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Abstract

Temperature programmed decomposition (TPD) of uranyl nitrate hexahydrate has been studied using evolved gas
analysis mass spectrometry (EGA-MS) in the temperature range 300-1400 K. Thermogravimetric (TGA) investigations
were performed in the temperature range 300-1100 K. An attempt has been made to resolve the complexity of de-
composition behaviour through suitable comparison of TGA and EGA-MS data. Kinetic control regimes for various
decomposition stages could be deduced from EGA-MS data. The corresponding activation energies and frequency
factors were also evaluated. Kinetics based on random nucleation and diffusion was found to be rate controlling. The
residue left over after each decomposition stage was analysed by XRD and XPS to determine structure and compo-
sition. The ultimate product was found to be a mixture of UO;H, ;; and U;Og: the former being a topotactic hydrogen
spill over compound of UO;. Complete conversion of this residue to U;Og was noticed during ion beam exposure of the

residue which was performed in the course of XPS investigations. © 1999 Elsevier Science B.V. All rights reserved.

PACS: 82.30.Lp; 07.75.+h; 82.30.Pm; 82.80.Pv

1. Introduction

Product consolidation constitutes an essential step in
the reprocessing of nuclear fuel cycle [1-3]. Both thermal
as well as microwave induced denitration of nitrate salt
solutions are often preferred due to several advantages
[4,5]. Through this route, nuclear reactor ceramic fuel
materials like UO, and PuO; can be prepared with ex-
cellent powder characteristics. Mixed oxides like
(U,Th)O,, ., (U,Pu)O,., can be prepared through co-
denitration of respective nitrate salt solution followed by
high temperature calcination [6]. In this processing
route, hydrates of UO,(NOs),, Th(NO;), and Pu(NOs),
are encountered as important precursors. In this context,
thermal stability and proper solid state decomposition
kinetic studies along with mapping of mechanistic
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pathways assume significance for optimising applicator
design [7]. For this reason, the compound uranyl nitrate
hexahydrate has, in particular, been the focus of various
experimental investigations. These studies were directed
at deriving structural information through X-ray dif-
fraction (XRD) [8], neutron diffraction [9] and infrared
spectroscopy measurements [10]. Along with uranyl ni-
trate hexahydrate, other derivative compounds like ur-
anyl nitrate dihydrate, o, f and y-UO,(OH),, UQOs;,
U;05, UO; - xH,0 besides several polynuclear uranyl
complexes formed during hydrolysis as well as melting
[11] have been investigated.

Ondrejcin et al. [12] working on the decomposition of
UO,(NO3), - 2H,0 in vacuum and in air have con-
cluded a sequential dehydration of UO,(NO;), - 2H,0
leading to formation of polymorphous UO; and its
hydrates through UO,(OH)NO; as an important inter-
mediate. Lodding et al. [13] have studied thermal de-
composition of uranyl nitrates in presence of steam.
They have reported sequential dehydration followed by
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decomposition to UO3(.8H,0). Woodhead et al. [11]
have observed evolution of polynuclear uranyl hydroxy
nitrate complexes during hydrolysis and melting of
UO,(NOs), - xH,O at 70°C. Formation of several hy-
drolysed and polymerised products during thermal de-
composition of uranyl nitrate hexahydrate has also been
reported by Rajagopalan et al. [14]. Franklin et al. [15]
have studied dehydration kinetics of uranyl nitrate
hexahydrate single crystals under vacuum. They have
observed sequential transformation of

UO,(NO3), - 6H,0 — UO,(NO3), - 3H,0
— UOz(NOz)Z . 2H20 — UOQ(NO3)2 . HzO
— UO,(NO3),.

