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T h i s  r e p o r t  d e s c r i b e s  t h e  chemical and p h y s i c a l  p r o p e r t i e s  of 
a e r o s o l s  and combustion products  produced from t h e  burn ing  of two m i l i -  
t a r y  obscuran t  sources :  red  phosphorus con ta in ing  b u t y l  rubber  (RPBR) 
and wh i t e  phosphorus impregnated i n  f e l t  (WPF). Par t icular  emphasis 
has  been p laced  on chose p r o p e r t i e s  of t o x i c o l o g i c a l  i n t e r e s t .  Aero- 
s o l s  formed under  two d i f f e r e n t  g e n e r a t i o n  cond i t ions  have been inves-  
t i g a t e d .  In  one, w i t h  RPBB o n l y ,  t h e  material w a s  so f t ened  w i t h  
hexane, ex t ruded  and burned cont inuous ly  f o r  i n t r o d u c t i o n  i n t o  chambers 
a t  a uniform c o n c e n t r a t i o n  f o r  i n h a l a t i o n  tox ico logy  t e s t i n g .  In  t h e  
o t h e r ,  where both R W K  and WPF were burned f o r  chemical comparison, 
f ragments  of  t h e  materials w e r e  p laced  on a s u r f a c e  and burned i n  a 
convec t ive  a i r  flow. I n  a d d i t i o n ,  t h e  RPBR source  material has been 
analyzed f o r  composi t ion and i m p u r i t i e s .  

Aerosol  par t ic les  produced from burning phosphorus are p r e s e n t  as 
concen t r a t ed  s o l u t i o n s  of phosphoric  a c i d  i n  water. I n  humid a i r ,  t h e  
phosphorus burns t o  form phosphorus pentoxide and hydra t e s  t o  form t h e  
phosphoric  a c i d  which t h e n  absorbs  more water vapor t o  Eom t h e  aqueous 
a e r o s o l  p a r t i c l e s .  The a c i d  concen t r a t ion  i n  t h e  p a r t i c l e s  var ies  w i t h  
humidity.  A t  the lowes t  humidi ty  s t u d i e d ,  14 p e r c e n t ,  the a e r o s o l  com- 
p o s i t i o n  w a s  83 percen t  phosphoric  a c i d ;  a t  84  percen t  r e l a t i v e  
humdity-, a c o n c e n t r a t i o n  of 31 percen t  phosphoric  a c i d  w a s  found. 

The phosphoric  a c i d  e x i s t s  i n  t h e  a e r o s o l  p a r t i c l e s  i n  polymeric  
form. L inea r  polyphosphate  cha ins  w i t h  as many as 18 phosphorus atoms 
have been r e so lved  by anion  exchange chromatography. In  a d d i t i o n ,  more 
complex polymeric  forms c o n t r i b u t e  t o  t h e  an ion  exchange p r o f i l e .  Only 
minor changes were observed i n  t h e s e  polymer p r o f i l e s  w i th  changes i n  
burn Condit ions i n  t h e  cont inuous ly  genera ted  a e r o s o l  from RPBR. In  
t h e  f r e e  burn experiments  w i t h  both  KPBR and WPF, t h e  higher polymers 
were not  e v i d e n t .  No pronounced d i f f e r e n c e s  were seen when comparing 
t h e  smokes from KPBK and WPF. The polymeric c h a r a c t e r  of t h e  a e r o s o l  
appa ren t ly  depends more on t h e  cond i t ions  under which i t  w a s  burned 
t h a n  on whether i t  w a s  r e d  o r  wh i t e  phosphorus. 

Aerosol  p a r t i c l e  s i z e  w a s  measured by cascade impactor  techniques.  
I n  a l l  exper iments ,  mass median d i ame te r s  found were wi th in  t h e  r e s p i r -  
a b l e  l i m i t ,  va ry ing  from 0.4 t o  1.0 micrometers d iameter  depending on 
g e n e r a t i o n  c o n d i t i o n s ,  age ,  and humidity.  Cont inuously genera ted  
a e r o s o l s  were n e a r e r  t h e  smaller s i z e  l i s t e d  above whi le  t hose  produced 
from f r e e  burns were nea r  t h e  upper l i m i t .  The r e s i d e n c e  t i m e  of t h e  
a e r o s o l  i n  t h e  exposure chamber had a l a r g e r  i n f l u e n c e  on  p a r t i c l e  s i z e  
t h a n  d i d  humidi ty  i n  t h e  range  s tud ied .  

