er, Rb2U4O13 and U3O8 are formed above 550 ◦C.
© 2010 Elsevier B.V. All rights reserved.

Our earlier studies [9] on elevated-temperature reaction
between uranyl nitrate hexahydrate (UNH) and sodium nitrate evi-
denced the formation of the dimerised nitrato-complex involving
oxygen-bridged uranyl ions as an intermediate during the denitra-
tion to form sodium diuranate. On the other hand, the mixtures of
UNH and strontium nitrate did not interact directly, though UO3,
formed by decomposition of UNH, interacted with molten stron-
tium nitrate to give various nitrato complexes which decomposed
to strontium uranates [10]. The varied nature of interactions in
these pseudobinary systems necessitates detailed studies on other
binary, ternary and multicomponent nitrate mixtures to help inter-
pret the reactions occurring during the denitration of high level
liquid waste. The reaction between UNH and rubidium nitrate at
high temperatures has been studied in this context and the results
are presented here.

2. Experimental

UNH was prepared from nuclear grade U3O8 and characterized
as described elsewhere [11]. Rubidium nitrate was prepared by
crystallization from a solution of rubidium chloride (Fluka AG, Ger-

many) in conc. nitric acid. The salt was recrystallised repeatedly
from nitric acid until the filtrate tested negative for chloride test. It
was then dried in a desiccator over sodium hydroxide pellets and
characterized by X-ray diffraction data and DTA peaks for phase
transitions [12,13]. Rubidium uranyl nitrate was also prepared from

dx.doi.org/10.1016/j.tca.2010.04.024
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:bhupkal@barc.gov.in
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olution route according to the method reported by Gatehouse and
omyns [14] in order to compare with the product of the solid state
eaction between UNH and rubidium nitrate.

Mixtures of UNH with rubidium nitrate containing 20, 30, 40,
0, 60, 70 and 80 mol% UNH were prepared by mixing and grind-

ng gently using a mortar and pestle to ensure a uniform mixture
f the two nitrates. The TG–DTA–EGA measurements were carried
ut on 100 mg samples of the mixtures in argon atmosphere (flow
ate: 80 mL/min) using Netzsch thermal analyser (model STA-409)
oupled to a quadrupole mass spectrometer (QMG-311, Balzers)
ia a heated capillary [11]. The specimen holders were made from
ecrystallised alumina and a heating rate of 10 K/min was main-
ained in all measurements. The intermediate compounds for XRD

easurements were prepared in situ in the thermal analyser by
eating the mixtures to the desired temperatures followed by nat-
ral cooling of the samples to room temperature under argon flow.
ll XRD measurements were carried out on a Philips X-ray Diffrac-

ometer (model PW1710) using nickel-filtered Cu K� radiation.
nfrared spectra of the residues were recorded in Nujol mull in
he wave number range of 200–4000 cm−1 on FTIR spectrometer
Model MB102, Bomem, Canada) using cesium iodide windows.

. Results

The DTA data obtained for rubidium nitrate matched well with
hat reported by Charsley et al. [12]. The XRD data for the prepared
ample also corresponded with that reported in literature [13]. The
G, EGA and room-temperature XRD data for the mixture contain-
ng 20 mol% UNH are shown in Fig. 1. The XRD pattern corresponded
o that for a mixture of rubidium uranyl nitrate and rubidium
itrate. The TG curve does not show the initial dehydration steps
f uranyl nitrate hexahydrate. EGA data indicates initiation of den-
tration only above 360 ◦C. The weight loss and accompanying NO
volution peak above 640 ◦C correspond to the decomposition of
ubidium nitrate present in excess of equimolar composition.

The results presented in Fig. 2 for thermal behaviour of 50 mol%
NH mixture show that the evolution of nitric oxide from the mix-

ure initiates at 360 ◦C, nearly 100 ◦C higher than that in the case
f 100 mol% UNH [11] indicating stabilization of the nitrate against
hermal decomposition through the formation of a complex nitrate.
he TG weight loss data suggest that rubidium uranyl nitrate is
ormed by 300 ◦C. This is further confirmed by the concordance
f the room-temperature XRD patterns of rubidium uranyl nitrate
repared by solution route and residue of the mixture heated up to
00 ◦C and then cooled to room temperature (Fig. 3a and b).

