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VAPOR PRESSURE OF PLUTONXUM CARBIDE ADSORBED ON G W H I T E  

0. KO Tallent 
R, P. Wichner 
R. L. Towns 
T. T. Godsey 

ABSTRACT 

An investigation was conducted to obtain data needed t o  make 

realistic estimates of plutonium contamination in the primary coolant 

system in High Temperature Gas-Cooled Reactors (HTGRs).  The vapor 

pressure of plutonium over plutonium sesquicarbide (Pu2C3) adsorbed on 

the surface of H-451 graphite was found t o  be defined by adsorption 

isotherms at test temperatures of 1000, 1200, and 1400'C. The vapor 

pressures at low concentrations of h2C3 on the surface of the graphite 

were up to three orders of magnitude below that of pure Pu2C3 at a given 

temperature. The heat of adsorption increases with decreasing Pu2C3 

surface coverage with the aeasured value at 0,OS urn01 Pu2C3/& being 

107.9 kcal/mol. The h2C3 concentration required f o r  monolayer surface 

coverage on the graphite was found t o  be 3.27 pmol/m2. 
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1 .  TNTBODUCTLON 

Knowledge of the vapor pressure of plutonium adsorbed on graphite 

surfaces is required f o r  making realistic estimates of plutonium con- 

tamination in the primary cooling system of High Temperature Gas-Cooled 

Reactors (HTGKs).  The plutonium contamination levels in the primary 

cooling system of BTGRs are currcntly calculatcd using the conservative 

assumption that there is zero  hs.l.dup in the core graphite, and this 

leads t o  unrealistically high estimates. One way Lo deal with t h i s  

problem is to improve f u e l  fabrication techniques in order  to reduce 

uranium contamination levels  outside the fuel particle, thus, also 

reducing transmuted plutonium contamination levels. However, a D ~ O P ~  

realistic method for calculating plutonium contamination o f  the primary 

coolant loop  might demonstrate t ha t  such added fuel fabrication expense 

is not needed. 

To determine the rate or extent o€ transport o€ plutonium, it is 

necessary to know the vapor pressure of plutonium that has diffused or  

otherwise been transported t o  a surface passage exposed to the gas, 

addition, it is necessary t o  know the rate of  plutonium diffusion to the 

exposed surface. The diffusion rate of plutonium i n  graphite 111 the 

1008 to 1400°C temperature range appears not to have been previously 

measured; however, the diffusion rate of uranium has been measured i n  a 

similar system and can be used as a stand-in f o r  the plutonium rate.l 

The authors expect to measure and report the plutonium diffusion rate in 

In 

a later report. 
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Uranium i s  i n i t i a l l y  f a b r i c a t e d  i n  f u e l  as uranium dioxide  and uranium 

carb ide .  

o p e r a t i o n  of t h e  r e a c t o r ,  which, a t  1000 t o  1400OC i n  t h e  presence of a 

l a r g e  excess  of g r a p h i t e  ( i n  t h e  absence of carbon monoxide), reacts t o  

form plutonium sesquioxide ,  P U Z C ~ . ~  

i n v e s t i g a t i o n  w a s  t o  o b t a i n  plutonium vapor p re s su re  d a t a  f o r  u se  in 

e s t i m a t i n g  the amount of plutonium contaminat ion i n  t h e  primary cool ing  

system of HTGRs. These estimates, as such,  are l e f t  t o  a later r epor t .  

A p a r t  of  t h e  uranium is transmuted t o  plutonium dur ing  the 

The s p e c i f i c  purpose of t h i s  

Plutonium tha t  has  d i f f u s e d  t o  a g r a p h i t e  s u r f a c e  and is exposed 

t o  t h e  coo lan t  gas i n  a n  HTGK is expected to  e x h i b i t  p r o p e r t i e s  similar 

t o  s u r f a c e  adsorbed plutonium. This i n v e s t i g a t i o n  w a s  conducted wi th  

Pu2C3 adsorbed on t h e  s u r f a c e  of g raph i t e .  Vapor p re s su re  s t u d i e s  

of P u z C 3 ,  p r e s e n t  i n  50 t o  65 a t m  % carbon mixtures  where t h e  PuzC3 is 

p r e s e n t  as a s e p a r a t e  phase, have been r epor t ed  by s e v e r a l  i n v e s t i g a t o r s  .3-9 

The vapor p re s su re  at 1000 t o  14OOOC of h2C3 o r  other plutonium compound6 

adsorbed on t h e  s u r f a c e  of g r a p h i t e  appears  n o t  t o  have been previous ly  

i n v e s t i g a t e d .  The vapor p re s su re  of the Pu2C3 i n  the adsorbed state is  

expected t o  be less than t h a t  of P u 2 C 3  p re sen t  i n  a pure  s e p a r a t e  phase ,  

depending on t h e  e x t e n t  to which t h e  Pu2C3 covers  the g r a p h i t e  su r face .  

