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Abstract  

The vapour pressure of MoOa(s) was measured using a novel thermogravimetric system. 
The total pressures obtained in this investigation agree well with the best assessed values 
from data in the literature. The enthalpy of sublimation at 1000K obtained from this 
work is 365.2d=5.0 kJ mo1-1 in close agreement with the assessed value of 369.1 ±0.8 
kJ mol-i .  The vapour pressure data for pure MoO3(s) was obtained in the context of 
our investigations on the vaporization of transition metal molybdates. 

1. Introduct ion  

The t h e r m o d y n a m i c  stabil i t ies o f  t rans i t ion  me ta l  m o l y b d a t e s  are  of  
cons ide rab le  i m p o r t a n c e  in nuc lea r  fuel chemis t ry  [1 ]. In th is  contex t ,  a 
p r o g r a m m e  has  been  init iated in our  l a b o r a t o r y  to  s tudy  the  p h a s e  equi l ibr ia  
in the  ZrO2-MoOa s y s t e m  and to  de t e rmine  the  t h e r m o d y n a m i c  p r o p e r t i e s  
of  m o l y b d a t e s  such  as  ZrMo2Os. As a p re requ is i t e  to the  s tudy  of  vapor i za t ion  
b e h a v i o u r  of  ZrM02Os, the  vapor i za t ion  behav iou r  of  MoO3(s) was  inves t iga ted  
us ing  a nove l  t h e r m o g r a v i m e t r i c  sys tem.  This  s y s t e m  has  b e e n  des igned  and  
fab r i ca ted  fo r  d e t e ~ i n g  the  v a p o u r  p r e s s u r e s  of  mate r ia l s  a t  h igh t em-  
p e r a t u r e s  b y  the  t ransp i ra t ion  t echn ique  [2]. This  p a p e r  desc r ibes  the  mea -  
s u r e m e n t  of  the  v a p o u r  p r e s s u re  of  MoOa(s),  which  se rves  the  dual  p u r p o s e  
of  es tab l i sh ing  the  reliabili ty of  the  newly  buil t  s y s t e m  as well  as  p rov id ing  
r e f e r e n c e  da ta  for  future  s tudies  on  m o l y b d a t e s  which  will be  car r ied  out  
us ing  the  s a m e  expe r imen ta l  set-up.  

2. E x p e r i m e n t a l  detai ls  

The  detai ls  of  cons t ruc t ion  of  the  a p p a r a t u s  have  b e e n  desc r ibed  e l sewhere  
[2]. In the  p r e s e n t  des ign  (Fig. 1) the  s a m p l e  A unde r  inves t igat ion,  s p r e a d  
uniformly,  is con ta ined  i n  a t ie red  s a m p l e  h o l d e r  B cons i s t ing  o f  t h ree  p a n s  
10 m m  in d i a m e t e r  and  2 m m  deep.  The  pans ,  which  are  m a d e  o f  p l a t i num 
foil, are  s t a cked  one  a b o v e  the  other ,  leaving a g a p  o f  a b o u t  a mi l l imetre  
b e t w e e n  each  pan ,  The  th ree- t i e red  s a m p l e  ho lde r  is s u s p e n d e d  on  one  a r m  
of  an e lec t ron ic  r ecord ing  b e a m - t y p e  m i c r o b a l a n c e  C (Sar tor ius  m o d e l  4411)  
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Fig. 1. Schematic diagram of an automatic recording transpiration apparatus. 

with the help o f  a suspens ion  wire D made  of  P t - 1 0  wt.% Rh alloy and 0.2 
nun in diameter.  The other arm of  the b e a m  carries a sil ica pan E for taring 
the weight  of  the sample  and the container located in the furnace. The 
suspens ion  wire 0 .2  nun in diameter carrying the tiered sample  pan pas se s  
through a silica tube F 4 m m  in inside diameter which serves  the  dual 



375 

purpose of supporting the thermocouple  G with the tip located near the 
sample pan and of carrying the gas entering from the rear port  H of the 
balance housing to the sample site after being pre-heated to the temperature  
of the sample on passing through the temperature gradient along its path. 