The multiple nitric oxide evolution peaks for 50 mol% UNH
ixture in the temperature ranges, 360–460 ◦C, 460–550 ◦C and

50–620 ◦C indicate denitration through successive polymerisa-
ion reactions of the nitrato complexes (Fig. 2). IR spectral data for
amples of the mixture heated up to 460 ◦C and 550 ◦C and then
ooled to room temperature under argon flow are given in Table 1.
ig. 3c and d shows room-temperature XRD patterns of 50 mol%
NH mixture heated to 460 ◦C and 550 ◦C, respectively, which are
istinctly different from that of rubidium uranyl nitrate. Ther-
al, XRD and IR spectral data indicate polymerisation of rubidium

ranyl nitrate above 360 ◦C through oxygen-bridged structures,
b2[(UO2NO3)2(O)2] and Rb4[(UO2)3(O)4(NO3)2] before its final
ecomposition to rubidium diuranate. The residue of the 50 mol%
ixture heated to 620 ◦C and cooled to room temperature has

ielded the XRD pattern (Fig. 3e) corresponding to rubidium diu-

anate.

The DTA pattern of 80 mol% UNH mixture presented in Fig. 4a
hows similarity with that for 100 mol% UNH pattern [11] except for
he last endotherm in the temperature range of 580–640 ◦C corre-
ponding to the decomposition of UO3 to U3O8. Room-temperature
Fig. 1. XRD data for 20 mol% UNH mixture prepared at room temperature and TG
and EGA data recorded in argon atmosphere on the same sample.

XRD pattern of the residue of 80 mol% UNH mixture (Fig. 4b) heated
to 620 ◦C confirmed the formation of the stable oxides, Rb2U4O13
and U3O8.

4. Discussion

4.1. Interaction of uranyl nitrate hexahydrate with rubidium
nitrate

The TG, XRD and EGA data presented in Fig. 1 clearly show that
UNH reacted with rubidium nitrate at room temperature while
mixing of the two nitrate powders using a mortar and pestle. Sim-

ilar results were also observed for mixtures containing 30 mol%
UNH. However, for mixtures with higher UNH content, TG and DTA
data in the temperature range of 50–250 ◦C (Fig. 2) indicated occur-
rence of dehydration steps in UNH [11] and hence the presence of
unreacted UNH in the mixture at room temperature.
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Fig. 3. XRD patterns recorded for rubidium uranyl nitrate at room temperature
ig. 2. TG–DTA–EGA patterns of 50 mol% UNH mixture and rubidium uranyl nitrate
t heating rate of 10 K/min under argon flow.

In the case of 50 mol% UNH mixture, the dehydration events in
NH are evidenced by the endothermic weight loss steps in the

emperature range 50–250 ◦C. A closer examination of EGA data
resented in Fig. 2 also reveals a small NO evolution hump in the
emperature range 250–325 ◦C which corresponds to the temper-
ture range for the first denitration step during decomposition of
NH. The very small weight loss step on the TG curve in this tem-
erature range, indicated by drifting weight level, is indicative of
he presence of a small amount of unreacted uranyl nitrate hexahy-
rate. Similar results were also observed with progressively more
rominent endothermic weight loss step accompanied by NO evo-

ution in this temperature range for compositions rich in uranyl
itrate hexahydrate. These results show that the reaction between
ranyl nitrate hexahydrate and rubidium nitrate at room temper-
ture is incomplete when the component nitrates are present in
ompositions that are richer than 30 mol% in uranyl nitrate hex-
hydrate. The latter composition corresponds to a mixture with
lmost equal weight percent of the two component nitrates. Hence,
nder the condition of identical particle size, facilitated by mixing
nd grinding the powder samples uniformly, the number of reac-

ant particles of the two components is likely to be identical in
0 mol% UNH mixture. The number of RbNO3 particles surrounding
NH particles will be higher for compositions containing less than
0 mol% UNH. In view of the better contact of UNH particles with
and 50 mol% UNH mixture heated in thermobalance under argon flow to various
temperatures and then furnace cooled to room temperature.

RbNO3 under these conditions, the reaction of UNH with rubidium
nitrate at room temperature will be more efficient and complete
than in UNH rich mixtures. The endothermic dehydration of unre-
acted UNH at and above 25 ◦C in UNH rich mixtures will also provide
a moist and self-cooled environment that might decrease the rate
of reaction between the two nitrates.