The authors observed prevalence of contracting envel-
ope kinetics and linear dependence of dehydration on
water vapour pressure. Similar sequential multistep de-
hydration of UO,(NO3;), - 6H,O has also been reported
by Smith [16]. In their study of isothermal dehydration
of uranyl nitrate hexahydrate, Moseley et al. [17] ob-
served catalytic activity of product gases leading to
lowering of conversion activation energies. Contraries to
above studies, Weigel et al. [18] have indicated non-
viability of preparing anhydrous uranyl nitrate from
uranyl nitrate hexahydrate by thermal decomposition.
In the backdrop of above, the authors noticed the
following: (1) complex multistep weight loss profiles
observed in TGA have not been explained (2) evaluation
of product stoichiometry in terms of oxygen to metal
ratio needs to be established and (3) thermo kinetic in-
vestigation on decomposition of UO,(NOs), - 6H,0 at
temperatures beyond 1000 K has not been reported. To
address these points we have investigated the tempera-
ture programmed decomposition of UO,(NOs), - 6H,O
(UNH) using evolved gas analysis by mass spectrometry
(EGA-MS), thermogravimetric analysis (TGA), X-ray
diffraction (XRD) and X-ray photoelectron spectro-
scopy (XPS). The EGA technique based on mass spec-
trometry has significant advantages in terms of
sensitivity, specificity, fast response and multi-channel
detection capability [19-21]. The present study was
performed in dynamic high vacuum environment as the
mechanistic pathway followed by decomposition is cri-
tically dependent on sample environment. Vacuum en-
sures perfect non-equilibrium situation by way of fast
pumping of released gases, which may otherwise lead to
recombination/inhibition effects [22]. Besides explaining
complex weight loss behaviour seen in TGA, the EGA-
MS data was used to derive the fractional extent of re-
action ‘o’ and to deduce functional transform ‘f(a)’ of
non-isothermal solid state kinetic rate expressions
[23,24]. This was used to assess the corresponding in-
tegral model function g(x) [25-27]. Various stages of
decomposition were found to comply with models based
on random nucleation and diffusion [28]. The off-line

characterisation of residues left over after each decom-
position stage, marked by distinct oxygen release re-
gimes, was carried out by powder XRD and XPS for
studying structural and compositional variations re-
sulting from temperature programme. This was done to
elucidate the mechanistic pathway leading to the for-
mation of U;QOs.

2. Experimental

UO,(NO3), - 6H,O powder sample procured from
M/s BDH Chemicals, USA, was used for temperature
programmed decomposition in the EGA-MS facility.
Typical sample weights of 100 mg and particle size of 50
p were subjected to a maximum temperature of 1400 K
at heating rates of 4, 6 and 10 K/min. The details of the
EGA-MS facility have been published elsewhere [29,30]
and only a brief description will be furnished here. A line
schematic of the system is given in Fig. 1. Essentially,
this facility consist of a high temperature (1400 K), high
vacuum (1077 mbar), programmable resistance furnace
coupled to an ultra high vacuum (UHV) chamber (107!
mbar) through a low conductance variable aperture
molecular leak valve. The UHV chamber houses quad-
rupole mass spectrometer (QMS), vacuum gauges and
other metrological calibration hardware like spinning
rotor gauge (SRG) and standard gas inlets. The high
vacuum chamber is pumped by a turbomolecular

TMP—Turbo Molecular Pump

RP—-Rotary Pump
LV-Leak Valve
GV—Gate Valve

IMG—Inverted Magnetron Gauge
QMS—Mass Spectrometer

SIP-Sputter lon Pump C—Power Controller
SRG—-Spinning Rotor Gauge

CG—Calibration Gas

T/C—Thermocouple
RC—Reaction Chamber
CM-Capacitance Manometer Cr—Crucible
F—Resistance Furnace

D-QMS Controller

P-PID Temp. Programmer
TSP—Ti Sublimation Pump

Fig. 1. Line schematic of experimental EGA-MS facility.
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pumping system. A pumping group consisting of a
triode sputter ion pump, a titanium sublimation pump
and a separate turbomolecular pumping system evacu-
ates the UHV chamber. A PC based software developed
by us executes real time Multiple Ion Detection (MID)
mass spectrometry. TPD profiles are obtained by plot-
ting MID signals against the sample temperature mea-
sured by a calibrated K-type thermocouple and acquired
through a PC based add-on card.

TGA runs for UNH were conducted in a Polymerlab,
UK make PL STA 1500 thermal analyser under an ar-
gon carrier gas flow of 40 ml/min. Due to certain lim-
itations, the TGA data was acquired in the temperature
range 300-1100 K. For the purpose of comparison,
TGA curve was superimposed over EGA curve for si-
milar heating rate. Since sample environments in TGA
and EGA are different minor discrepancy in temperature
was noticed.

XRD and XPS investigations were carried out on
residues of samples heated at 10 K/min. The residues
were withdrawn after each decomposition stage by in-
terrupting the temperature programme at 790, 950 and
1400 K termed as stage I, stage II and stage III, re-
spectively. XRD analyses were performed using a Sie-
men’s D-5000 X-ray diffractometer. XPS measurements
were carried out with a VG ESCALAB MK200X ESCA
machine using aluminium K, X-ray source (1486.6 eV)
and a hemispherical analyser which was operated on a
pass energy of 20 eV giving analyser resolution of 0.4
eV. Photoelectron emission spectra of U(4f;/,), O(ls)
and C(1s) were recorded with about 0.1 eV/point.

