
of the acetonitrile, was fractionated through a spinning band 
column (18-inch by 6-mm. I.D.), and a cut of 17 grams (61% 
yield) was taken a t  151' C. ( ~ ~ ~ 2 0  1.3340) (lit. (4) b.p. 157- 
159' C., %D*" 1,3350). This cut gave a single sharp peak on gas- 
liquid chromatography (25% LAC on Chromosorb W, 6 feet 
by '/4 inch, 85' C., 37.2 ml. per min. of helium, retention time 
19.0 minute). An additional fraction (2.2 grams) was found to 
be 90% pure (total yield of product 68%). I.R. AEg strong 
CF2 absorption between 8 and 9 p ,  no OH absorption. 

Because of the discrepancy between the reported boiling 
point (4)  and that found in this work, and because of the diffi- 
culties encountered in obtaining reproducible elemental analyses, 
the XMR and mass spectra are reported. 

NMR (7) (in CDCl, on a Varian HR60 spectrometer). 
6.24 (2 protons, triplet, J H F  15 cps, CN2Br), 3.96 (1 proton, 3 
triplets, JXF gem. 51.9 CPS, JHF 5.00 cps, CHFZ). Mass 
spectrum (on a CEC 21-103C). Calcd. for C7H3Fl2Br: parent 
mass 394; parent + 1, 7.61% of parent; parent + 2, 98.0% of 
parent. Found: parent mass 394; parent + 1, 7.36% of parent; 
parent + 2, 96.5% of parent. Principal peaks a t  mass 143 
(CF2CH279Br+), 145 (CFZCHzg1Br+), 93 (CHz79Br+), 95 (CHZ- 
*1Br+) , 51 (CHFz+). 

Anal. Calcd. for C,H,F12Br: C, 21.30; H, 0.77; F 57.75; Br, 
20.21. Found: C, 21.0 (average of 4 analyses); H I  1.16 (average 
of 4 analyses) ; Br, 20.56. 
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Thermal Denitration of Uranyl Nitrate Hexahydrate 

R. S. ONDREJCIN 

Savannah River Laboratory, E. 1. du Pont de Nemours & Co., Aiken, S. C. 

The thermal decomposition of uranyl nitrate hexahydrate was studied in the temperature range of 
450" to 400° C. at atmospheric and at <O.i-mm. pressure. The intermediate and final products of 
the decomposition were determined. The denitration follows a zero-order reaction until less than 
half of the uranyl nitrate remains. The specific reaction rate constants were measured for denitra- 
tion, and from these data the heats and entropies of activation were calculated, 

THE THERMAL DECOMPOSITION ot uranyl nitrate 
hexahydrate (USH) is an important process in the nuclear 
energy industry. This material, isolated as an intermediate 
from spent reactor fuel, is thermally decomposed to uranium 
trioxide. The trioxide is reduced by hydrogen to the dioxide, 
which is subsequently hydrofluorinated. Although uranyl 
nitrate hexahydrate has been processed for years in this manner, 
the over-all operation has presented various difficulties. One of 
the problems is the wide range of reactivity toward hydro- 
fluorination of different batches of uranium trioxide. 

Lack of information about the decomposition of uranyl 
nitrate hexahydrate gave rise to a number of uncertainties 
about process performance. Therefore, a program was initiated 
to elucidate the mechanism of the decomposition, identify the 
intermediate products, and determine the kinetics of denitration 
a t  temperatures up to 400' C. 

Early in the century, uranyl nitrat,e prepared by the dehydra- 
tion of the hexahydrate was reported to contain the di- and 
trihydrate (11, 16). These findings were later verified by 
qeveral methods including phase relationships (2.2) and vapor 
pressure measurements (8 ) .  The presence of anhydrous uranyl 
nitrate has bean reported in thermolysis measurements of 
uranyl nitrate hexahydrate (16) and in the thermal decomposi- 
tion of uranyl nitrate dihydrate ( I S ) .  Methods of preparation 
for the hexa-, tri-, and dihydrates (IO) as well as anhydrous 
uranyl nitrate (5) are readily available. 