The a e r o s o l s  and exyosure atmospheres were examined f o r  o rgan ic  
compounds and o t h e r  trace i m p u r i t i e s  of p o s s i b l e  t o x i c o l o g i c a l  i n t e r -  
est. Phosphine w a s  no t  d e t e c t e d ,  and e l emen ta l  phosphorus w a s  s een  
only  w i t h  s e n s i t i v e  d e t e c t i o n ,  bu t  a t  non-s igni f icant  l e v e l s .  Traces 
of hexane w e r e  d e t e c t e d  i n  so f t ened  RPBR; methylene c h l o r i d e  was not.  
Total o r g a n i c  carbon ana lyses  were performed t o  e s t a b l i s h  an upper 
l i m i t  t o  o r g a n i c  i m p u r i t i e s  t h a t  might ar ise  from t h e  sou rce  materials. 
R e s u l t s  i n d i c a t e d  no more than  0.04 percen t  o r g a n i c  c o n t r i b u t i o n  t o  t h e  
ae roso l .  Traces of  carbon monoxide and n i t r o g e n  oxides  w e r e  d e t e r -  
mined, but  a g a i n  t h e s e  were below e s t a b l i s h e d  t o x i c i t y  l i m i t s .  
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INTKODUCT ION 

The combustion p roduc t s  of two phosphorus-containing obscuran t s  
t h a t  are i n  t h e  m i l i t a r y  inventory  -- r e d  phosphorus-butyl rubber  
(RPBR) and wh i t e  phosphorus impregnated i n  f e l t  (WPF) -- have been 
chemica l ly  and p h y s i c a l l y  c h a r a c t e r i z e d  in suppor t  of t h e  tox ico logy  
program of t h e  U. S. Army Medical Bioengineer ing Research and Develop- 
ment Labora tory ,  F o r t  D e t r i c k ,  F rede r i ck ,  MD. A d d i t i o n a l l y ,  s i n c e  t h e  
RPBK f o r m u l a t i o n  is  s t i l l  developmental ,  t h e  p a r t i c u l a r  ba t ch  of mate- 
r i a l  t h a t  i s  be ing  used i n  t h e  ongoing t o x i c o l o g i c a l  s t u d i e s  a t  t h e  
I l l i n o i s  I n s t i t u t e  of Technology Research I n s t i t u t e ,  Chicago, IL, has 
been analyzed. 

I n  Army f i e l d  use ,  t h e s e  two obscurant: systems are deployed explo- 
s i v e l y  from grenades o r  howitzer  s h e l l s .  Fragments of t h e  phosphorus 
fo rmula t ions  i g n i t e  and produce a dense and obscur ing  white  cloud. 
Both fo rmula t ions  are p r i m a r i l y  phosphorus in one of i t s  elemental 
forms,  bu t  c o n t a i n  o r g a n i c  b i n d e r s  ( f e l t  o r  b u t y l  rubber)  added f o r  
py ro techno log ica l  reasons.  These o r g a n i c  c o n s t i t u e n t s  and t h e i r  t r a n s -  
format ion  p roduc t s  may a l s o  be p r e s e n t  i n  what i s  p r i m a r i l y  an i no r -  
g a n i c  smoke matrix,  and are p o t e n t i a l  c o n t r i b u t o r s  t o  t h e  t o x i c i t y  of 
t h e  smoke. The a n a l y t i c a l  work presented  h e r e  a l s o  addres ses  t h e s e  
i m p u r i t i e s  as w e l l  as o t h e r  i m p u r i t i e s  of t o x i c o l o g i c a l  i n t e r e s t ,  

