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SUMMARY 

. _  

1 

. 

When gaseous uranium hexaf luor ide  ( U F 6 )  i s  r e l eased  i n t o  t h e  
atmosphere, it rap id ly  reacts wi th  ambient moisture t o  form an a e r o s o l  
of uranyl  f l u o r i d e  ( U 0 2 F 2 )  and hydrogen f l u o r i d e  ( H F ) .  A s  part  of our  
Safe ty  ,Analysis  program, w e  have performed s e v e r a l  experimental  releases 
of U F 6  i n  contained volumes i n  o r d e r '  t o  i n v e s t i g a t e  techniques f o r  
sampling and c h a r a c t e r i z i n g  the  a e r o s o l  materials. The aggregate  par- 
t i c l e  morphology and s i z e  d i s t r i b u t i o n  have been found t o  be dependent 
upon s e v e r a l  condi t ions ,  inc luding  the  temperature of the  UF6 a t  the  
t i m e  of i t s  release, t h e  r e l a t i v e  humidity of t h e  a i r  i n t o  which i t  is 
re l eased ,  and t h e  e lapsed  t i m e  a f t e r  t h e  release. Aerosol composition 
and s e t t l i n g  rate have been inves t iga t ed  us ing  s t a t i o n a r y  samplers f o r  
t h e  separate c o l l e c t i o n  of U02F2 and HF and v ia  laser spectroscopic 
remote sens ing  ( M i e  scatter and i n f r a r e d  spectroscopy)  . 

INTRODUCTION 

Uranium hexaf luor ide  is  handled i n  very l a r g e  q u a n t i t i e s ,  a t  
p re s su res  which may be e i t h e r  above or below atmospheric condi t ions ,  i n  
both t h e  gaseous d i f f u s i o n  and gas cen t r i fuge  uranium enrichment 
processes. There is, thus,  t h e  p o t e n t i a l  for  an  a c c i d e n t a l  release of 
s i g n i f i c a n t  amounts of UF6 t o  t h e  environment wi th  t h e  p o s s i b l e  exposure 
of  p l a n t  personnel  and t h e  surrounding populat ion t o  var ious uranium and 
f l u o r i d e  species. The Department of Energy (DOE) has  mandated a s a f e t y  
a n a l y s i s  e f f o r t  t o  eva lua te  the  p o t e n t i a l  f o r  acc iden t  and t o  p r e d i c t  
t h e  human h e a l t h  consequences of any pos tu l a t ed  U F e  release. In order 
t o  make these  p red ic t ions ,  it is  necessary t o  ( 1 )  understand which t o x i c  
materials are involved and those c h a r a c t e r i s t i c s  which may a f f e c t  t h e  
d i s p e r s i o n  of t he  material, ( 2 )  be a b l e  t o  p r e d i c t  t h e  concent ra t ion  
l e v e l  and exposure du ra t ion  f o r  each toxic material, and ( 3 )  estimate 
t h e  human heal th  consequences f r o m  such a n  exposure. This communication 
summarizes some of our  r ecen t  i n v e s t i g a t i o n s  on t h e  atmospheric hydroly- 
sis of uF6 and t h e  c h a r a c t e r i z a t i o n  of the ae roso l s  formed under con- 
t r o l l e d  condi t ions  wi th in  an  enclosed volume. Emphasis has been placed 
upon product  i d e n t i f i c a t i o n  and upon t h e  determinat ion of those  proper- 
t i es  which a f f e c t  t h e  d i spe r s ion  and d e t e c t i o n  of t h e  products.  Work on 
e f f e c t i v e  sampling techniques and in s t rumen ta l  approaches for  t h e  remote 
sens ing  of a e r o s o l  c o n s t i t u e n t s  i s  also descr ibed.  

COMPOSITION OF HYDROLYSIS PRODUCTS 

When it  i s  re l eased  i n t o  t h e  atmosphere, gaseous U F 6  is  rap id ly  
hydrolyzed by ambient moisture t o  form U 0 2 F 2  and HF: 
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"Anhydrous" U02F2 i s  hygroscopic, as i s  HF; * hence, both spec ie s  
tend t o  become hydrated.  The p a r t i c u l a t e  UO2F2 i s  r e a d i l y  v i s i b l e  a s  a 
white  a e r o s o l  cloud o r  "smoke," which may rise and be d ispersed  i n t o  t h e  
environment . 

F a l l o u t  materials from t h e  experimental  release of UFg wi th in  an 
enclosed volume have been c o l l e c t e d  and examined by x-ray d i f f r a c t i o n  
(XRD).3 In general ,  t hese  materials appear t o  be of  va r i ab le  compo- 
s i t i o n ,  which seldom exac t ly  match re ference  s tandards  ( c f .  Table 1 ). 
On occasion, however, s t a b l e  hydra tes  or H F  hydra tes  of U02F2 have been 
i d e n t i f i e d  i n  t h e  f a l l o u t  mater ia l .  