Wfth the except ion  of Olson and Mulford's work,3 most, i f  no t  all, 

previous  PuzC3 vapor p re s su re  i n v e s t i g a t i o n s  appear  to have been con- 

ducted a t  temperatures  greater than  14OOOC. 

ducted  i n  t h e  1000 t o  1400OC range ,  which spans a h igh  temperature  poin t  

of 1 2 0 0 ° C  expected in a normally ope ra t ing  HTGR. 

Our i n v e s t i g a t i o n  w a s  con- 
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2 EXPERIMENTAL METHOD 

2.1 PREPARATION OF GMPHITE PELLETS WITH ADSORBED PLUTONIUM 
SESQUICiUUICDE 

The g r a p h i t e  (Great Lakes Carbon Company H-451) used i n  t h i s  work 

was i n  t h e  form of 0.80-cui-diam and 1.25-cm-long pellets with  maehine- 

smoothed end s u r f a c e s ,  Tihe g r a p h i t e  had a bulk dens i ty  of 1.75 g/cm3, 

a BET s u r f a c e  area o f  0,53 m 2 / g ,  and an open po ros i ty  o f  17.2 v o l  %, 

The procedure used t o  adsorb o r  embed plutonium (PuzC3) on the p e l l e t  

saxfaces involved soaking t h e  pe l l e t s  i n  e thano l  conta in ing  0.1 t o  

1.0 - M F ? I ( N C ~ ) ~  for 2 4  h a t  -23"C, drying t h e  pellets i n  air for 24 h 

a t  13OoC,  and then  c a l c i n i n g  thew under helium gas f o r  24 h a t  -lOOO°C. 

The purpose of t h e  c a l c i n a t i o n  was t o  denitrate the adsorbed P u z ( N O g ) b .  

When a similar procedure was used t o  adsorb and/or embed uranium on 

g r a p h i t e  p e l l e t s ,  t h e  uranium w a s  found t o  be wide ly  and evenly 

d i s t r i b u t e d  on t h e  g r a p h i t e  sur face . l  

ranged from 0.007 t o  0.75 sig/m2 ( o f  graphite.  s u r f a c e  area). 

The amounts of plutonium adsorbed 

2.2 VAPORIZATION TESTS 

The Pu2C3 vapor p re s su re  measurements were made u s i n g  a t ramspira-  

t i o n  method. A schernattc dlagram of t h e  equipment i s  shown i n  Fig. 1. 

The t o t a l  volume and the flow rate of the carrier helium gas passed 

through t h e  s y s t e m  were carefully measured dur lng  each tes t  u s i n g  a 

t ransducer .  The gas was passed over the  g r a p h i t e  p e l l e t  conta in ing  the 

adsorbed plutonium i n  the furnace  a t  temperatures  of 1000, 1200, and 

1400°C. The p e l l e t  was coratained i n  e i t h e r  a ceramic o r  a qua r t z  tube,  
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H I  

GLOVE BOX 

PLUTONIUM ADSORBED ON 
H-451 GRAPHITE PELLET 

(Ftow rate and total flow 1 

-GLASS BEAD 
COLD TRAP 

Fig. 1 .  Apparatus for measuring vapor pressure of plutonium 

adsorbed on H-451 graphite. 
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depending on t h e  temperature.  Pluconiurn vaporized from the p e l l e t  w a s  

p r e c i p i t a t e d  out: on co lde r  swr t lons  of t h e  tube  or on a quar t z  tube 

co ld  trap. A l l  measurements yere made a t  gas f low rates where the 

pPi.itoaium gas d e n s i t i e s  W L ; ? T ~  independent of t h e  carr ier  gas flow r a t e .  

2.3 ANALYSES 

A t  t h e  end of each tes t ,  t h e  quar tz  tube t r a p ,  a long wi th  s e c t i o n s  

of  the gas f low appara tus  which were downstream from the  p e l l e t ,  were 

leached i n  250 mL of 12 - M HNO3-0.08 - M HP s o l u t i o n  a t  -100°C f o r  8 h t o  

d i s s o l v e  t h e  p r e c i p i t a t e d  plutonium. The amount of plutonium in t h e  

leach s o l u t i o n  w a s  determined from gross  alpha and a lpha  pu l se  he igh t  

ana lyses .  The plutonium vapor p re s su re  w a s  ca lcu la t ed  f rom the amount 

of plutonium dLasolved and the t o t a l  volume of helium carries gas passed 

through t h e  system. 