Five crystalline polymorphs of UO1 ( w e )  and one amorphous 
form are known and have been prepared (7). There are also four 
monohydrates (cy-a), two dihydrates (cy-@), and a hemihydrate 
(9). All of these would not be expected to  be final products in 
the thermal decomposition of UNH, because of their thermal 
instability (3) .  Industrially, -y-UO, is the usual product of the 
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thermal decomposition of uranyl nitrate hexahydrate. The 
desired product is a forni of uo3 that reacts a t  a consistent rate 
during hydrogen reduction and subsequent hydrofluorination. 

DISCUSS ION 

Experimental. An analysis of the reagent, grade uranyl 
nitrate hexahydrate was performed by ignition of this salt to 
IJ308. This method gave a value of 47.49 wt. c/o uranium UP. the 
theoretical value of 47.41 w t .  %. 

Ten grams of UKH were decomposed in each experiment. 
Crystals of UNH were ground to produce a homogeneous 
system with respect to crystalline size; this grinding process 
eliminated the necessity of choosing well-defined crystals and 
provided a consistent starting material. The salt was heated in 
an all-glass system with a bath of Woods metal. Samples were 
heated both under vacuum (<O.l-mm. pressure) and a t  
atmospheric pressure a t  temperatures ranging from 250' to 
400' C. The decompositions a t  atmospheric pressure were made 
with nitrogen flowing through the system a t  a rate of 30 cc. per 
minute. The pressure was maintained within 5 mm. of ambient 
pressure in order to simulate plant conditions for the production 
of uranium trioxide. 

Volatile products of decomposition mere collected in a closed 
all-glass system. A trap cooled with liquid nitrogen was used to 
collect condensable products. At the end of each decomposition 
the gaseous products were transferred through a drying tube 
of magnesium perchlorate to calibrated storage bulbs for 
analysis by infrared and mass spectroscopy. The transfer was 
made under conditions that prevented H S O l  volatilization. 
Pressure in the bulbs was measured with a Bourdon gage (6). 

The water that was released during thermal decomposition 
was determined by adding the gain in weight of the drying tube 
and the weight of water remaining in the trap. The amount of 
water in the trap was obtained by subtracting the weight of 
nitric acid, as determined by titration, from the total weight 
of the contents of the trap. 

The intermediate and the final products are tabulated in 
Table I. The intermediates were identified by infrared and 
x-ray diffraction spectra. The final products obtained by the 
thermal decomposition of uranyl nitrate hexahydrate were 
identified primarily by two methods-x-ray diffraction and 
ignition. Other data (14) show the formation of U03.0.5H~O as 
a product in the decomposition of uranyl nitrate trihydrate a t  
210' c. 

Spectral data for the compounds are available in the literature 
(1,  2, 18). 

Results. The amounts of water and uranyl nitrate remain- 
ing in the reaction vessel a t  the designated times during the 
decompositions are shown in Figure 1. Water was determined as 
described in the previous section. The quantity of nitrogen-con- 
taining compounds, expressed as anhydrous uranyl nitrate, was 
derived as the difference between the original amount of uranyl 
nitrate and the sum of the quantities of nitrogen compounds in 
the storage bulbs and in the cold trap. 

The data for the thermal denitration under vacuum and a t  
atmospheric pressure do not follow simple kinetics. Under 
vacuum a t  250' and 300' C., the first half of the denitration 
follows a zero-order reaction. At 350' and 400' C. the first 
three fourths of the denitration follows a zero-order reaction. 
Plots of these data are shown in Figure 1A and B. -4 comparison 
of the curves of data taken under vacuum (Figure 1A and B )  
and a t  ambient pressure (Figure 1C and D) shows that, over the 
temperature range studied; the reactions are pressure-depend- 
ent. The rates generally increase with increasing temperature, 
and under isothermal conditions, the rate a t  atmospheric pres- 
sure is always greater than the rate under vacuum. 