The na tu re  of a p o s s i b l e  a s soc ia t ion  between t h e  UO2F2 and H F  com- 
ponents of t h e  a e r o s o l  i s  not  y e t  s a t i s f a c t o r i l y  e s t ab l i shed .  Poss ib l e  
mechanisms f o r  such an  a s soc ia t ion  ( i f  i t  occurs )  may inc lude  gas-phase 
s o r p t i o n  of hydrated HF onto U02F2, or the  cosedimentation of both spe- 
cies as f a l l o u t  mater ia l .  Chemical examination of t h e  f a l l o u t  ma te r i a l  
(Fig. 1 )  confirms the  presence of an excess of f l u o r i d e  (i .e., a molar 
r a t io  F / U  > 2 )  i n  t h e  i n i t i a l  f a l l o u t  material; t h i s  excess  f l u o r i d e  i s  
l o s t  over a per iod  of t i m e ,  pos s ib ly  due t o  t h e  evaporat ion of H F  o r  t h e  
l i gand  exchange between sorbed HF and atmospheric moisture. Af t e r  
approximately 2 days ' e q u i l i b r a t i o n  with the atmosphere, t h e  empir ica l  
formula f o r  t h e  f a l l o u t  material becomes U02F2 *nH20, where n r ep resen t s  
a v a r i a b l e  degree of hydrat ion.  This U02F2 hydra te  demonstrates l i t t l e  
o r  no a f f i n i t y  t o  s o r b  anhydrous HF vapor. 

PHYSICAL CHARACTERIZATION OF AEROSOL COMPONENTS 

Some phys ica l  c h a r a c t e r i s t i c s  of t he  UFg-release f a l l o u t  material 
are summarized i n  Table 2. The r e f r a c t i v e  index of the  p a r t i c u l a t e s  i s  
important  i n  t h e  de t ec t ion  of t hese  materials with the  use of l i g h t -  
s c a t t e r i n g  techniques.  The p a r t i c l e  dens i ty  is  an  important  parameter 
i n  determining the  sedimentat ion rate €or the airborne particulates. 
Tsvetkov e t  a14 report t h a t  t he  particle dens i ty  of U02F2 is s t r o n g l y  
affected by the degree of hydrat ion;  Figure 2 reproduces some of t h e i r  
da t a .  I f  one compares t h e  measured d e n s i t y  of UFg-release f a l l o u t  
material (Table 2) t o  t h e  d a t a  presented  i n  Figure 2, t h e r e  i s  t h e  
sugges t ion  t h a t  t he  f a l l o u t  material may con ta in  an  average of t w o  t o  
t h r e e  waters of hydra t ion  per uranyl  molecule . 

The geometric particle s i z e  is  an  important  determinant  i n  t h e  
d e t e c t i o n  of p a r t i c u l a t e s  by l i g h t - s c a t t e r  techniques and i n  t h e  collec- 
t i o n  of t hese  materials wi th  use of f i l t r a t i o n  sampling devices  (q.v. 1.  
Lux5 has used the  technique of e l e c t r o n  microscopy t o  examine f a l l o u t  
material formed i n  t h e  experimental  release of UFg wi th in  an  experimen- 
t a l  chamber under a v a r i e t y  of atmospheric condi t ions .  H e  concludes 
t h a t  r e l a t i v e  humidity (20% t o  90% R.H.), ambient a i r  temperature 
(0-4OOC); and sample s i z e  do no t  s e r i o u s l y  affect  t h e  U02F2 p a r t i c u l a t e  
s i z e  d i s t r i b u t i o n  (0.5 t o  3.0 pm). Experimental releases w e r e  e f f e c t e d  
under s ta t ic ,  dynamic, and s imulated c a t a s t r o p h i c  condi t ions .  Under 



Table 1. Preparation and p rope r t i e s  of some solid-phase uranyl  f l u o r i d e  reference materials 

Mate r i  a1 des i ana t ion  Svnthes is Reference /Comments 

"Anhydrous" uranyl  
f l u o r i d e  

"Uranyl Fluoride 11" 
(hydrate  1 

Uranyl f l u o r i d e  
hydra t e s  

"Basic salts" of 
u rany l  f l u o r i d e  

"Hydrogen f l u o r i d e  
adducts"  of uranyl  
f l u o r i d e  

U03 + HF; 
Uranyl a c e t a t e  + HF; 
UF6 + H20 

"Anhydrous 'I U02F2 exposed 
t o  atmospheric moisture 
f o r  a few days 

U02F2 + H 2 0  (sealed ampoule, 
12OOC) + U02F2*nH20 (n=l-4) 

Various syntheses  y i e l d  products with v i r t u a l l y  
i n d i s t i n g u i s h a b l e  x-ray d i f f r a c t i o n  (XRD) pat- 
t e r n s  ', 2. Material is  highly hygroscopic. Ther- 
m a l  decomposition occurs a t  > 300OC. 

Our p repa ra t ion  according t o  the  procedure of 
Narasimham3 gave material with t h e  probable com- 
p o s i t i o n  U02F2*1.5H20, as i d e n t i f i e d  by XRD. 

XRD patterns recorded by Seleznev e t  a L 4  Crys- 
t a l s  or s o l i d  s o l u t i o n s  obtained, dependent upon 
s toichiometry.  4 r  Pycnometric measurements of 
d e n s i t y  decreases with inc reas ing  hydration. 

