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Urea nitrate completely sublimes in a continuously pumped vacuum at a rate depend- 
ent upon the extent of the surface area. The fraction sublimed (c0 vs. time (t) curve is 
sigmoidal in shape with an inflection point fluctuating between 5.3 and 8.1 ~ weight 
loss in the temperature range 56 to 97 ~ . 

The experimental data fit the grain burning model 
1 -- (1 -- /3) 1/3-- k~(t-- to) 
/3 = ct -- /3o,/3 = 0 at inflection point 

where ks is a sublimation rate constant, and the constants/3o and t o are the respective 
values of a and t at the inflection point. This equation yielded an activation enthalpy of 
sublimation of 79 q- 5.4 kJ/mole. 

Subl imat ion  o f  urea  ni t ra te  was measured  using a the rmograv imet r i c  me thod  in 
the  t empera tu re  range  56 to  97 ~ under  a cont inuous ly  p u m p e d  vacuum.  F o u r  ra ther  
conclusive evidences suppor t  the conclusion that  the  weight loss was exclusively due 
to  subl imat ion  al lowing a kinetic t r ea tment  o f  vacuum subl imat ion  o f  urea  ni t ra te .  
Fi rs t ly ,  100 ~o weight loss was posssible.  Secondly,  the s tudy  was well be low the 
lowest  possible decompos i t ion  t empera tu re  o f  abou t  105 ~ Thirdly ,  a 30 mg sample  
was placed in a 4 m m  I.D. by  20 cm long sample  tube  and evacuated  con t inuous ly  
wi th  abou t  one- th i rd  o f  the tube being inser ted in boi l ing water  (94 ~ ) and  the urea  
n i t ra te  d i sappeared  f rom the b o t t o m  of  the  sample  cell and  condensed  on the walls 
o f  the  upper  par t  o f  the sample  cell which were at r o o m  tempera ture .  The  subl imate  
was abou t  95 ~ o f  the initial  sample  weight and  on the basis o f  X- ray  and  in f ra red  
measurements  it was found  to be urea  ni trate .  Four th ly ,  an 8 nag sample  was hea ted  
at 66 ~ under  con t inuous  vacuum in the the rmograv imet r i c  system [1] and  the 
residues after 8 ~ and  6 9 ~  weight toss were respectively analyzed  by  in f ra red  
spectroscopy.  The infrared pat terns  o f  b o t h  o f  these residues were the  same and  
matched  exactly tha t  o f  the or iginal  urea n i t ra te  showing tha t  no  decompos i t i on  
had  occurred.  

Experimental 

Technique. A thermograv imet r ic  system uti l izing a Cahn  R. G.  e lec t robalance  
with  a sensit ivity o f  0.05 #g was used to mon i to r  the  f rac t iona l  weight  loss- t ime 
curve. The  system was p u m p e d  cont inuous ly  wi th  a mechanica l  vacuum p u m p .  

* Currently with Anaconda Copper Co., Box 27007, Tucson, AZ, 85726. 
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The temperature was controlled to + 0. I ~ using a Thermatrol regulator* which was 
calibrated at the melting point of ice and the boiling point of  water. The sample of 
urea nitrate was synthesized as a powder (10 -400  #) by IRECO Chemicals Co., 
Salt Lake City, Utah. A platinum sample bucket was used during the sublimation 
study. 

Sample spreading. It was found that the sublimation rate of  urea nitrate was 
significantly faster with the sample thinly spread in one layer as compared to the 

Table 1 

Subl imation rate date f rom Figure  2 

T, ~ Wo, mg ks, min -1 • 10 3 

328,8 
336.5 
344,0 
350.0 
360.0 
370.0 

0.272 
0.290 
0.232 
0.224 
0.220 
0.256 

7.78 
18.50 
35.43 
65.26 

105.88 
229.78 

compact state. This was explained by the larger surface area exposed to the vacuum 
for the sample which was thinly spread. Because of  this slight dependence of  rate 
on spreading, the results were obtained with a uniform thinly spread sample. 

Sample weight. The sublimation rate increased as sample weight was decreased 
but it reached a steady state for samples below 0.42 mg weight at 71 ~ ; hence samples 
less than this weight were used and the sample size was maintained within the limits 
of  0.22 to 0.29 mg (Table 1). At temperatures less than about 50 ~ it was found that 
the rate of  sublimation of  urea nitrate increased continuously as the sample size 
decreased from 0.368 to 0.184 mg. Hence, data below 50 ~ was not used in the eval- 
uation. 