The data in Figure 1 show CY (fraction decomposed) us.  t 
(time). 

co - c Since CY = ~ CO 

Figure 1. Thermal denitration of uranyl nitrate hexahydrate 

A. 250" and 350" C., vacuum (upper left) 
B. 300" and 400" C., vacuum (lower left) 

C. 250' and 350" C., atm. (upper right) 
D. 300" and 400" C., atm. (lower right) 
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Table I .  Thermal Decomposition Intermediate and Final Products 

Temp., 
c. Pressure Intermediates Final Products 

250 Vac. U O Z ( ~ O ~ ) ~ . ~ H ~ O ,  UOZ(NO~)Z .~H~O,  U02(N03)2, U02(0H)N03 UOa (amorphous) 
400 Vac. U0z(N03)~.2H20, ZiOz(NOa)z, U02(0H)N03 UOS (amorphous) 
250 Atm. UO~(?JO~)Z .3H20, Uo2(~0 , )~ .2&0,  UOz(OH)N03, UO~(NOJ)~ Y - Uo3 

UOa. 0.5Hz0 
400 dtm.  UOZ(N03)2*3H20, Uo2(N03)2.2H20, ~02(N03)2, UOz(OH)NO3 P + Y - UOa 

dC 
dt 

and for a zero-order reaction - - = IC, or C = -kt + c 

where Ca = original concentration 
C = concentration a t  a given time 
k = specific reaction rate 

C then CY = 1 - - 
C" 

1 
Co 

= 1 - - ( - k t  + c )  

kt 
co 

= - + + '  

c r k  and slope = -or - 
t ca 

Therefore k = slope (C,) 
The values of k calculated from Figure 1 are shown in Table 

11. 
The reaction must be catalyzed by one of the volatile pro- 

ducts of the reaction; however, there should be some sigmoid 
character to the denitration curve when the fraction decom- 
posed is plotted against time. The sigmoid character was not 
observed until crystals of random size larger than 50 mesh were 
decomposed. Then a definite but short induction period was 
observed (Figure 2). -4 shortened period of induction is typical 
when crystal size is reduced. Apparently grinding the crystals 
changed the induction period to less than 3 minutes a t  any 
given temperature; samples were not taken before the reaction 
had progressed 3 minutes to allow thermal equilibrium to be- 
come established. The induction period and the difference in 
rates at different pressures showed that the reaction is auto- 
catalytic. 

At the initiation of decomposition of a solid, Garner and 
Pike reported nucleation mainly a t  the surface, as shown by 
photographs in studies of the decomposition of copper sulfate 
pentahydrate ( 4 ) .  The portions of data that follow zero order 
are in agreement with this information. The nucleation should 
occur a t  some type of crystal lattice imperfection and should 
produce a new surface layer with a different structural forma- 
tion which has a higher energy a t  the phase boundary. This 
situation results in a less stable molecule, so that the amount 
of energy that must be added to the molecule to reach the 
activated state k decreased. The decomposition then changes 
from a surface nucleation reaction to an expansion of the nuclei 
into the crystal by a phase-boundary reaction. Ideally, the 
phase-boundary reaction should spread uniformly into an 
isotropic medium and must follow zero-order kinetics. 

The point at which the denitration reaction stops following 
zero-order kinetics (50 to 75 %) denitration) also corresponds 
to the point a t  which 99% of the water initially present during 
vacuum denitration and about 90% of the water initially pre- 
sent during denitration a t  atmospheric pressure are vaporized. 
At this point the reaction rate rapidly decreases, showing that 
the first part of the reaction is autocatalytic with respect to 
water or nitric acid but not oxides of nitrogen. 