U 0 3  + H20 + HF + XRD patterns recorded by Seleznev e t  a1.6 
uo2(oH)xF2-x*YH20 (x=O. 3-1.2, 
y=l ,  2 )  

U 0 3  + HF (excess) + Compounds of variable composition. XRD 
U02F2*xHF*yH20 p a t t e r n s  recorded by Seleznov e t  a1.7 

lw. H. Zachariasen, Acta Cryst., 1 ,  277 (1948). 
2L.H. Brooks, E. V. Garner, and ET Whitehead, "Chemical and X-ray Crystal lographic  Studies  on 

3K.V. Narasimham, "Absorption Spectra of Uranyl Halides," i n  J. R. Fe r ra ro  and J. S. Ziomek 

4V. P. Seleznev, A. A. Tsvetkov, B. N. Sudarikov, and B. V. Gromov, Russ. J. Inorg. Chem., 17, 
A. %vetkov, V. P. Seleznev, B. N. Sudarikov, and B. V. Gromov, Russ. J. Inorg. Chem., 17, 

6V. P. Selezvev, A. A. Tsvetkov, B. N. Sudarikov, B. V. Gromov, and Y. M. Khozhainov, Russ. J. 

'V. P. SeGznev, A. A. Tsvetkov, and Y. M. Khozhainov, Russ. J. Inorg. Chem. , 2, 1530 ( 1  971 1. 

Uranyl Fluorides ,  Io IGR-RN/CA-277 (1  956). 

(eds  ), Developments i n  Applied Spectroscopy, Vol. 2, Plenum Press (1 9631, pp. 142-1 59. 

1356 (1972). 

1048 (1972). 

Inorg. Chem., 17, 1644 (1972). 
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Table 2. Se lec t ed  phys ica l  c h a r a c t e r i s t i c s  of t y p i c a l  

hydro lys i s  of uranium hexafluoride 
u rany l  f l u o r i d e  particulates from t h e  atmospheric 

P a r t i c l e  s i z e  (geometric 1 

median 
range 

0.6-1.2 pm* 
0.3-3.0 pm* 

N 1-5 pm** 

Density (pyknometric) 

Re f rac t ive  index (White l i g h t )  - 1.54*** 

- 4.1 3 g/cm3 

*Electron microscopy d a t a  reported by C. J. Lux. 5 

**Coulter counter  d a t a  reported by H. Conley and M e  G O  Otey, 
KY-725, Rev. 1, U02F2 P a r t i c l e  S ize  Analysis, Paducah Gaseous Di f f s ion  
P l a n t ,  Paducah, KEKIXEKY, duly 

***Determined by c e n t r a l  i l l umina t ion  method [W. C. McCrone and 
J. G. Delly,’ The P a r t i c l e  A t l a s  (2nd ed.) ,  Volume I: Principles and 
Techniques, Ann Arbor Science (1973), p. 741 
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s t a t i c  condi t ions,  UF6 i s  re l eased  i n t o  s t agnan t  a i r .  Dynamic con- 
d i t i o n s  refer t o  t h e  release i n t o  a simulated cross-wind of 2 t o  
4.5 mph. Ca ta s t roph ic  condi t ions were simulated by t h e  r ap id  release 
and evaporation of l i q u i d  UF6. The mode of release does appear t o  
a f f e c t  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  (Fig. 3 ) ;  t h i s  may be a con- 
sequence of t h e  i n i t i a l  ra te  of d i spe r s ion  and t h e  subsequent e f f e c t  
upon par t ic  le agglomeration. 

P i ck re l13  has a l s o  app l i ed  e l e c t r o n  microscopy t o  t h e  examination 
of  materials formed i n  t h e  atmospheric hydro lys i s  of UF6. Somewhat i n  
c o n t r a s t  t o  t h e  f ind ings  of Lux, he r e p o r t s  t h a t  particle agglomeration 
and morphology are dependent upon s e v e r a l  f a c t o r s ,  including t h e  t e m -  
p e r a t u r e  of t h e  UFg a t  t h e  t i m e  of i t s  release, t h e  r e l a t i v e  humidity of 
t h e  ambient a i r  i n t o  which t h e  u!?6 i s  released,  and t h e  t i m e  which had 
e l apsed  s i n c e  t h e  f n s t a n t  of release. 

The temperature of t h e  UFg a t  t h e  t i m e  of i t s  release appears t o  
a f f e c t  both t h e  i n i t i a l  ra te  of d i spe r s ion  (hence, t h e  rate of particle 
agglomeration) and t h e  f r a c t i o n  of material which a c t u a l l y  becomes air- 
borne. I f  t h e  i n i t i a l  temperature of t h e  UF6 i s  only s l i g h t l y  above i t s  
subl imat ion p o i n t  (- 56OC), r e l eased  material may be cooled upon expan- 
s i o n  and condense. This condensate may sediment r ap id ly  t o  t h e  bottom 
of  t h e  tes t  chamber and be hydrolyzed the re ,  with a marked decrease i n  
t h e  a i r b o r n e  f r a c t i o n  of the  total  U ( V 1 ) .  

Figure 4 i l l u s t r a t e s  a t y p i c a l  p a r t i c l e  morphology f o r  material 
formed i n  a i r  with relative humidity i n  t h e  range of - 20% t o  70%. 
These materials tend t o  be chain- l ike agglomerates comprised of i nd iv id -  
u a l  0.1 t o  0.2 pm spheroids .  In  t i m e ,  t h e s e  agglomerates may reach 5 t o  
10 pm i n  g r e a t e s t  dimension, although most are considerably smaller. 
Due t o  t h e  hygroscopic na tu re  of Uo2F2, materials formed i n  high- 
humidity environments (e.g., > 85% R.H.) tend t o  form s o l u t i o n s  and, 
t h e r e f o r e ,  become spheroidized (see Fig. 5). 