3. Results and discussion
3.1. Kinetic analysis

The rate of a temperature programmed decomposi-
tion reaction is expressed as

r=da/dt = k(T) * f (2), (1)

where « is fractional extent of decomposition directly
measurable from gas release data. This is defined as

o(T) = O(T)/Q(Total)
= A(T)/A(Total),

where Q(T) and Q(Total) pertain to instantaneous and
total gas corresponding to area under the release curves
A(T) and A(Total) respectively. Measurement of ex-
perimental o(7) is further illustrated in Fig. 2(a) and (b).
f(o) represents a functional transform of o as an in-
dicator of instantaneous phase composition at a given
temperature [31]. This functional transform flo) ex-
pressible as analytical functions is critically dependent
on kinetic control mechanisms like random nucleation,

Intensity

(®)

Fraction released (o)

T

Fig. 2. Calculation of fractional reaction parameter ‘a’: (a)
model trend analysis mass spectrum and (b) fractional reaction
plot.

diffusion and phase boundary interface motion [32]. A
list of such expressions based on above formalisms is
given in Table 1. k(7) refers to temperature dependent
rate constant having expression

k(T) = Z exp(—E/RT), 2)

where Z is pre-exponential factor and E is activation
energy barrier. TPD experiment allows us to evaluate
k(T) and f(«). For a linear temperature schedule
T=T, + pt, where f stands for heating rate, the ex-
pression assumes the form

do/dT = Z/B(exp(—E/RT)) * f (o). (3)

The integration of above expression within limit yields
% T

o) = [dn/(0) = 2/ [ exp(-E/RT)AT @)
0 0

with necessary series solution and suitable approxima-
tions the integral reduces to

g(a) = ZRT*/BE % exp(—E/RT). (5)
In logarithmic form this yields

In[g(a)/T%] = In(ZR/BE) — E/RT. (6)
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Table 1

Non isothermal, integral forms of kinetic expression for heterogeneous solid-state reactions

Rate determining mechanism Symbol f() glo) = [ d(a)/f (o)
Nucleation and growth models
(i) Random nucleation approach

Mampel unimolecular law Al 1 -« —-In(1 — @)
(ii))Avrami-Erofeev nuclei growth

(a) 2-dimensional growth A2 2(1 — w)[~In(1 — w)]'/? [~In(1 — o)]'/?

(b) 3-dimensional growth A3 3(1 = )[-In(1 — )3 [~In(1 - o)]'/3
(iii) Branching nuclei

Prout Tompkins branching nuclei A4 ol — ) In[o/(1 — a)]
Decelerating rate equations based on diffusion
(i) Parabolic law

1-dimensional transport D1 ol o212
(i1) 2-dimensional diffusion D2 [~In(1 — &)]"! (1 = o)[In(l — o)]+a
(iii) 3-dimensional diffusion (Jander—Mech) D3 (1 =Pl —a)y P = 1]! L.5[1 - (1 — o)'P
(iv) 3-dimensional diffusion (Ginstling-Brounshtein) D4 [(1=o)'3=1]! 1.5[1 = 2a/3 — (1 = 2)*?]
Phase boundary movement
(i) 1-dimensional (Zero order) R1 Constant o
(i) 2-dimensional (cylindrical symmetry) R2 (1 -2 21 = (1 -0/
(iii) 3-dimensional (spherical symmetry) R3 (1 - a)?? 3[1 - (1 - a3

The g(x) denotes the integral form of non-isothermal
rate expressions. These expressions are given alongside
f(o) in Table 1.

A plot of In[g(x)/T?] vs. 1/T yields a straight line
whose intercept and slope give In(ZR/BE) and (-E/R)
respectively. In our procedure we have computed In[g(o)/
T?] from the measured o« versus T values and fitted it
against theoretical g(«) expressions propounded for
various kinetics control models. The best fit has been
regarded as prevailing mechanism and it is utilised for
evaluation of activation energy E and pre-exponential
factor Z [33]. A typical case is illustrated in Fig. 3
which shows governance of random nucleation based
Mampel unimolecular law on dehydration kinetics of
UOz(NO3)2 : 6H20