Table I I. Specific Reaction Rates 

Initial 50 to  75% of reaction 

Vacuum Rate, Atm. Pressure Rate, 
Temp., a C. Mh-1 Min.-1 

250 0.0135 0.0171 
300 0.0212 0.0312 
350 0.0322 0.0543 
400 0.0520 0.0788 

Table I I I. Heats and Entropies of Activation 

Pressure AHL A S  

Vacuum 5.1 -32 
Atmospheric 6 . 2  -29 

Figure 2. Denitration of uranyl nitrate hexahydrate under vicuurn 

I / T ,  O K - '  

Figure 3. Thermal denitration of uranyl nitrate hexahydrate 
Initial 50 to 75% of reaction 
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The mechanism of the thermal denitration of UNH differs 
from that observed during the denitration of uranyl nitrate 
dihydrate (13). The presence of the additional water of hydra- 
tion not only changes the mechanism to an autocatalytic phase 
boundary reaction, but also modifies the intermediate products. 
-4t atmospheric pressure the salt melted and stayed molten for 
a maximum of 10 minutes (250’ C.) and then solidified. Under 
vacuum the salt remained solid but gave up its water of hydra- 
tion much more rapidly a t  a given temperature. Estimates by 
x-ray diffraction of the quantity of intermediate material pre- 
sent during any given portion of the denitration were always 
low, never more than 20 %.This small quantity of intermediate 
products lends support to theinterpretation of a phase-boundary 
reaction. 

Beyond the zero-order portion of the curve, the data do not 
follow any simple kinetic interpretation. The problem is com- 
plicated by the decomposition of the intermediates, which are 
present a t  different concentrations depending upon the tempera- 
ture. The final portion of each curve is therefore a composite of 
several contributing reactions. 

The reaction rate a t  400’ C. under vacuum did not decrease 
after the zero-order portion of the reaction (Figure 2) as rapidly 
as expected from observations a t  lower temperatures. A decom- 
position a t  1-p pressure for 24 hours a t  350’ C. produced a 
mixture containing 0.18 wt.% as nitrogen. After 6 hours, 
a t  400” C. a similar sample contained only 0.04 wt.  % as nitro- 
gen. Residual nitrogen after 6 hours a t  300” to 350” C. normally 
is 0.2 to 0.3 w t . x  nitrogen. The low nitrogen content can be 
explained on the basis of the creation of more deformations in 
the intermediate substrate near the end of the decomposition 
a t  400’ C., as compared to 350” C., and these deformations 
lower the activation energy of the second portion of the higher 
temperature reaction. A consequence of the lowered activation 
energy is that less nitrate nitrogen is trapped in the crystal 
lattice of the product. 

The same final products are obtained by vacuum denitration 
of anyhdrous uranyl nitrate and uranyl nitrate di- and hexahy- 
drate. At atmospheric pressure, /3-VOd is formed a t  a lower 
temperature (400’ C.) with the hexahydrate than with the 
dihydrate (500’ C.), although the final products are identical. 
The presence of similar intermediates through the temperature 
range studied in the decomposition of uranyl nitrate hexahy- 
drate shows that the primary variable affecting the phase of 
UOa formed during the reaction is final temperature, assuming 
other factors are held constant. 

The specific reaction rates were plotted according to absolute 
reaction rate theory on the basis of Equation 1 rather than the 
empirical Arrhenius equation. 

where k‘ = specific reaction rate constant 
k = Boltzmann constant 
T = absolute temperature 

h = Planck’s constant 
AH* = heat of activation 
AS* = entropy of act,ivation 

R = gas constant 

With log k‘/T plotted against 1 /T ,  as shown in Figure 3, 
the slopes of the lines are -AHC/2.3Q3R and the intercepts are 
equal to AS*/2.303R + 4.48. The equations of the lines in the 
figure were calculated by the least-squares method, and the 
heats and entropies of activation calculated from them. The 
values determined are shown in Table 111. 

The small differences in the heats of activation indicate that 
there is a marked similarity in the structure of the activated 
complex. 
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CORRECT I ON 

In  the article “Heats of Combustion, Formation, and Isomer- 
ization of Nineteen Alkanols,” [J. CHEW ENG. DATA 10, 374 
(1965)], there is an error in line 2 of the abstract on p. 375. The 
first sentence should read, “Measurements were made of the 
heats of combustion of 19 alkanols in the liquid state a t  25” C.” 
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