The aerodynamic par t i c l e  s i z e  (d ) i s  the dominant factor  i n  deter- 
mining t h e  sedimentation rate ( v )  of t h e  aerosol, as p r e d i c t e d  by the 
Stokes -Cunni ngham equat ion : 

2 v = w$(1 + 2AX/$)/18n 

where p is t h e  particle dens i ty ,  g i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n ,  
A i s  a numerical f a c t o r  (with t h e  approximate value of 0.9 for  particles 
i n  t h e  s i z e  range of i n t e re s t ) ,  X is  t h e  mean free pa th  of t h e  p a r t i c l e  
i n  a i r  (- 0.065 pm), and rl i s  t h e  v i s c o s i t y  of air .  

The aerodynamic particle s i z e  (i.e., t h e  diameter of t h e  sphe re  
which mimics t h e  aerodynamic behavior of a p a r t i c l e )  can be measured 
w i t h  t h e  use of a cascade impactor. P i c k r e l 1 3  has used t h i s  technique 
t o  i n v e s t i g a t e  p a r t i c l e  s i z e  as a func t ion  of t i m e  under a v a r i e t y  of 
experimental  release condi t ions.  These d a t a  support  t h e  q u a l i t a t i v e  
conclusions stated previously.  In  add i t ion ,  prel iminary s t a t i s t i ca l  
eva lua t ion7  of some of t h i s  d a t a  has been performed. Figure 6 repre-  
s e n t s  t h e  computed d i s t r i b u t i o n  diagram f o r  a e r o s o l  mass as a func t ion  
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DWG.  NO. KF-84-925 
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Figure 3. Geometric particle size distribution of fallout material as a function of the 
mode of UFg-release (see text). Data from Reference 5. 
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Figure 4. Electron micrograph of particulate matter collected at an interval of 2 hr 
following the experimental release of U F6 into an environment with relative 

humidity of 45%. 
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Figure 5. Electron micrograph of particulate matter formed in an environment with 
relative humidity of 100%. 



(A) = 8MIN 
(6) = 17MIN 
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(D) = 180MIN 
(E) = 360MIN 

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2 .00  
DIAMETER (MICRONS) 

Figure 6. Computed aerosol mass distribution diagrams for aerodynamic particle size as a function of time elapsed from 
the release of UF6 into an environment with relative humidity of 35%. Data from Table I of Reference 3. 
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of dp f o r  d a t a  obtained following an experimental  uF6 release. 
Aerodynamically, t h e  a e r o s o l  materials behave as though they w e r e  very 
small particles.  An i n i t i a l  i n c r e a s e  i n  median par t ic le  s i z e  fol lowing 
a release of UF6, due t o  particle agglomeration, has normally been 
observed. A t  longer t i m e ,  median particle s i z e  decreases  due t o  t h e  
sedimentat ion of l a r g e r  particles. The d a t a  shown i n  Figure 7 are con- 
s i s t e n t  with these  observat ions.  (Note: The d a t a  presented i n  Figs.  6 
and 7 were computed from t h e  d a t a  of Table 1 i n  r e fe rence  3 . )  

STATIONARY AEROSOL SAMPLING DEVICES 

S t a t i o n a r y  samplers are ex tens ive ly  used i n  a e r o s o l  measurements 
f o r  h e a l t h  physics and i n  d i spe r s ion  modeling, due t o  t h e i r  r e l a t i v e  
s i m p l i c i t y  and low cos t .  Samples may be c o l l e c t e d  i n  s t a b l e ,  concen- 
trated forms amenable t o  s p e c i f i c  phys i ca l  or chemical examination. 

Dependent upon t h e  mode of c o l l e c t i o n ,  s t a t i o n a r y  samplers may be 
used t o  provide e i t h e r  a continuous o r  a t ime-integrated response t o  t h e  
c o n s t i t u e n t s  of i n t e r e s t .  In  t h e  continuous measurement mode, t h e s e  
dev ices  may be used t o  provide an alarm s i g n a l  f o r  t h e  a c c i d e n t a l  
release of aerosol material. I sh ida  and coworkers * evaluated t h e  per- 
f ormance of t h e  fol lowing systems f O r  t h e  d e t e c t i o n  of UF6-hydrolysis 
ae roso l s :  a n  ion ized  smoke d e t e c t o r  (nonspecif ic  response t o  
p a r t i c u l a t e s  1, an alpha d u s t  monitor ( s e l e c t i v e  f o r  i s o t o p i c a l l y  
enr iched uranium) , and a n  electrochemical  s enso r  ( f l u o r i d e  ion - se l ec t ive  
e l e c t r o d e  1. The potehtio-metric d e t e c t i o n  of f l u o r i d e  i o n  (from t h e  
d i s s o l u t i o n  of U02F2 and HF) w a s  judged s u p e r i o r  on t h e  bases of sen- 
s i t i v i t y ,  s e l e c t i v i t y ,  and rapid response t i m e .  