3.2. EGA-MS studies

Fig. 4(a), Fig. 5(a) and Fig. 6(a) depict TPD spectra
of UO,(NOs), - 6H,0 acquired at heating rates of 4, 6
and 10 K/min, respectively. The corresponding fraction
release plots are shown in Figs. 4(b), 5(b) and 6(b), re-
spectively. Release of various gaseous species like H,O
(mle=18), NO (mle=30), O, (mle=32) and NO,
(mle =46) have been recorded as a function of time and
temperature. The dehydration of the sample, in air as
well as in vacuum takes place in the temperature range
300-525 K. The final dehydration profile appears to be
bimodal. The decomposition reaction leading to evolu-
tion of NO, NO, and O, commences around 420 K
which is below the completion temperature of dehy-
dration. The corresponding fractional release plots show

two NO release stages, one O, release stage and one
NO; release stage. The decomposition is followed by a
second O, release stage peaked at around 810 K. At
higher heating rates i.e. at 6 and 10 K/min, an additional
O, release stage peaked at 1300 K appears (Figs. 5(a)
and 6(a)).

The kinetics evaluation procedure, as explained ear-
lier was adopted to establish kinetic control regimes for
different dehydration and decomposition stages and to
determine associated arrhenius parameters like activa-
tion energy and the pre-exponential factors. The dehy-
dration stage observed in EGA was found to be

Mampel unimolecular law
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Fig. 3. Typical non-isothermal kinetic analytical fit showing
prevalence of Mampel unimolecular law in dehydration stage.
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Fig. 4. (a) EGA-MS plot for temperature programmed de-
composition of UO,(NO;), - 6H,O at heating rate of 4 K/min
and (b) the corresponding fraction release plot.

controlled by random nucleation. The multimodal de-
hydration observed in TGA and EGA-MS occurs due to
sequential multistep desorption of crystallographically
non-equivalent highly labile structural water molecules.
In uranyl nitrate hexahydrate, the oxygen atoms of two
water molecules along with four others from two bi-
dentate nitrate groups are co-ordinated directly to the
central metal cation making a planar equatorial hexagon
around uranyl group. These two directly co-ordinated
water molecules are distinctly different from hydrogen
bonded structural water and give rise to well defined
EGA-MS signal. A part of this water is probably carried
forward beyond this dehydration stage. However, owing
to overlapping NO, release, the stoichiometry con-
jectured to be UO,(NO;), - 2H,O could not be ex-
amined off-line. The subsequent TGA investigations
have substantiated this. Barring structural water, the
basic co-ordination of uranium in UO,(NO3), - 2H,0 is
identical with that of UO,(NO;), - 6H,O [34]. No
change in this rate governing mechanism was observed
with increase in heating rate. The values of activation
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Fig. 5. (a) EGA-MS plot for temperature programmed de-
composition of UO,(NO;), - 6H,O at heating rate of 6 K/min
and (b) the corresponding fraction release plot.

energy and pre-exponential factor were determined and
are given in Table 2.

The dehydration regime as stated above partially
overlaps with initial decomposition stage signalled by
release of NO, NO, and O,. Surface dominated kinetics
control i.e. random nucleation behaviour manifests in
this regime also. However, second stage NO release
shows governance by three-dimensional diffusion me-
chanism propounded through Jander—-Mech rate ex-
pression. The reason can be attributed to product
barrier layer formation, a phenomena commonly seen in
many technical gas—solid reactions [35]. The origin of
two stage temperature dependant NO, release can be
traced to two distinct categories of formula molecular
units in monoclinic lattice of UO,(NOs), - 2H,0. One
N-O uncoordinated bond derives additional stability
due to hydrogen bonding. This has also been confirmed
from reduced thermal motion of N-O oxygen atom [36].

After the completion of gross decomposition a sec-
ond oxygen release peak appears. The kinetics was once
again found to be random nucleation controlled. The
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Fig. 6. (a) EGA-MS plot for temperature programmed de-
composition of UO,(NO;), - 6H,O superimposed on TGA
weight loss curve at heating rate of 10 K/min and (b) the cor-
responding fraction release plot.

reason can be attributed to uncovering of freshly ex-
posed lattice sites having oxygen-bearing groups [37].
The corresponding activation energy and pre-ex-
ponential factors were derived and are given in Table 2.
At higher heating rates of 6 and 10 K/min, a third
oxygen release peak appears in the temperature range
1180-1360 K. At this point, thermal gradient driven
mass transfer effects become significant [38,39]. This
leads to migration and release of lattice oxygen resulting
in the loss of stoichiometry. The analogy of this phe-
nomena exists in operating nuclear fuel elements at high
temperature gradients [40]. As in stage II oxygen release,
here also the kinetic control shows governance by ran-
dom nucleation [28]. The corresponding activation en-
ergy and pre-exponential factor are given in Table 2.