3 ,  EXPERIMENTAL KKSIJLTS: COPIFARTSON OF ADSORBED AND 
PURE SEPARATE PHASE PLUTONIUM SESQUICARRIDE VAPOR PRESSURES 

A p l o t  o f  t h e  logar i thm of h z C 3  vapor p re s su re  vs  r e c i p r o c a l  

temperature  i s  shown i n  Pig.  2. 

t h e  Olson and Mulford equation: 

The dashed l i n e  i n  t h e  ffgure r ep resen t s  

l o g  P (atrn) = (4 .39k0.08)  - (20330+140)/T . (1) 

Thts equat ion  w a s  based on vapor p re s su re  measurements of plutonium 

sesqu ica rb ide  nitxed w i t h  6.5 atrn X C a t  1258 t o  1716OC; however, f o r  

comparison purposes,  the  l i n e  drawn i n  Fig. 2 is extended down i n t o  the 

1000°C temperature  region. The d a t a  p a i n t s  p l o t t e d  i n  the f i g u r e  are 

our  vapor pressure measurements o f  PUzC3 adsorbed on g raph i t e  
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-PURE PuZC, MIXED WITH 
C BASED ON OLSON AND 
MULFORD DATA 

+lo 

5.5 6.5 7.5 8.5 
1 0 4 1 ~  

Fig. 2. Comparison of vapor pressure of Pu;!C3 adsorbed on H-451 

graphite  with vapor pressure of Pu2C3. 
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at 1000, 1200, and 1400'C. These adsorbed P u z C 3  vapor pressarea are,  in 

some lnstacxes,  several orders of magnitude less than those 0€ the h 2 C 3  - 
65 atm Z C mixtures rep~esented by the ltne, Tt can be seen, in a general 

way, i n  Fig. 2 that the vapai- pressures Eor the  adsorbed i?u2C3 at: a given 

temperature decrease w t t h  decreashg concentrations of adsorbed pU2C3.  

4. PLUTONILR4 SESQUICARBIDE ADSORPTION ISOTHERMS 

The relationship between adsorbed rV.2@3 vapor pressures and graphite 

surface plutonium concentrations can be seen in Fig.  3.  The figure 

shows a d s o r p t i o n  isotherms for: 1400, 1299, and 1000°C. The isotherms 

are defined hy equations ( a ) ,  ( 3 ) ,  and ( 4 )  where P is in atm and C is in 

umol of ~ 1 1 2 ~ 3  per m* OS graphtte surface area, 14. 

Equation 

l og  P = -9.57 -e 0.5% 1400 0.94 ( 2 )  

Log P = -11.04 -+ 0.97C 1200 0.99 ( 3 3  

l o g  P -13.95 f 0.7% 1000 0.70 ( 4 )  

The coefficients of correlation i n d i c a t e  that  the equatfons for the 1400 

and 1200°C isotherms represent the data very well. The lower coefficient 

of correlation for the 1000°C isotherm probably results from experimental  

error in recovering a n d l o r  analyzing the plutonium which was vaporized 

in m u c h  smaller amounts in the 1000°C tests. 
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Fig. 3. Plutonium sesquioxide adsorption ieotherms on H-451 

graphite. 
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The heat of adso rp t ion  of P u z C 3  adsorbed on graphite can be calcu- 

l a t e d  from t h e  abso lu te  value of t h e  s lope  of an isostere obtained from 

p l o t t i n g  lop; P v s  I /T  at a. constant plutonium s u r f a c e  coneentration.10 

The isostere for a surface concen t r a t ion  of 0.05 pino1/m2 i s  pl.otted i n  

Fig. 4 .  The vapor pressure values p l o t t e d  i n  the f i g u r e  B K ~  calculated 

c o r r e l a t i o n  by t h e  equation 

l o g  P ( a t m )  = 4.65 - , 
T 

f rom which t h e  heat of adsorp t ion  i s  calculated t o  be -107.3 kcal/mol. 