Since the reaction between UNH and rubidium nitrate to form
rubidium uranyl nitrate is equimolar in nature, the case 50 mol%
mixture provided a clearer insight into the reaction mechanism on
heating the mixture. TG curve of the 50 mol% mixture showed a
total endothermic weight loss of 15.6% in the temperature range of
50–250 ◦C. Simultaneously recorded EGA curve showed prominent
evolution of nitric oxide only above 360 ◦C. Hence, the weight loss
observed in the temperature range 50–250 ◦C should be attributed
to loss of water molecules from UNH. The observed weight loss
corresponded to the removal of all six molecules of water from
UNH constituent in the equimolar mixture and indicated absence
of hydroxynitrate formation, unlike in the case of 100 mol% UNH
samples [11]. The delayed nitric oxide evolution and absence of

hydroxynitrate formation in the case of the mixture evidenced for-
mation of a nitrate complex, which was thermally more stable than
UNH. On the basis of TG–DTA–EGA results, the following reaction
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Table 1
IR data recorded for the residues of equimolar mixture heated to 460 ◦C and 550 ◦C.

cm−1 Peak assignment References

460 ◦C
227 M–O vibration [17]
247, 279 UO2

+ deformation [18]
459, 474 M–O–N vibration [17]
553 M–O–M vibration [18]
721 �5-NO2 asym. bend [17]
770 �5-NO2 sym. bend [19]
850 �2-(out of plane) NO3

− ion [19]
891 UO2

+ asym. strech [18]
972, 1035 �2-N–O stretch [19]
1153, 1168 �4-NO3 ion [19]
1377 �3-NO2 asym. strech [19]
226 M–O vibration [17]

550 ◦C
247, 279, 302 UO2

+ deformation [18]
326, 341, 398, 420 M–O–N vibration [17]
567 M–O–M vibration [17]
721 �5-NO2 asym. bend [17]
831, 841 �2-(NO3 ion out of plane) [17]
896, 943 UO2

+ asymmetry stretch [18]
973, 1035 �2-N–O stretch [19]
1153, 1168 �4-NO3 stretch [19]
1299 �1-NO3 stretch covalent [17]
1379 �3-NO2 asym. strech [19]
1460 �4-NO3 ion [17]
1506, 1521 �4-NO2 asym. stretch [17,19]
1541 �2-N–O stretch [17]

Fig. 4. DTA of 80 mol% UNH mixture heated in argon atmosphere and room tem-
perature XRD pattern of the same mixture heated to 620 ◦C and then furnace cooled
to room temperature.
Acta 507–508 (2010) 21–26

is proposed.

UO2(NO3)2 · 6H2O + RbNO3
50−250 ◦C−→ Rb[UO2(NO3)3] + 6H2O (1)

The nature of the nitrate complex was also evaluated by com-
paring room-temperature XRD patterns for a sample of freshly
crystallized rubidium uranyl nitrate and the residue obtained by
heating the mixture up to 300 ◦C followed by cooling the same
under argon flow to room temperature. The diffraction peaks
obtained for freshly crystallised rubidium uranyl nitrate in Fig. 3a
matched well with those recorded for a residue of the mixture
heated to 300 ◦C and cooled to room temperature (Fig. 3b) and
also with the literature data [15] for Rb[UO2(NO3)3]. The results
of TG–DTA–EGA and XRD measurements confirmed the formation
of the rubidium uranyl nitrate by 300 ◦C from the mixture. This
complex was thermally stable up to 360 ◦C as indicated by the con-
stant weight plateau region on TG curve of the mixture. Rubidium
uranyl nitrate samples prepared by the solution route and from
the mixture showed same thermal behaviour above 360 ◦C lead-
ing to identical intermediate nitrato complexes and stable mixed
oxide (Fig. 2). A shift of denitration endotherms for rubidium uranyl
nitrate to slightly high temperature in comparison with the mix-
ture is possibly because of the effect of experimental variables (e.g.,
quantity of rubidium uranyl nitrate which is higher for freshly crys-
tallized sample in view of absence of water of crystallization) on
DTA curve and heterogeneity of 50 mol% UNH mixture.