3.3. TGA investigations
Complex TGA weight loss profile was super imposed

on EGA data acquired for 10 K/min (Fig. 6(a)). The
complex TGA weight loss profile was deconvoluted to

reveal seven sub-stages corresponding to decomposition
in the temperature range 300-750 K. These sub-stages
are termed as IA, IB, IC, ID, IE, IF and IG (Fig. 7). The
8th stage at 840 K coincides with stage II oxygen release
stage in EGA-MS spectra. The first three weight loss
stages, before 400 K, corresponds to loss of two water
molecules, one water molecule and one water molecule
respectively. The corresponding portion of EGA-MS
spectra shows a small water release step. Most of these
water molecules are highly labile structural water and
gets released during vacuum operation. It was observed
from weight loss that the sample looses four molecules
of water while in vacuum but regains it back upon ex-
posure to atmosphere. Stage ID weight loss (5.35%)
occurs in the temperature range 420-460 K and accounts
for release of roughly 1% molecules of water. Stage IE
weight loss overlaps with onset of decomposition. The
weight loss of 5.01% can be accounted for through re-
lease of % moles of NO, and O,. Since no significant
water signal observed in this temperature range, it is
presumed that remaining water molecules were carried
forward. The stage IF weight loss occurs in the tem-
perature range 520-600 K and amounts to 14.6%. This
can be accounted for through release of NO, and % 0,.
Stage IG weight loss spreads over 600-750 K is a gra-
dual one amounting to 2.63%. This can be accounted for
through decomposition of residual nitrate. The 8th stage
weight loss of 1.2% can be attributed to O, release sig-
nal. However, in TGA it spans over 835-850 K com-
pared to EGA span 800-850 K. The marginal deviation
results from different sample environments seen in TGA
and EGA. Due to operational limitations of TGA ma-
chine the temperature regime could not be extended
beyond 1100 K. Hence the high temperature O, release
stage observed in EGA over 1180-1360 K is not seen.

3.4. XRD Studies

The effect of temperature programme on substrate
crystal structure was investigated by X-ray powder dif-
fraction. In addition to raw sample, residues withdrawn
after various oxygen release stages (Fig. 4(a)) were also
analysed. The XRD pattern of raw sample, stage I, stage
II, and stage III residues are shown in Fig. 8(a)—(d) re-
spectively. The raw UO,(NOs), - 6H,O sample, as re-
ported [8,9], consisted of an orthorhombic non-centre
symmetric layered lattice. In this compound each for-
mula unit consists of an uranyl group surrounded
equatorially by a near planar oxygen hexagon of four
oxygen atoms from two non-equivalent bidentate nitrate
groups and two oxygen atoms from equivalent water
ligands. All the hydrogen atoms are involved in hydro-
gen bonding. Four structural water molecules are out-
side the primary co-ordination sphere. The formula can
be expressed as [UO,(H,0),(NO;),] - 4H,0. These four
structural water molecules outside the co-ordination
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Table 2

Reaction mechanism, corresponding correlation coefficients, activation energy and pre-exponential factors for various stages of de-

composition of UO,(NOs), - 6H,O at different heating rates

Heating rate (K/min) Mechanism Correlation coefficient ~ Activation energy (kJ/mol)  Pre-exponential factors (m™!)
Dehydration: stage I

4 Al 0.9942 87.011 1.99 x 10%°

6 Al 0.9897 56.414 1.53 x 10°
10 Al 0.9934 53.828 8.17 x 10°
Dehydration: stage 11

4 Al 0.9951 43.971 2.98 x 10*

6 Al 0.9923 42.724 2.0 x 10*
10 Al 0.9992 47.268 1.02 x 10°
NO release: stage 1

4 Al 0.9991 120.56 4.1 x10°

6 Al 0.9998 123.33 7.2 x 10°
10 Al 0.9982 82.413 2.9 x 10°
NO release: stage 11

4 D3 0.9860 33.078 42

6 D3 0.9710 41.522 34.5

10 D3 0.9969 33.778 15.3
NO, release

4 Al 0.9940 176.84 7.9 x 10"

6 Al 0.9999 134.52 1.2 x 10"
10 Al 0.9959 84.297 5.5 x 10°
O, release: stage I

4 Al 0.9970 212.38 8.1 x 10"

6 Al 0.9950 160.85 9.7 x 102
10 Al 0.9967 145.28 1.8 x 10%2
O, release: stage II

4 Al 0.9994 962.88 2.4 % 10%

6 Al 0.9997 1103.89 9.1 x 1097
10 Al 0.9971 1010.95 6.5 x 10%
O, release: stage III

6 Al 0.992 458.74 9.2 x 10"
10 Al 0.9992 560.04 1.0 x 102

sphere desorb sequentially in the temperature range
300-400 K owing to loss of exterior hydrogen bonding.
Dissociation of UND in air occurs in the temperature
range 420-460 K.