S i m i l a r l y  obtained heats of adsorp t ion  f o r  o t h e r  h 2 C 3  s u r f a c e  concen- 

t r a t i o n s  are p l o t t e d  as a func t ion  of the s u r f a c e  concent ra t ions  i n  

Fig.. 5. 

t h e  equat ion  

The data are def ined  w i t h  a 0.98 c o e f f i c i e n t  of c o r r e l a t i o n  by 

e = 2 4 . 3 3  + 0.23 A H  , ( 6 )  

where C denotes s u r f a c e  h ~ 2 C 3  concen t r a t ion  in pmol/n2 and A H  the 

h e a t  of adso rp t ion  i n  kcal/mol, 

Inc reas ing  h 2 C 3  su r face  concen t r a t ton  as seen ,  The %2C3 s u r f a c e  

concent ra t fon  requi.red f o r  monolayer coverage of the graphi te  can be 

c a l c u l a t e d  from E q .  ( 6 )  if i t  is  assumed that  t h e  heat of pU2C3 adsorption 

a t  t h e  PuzC3 manolayer concent ra t ion  i s  equal  t:o the heat oE vapor i za t ion  

"Pne heat of adso rp t ion  decreases with  
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(93.5 kcal) for Pu2C3. 

t h i s  method is 3.27 i .~msl /m?.  e 

coverage are discussed further in the following section of this report. 

The Pu2Cg monolayer concentration calculated by 

The heat of adsorption and monolayer 

6 .  DISCUSSION 

The results of this investigation show, not surprisingly, that the 

vapor pressure of plutonium present in an adsorbed state on the surface 

of H-451 graphite can be defined in terms of adsorption isotherms and 

that: the vapor pressures are lower than those of pure Pu2C3. 

investigators have previously reported similar isotherms for species 

adsorbed on graphite ,’ although actual measurements made for plutonium in 

Other 

the 1000 to 1400°C temperature range appear not to have been reported, 

Our results show the h2C3 heat of adsorption increases with decreasing 

Pu2C3 surface concentration, and this indicates that the graphite surface 

adsorption sites are not equally energetic and that the more energetic 

sites are occupied first. The heats of adsorption at less than mono- 

layer coverage are, as expected, greater than the heat o f  Pu2C3 

vaporization due to attractive forces between the Pu2C3 and the graphite 

surface. The increasing heat of adsorption with decreasing concentration 

has significance for HTGR systems, as it indicates that the plutonium 

vapor pressure due t o  plutonium adsorbed at coolant channel surfaces will 

be decreased with decreased concentration. Equations (Z) ,  ( 3 1 ,  and ( 4 )  

can be used to estimate plutonium vapor pressures at surface plutonium 

concentrations a s  low as -0.01 pmol/mz. 

at surface concentrations significantly (-0.01 vrnol/m2 since it is 

The equations may not a p p l y  
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expected t h a t  some minute q u a n t i t y  of t h e  graphLte adso rp t ion  sites w i l l  

e x h i b i t  r e l a t i v e l y  very  h igh  adso rp t ion  e n e r g e t i c s  and correspondingly 

h igh  h e a t s  of adsorpt ion.  "tie vapor p re s su re  of plutonium adsorbed on 

such h igh  e n e r g e t i c  s i tes  would be decreased below va lues  ca l cu la t ed  

from E q s .  (2 ) ,  ( 3 ) ,  and ( 4 ) .  It a p p e a r s  u n l i k e l y ,  however, that con- 

d i t i o n s  exis t  to g ive  vapor p re s su res  g r e a t e r  than t h e  va lues  c a l c u l a t e d  

from t h e  equat ions .  

The p r i n c i p a l  purpose 05 t h i s  study, as i nd ica t ed  i n  t h e  i n t r o d u c t i o n ,  

was t o  o b t a i n  information t o  be used i n  making realist ic estimates o f  

plutonium concent ra t ions  i n  the primary cool ing system of HTGMs. Quanti- 

f i c a t i o n s  r equ i r ed  for making t h e  actual  e s t i m a t i o n s ,  inc luding  plutontum 

' b i r th  l o c a t i o n  and rate,  and plutonium d i f f u s i o n  d i r e c t t o n  and ra te ,  are 

beyond t h e  scope of t h i s  r e p o r t  and w i l l  be left to a la te r  r e p o r t .  The 

g e n e r a l  observa t ion  can  be made t h a t  t h e  release of plutonium t o  the 

coolant gas  w i l l  be based on t h e  r e s u l t s  of t h i s  s tudy  and be s e v e r a l  

o r d e r s  of magnitude less than estimates based on no plutonium holdup i n  

t he  g raph i t e .  
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