Acidic HF vapor may be c o l l e c t e d  e s s e n t i a l l y  q u a n t i t a t i v e l y  by 
impinging t h e  gas sample i n t o  a c a u s t i c  s c rub  s o l u t i o n ,  from which i t  
may be subsequently measured with t h e  use of colorimetric o r  poten- 
tiometric analysis .  9# l o  Alternately, H F  can be sorbed onto chemically 
t r e a t e d  membrane filters . *, o-l The la t te r  c o l l e c t i o n  mode is  espe- 
c i a l l y  convenient, r e q u i r i n g  minimal apparatus  or  reagent ,  and, t hus  , it 
may be incorporated i n t o  compact and rugged f i e l d  sampling u n i t s .  

I f  p a r t i c u l a t e s ,  such as UO2F2, are t o  be collected s e p a r a t e l y  from 
gaseous components, a small-pore prefil ter  i s  used. Uranyl f l u o r i d e  
entrapped on the  p r e f i l t e r  may be e x t r a c t e d  and q u a n t i t a t e d  by s e l e c t i v e  
w e t  chemical procedures. Fluorometric a n a l y s i s  i s  t h e  most s e n s i t i v e  
procedure, with d e t e c t a b i l i t y  of  uranium i n  nanogram q u a n t i t i e s .  14, 

In o rde r  t o  eva lua te  t h e  c o l l e c t i o n  e f f i c i e n c y  of a dual membrane 
f i l t e r  assembly f o r  t h e  separate c o l l e c t i o n  of p a r t i c u l a t e  and gaseous 
fluorides,  i t  w a s  necessary t o  expose t h e  membranes t o  a known con- 
c e n t r a t i o n  of d i l u t e  HF vapor. This w a s  achieved with t h e  use  of a per- 
meation tube apparatus  (Fig. 8 )  similar t o  t h e  system used by E l f e r s  and 
Decker. l 2  Anhydrous HF permeates through t h e  PTFE Teflon tube a t  a ra te  
which i s  dependent upon t h e  dimensions of t h e  tube and t h e  temperature 
a t  which it is  maintained; 12, l 6  t h e  rate of permeation may be c a l i b r a t e d  
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grav ime t r i ca l ly  with a n  o v e r a l l  abso lu t e  accuracy of 
demonstrated i n  Figure 9. 

1 % t o  2%, l6 as 

Membranes w e r e  mounted i n  a n  inexpensive,  commercially a v a i l a b l e  
polypropylene-holder  (Swinnex-type, 47-mm diam, Millipore Corporation; 
compare t h i s  t o  t h e  custom-fabricated Teflon or gold-plated ho lde r s  spe- 
c i f i e d  i n  r e fe rence  14). The membranes w e r e  exposed t o  a flow of d i l u t e  
HF vapor (- 7 ppm), a f t e r  which t h e  r e t a i n e d  HF was q u a n t i t a t i v e l y  
measured. A c a u s t i c  trap mounted behind t h e  f i l t e r  assembly (Fig. 8 )  
c o l l e c t e d  any unretained HF, pe rmi t t i ng  an accu ra t e  f l u o r i d e  mass 
balance (see Table 3). 

C e l l u l o s e  ester membranes impregnated with e i t h e r  formate or 
carbonate  are e s s e n t i a l l y  q u a n t i t a t i v e  i n  t h e  chemisorption of HF 
vapor. Untreated hydroph i l i c  c e l l u l o s e  ester membranes have been used 
as  p r e f i l t e r s  f o r  t h e  c o l l e c t i o n  of . part iculate  f l u o r i d e s  (see 
re fe rences  1 3  and 14) ;  however, as shown by experiment 1 i n  Table 3, 
t h e s e  materials are r e a c t i v e  with HF vapor and may lead t o  a n  erroneous 
mass balance f o r  HF as c o l l e c t e d  on t h e  t r e a t e d  membrane. E l f e r s  and 
Decker12 s i m i l a r l y  r e p o r t  a r e t e n t i o n  of HF (up t o  30%) on un t r ea t ed  
c e l l u l o s e  ester membranes. In  c o n t r a s t ,  hydrophobic Teflon membranes 
show v i r t u a l l y  no r e t e n t i o n  of HF, and, thus,  are p r e f e r r e d  f o r  a n  
a c c u r a t e  d i sc r imina t ion  between p a r t i c u l a t e  and gaseous f l u o r i d e s  . Due 
t o  t h e  i r r e g u l a r  s t r u c t u r e  wi th in  t h e  membrane, a nominal 1-pm pore pre- 
f i l t e r  i s  highly e f f e c t i v e  i n  c o l l e c t i n g  submicron particles a t  moderate 
flow v e l o c i t i e s ,  and, thus,  should r e s u l t  i n  n e a r q u a n t i t a t i v e  recovery 
of  a i rbo rne  U02F2 particles (c f  . Fig. 3). 

F i l t e r  assemblies, comprised of s tacked Teflon and f ormate-impreg- 
na t ed  membranes, were combined with a portable, programmable, remote- 
c o n t r o l l e d  a i r  sampler system17 and used t o  collect samples f o r  chemical 
a n a l y s i s  fol lowing a n  experimental  release of UF6 ( -  1 g )  i n t o  a contained 
volume (- 0.2m3). The r e s u l t s  of t hese  analyses  (colorimetric a s say  of 
U ( V I ) ,  po t en t iome t r i c  assay of F') are shown i n  Figure 10. 