Upon completion of dehydration and denitration
stages which includes oxygen release stage I, the tem-
perature programme was interrupted at 790 K (after
observing NO, signal falling to background). This re-
sidue was subjected to XRD analysis. The compound
was revealed to be UO; - xH,0. Such partially hydro-
xylated intermediates have been encountered in other
fuel processing routes like decomposition of
(NH,4),U,0; - xH,O [41]. UO; - xH,O has been re-
ported as a hydroxylated compound having OH oxygen
co-ordinated to uranium atoms. Such co-ordination has
been reported by Deane et al. [42] from IR spectroscopic
studies. Such hydroxylated compounds where uranium

has octahedral co-ordination are known to exist in
several interchangeable polymorphic transformations
[43-46]. The structure consists of hexagonal or pseudo-
hexagonal layers of composition having UO,(0;).
chains built in to orthorhombic lattice with water mo-
lecules interspersed in between [41].

After stage II oxygen release i.e., beyond 950 K the
structure once again transforms to an orthorhombic
lattice having molecular formula UO;H; ;. This is a
hydrogen insertion compound of UO; having almost
similar crystallochemical configuration [47]. Such pro-
ducts have also been reported by Lodding et al. [48] as
end product of decomposition. Here the structure may
be written as UO,(OH), meaning thereby partial hy-
droxylation of lattice oxygen. UO;3;H, ; is topotactic
with ¢-UQO;, which has a layered orthorhombic structure
[47]. This structure is construed as uranium deficient
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Fig. 7. TGA weight loss curve of UO,(NO;), - 6H,0 at 10 K/
min deconvoluted to show the eight distinct steps.
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Fig. 8. Powder X-ray diffractograms along with matching
JCPDS sticks for: (a) original UO,(NO3), - 6H,O orthorhom-
bic crystal structure; (b) structure of stage I residue after surface
dehydration and NO, release; (c) structure of stage II residue
showing onset of formation of UO;H, ;7; and (d) well developed
structure of the compound UOsH; ;; and U;04 as encountered
in stage 111 residue.

form of o-U3Og consisting of planes of edge sharing
pentagonal bipyramids with U-O-U chain running
perpendicular to these layers [49]. The spill over

hydrogen gets attached to oxygen atoms in a perturbed
M-O framework [47] leading to marginal changes in
lattice parameter and reduction in symmetry, which re-
sults in splitting of diffraction lines. This structure is
further developed after stage III oxygen release i.e., be-
yond 1350 K. Also at this stage indexing of diffraction
lines indicated formation of U;Og. The stage III residue
contains stage II residue along with newly formed U;Os.
Also a minor carry over from stage I residue still per-
sists. A tentative reaction sequence depicting stoichio-
metric evolution of various intermediates can be given as
follows:

1A
[UO,(NO,),2H,0].40,0 —__, [UO,(NO,),2H,0].2H,0

300-340K B i 350-370K
ICc
[U0,(NO,),2H,0] <+——  [UO,(NO,),2H,0]. H,0
380 400K
D l 420-460K

IE&F

[UO, xH,0 NO;),] ——3p  [(NO,),UO,xH,0]

470- 600K

1G 600 -760 K
I

I
UO:H,;; ——— UOH,;; <4«—— UO,(OH),
+ U305 1180-1360K 835-850K

The splitting of diffraction line in final stage compound
can also be due to onset of formation of new uranium
bearing phase. Some of the diffraction lines matched
with reflection pattern from the compound U;Og. This
signifies partial conversion of UOs;H, ;7 to U3;Og. The
above scheme has been further corroborated through
XPS investigations described in the following section. It
can be inferred from XRD studies that the temperature
programme resulted in the gradual structural simplifi-
cation by way of ejection of formula units while re-
taining the pristine uranyl oxygen bridge.