To put  t h e  a n a l y t i c a l  r e s u l t s  i n  p e r s p e c t i v e ,  w e  s h a l l  b r i e f l y  and 
simply review the primary cheinical p rocesses  tha t  u n d e r l i e  t h e  forma- 
t i o n  o f  t h e  ae roso l .  Elemental  phosphorus,  in e i t h e r  of i t s  a l l o t r o p i c  
forms, bu rns  i n  a i r  t o  form phosphorus pentoxide: 

Incomplete  o x i d a t i o n  t o  lower v a l e n t  phosphorus oxides i s  a l s o  poss- 
i b l e ,  bu t  t h e s e  would not  be expec ted  i n  major amounts i n  t h e  s t r o n g l y  
o x i d i z i n g  c o n d i t i o n s  t h a t  occur  i n  obscurant  deployment. In  even 
s l i g h t l y  humid a i r ,  t h e r e  i s  s u f f i c i e n t  water vapor s o  t h a t  t h e  phos- 
phorus pentoxide  reacts t o  form phosphoric  ac id :  

and then  f u r t h e r  h y d r a t e s  t o  form l i q u i d  a e r o s o l  p a r t i c l e s  t h a t  may be 
regarded as a concen t r a t ed  s o l u t i o n  of phosphoric  a c i d  i n  water. The 
a c i d  c o n c e n t r a t i o n  of t h i s  s o l u t i o n  depends on t h e  water vapor concen- 
t r a t i o n  i n  t h e  a e r o s o l  atmosphere. 

I n  eq. ( 2 )  w e  have w r i t t e n  t h e  s t o i c h i o m e t r i c  formula f o r  or tho-  
phosphoric  acid. The formal  composi t ion of t h e  a e r o s o l  p a r t i c l e s  may 
always b e  expressed  i n  t h e s e  terns; e.g., pe rcen t  phosphoric  ac id .  
Chemical ly ,  t h e  phosphoric  a c i d  may ex is t  as polymers. Both l i n e a r  
polymeric  cha ins ,  e .g . ,  o r tho- t r ipo lyphosphor ic  ac id :  

OH OH OH 
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and c y c l i c  forms; e .g . ,as  t r imetaphosphor ic  ac id :  

0 0 

are known t o  e x i s t .  More complicated forms such  as branched chatms and 
mixed c y c l i c - l i n e a r  forms are undoubtedly p o s s i b l e .  A l l  of t h e  forms 
can be cons idered  t o  h e  formed from o-phosphoric a c i d  by dehydra t ion-  
po lymer i za t ion  r e a c t i o n s  of the type:  

3 H3P04 --> B5P3O10 + 2 H20 

3 H3PO4 --> H3P303 +- 3 820 

R. F. Jameson(l)  has  shown t h a t  
e x i s h  a t  equ i l ib r ium only i n  exceedingly  
t h e  composi t ion o f  t h e  s o l u t i o n  exceeds 
weight  p e r c e n t  phosphorus pentoxide  (100 

( t r i poly phos pbo r i c a c i d )  

(t rim& aphos phor i c  a c i d )  