Note i n  Figure 10 t h a t  there appears t o  be an exponent ia l  decrease 
i n  t h e  mass (or molar) concen t r a t ion  of both t h e  U ( V 1 )  and hydrated H F  
components from the gas phase as a func t ion  of t i m e .  This type of 
behavior i s  f r equen t ly  observed i n  aerosols (e .g., r e f e rence  6, 
pp. 155-6), and i s  a t t r i b u t e d  t o  particle coagulat ion and sedimentation. 
Empirically,  t h e  d a t a  may be descr ibed by a n  expression of t h e  form: 

where C i s  t h e  instantaneous mass concen t r a t ion  of t h e  aerosol component 
of i n t e r e s t ,  Cg i s  t h e  concentrat ion a t  a n  i n i t i a l  t i m e ,  t is  t h e  
e l apsed  t i m e ,  and k i s  t h e  "mass loss cons tan t . '  For t h e  d a t a  of 
Figure 10, k i s  est imated as 0.0162 mine' f o r  HF and - 0.0283 min'l 
f o r  U ( V 1 )  (i.e., t h e  U ( V 1 )  component settles nea r ly  t w i c e  as r a p i d l y ) .  
I n  t h e  present example, t h e  " h a l f - l i f e "  f o r  a i rbo rne  material is  - 43 min f o r  HF and - 25 min f o r  U ( V 1 ) .  For experiments conducted 
w i t h i n  a n  enclosed volume, t h e  magnitude of a n  aerosol mass loss 
c o n s t a n t  is  reported t o  i n c r e a s e  with a n  inc rease  i n  a i r  motion 
( turbulence 1.  
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Table 3. Recovery of HF on membrane f i l t e r s  

H F  Distribution of total  recovered HF 
Exp t mass Prefilter Treated membrane Caustic trap 
no. balance* Description H F  recovery Description H F  Recovery H F  recovery 

1 97.5% Cellulose 9.7% NA 
acetate , 
untreated 
( 5pm pore, 
25 mm diam) 

2 

3 

98.5% N A  Ce 1 lu lose 
acetate , 
carbonate - 
impregnated 
(0.45 pm 
pore, 47 mm 
diam 1 

99.1% Teflon Ce l l u  lose 
( 1  pm pore acetate, 
4 7  mm diam) <0.003% formate- 

impregnated 
( 5  wn pore, 
47  mm diam) 

99.3% 

97.0% 

90.2% 

0.7% 

3.0% 

*Total recovered HF, referenced t o  calibrated permeation rate. 
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results from the chemical analysis of materials collected on membrane filters using 
a stationary sampling system: (0) represents concentrations of U(VI) as estimated 

from spectroscopic remote sensing. 
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REMOTE SENSING OF AEROSOL CONSTITUENTS 

R e m o t e  sensing of a e r o s o l  c o n s t i t u e n t s  would be advantageous i n  
p rov id ing  a real-time, concentration-dependent response t o  a c c i d e n t a l  
releases of UF6. P o t e n t i a l l y ,  remote sens ing  devices  could be employed 
t o  determine both t h e  magnitude and t h e  propagation of s p e c i f i c  aerosol 
c o n s t i t u e n t s .  

Optical  techniques have been app l i ed  t o  t h e  remote measurement of 
gaseous p o l l u t a n t  COnCentratiOnS. Hydrogen f l u o r i d e  has cha rac t e r -  
i s t i c  absorpt ion i n  t h e  near- infrared spectral region (Fig. 1 1  ), which 
h a s  been proposed as a b a s i s  f o r  s e l e c t i v e  remote sensing. 2 1 , 2 2  A 
major d i f f i c u l t y  i n  applying t h i s  technique t o  t h e  d e t e c t i o n  of HF i n  
t h e  atmosphere is  t h e  seve re  spectral i n t e r f e r e n c e  due t o  C02  and water 
vapor--note t h e  poor atmospheric t ransmission i n  t h e  region of 2.4 t o  
2.7 pm as shown i n  Figure 12. Another potent ia l  d i f f i c u l t y  i s  t h e  
s t r o n g  a s s o c i a t i o n  between HF and H 2 0  vapor, which i s  expected t o  cause 
apprec i ab le  spectral s h i f t s  . 

Ligh t  scatter is  an obvious candidate  f o r  t h e  remote sens ing  of 
particulate and condensate i n  a e r o s o l  suspensions.  Parameters which 
a f f e c t  t h e  i n t e n s i t y  of t h e  observed l i g h t  scatter inc lude  t h e  
following: ( 1  ) t h e  i n t e n s i t y  of t h e  i n c i d e n t  r a d i a t i o n ;  ( 2 )  t h e  ang le  
of  observat ion ( r e l a t i v e  t o  t h e  i n c i d e n t  beam); ( 3 )  t h e  wavelength of 
t h e  i n c i d e n t  r ad ia t ion ;  and ( 4 )  t h e  q u a n t i t y ,  s i z e ,  shape, and o p t i c a l  
properties of t h e  particles. 