4.2. Polymerisation of rubidium uranyl nitrate

DTA curve of the 50 mol% UNH mixture showed an endotherm
in the temperature range of 360–460 ◦C with a peak temperature of
405 ◦C. Simultaneously recorded EGA curve of the mixture showed
evolution of nitric oxide in the same temperature range and hence
this thermal event is attributed to a denitration step. The peak area
covered under the NO evolution peak for equimolar mixture was
much larger than that for any other composition of UNH and rubid-
ium nitrate. This revealed that the complex formation was favoured
in the equimolar mixtures. The room-temperature XRD data for
the residue of the mixture heated to 460 ◦C presented in Fig. 3c
showed a major peak at the 2� value of 25.13◦ which was absent
in the case of rubidium uranyl nitrate. Further, the appearance of
some new peaks corresponding to the 2� values at 19.81◦, 26.22◦,
26.44◦ and 32.21◦ indicated the formation of a new crystalline
phase. The pattern in Fig. 3c could be indexed to a monoclinic sys-
tem with the cell parameters of a = 4.594 Å, b = 14.164 Å, c = 18.684 Å
and ˇ = 117.01◦. These results do not match with any of the reported
XRD data for nitrates in rubidium nitrate–uranyl nitrate system
[15,16]. The infrared spectral data obtained on this residue (Table 1)
showed M–O–N vibrations in the range below 500 cm−1. The IR
absorption in the range 570–550 cm−1 can be assigned to U–O–U
stretching vibrations of the oxygen-bridged species [17]. The IR
data also indicated the presence of the nitrates [17–19]. Simulta-
neous TG–DTA–EGA measurements also confirmed the occurrence
of two additional denitration events in the temperature ranges
of 460–550 ◦C and 550–620 ◦C. The multiple nitric oxide evolu-
tion peaks in the temperature ranges, 360–460, 460–550 and
550–620 ◦C indicate the formation of polymerised nitrato com-
plexes through successive denitration reactions.

The TG curve for the equimolar mixture exhibited a weight loss
of 14.9% in the temperature range of 360–460 ◦C. The TG–DTA–EGA,
XRD and IR spectral data indicated the formation of dimerised
rubidium uranyl oxynitrate, Rb2[(UO2NO3)2(O)2], in this tempera-

ture range according to the following reaction:

2Rb[UO2(NO3)3]
360−460 ◦C−→ Rb2[(UO2NO3)2(O)2] + 2NO + 2NO2 + 2O2 (2)

Theoretical and actual weight losses are in reasonable agree-
ment considering the overlap of the TG weight loss steps in the
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emperature ranges of 360–460 ◦C and 460–550 ◦C. The structure
f dimerised rubidium uranyl oxynitrate can be presented as,

imilar structures have earlier been proposed to interpret the ther-
oanalytical data for the reaction between sodium nitrate and UNH

9].
The TG curve for the 50 mol% UNH mixture indicated a weight

oss of 6.0% in the temperature range of 460–550 ◦C. The room-
emperature XRD pattern (Fig. 3d) obtained for the residue of the

ixture heated to 550 ◦C and cooled to room temperature under
rgon flow showed new peaks at the 2� values of 25.59◦, 36.36◦ and
2.70◦. The XRD pattern showed most intense peak at 28.75◦ and
id not match those for rubidium uranates or any known nitrate

n the rubidium–uranium–nitrate system. The pattern in Fig. 3d
ould be indexed to a monoclinic system with the cell parameters
f a = 3.663 Å, b = 16.605 Å, c = 7.832 Å and ˇ = 98.76◦. The IR spectral
ata recorded for this heated residue of the mixture indicated an

ncrease in the metal oxygen vibrations below 500 cm−1 (Table 1)
ompared to the residue of mixture at 460 ◦C and showed bands
ue to nitrates. This could be indicative of the presence of addi-
ional units of oxygen-bridged uranyl ions due to enhanced level of
olymerisation. On the basis of TG–DTA–EGA, XRD and IR spectral
ata, the following reaction is proposed, viz.,

Rb2[(UO2NO3)2(O)2]
460−560 ◦C−→ Rb4[(UO2)3(O)4(NO3)2] + UO3 + NO + NO2 + O2 (3)