polymeric  phosphoric  a c i d s  
concen t r a t ed  s o l u t i o n s ,  when 

73 p e r c e n t  when expressed  as 
percen t  expressed  as  weight  

p e r c e n t  H 3 P 0 4 ) .  Liquid s o l u t i o n s  of this concen t r a t ion ,  and 
h i g h e r ,  cac h e  formed by a d d i t i o n  of phosphorus pentoxide  t o  ortho 
phosphoric  a c i d  o r  by dehydra t ion  of phosphoric  a c i d  s o l u t i o n s .  A s  t h e  
c o n c e n t r a t i o n  i n c r e a s e s ,  l onge r  c h a i n s  and t h e  nore complicated f oras 
are produced and exis t  a t  equ i l ib r ium.  I n  t h e  d a t a  we s h a l l  p r e s e n t ,  
a e r o s o l  composi t ions were always less Lhan 84 p e r c e n t  phosphoric  a c i d  
( 6 1  2ercent  expressed  as phosphorus pentoxide) ,  y e t  a wide  v a r i e t y  OE 
polymers w a s  found. These are e v i d e n t l y  not  i n  thermdynamic  e q u i l i b -  
r im ,  b u t  e x i s t  because of  t h e  s low rates of depolymerizat ion,  One can 
e n v i s i o n  t h e i r  format ion  i n  t h e  fo l low- lng  manner. Water i s  progres-  
s i v e l y  absorbed by t h e  nascen t  phosphorus pentoxide.  F o r  a s h o r t  t i m e ,  
t h e  r a t P o  o f  phosphorus pentoxide  t o  water i s  very  high. Under t h e s e  
c o n d i t i o n s ,  very  h igh  polymers can form r a p i d l y .  As more water i s  
absorbed t o  d i l u t e  t h e  a c i d ,  t h e  equ i l ib r ium cond i t ions  are r eve r sed ,  
bu t  because of t h e  s lowness  of t h e  depolymer iza t ion  r e a c t i o n ,  t h e  
h i g h e r  polymers e x i s t  more o r  less s t a b l y  throughout  the l i f e t i m e  ~f 
t h e  aerosol. 

MATEKIALS AND METHODS 

RAW MATEKL4LS 

R W K .  The RPBR used i n  t h e s e  experiments  was a n  engineering devel-  
opment b a t c h  (105 K g )  ob ta ined  from t h e  U.S. Aray Chemical Research arid 
- 
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Development Center  ( C K N  1,  Aberdeen Proving Ground, MD. The formula- 
t i o n  had been prepared  by mixing o i l e d  red phosphorus w i t h  bu ty l  rubber  
i n  t h e  presence  of methylene c h l o r i d e  which s e r v e s  as a s o f t e n i n g /  
s w e l l i n g  agent  f o r  t h e  rubber.  The b u t y l  rubber  i s  added a t  a nominal 
f i v e  pe rcen t  of  t h e  phosphorus. After thorough mixing, the material 
w a s  mechanical ly  ex t ruded  through one-quarter  i n c h  d i e s  and chopped 
i n t o  s m a l l  p e l l e t s ,  It w a s  t hen  dus t ed  l i g h t l y  w i t h  t a l c  t o  prevent  
cohesion o f  t h e  i n d i v i d u a l  p e l l e t s ,  and oven d r i e d  a t  low temperatures 
t o  remove t h e  methylene ch lo r ide .  

Fo r  much of t h e  work r e p o r t e d  h e r e ,  t h e  RPBR has  been f u r t h e r  
processed t o  a l low e x t r u s i o n  i n  t h e  QRNL extrusion-combustion gene- 
r a t o r . ( * )  The material is  so f t ened  by t h e  a b s o r p t i o n  of hexane 
vapors  t o  7 t o  8 e r c e n t .  The d e t a i l s  of t h i s  s o f t e n i n g  procedure are 
g iven  elsewhere.  < 5 
- WPF. A phosphorus con ta in ing  c y l i n d e r  from a 15S-mm a r t i l l e r y  

s h e l l  w a s  r ece ived  f r o @  t h e  Aray v i a  t h e  I l l i n o i s  I n s t i t u t e  of Tech- 
nology Research I n s t i t u t e ,  Chicago, JL. This  s t a i n l e s s  steel c a s i n g  
w a s  c u t  open under water and t h e  wh i t e  phosphorus-fel t  wedges were 
s e p a r a t e d  from the i n t e r n a l  s p a c e r s  and phosphorus scrap. I n  a l l ,  108 
wedges w e r e  harves ted .  Each was shaped as a 90  degree  s e c t o r  of a 12.7 
c m  d iameter  c i rc le  and was 2 . 2  cm t h i ck .  The average  weight p e r  wedge 
w a s  6 5  g and c o n s i s t e d  nominally of  80 p e r c e n t  f f - w h i t e  phosphorus 
impregnated i n  a wool f e l t  matrix material. They were s t o r e d  under 
water p r i o r  t o  use.  