The geometric dimensions of t h e  U02F2 particulates are comparable 
i n  magnitude t o  t h e  wavelength of visible r a d i a t i o n  (0.4 t o  0.7pm); 
under these  circumstances, t h e  s c a t t e r e d  r a d i a t i o n  i s  b e s t  descr ibed as 
Mie-type s c a t t e r i n g ,  which is  s t rong ly  concentrated i n  t h e  forward 
d i r e c t i o n  ( M i e  scat ter)-see Figure 13. Due t o  t h e  complexi t ies  of t h e  
M i e  l i g h t - s c a t t e r i n g  formulae, it is  d i f f i c u l t  t o  compute t h e  exac t  
re la t ionship between l i g h t  scatter and the concentrat ion of a specific 
p a r t i c u l a t e  a e r o s o l  component; however, t h e  t ransmission of v i s i b l e  
l i g h t  i s  a valuable,  nonintrusive means t o  monitor t h e  r e l a t i v e  s e t t l i n g  
rate of t h e  aerosol. 3 r  

The change i n  forward l i g h t  transmission, computed as absorbance, 
i s  shown i n  Figure 1413 fo r  a n  experimental  release of UF6; t h i s  is  t h e  
i d e n t i c a l  release f o r  which t h e  chemical d a t a  described i n  Figure 1 0  
w e r e  obtained. N o t e  t h e  p e r t u r b a t i o n  i n  l i g h t - s c a t t e r  s i g n a l  t h a t  
occurs  when a s m a l l  volume of gas (e.g. 1% t o  5 %  of to ta l )  i s  sampled 
(concurrent  use of s t a t i o n a r y  sampling system) and i s  re tu rned  t o  t h e  
experimental  chamber, temporarily in t roduc ing  a small amount of t u r -  
bulence. 

Comparison of t h e  l i g h t  scatter (Fig. 14B) t o  t h e  chemical analyses  
(Fig. 14A)  i n d i c a t e s  t h a t  l i g h t  scatter i s  indeed a s e n s i t i v e  means f o r  
t h e  d e t e c t i o n  of aerosol .  However, t h e  technique is  i n h e r e n t l y  non- 
s p e c i f i c .  Techniques r e l a t e d  t o  l i g h t  scatter, b u t  which can provide 
s p e c i f i c  chemical information, i nc lude  f luorescence and Raman spec t ros -  
COPY 
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Figure 14. Aerosol measurement following the atmospheric release of UF6 (-1 g in 
a contained volume of -0.2 m3). (A) Results from the chemical analysis of materials 
collected on membrane filters using an isokinetic sampling system. Particulate U02F2 

is collected on a 1 -pm pore Teflon prefilter, and HF is chemisorbed on a formate- 
impregnated cellulose acetate membrane. (B) Absorbance measurements (‘L60 cm 
pathlength), as performed with use of (1) a HeNe laser (solid line; X = 0.633 pm), 
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representing uranyl ion concentration. Csl windows were inserted into the test 

chamber to permit transmission of the IR  radiation. Arrows indicate times at which 
samples were withdrawn for chemical analysis (see Figure 14A) 



28 

Many uranyl  sa l ts  a r e  f luo rescen t .  In s o l u t i o n  phase, f l u o r i d e  i o n  
s t r o n g l y  enhances f luorescence  i n t e n s i t y ,  23 a s  shown i n  F igure  15. 
However, w e  noted very l i t t l e  f luorescence  r6sponse f o r  uranyl  f l u o r i d e  
i n  t h e  s o l i d  phase (e.g., as l i t t l e  as 0.3% of t h e  response measured f o r  
uranyl  n i t r a t e l - - s e e  Table 4. The f luorescence  of sol id-phase uranyl  
salts  appear t o  be s t rong ly  a f f e c t e d  by c r y s t a l  p r o p e r t i e s  and by the  
e x t e n t  of hydrat ion.  24 

A sample of a-UO2F2.1.5H20, with r e l a t i v e l y  l a rge  c r y s t a l s ,  pro- 
duced an  i n t e n s e  Raman s i g n a l  a t  868 m'', a t t r i b u t a b l e  t o  the  symmetric 
s t r e t c h i n g  frequency of t he  uranyl  ion.  Unfortunately,  t h e  very small 
particles from UF6-release f a l l o u t  f a i l e d  t o  give a s i g n a l  which w a s  
d i s t i n g u i s h a b l e  from background; presumably, t h i s  is due t o  t h e  exten- 
s i v e  rescatter of t h e  weak Raman s i g n a l  s t imula ted  wi th  0.514vm 
r a d i a t i o n  . 

P a r t i c u l a t e  material from the  plume produced i n  an experimental  
release of UF6 w a s  c o l l e c t e d  onto a hydrophobic polyvinylch lor ide  mem- 
brane f i l t e r  using t h e  previously descr ibed  sampling device.  The 
exposed membrane was then scanned d i r e c t l y  i n  an  i n f r a r e d  ( I R )  spec t ro -  
meter. (A similar procedure has been used for t h e  d i r e c t  I R  a n a l y s i s  of 
f r e e  c r y s t a l l i n e  s i l ica  i n  r e s p i r a b l e  dus t .25 )  The spectra of t h i s  
sample and of an  unexposed membrane are shown i n  Figure 16. A s t r o n g  
sample-specif ic  absorp t ion  i s  evidenced a t  955 cm'l ( -  10.5pm), due t o  
t h e  asymmetric s t r e t c h i n g  frequency of t h e  uranyl  ion. Addi t iona l  
absorp t ions  are observed at ( a t t r i b u t e d  t o  waters of hydra- 
t i o n )  and a t  ,., 430 cm-' ( t e n t a t i v e l y  a t t r i b u t e d  t o  a U-F s t r e t c h ) .  