The presence of UO3 could not be confirmed from the XRD pat-
ern recorded for the mixture at 550 ◦C probably because it was
resent in amorphous form [20] and masked by peaks of crys-
alline nitrato complex. The experimental weight loss obtained
or this reaction is slightly higher than theoretical weight loss.
his is because of the inaccuracy in reading the weight loss, con-
ributed by overlap of TG steps in the temperature ranges of
60–460 ◦C and 460–550 ◦C. It is interesting to note that the total
xperimental weight loss of 20.9% in the temperature range of
60–550 ◦C matched well with theoretical weight loss for forma-
ion of Rb4[(UO2)3(O)4(NO3)2] from Rb[UO2(NO3)3]. The enhanced
evel of polymerisation in rubidium nitrate–UNH mixture as com-
ared to sodium nitrate–UNH mixture [9] may be due to the higher
lectropositive nature of rubidium than sodium. The present set of
ata also suggests an increase in the extent of polymerisation with
emperature. The structural formula of trimerised rubidium uranyl
xynitrate may be presented as,

TG curve of the equimolar mixture indicated weight loss of 3.0%
n the temperature range of 550–620 ◦C accompanied by NO evolu-
ion as evidenced by EGA data presented in Fig. 2. Apparently, the
olymerised complex, Rb4[(UO2)3(O)4(NO3)2] and UO3 of mixture
eacted above 550 ◦C to give rubidium diuranate.

b4[(UO2)3(O)4(NO3)2] + UO3
550−620 ◦C−→ 2Rb2U2O7 + NO + NO2 + O2 (4)

The observed weight loss was in agreement with the theoreti-
al value for the proposed reaction. The XRD pattern obtained for
he residue of the mixture heated to 620 ◦C in Fig. 3e showed the
resence of rubidium diuranate phase [21].
The reactions in UNH deficient compositions are similar up to
50 ◦C as evident from Fig. 1. The reaction indicated by Eq. (4) above,
owever, overlaps with the decomposition of unreacted rubidium
itrate and the denitration event extends up to 800 ◦C with an
dditional NO evolution peak at 765 ◦C for 20 mol% UNH mixture.

[

[

[
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In the case of UNH rich compositions, the endothermic peaks
in the temperature range of 230–580 ◦C closely resembled the DTA
peaks reported for UNH in the corresponding temperature range
(Fig. 4a). This is because the amount of rubidium uranyl nitrate
formed is relatively small. In the case of 80 mol% UNH mixture,
presented in Fig. 4, only 20 mol% of UNH had undergone reac-
tion with RbNO3 due to which the thermal events in rubidium
uranyl nitrate formed are small in intensity. These low intensity sig-
nals merge into the tails of peaks for denitration reactions in UNH
(60 mol%) remaining unreacted with RbNO3. The final endotherm
corresponding to the conversion of UO3 to U3O8 in the temperature
range of 580–640 ◦C observed in the case of UNH was, however,
not clearly observed for the mixture possibly because of removal
of UO3 through reaction with Rb4[(UO2)3(O)4(NO3)2]. The room-
temperature XRD carried out on the residue obtained at 620 ◦C
(Fig. 4b), however, evidenced the formation of Rb2U4O13 [22] and
�-U3O8 [23] rather than Rb2U2O7 observed in the case of equimolar
mixture. Apparently, Rb4[(UO2)3(O)4(NO3)2] formed according to
equation (3) reacted with excess UO3 to form Rb2U4O13 and �-U3O8
in accordance with the equation,

Rb4[(UO2)3(O)4(NO3)2] + 13UO3
550−620 ◦C−→ 2Rb2U4O13 + 8

3 U3O8

+ NO + NO2 + 7
3 O2 (5)

5. Conclusions

Thermal and XRD measurements on mixtures containing
70 mol% or more RbNO3 indicate the formation of rubidium uranyl
nitrate by reaction between the two nitrates even at ambient
temperature. The interaction between UNH and rubidium nitrate
at elevated temperatures shows that the nitrato-complex forma-
tion is favoured in mixture of 1:1 mol ratio. The intermediate,
rubidium uranyl nitrate is polymerised through oxygen-bridged
structures, like, Rb2[(UO2NO3)2(O)2] and Rb4[(UO2)3(O)4(NO3)2],
above 360 ◦C and 460 ◦C, respectively. The resulting nitrato-
complex, Rb4[(UO2)3(O)4(NO3)2] and UO3 react above 550 ◦C to
give a stable oxide, rubidium diuranate. The mixtures rich in UNH
content also reacted to form Rb4[(UO2)3(O)4(NO3)2] which reacted
with UO3 (present in larger proportion) to form Rb2U4O13.
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