ANALYTICAL METHODS FOR THE RPBR FORMULATION 

C h a r a c t e r i z a t i o n  of t h e  r a w  material i s  r e q u i r e d  t o  ensu re  a uni-  
form product  f o r  smoke g e n e r a t i o n  f o r  t h e  i n h a l a t i o n  toxicology and t o  
i d e n t i f y  any c o n s t i t u e n t s  which may have t o x i c o l o g i c a l  consequence i n  
t h e  exposure experiments .  Parameters which were measured on  a r o u t i n e  
b a s i s  f o r  q u a l i t y  a s su rance  of KPBR are t o t a l  phosphorus ~ o r g a n i c  
e x t r a c t a b l e s ,  and hexane s o f t e n i n g  agent.  Other c o n s t i t u e n t s  t h a t  have 
been measured are e l emen ta l  irnpuri ties, and r e s i d u a l  methylene 
c h l o r i d e .  

T o t a l  Phosphorus. Phosphorus is  determined g r a v i m e t r i c a l l y  as 
magnesium pyrophosphate fo l lowing  d i s s o l u t i o n  of t h e  RPBR i n  n i t r i c  
a c i d  and bromine. ( 4 )  

Organic  E x t r a c t a b l e s .  Organic c o n s t i t u e n t s  are e x t r a c t e d  wi th  
hexane and c o n s i s t  p r i m a r i l y  of b u t y l  rubber  and minera l  o i l .  Approxi- 
mately 5 g of RPBR i s  weighed and p laced  i n  a t a r e d  c e n t r i f u g e  t u b e  t o  
which 5 mL of  hexane are  added. The ia ixture  i s  shaken vigorous ly  t o  
break  up t h e  sample. The tube  i s  t h e n  c e n t r i f u g e d  f o r  10 min and t h e  
s o l v e n t  decanted i n t o  a weighed b o t t l e .  This procedure i s  repea ted  
twice, adding t h e  s o l v e n t  t o  t h e  same b o t t l e .  The b o t t l e  is  d r i e d  t o  
remove hexane, and t h e  weight  l o s s  i s  taken  as t h e  amount of o r g a n i c  
e x t r a e t a b l e s .  Three s e p a r a t e  de t e rmina t ions  are made and t h e  average  
i s  r e p o r t e d  as t h e  pe rcen t  e x t r a c t e d .  
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An alterinate procedure. i n which the colleeterl hexane sol.vemt i s  
s lowly evapora t ed  i n  a s t r e a m  of dry n i t r o g e n  anid t h e  residue weighed 
w a s  a l s o  i n v e s t i g a t e d .  G e n e r d l y  t h i s  alterciate procedure y i e l d e d  
resu l t s  which were s l . igh t ly  lower (ca. 0.25 p e r c e n t )  This  may r e f l ec t  
the  presence of s l i g h l l y  v o l a t i l e  o r g a n i c  components. 

Hexane. %ne q u a n t l i y  of hexane added t o  s o f t e n  Che ZPBR f o r  extra- -..._ .... - 
s i o n  i n  the generacars i s  determined g r a v i m e t r i c a l l y .  