In a typical exper iment  the carrier gas entering the rear port  H of the 
steel casing of the balance (housing the beam) decends through the centre 
tube F 4 nun in inside diameter and, after reaching the sample which is 
maintained isothermally in the hottest  zone, sweeps the vapour in equilibrium 
with the sample through a hole K 1.5 mm in diameter provided in the closed 
end of the tube J 14 mm in diameter. The vapour  escaping through this 
hole is deposited in the temperature gradient region in an annular space 
between the middle tube 14 mm in inside diameter and the outer  tube N 
28 mm in inside diameter. The carrier gas then leaves through the exit port  
P connected to a r o t a m e t e r .  

In the present  study, the vapour  pressure of molybdenum trioxide was 
measured in the presence of  flowing dry oxygen in the temperature range 
947 -1048  K. Oxygen was dried by passing over a column of anhydrous 
magnesium perchlorate.  The Analar grade MoOa sample used in this inves- 
tigation was obtained from Mallinkrodt Chemicals, USA. The desired tem- 
peratures of the sample were attained and maintained constant to _ 1 K 
using the programmer-cont ro l le r  (model MPC-500) supplied by M/s Indotherm 
Pvt. Ltd. The temperature  of the sample was measured with a P t - ( P t - 1 3  
wt.% Rh) thermocouple  calibrated at the melting points of tin, antimony, 
silver, copper  and gold, with an ice junction as the reference. The mass 
changes of the samples at various temperatures  and flow rates were monitored 
with the microbalance (Sartorius model 4411) having a capacity of 25 g 
and an ultimate sensitivity of 1 t~g. The changes were recorded continuously 
with a sensitivity of 20 ~g on a three-pen strip chart recorder  (Ohkura model 
DR 1132-800). The flow rate of oxygen used as a carrier gas in the present  
study ranged from 0.9 to 3.2 1 h-1. It was regulated with an inlet capillary 
flowmeter and was measured with a float-type rotameter  (supplied by In- 
strumentation India Pvt. Ltd., Hyderabad). The plot of apparent  vapour  
pressure v s .  flow rate showed a distinct plateau region in the range 1.30-2.0 
1 h-1  (Fig. 2). Therefore in all the vapour  pressure measurements  a flow 
rate of 1.55 1 h -~ was employed. The total amount  of gas flowing was 
calculated from the rate of flow and time. 

3.  R e s u l t s  a n d  d i s c u s s i o n  

It is known from mass spectrometry investigations [3-6]  that MoO3(s) 
vaporizes by forming polymers such as trimer, te tramer and pentamer  in 
the vapour  phase. Therefore it is necessary to obtain the average molecular 
weight from the partial pressure ratios in order  to calculate the total vapour  
pressure from the data obtained in this investigation. Brewer and Lamoreaux 
[7l have given equations for the partial pressure PMoaO9 of the trimer, the 
partial pressure PM040~2 of the tetramer and the partial pressure PMo.~O~ of 
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the penmmer  in their recent review. They, have given maximum weightage 
to the transpiration s tudy of Ackermann e t  a l .  [8], who in t u r n  have used 
the ion intensity ratios of Berkowitz et al. [3] to .calculate the average 
molecular w~ght .  Since the assessment of Brewer and Lamoreaux, two more 
mass  spectrometry investigations have been reported [5, 6], Of these two, 
the work• of Ikeda et al. [6] appears to be more reliable and pro~des  
equations for calculating the par t ia l  pressures of the trimer, tetramer and 
penmmer. Thu s we have two  sets of  eqmations for ,the par t ia l  p ressures  af  
the trimer, tetramer and pentamer to calculate the average molecular weight. 
From the weight w of oxide transported and the. average~ molecular weight 
M, th e vapour pressures were calculated according to the ideal gas  equation: 

W~R 

in which V¢ is the volume of t h e  carrier gas measured at  a temperature T=. 
The results are presented :in Tables 1 • and ~2, It can  be seen that the ~total 
preSsures ~obtained from the present  investigation, agree well with the assessed 
values o f  Brewer and Lamoreaux [7] ~ind n o t  with those expected from the 
data of Ikeda et al. [6]. The vapour~pressure ~values of ~keda et al. [6] given 
in Table 2 are extrapolated from their equations for partial pressures as 
their measurements were only taken up to 940 K, ~W!~ercasour ~ e a s u r e m c n t s  
began at 947 K. The equations given by Brewer and Lamoreaux [7] are 
valid ~f0r the t~mperatUre, rahge'~800-1074 K, ~whi~eh i~cl~ideS."the: range of 
o u r - m e a s u r e m e n t s . . . ,  ' , ~ • ~ . . . .  . ; . : . . . .  .: •. 