3.5. XPS studies

Keeping the structural information received
from XRD data as background, the chemical
environment around uranium was probed by XPS to
elucidate the mechanism involved in the conversion of
UO,(NOs), - 6H,0 to U;Og via various intermediate
stages besides mapping of associated alteration in ur-
anium to oxygen ratios. U(4f;/,) and O(ls) and C(ls)
photoelectron peaks were recorded. The binding energy
was calibrated with Au(4f;;,) photoelectron peaks at
84.0 eV with 1.6 eV FWHM for the specimen of Au film
on Si substrate. Freshly prepared UO, [50] was used as
the reference material and O(1s) to U(4f;/,) photoelec-
tron peak area ratio was observed to be 0.166, is used for
reference data to compare the O/U area ratio at the
different stages of decomposition(the reference area ratio
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Fig. 9. U(4f;/,) photoelectric peaks at different stages of de-
composition of UO,(NOs) - 6H,0: (a) raw sample; (b) stage 1
residue; (c) stage II residue; (d) stage III residue; and (e) residue
after ion beam exposure.

of UO, gives an atomic ratio of 2.1 using the proper
sensitivity values of U(4f;,) and O(ls) photoelectron
peaks). The uranium and oxygen spectra belonging to
various decomposition stages are shown in Figs. 9 and
10 respectively. It is known that the U(4f;,) photo-
electric peak for pure uranium occurs at 377.1 eV and
for U chemical state, this is observed at 381.7 eV [51].
In our sample UO,(NO;), - 6H,O, the binding energy
for U(4f;,) peak was observed at abnormally higher
energy, 387.9 eV, with a characteristic shake up satellite
of U°* at 3.9 eV above the main peak. Contaminant
C(1s) peak was observed at 290.5 eV which was also
high compared to normal contaminant carbon peak at

(e)
(d)
o
d !
z (©)
g
E
(b)
(@
L 1 | l | 1 ]
520 530 540
Binding energy (eV)

Fig. 10. O(1s) photo electric peaks at different stages of de-
composition of UO,(NOs) - 6H,0: (a) raw sample; (b) stage I
residue; (c) stage II residue; (d) stage 111 residue; and (e) residue
after ion beam exposure.

284.6 eV. Jorgensen et al. has observed the similar
binding energy shift in case of RbUO,(NO;); compound
[52] with C(1s) occurring at 290 eV. These unusual shifts
can be attributed to surface charging due to photo
emission by the insulating material. The corrected values
matched well with the literature values [51]. The binding
energy values for U(4f;/,), O(1s) and C(ls) are given in
Table 3 after subtraction of charging effects.

Even after the release of water of hydration, NO, and
0O,, the stage I sample did not show any alteration in
binding energy of main photo peaks. A reduced oxygen
content was inferred from reduction in O(1s) peak area
and thereby decreasing the O/U ratio as given in Ta-
ble 3. The FWHM of O(1s) was observed to reduce from
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Table 3

Photoelectric peak positions for U(4f;,,), C(1s) and O(1s) at different stages of decomposition of UO,(NO3), - 6H,0

Stages U(4f7,) U(4f5/,) characteristics O(1s eV) C(Is eV) O/U ratio

eV (Area) Principal peak eV Satellite peak eV (FWHM)
(Area) (Area)

UO,(NO3;), - 6 H,0 387.9 398.7 402.6 538.1 290.5 8.0

After charge correction 382.0 392.8 (32496) 396.7 (3228) 532.2 (3.2) 284.6

Stage 1 381.9 392.7 (66362) 396.6 (4181) 531.2 (2.6) 284.6 4.6

Stage 11 383.5 (16047) - - 531.9 284.8 4.0
381.5 (51574) - - 530.4

Stage 111 383.5 (62851) - - 531.8 284.8 3.0
381.5 (30471) - - 530.3

Ton beam exposure 380.8 391.5 398.7 530.3 (2.3) Trace 2.8

3.2 to 2.6 eV after stage I heating to 790 K. In raw
sample, O(1s) peak was contributed form O in U-O,
N-O and H-O environment and the broad peak was
observed due to the convolution of these three peaks.
After stage I treatment, the desorption of N-O species
dominantly caused drastic decline in the FWHM of the
peak. The shake-up satellite observed to be 10% of
principal U(4f;,,) peak got reduced to 6% indicating a
subtle redistribution in valence band. This, as depicted
in Fig. 10, is clearly evident from the satellite signature
corresponding to U(4f5;;) photo emission.