Both sample spreading and sample size effects were quite clearly due to retarda- 
tion of  product gas diffusion effectively creating an over pressure of  urea nitrate 
vapor which then reduced sublimation. 

Results and discussion 

Kinetic study. The fraction sublimed (~) as a function of  time (t) for the tempera- 
ture range 55.8 - 97 ~ is presented in Fig. 1. The curves show an initial increase of  
sublimation rate to an inflection point but thereafter show a smooth decrease in 
rate as a function of  time approaching zero residue, or total sublimation, asymp- 
totically. This type of  result fits the burning sphere model [2, 3] as given by: 

1 - (1 - / ~ ) 1 / ~  = k s ( t  - to) (1 )  

* Halikainen C o . ,  Berkeley, California. 
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where: fl = ~ - fl0 is the corrected fraction sublimed; fl = 0 at the inflection point, 
i.e., at a = fl0 and t = to; ks is the sublimation rate constant and to the time for 
initiation of  sublimation, or the time at the inflection point. The correction factor, 
fl0, fluctuated between ~ = 0.053 to 0.081 in the temperature range studied. 

The initiation of sublimation was likely due to development of  fissures which in- 
creased the surface area to a maximum at or near the inflection point. Thereafter 
the rate of  sublimation decreased according to Eq. (1) because surface area dccreas- 

10 i - 
97 ~ 87 ~ 77 o 71 ~ 

i! 635~ 

0 
i 55.80 

& 8 12 ]6 20 2~ 28 

Time ~ rain 

F i g .  l .  E f f e c t  o f  t e m p e r a t u r e  o n  s u b l i m a t i o n  o f  u r e a  n i t r a t e  i n  a c o n t i n u o u s l y  p u m p e d  v a c u u m  

ed, i.e., the sublimation could be considered as being from equiaxed particles 
(grains) decreasing in size and hence surface area as sublimation proceeded. The rate 
of  sublimation is, however, not only a function of the surface area but is dependent 
upon the curvature of  the surface. Material will sublime from surfaces having a 
positive radius of  curvature, i.% surface of crystalites as opposed to pores which 
have negative radii and hence tend to accrue matter f rom positive radii surfaces. 
Thus the surface area may not have been a maximum at the inflection point. This 
may represent the time at which the maximum number of  sharp projections with 
rather small radii existed. 

Treatment of  the curves of  Fig. 1 using Eq. (1) should be based upon weight 
loss after the inflection point. It was found though that the region near the inflection 
point was sufficiently linear that selection of#0 to define/3 for the fit of  Eq. (1) was 
not critical. The average value of fl0 is 0.067. This weight loss might have been due 
to the loss of  water absorbed on urea nitrate, since it was found that urea nitrate 
absorbed water [4] as much as 6 ~ in a flow of air saturated with water vapor in one 
hour at 30 ~ The results from Fig. 1 were plotted using Eq. (I) as shown in Fig. 2. 

a r. T h e r m a l  A n a L  19, 1980 
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Fig. 2. Experimental plots of 1 -- (I -- fl):/a vs. time for sublimation of urea nitrate 
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Fig. 3. Activation enthalpy plot for sublimation in continuous vacuum 
AH~ = 79.4 4- 5.4 kJ/mole 

Equation (1) fitted the data o f  Fig. 1 rather well for ~ ranging from about 0.05 to 
0.98, or for # from 0.00 to 0.93. 

The sublimation reaction rate constant ks is directly proportional to the specific 
rate constant k' given by the Eyring rate equation [5] 

~, _ ~ ,--,(ASt 1 (_  AZtg I 
h e x P [ R ]  e x p !  R T  ] 

where k s = b k ' = b  exp exp - RT ) 
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or in logarithmic form 

log = log ~ + 
AS* An* 
2.3 R 2.3 RT 

(2) 

where b, •, k, T, h, AS*, and AH~* are, respectively: a constant which contains 
conversion factors, transmission coefficient (taken as unity), Boltzmann constant, 
absolute temperature, Planck's constant, entropy of activation of sublimation, and 
enthalpy of activation of sublimation. 