' The heats of: sublimation to t~mer, . . - tetramer and: :pentamer  from the 
above-mentioned investigations are presented ib Table 3: ~It-can ~be Se'en'that 
the :Values of Ikeda et cr$. [6 ] .and  Kazehas a n d  Tsuvetkov. :[4], i~gree.' with 
each other and differ from those  Of Other inv'(~tigat6rs Whose"values' are! 
close to . the assessedVvalues o f  Brewer and.:Lam0reaux.[7]. Figm~ 3 :gKres 



TABLE 1 

Total pressure of molybdenum-c0ntaining species over MoO3(s) 

377 

Temperature  Average molecular  Mass t ransfer  Total pressure  
(K) weight per  litre of 

M carrier gas This work Ref. 7 
(rag l -  1) (Pa) (Pa) 

947 485.56 1.01 5.08 4.86 
954 487.63 1.29 6.54 6.83 
963 490.33 2.46 12.42 10.50 
980 495.49 5.15 25.73 23.24 
983 496.51 5.42 27.02 26.67 
998 501.24 11.15 55.08 52.41 

1014 506.30 22.87 111.84 105.58 
1031 511.77 45.63 220.66 217.34 
1048 517.28 92.07 440.72 437.77 

TABLE 2 

Total pressure of molybdenum-containing species over MoO3(s) assuming the partial pressure  
values of Ikeda et  al .  [6] 

Temperature  Average molecular: 
(K) weight  

M 

Mass t ransfer  Total pressUre 
per  litre of 
carrier gas  This work Ref. 6 
(mg l-  1) (Pa) (Pa) 

947 
954 
963 

9 8 0  
983  
998 

1014 
1031 
1048 

514.72 
517.24 

5 2 0 . 3 8  
526.44 
527.43 
532.78 
538.33 
544 .18  
5 4 9 . 9 5  

1.01 4.86 6.40 
1.29 6.18 8:62 
2.46 11.70 12,56 
5.15 24.22 25.22 
5.42 25.44 28.46 

11.15 51.82 51.61 
2 2 . 8 7  105.19 95:86 

45.63 207.61 181.86 
92.07 414.52 339.21 

TABLE 3 

Various' heats  of subl imation of MoO3(s) 

Reaction 

3MoO~(s) = (MoOa)a(g) 
4MoO3(s) = (MqOo)4(g) 
5MoO3(s) = (M,~o3)~Cg) 

AHIooo z (kJ mol -l) 

This work Ref. 7 Ref. 8 

332X±6 . ,7  341.0~± 1,4, 338.9 
3 8 8 . 6 ± 5 . 7  395.99:0 .7  387.9 
447.8%5.2  4 5 0 . 5 ± 2 . 2  447.7 

~J-/9oo K (kJ tool -1) 

Ref. 4 Ref. 5 Ref. '6 

285.3 3 4 3 : 9 ± 8 . 4  2 9 1 . 0 ± 3 . 5  
331.4 397.5 ± 10 338.9 ± 4 . 8  
387.9 4 7 0 . 2 ± 1 5  3 8 7 , 9 ± 6 . 9  
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Fig. 3. log P vs. 1/T plot for vaporization of molybdenum trioxide in the temperature range 
947-1048 K. 