1625 cm'l 

The uranium-select ive absorp t ion  a t  10.5 u m  o f f e r s  a convenient 
means f o r  t he  remote sens ing  of U02F2 aerosol .  This wavelength i s  i n  a 
reg ion  of minimal spectral i n t e r f e r e n c e  by atmospheric gases  and i s  
s e l e c t a b l e  as the  10P6 t r a n s i t i o n  of a C02  laser ( A  = 10.46um); see 
Figure 12. An a d d i t i o n a l  advantage i s  t h e  fact  t h a t  t h i s  wavelength is  
r e l a t i v e l y  long compared t o  the  average particle s i z e ,  thus  minimizing 
s c a t t e r i n g  effects. 

Absorption of r a d i a t i o n  a t  t h i s  wavelength dur ing  an  experimental  
r e l e a s e  of UF6 is  i l l u s t r a t e d  i n  Figure 1 4 ~ .  The U(VI)-selective 
abso rp t ion  i s  seen t o  paral le l  the nonspec i f ic  Mie scatter, b u t  t h e  
s e n s i t i v i t y  i s  reduced by an  o rde r  of magnitude. A l s o ,  as expected, t h e  
I R  absorp t ion  c lose ly  p a r a l l e l s  t h e  U ( V 1 )  concent ra t ion  i n  t h e  a e r o s o l  
(Fig. 14A). The combination of chemical and spectral d a t a  permit  t h e  
computation of an absorbance c ros s  s e c t i o n  (a) :  

a = 2.303 A 
n l  

where A = Absorbance 

3 n = Molecules/cm 

1 = Absorption pa th length ,  cm.  
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Table 4. Solid-phase f luorescence 

I n t e n s i t y  
Sample ( a r b i t r a r y  u n i t s )  

Background 0.1 

"U02F2" (Recent a e r o s o l  1.8 
depos i t i on  products 1 
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The absorbance c ros s  s e c t i o n  es t imated  f o r  U02F2 ,  and HF a t  
t h e i r  I R  absorp t ion  maxima are compared i n  Table 5; note  t h a t  t h e  sen- 
s i t i v i t y  f o r  U 0 2 F 2  [as U ( V I ) ]  i s  approximately t w o  orders  of magnitude 
g r e a t e r  than t h a t  f o r  HF. 

CONCLUSION 

In conclusion, w e  have used a v a r i e t y  of phys i ca l  and chemical 
techniques t o  examine the  products  from the  atmospheric hydro lys is  of 
UFg. Of a l l  t h e  properties of t he  aerosol ,  t h e  most s a l i e n t  is  t h e  
small s i ze  of t h e  U02F2 p a r t i c l e s  which are produced. Particle s i z e  
a f f e c t s  t he  mode of d i spe r s ion  and t h e  rate of sedimentat ion of t hese  
particulates.  The particles are formed i n  t h e  s ize  range of " r e s p i r a b l e  
d u s t , "  thus  a f f e c t i n g  t h e  mode and e x t e n t  of t h e i r  i nges t ion  (and, 
hence, t h e i r  t o x i c o l o g i c a l  e f f e c t ) .  

Particle s i z e  also a f f e c t s  t he  e f f i c i e n c y  for  t h e  c o l l e c t i o n  of 
a e r o s o l  wi th  t h e  use  of s t a t i o n a r y  sampl5ng devices  and t h e  s e n s i t i v i t y  
f o r  t he  remote sens ing  of t he  materials wi th  use of such nonse lec t ive  
p h y s i c a l  measurements as ion ized  smoke d e t e c t i o n  or l i g h t  scatter. 

I n  t h e  t e x t ,  w e  descr ibe  an  improved sampling procedure f o r  t h e  
separate c o l l e c t i o n  of p a r t i c u l a t e  f l u o r i d e s  and H F  vapor. With t h e  use  
of  t h i s  technique, w e  are a b l e  t o  compute t h e  sedimentat ion rates f o r  
each component of t he  a e r o s o l  and t o  demonstrate t he  more r ap id  sedimen- 
t a t i o n  of t h e  uranyl  f 1uori.de component. 

W e  demonstrate t he  a p p l i c a b i l i t y  of laser spectroscopy ( M i e  scatter 
and I R  absorbance measurements) for  t h e  remote sens ing  of a e r o s o l  com- 
ponents .  The uranyl -se lec t ive  absorbance a t  - 10.5pm i s  recommended f o r  
t h e  q u a n t i t a t i v e  remote measurement of t he  concent ra t ion  of t h e  uranium 
component of t he  aerosol. 

http://1uori.de


3 3  

. 
Table 5. Absorption cross sect ions  ( U )  for  se lected  

compounds a t  the ir  I R  absorption maxima 

Co mpou nd 

Uranium hexafluoride 

A (urn) u (cm2) 

16.00 6 x lo”* 

Uranyl f luoride 10.46 4 x 10’18 

Hydrogen fluoride 2.45 6 x 
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