The experimental sublimation rate constants as a function of temperature shown 
in Table 1 were evaluated from the linear portions of Fig. 2. Figure 3 is the plot of 
log ks/T vs. lIT according to Eq. (2) from which an activation enthalpy of sublima- 
tion (AH~*) of 79.4 _ 5.4 kJ/mole was calculated at 95 % confidence range [6]. 
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R~SUMg -- Le nitrate d'ur6e se sublime compl6tement sous vide entretenu, 5. une vitesse qui 
d6pend de la valeur de la surface. La courbe repr6sentant la fraction sublim6e (e) en function 
du temps (t) est de la forme sigmo'/dale, avec un point d'inflexion fluctuant entre des pertes de 
poids de 5.3 5. 8.1 ~ dans l'intervalle de temp6rature allant de 56 5. 97 ~ 

Les donndes exp6rimentales peuvent 6tre ajustdes 5. un mod61e de combustion de grain 

1-- (1--/3) '/3 = ks(t--to) 

/3 = :~--/30, /3 = 0 au point d'inflexion, 

oia k s est une constante de vitesse de sublimation et les constantes/30 e t t  o sont les valeurs 
respectives d'~ et t au point d'inflexion. Cette 6quation donne une enthalpie d'activation de 
la sublimation de 79 _+ 5.4 k J/mole. 

Z U S A M M E N F A S S U N G  - -  In einem kontinuierlich angesaugten Vakuum sublimiert Harnstoff- 
nitrat vollstfindig mit einer v o n d e r  Gr6Be der Oberfl~iche abhfingenden Geschwindigkeit. 
Die Kurve der sublimierten Fraktion (c0 aufgetragen gegentiber der Zeit (t) ist yon sigmoider 
Gestalt mit einem lnflektionspunkt, welcher im Temperaturbereich von 56 bis 97 ~ zwischen den 
Gewichtsverlusten yon 5.3 bis 8.1 ~ schwankt. 

Die Versuchsangaben k6nnen den Kornbrennungsmodell 

1-- (1--/3)1/3 = ks ( t_  to ) 
angepagt werden, wobei 

/3 = e--/3o, /3 = 0 bei dem Inflexionspunkt, 
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w o  ks e ine  S u b l i m a t i o n s g e s c h w i n d i g k e i t s k o n s t a n t e  u n d  8o u n d  t o d ie  e n t s p r e c h e n d e n  W e r t e  
y o n  ~ u n d  t a m  I n f l e x i o n s p u n k t  s ind.  D i e s e  G l e i c h u n g  e r g a b  e ine  A k t i v i e r u n g s e n t h a l p i e  ftir  d i e  
S u b l i m a t i o n  v o n  79 ___ 5.4 k J / M o l .  

Pe3~oMe - -  HHTpa'r  MOqeBHHbI HOJIHOCTbIO cy6n~MHpye ' rc~ B nenpepblBnO uOAAepT~rIBaeMOM 
BaI~yyMe co  cxopocTbrO 3aBacaMoB OT pa3Mepa  noBepxaOCTHO~t n n o m a n r t .  K p a B a a  B Koop)IHna- 
Tax cy6naMHpoBaHaaa  qbpaKqrla (c0 - -  BpeMa (t)  a s a a e T c a  a - o 6 p a 3 n o ~  c TOaKO~ n 3 r . 6 a ,  xo -  
ne6aro tue i~ca  Me)rAy 5.3 ri 8.1~o o noTeprt  Beca B o 6 n a c T n  zeMnepaTyp  OT 56 nO 97 ~ ~KcneprtMeH- 
TaYlbHble nana~ae  HO~,qI4HHtOTCR MoAeJIII ~pHcTannoo6pa3oBaHn~ 

1 -  (1 . ~)1/~ = ks ( t - - to)  

= - ~ - - f l o ,  ~ = 0 B xO,~Ke n a r a 6 a  

H r ~ e  ~c s - -  KOHCTaHTa CKOpOCTI, I cy~,IMa/~HH, a KOHCTatIT/aI flo H t o - -  C0OTBeTCTByIOIU~e 3Ha~Ie - 
m i a  ~ rt t B TOV~Ke r tarr l6a.  ~TO ypaBnerme  ~aeT 3Ha~teHl~e 3HTanbutllI  aKTHBaI~IItt n p o n e c c a  cy6-  
JI~IMaI~HI~ p a B n o e  79 + 5.4 r~x/MOnl,. 

J. Thermal Anal. 19, 1980 