TABLE 4 

Partial pressures of the trimer, tetramer and pentamer over MoO3(s) 

Temperature 
(g) 

Data of Brewer and Lamoreaux [7] Data of Ikeda et al. [6 ] (extrapolated) 

P3 P4 P5 Pa P4 P5 
(Pa) (ea) (Pa) (Pa) (Pa) (Pa) 

947 3.1467 1.5545 0.1193 3.1572 2.8145 0.4326 
954 4.3409 2.2528 0.1825 4.1410 3.8592 0.6210 
963 6.5109 3.5988 0.3122 5.8345 5.7531 0.9808 
980 13.7093 8.5019 0.8279 10.9597 11.9895 2.2725 
983 15.5889 9.8630 0.9910 12.2208 13.6113 2.6278 
998 29.2850 20.4190 2.2816 20.8689 25.3805 5.3629 

1014 56.1199 43.2668 5.3934 36.2994 48.3504 11.2124 
1031 103.1489 93.5118 13.0405 64.1210 93.7994 23.9442 
1048 208.2630 196.6009 30.5627 111.2244 178.1148 49.8770 

t h e  l o g  P vs .  1 /T  p l o t  f o r  t h e  t o t a l  p r e s s u r e s  o b t a i n e d  b y  v a r i o u s  i n v e s t i g a t o r s .  
I t  c a n  b e  s e e n  t h a t ,  a l t h o u g h  t h e  e n t h a l p i e s  o f  s u b l i m a t i o n  g i v e n  b y  I k e d a  
et  al .  [6] a n d  K a z e n a s  a n d  T s u v e t k o v  [4] a g r e e ,  t h e i r  t o t a l  p r e s s u r e s  a r e  
n o t  in a g r e e m e n t .  O u r  t o t a l  p r e s s u r e s  a r e  in a g r e e m e n t  w i t h  t h o s e  o f  B r e w e r  
a n d  L a m o r e a u x  [7]  a n d  A c k e r m a n n  et  al .  [8].  

T h e  p a r t i a l  p r e s s u r e s  o f  t h e  t r i m e r ,  t e t r a m e r  a n d  p e n t a m e r  o b t a i n e d  
f r o m  t h e  e q u a t i o n s  g i v e n  b y  Brewei"  a n d  L a m o r e a u x  [7]  a r e  p r e s e n t e d  in  
T a b l e  4 t o g e t h e r  w i t h  t h o s e  o b t a i n e d  f r o m  t h e  e q u a t i o n s  g i v e n  b y  I k e d a  e t  

al .  [6]  b y  e x t r a p o l a t i o n  to  h i g h e r  t e m p e r a t u r e s .  T h e  p a r t i a l  p r e s s u r e s  g i v e n  
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by Brewer  and Lamoreaux  [7] are based on the ion intensity rat ios obtained 
by Berkowitz et  al .  [3] in their mass  spec t romet ry  investigation. Clearly, 
one  can see the differences in the partial p ressures  obta ined f rom two different 
mass  spec t romet ry  investigations.  This observed  d i sc repancy  canno t  be ac- 
coun ted  for  on the basis of  possible non-s to ich iomet ry  of  MoO3(s) in the 
high t empera tu re  region of  Knudsen effusion measurements .  Moreover,  the 
exist ing details in the publ ished Knudsen effusion mass  spec t romet ry  work 
in refs. 3 - 6  are too  inadequate  to explain this d i sc repancy  owing to o ther  
fac tors  such  as ionization cross-sect ions  for the different polymeric  species  
and their  f ragmentat ion.  

The total enthalpy of  sublimation at 1000 K f rom this work  is 365.2 _ 5.0 
kJ mol -1  which is in close agreement  with the value of  369.1 _ 0.8 kJ m o l - i  
ob ta ined  by Brewer and Lamoreaux  [7]. In view of  the excel lent  ag reement  
of  bo th  the total pressure  of  molybdenum-conta in ing  species  and the enthalpy 
of  subl imat ion of  the present  work  with the recent  best  assessed  values [7], 
our  p resen t  data will be used to evaluate the free energies of  format ion of  
t ransi t ion metal  molybdates ,  which is in p rogress  in our  laboratory.  It is felt 
tha t  a more  careful mass  spec t romet ry  investigation in the t empera tu re  range 
9 5 0 - 1 0 5 0  K would be helpful in resolx4ng the d i sc repancy  be tween  the 
partial pressures  of  polymeric  species  exist ing in the repor ted  data  [3 -6] .  
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