The residue, after stage II O, release (950 K), in-
dicated build up of new uranium bearing phases. The
dominant peak was observed at 381.5 eV. This re-
presents the +6 oxidation state. A very minor peak at
383.5 eV indicated the onset of formation of new ur-
anium compound. In this compound O(1s) peak upon
deconvolution yielded two peaks at 531.9 and 530.4 eV.
This signifies two distinct chemical identities i.e. U-O
and U-OH bearing phases in the residue. The high
binding energy peak due to U-OH bonding is of reduced
magnitude and around 24% of the overall U contribu-
tion. This indicates U-O bonded compound pre-
ponderate over U-O-H bonded one in this residue,
which is also seen from XRD data. The C(1s) peak oc-
curs at 284.8 eV indicating absence of charging.

The increase of temperature programme to 1400 K
changes the scenario completely. The stage III residue
which has been identified from XRD data as a residue
compositionally enriched in UO;H, ;7 with certain por-
tion of it converted to U3Qg, also contained an insig-
nificantly minor carry over from stage I residue as
evidenced from doubling in the area of uranium peak
occurring at 383.3 eV as compared to the area of 381.5
eV peak. The U(4f;,) photo peak of Fig. 9(d) can be
construed as a convolution of contributions from com-
pound carried over from stage I residue plus UOsH; j;
and U;Og. The O(1s) peak occurs at 531.8 and 530.3 eV.
The 531.8 eV peak is the major one signifying renewed
co-ordination around oxygen in the lattice. The 530.3 eV

can be referred to the signature of carry over compound
from stage I [Fig. 10(b)—(d)]. Here again the C(1s) peak
occurs at 284.8 eV indicating absence of charging.
Table 3 summarises various binding energy values ob-
tained from XPS investigation. Also oxygen to uranium
ratios for residues of various stages, deduced from XPS
data, are mentioned. This ratio clearly shows a steady
rise in heavy metal fraction caused due to progressive
loss of oxygen with ascending temperature programme.

The residue left over after stage III treatment was
dominated by U-OH type of hydroxilated compound.
This residue was exposed to argon ion bombardment
inside ESCA machine to see the fate of the material at
the extreme case of decomposition i.e. in the eventuality
of extending the temperature programme by few hun-
dred degrees more which at the moment is a limitation in
our EGA-MS experimental system. At higher tempera-
ture one expects complete conversion of the material to
thermodynamically stable uranium phase like U;05. An
Ar™ ion beam operating at 3 keV and 1 pA was used for
bombardment of the sample inside ESCA machine.
After sputtering, the U(4f7,) peak was observed at 380.8
eV with sharp O(1s) peak at 530.3 eV. The binding en-
ergy of U(4f;),) indicated the formation of U3Os [51]
and sharp O(1s) peak with FWHM 2.3 eV signified the
ion bombardment induced dissociation of —OH group
from the lattice. The formation of U;Oyg is further evi-
denced from U(4fs);) satellite signal occurring around
7.2 eV [52] as seen in Fig. 11.

4. Conclusion

Using EGA-MS, TGA, XRD and XPS, the
temperature programmed decomposition of UO,
(NOs), - 6H,0O has been investigated. Kinetic control
regimes for various decomposition stages could be suc-
cessfully established. Arrhenius parameters like activa-
tion energy and pre-exponential factor for various
decomposition stages have been calculated. EGA-MS
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Fig. 11. U(4f5,) photoelectric peaks with satellite signal (shown
by arrows) at different stages of decomposition: (a) raw
UO,(NO;3), - 6H,0; (b) sample after stage I; and (c) after ion
beam exposure.

data could explain complex weight loss profile obtained
from TGA. Signature of gas release from various de-
composition sequences was found in the concomitant
transformation of the residue with respect to substrate
crystal structure and uranium chemical environment. It
can be emphasised that the pristine uranyl bridge in the
lattice of UO,(NO;), - 6H,O was carried forward by
temperature programme to the target compound U;Og
which also possesses a layered orthorhombic structure
with U-O bridge. Progressive shedding of functional
units leads to a structural simplification. Also the
structural reorganisation of groups leading to formation
of UO3 - xH,0 could be corroborated to valence band
shake up inferred from XPS data. However, the present
operating temperature range of our EGA-MS system
did not permit the substrate to completely transform to
thermodynamically stable oxygen bearing uranium
phase like Us;Og. Only a partial transformation was
observed. The evidence for the complete conversion of
the residue to U;QOg possessing a layered orthorhombic
lattice with uranium atom having pentagonal bipyr-
amidal co-ordination could be obtained by argon ion

bombardment induced dissociation of hydroxilated
groups of the final residue. U3;Og formation is further
corroborated from U(4fs),) satellite signal occurring at
7.2 eV.
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