EIFwrcal O i l .  S i ze  e x c l u s i o n  l i q u i d  chromatography w a s  used t o  
de t e rmine  the o i l  con ten t .  The organics  are  f i r s t  e x t r a c t e d  from t h e  
raw material w i t h  hcxarw and t h e  s o l v e n t  s lowly evaporated w i t h  a 
strem. of n i t rogen .  a i s  i s  t h e n  t r e a t e d  t w f c e  wtth 5 mL p o r t i o n s  of 
methylene c h l o r i d e  which extracts t h e  o i l .  Thz methylene c h l o r i d e  i s  
ev.aporatc4 under d ry  n i t r o g e n  and t h e  res idue t aken  up i t 1  t e t r ahydro -  
f u r a n  (TEE). An a l i q u o t  of the THP sample  io chromatograliJied on two 
size e x c l u s i o n  colinlnris connected i n  series: PL ge l  100 A ,  ( 5  urn), 
and PL gel. 50 (5 p i u r ) .  Both columrs are 30  cm x 7 . 7  ma X . D .  and 
were purchased from Applied Science,  State  Co l l ege ,  PA. 'file samples 
are  analyde? i soc ra t i ca l -Ly  using THF as t h e  mobile  phase a t  0.7 aL/min, 
d e l i v e r e d  by a Laboratory Data Cont ro l  ( L E )  1.C System Support  Unit  1 
pimp.  The o i l  peak e lu tes  i n  about  2 5  m i n  and i s  d e t e c t e d  by a Model 
1109 LW l b f r a c t o m o n i t o r  I1 d i f f e r e n t i a l  re f rac toroe ter .  The peak 
h e i g h t  i s  p r o p o r t i o n a l  Lo t h e  concasntration i n j e c t e d .  Standards €or  
c o m p a r b s ~ n s  are  prepared from p u r e  mine ra l  o i l  d i s s o l v e d  i n  TW. 

-_.I...-- 

Elecierttd Irnpurit i<?s.  RPBR analy2ed f o r  t r a c e  metals by OPE- 
i c a l  emission spec t roscopy  and by i n d u c t i v e l y  coupled plasma spectros- 
copy (ICP) which p rov ide  s e m i q u a n t i t a t  ive  and q u a n t i t a t i v e  d a t a ,  
r e s p e c t i v e l y .  Standard procedures were used f o r  t h e  de t e rmina t ions ,  

_l__ll^- 

Ks t hy lene  Ch lo r ide  e W B R  vas a l s o  exairtined f o r  r e s t d u a l  mcl..liylcne 
c h l o r i d e  hccause of t h e  use  of t h a t  s o l v e n t  i n  t h e  n a n u f a c t u r e  of t h e  
inaterial and because of t h e  po ten t i a l .  t o x i c i t y  of c h l o r i n a t e d  hydro- 
c a r b o n s .  One gram samples were e x t r a c t e d  w i t h  i sop ropano l ,  a l l owing  a t  
least 30 m i n  of c o n t a c t  t i m e  w i t h  t h c  s o l v e n t .  The i sop ropano l  so lu -  
t i o n  was then  analyzed bo th  by a / F 1 1 )  and =/?Is w i t h  chromatographic 
s e p a r a t i o n s  inade on a 1.8 m x 3 inm O.D. g lass  column packed w i t h  1 
perca ,n t  SP 1000 o n  Garbopack A ( 6 0 J S O  m e s h ) .  'i'lie colainn w a s  ope ra t ed  
i so thPrma l ly  a t  90°C w i t h  a helium carr ier  gas flow rate s f  30 inL/min. 
G C / P I D  a n a l y s e s  were conducted on a Pe rk in  Elmer 3920 B gas chromato- 
g raph  equipped w i t h  i l ia on-column i n j e c t o r .  The i d e n t i t y  was confirmed 
by MS d e t e r m i n a t i o n s  made on a Hewlett-Packard 5935 A instrument w i t h  
t h e  e l e c t r o n  impact source a t  70 eV, 

- . - - 

CONXUSTTON PKOCESS 

I2"lost of t h e  r e s u l t s  r e p o r t e d  here refer t o  phosphorus smoke from 
the combustion of  RPBR produced at known and umif o r a  c o n c e n t r a t i o n s  
u s i n g  ~ : i s t *  OKNL e x t r u s i o n  combustion gene ra to r .  The d e s i g n  and opera- 
t i o n  of t h i s  sytern has been S r i e f l y ,  RFBa s o f t e n e d  
by t h e  i n c l u s i o n  o f  hexane was extruded t h rough  a n  o r i f i c e  and t h e  
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emerging f i l a m e n t  cont inuous ly  burned i n  a stream of air .  A t  c o n s t a n t  
e x t r u s i o n  rate and a i r f l o w ,  a n  a e r o s o l  of uniform c o n c e n t r a t i o n  was 
produced f o r  b i o l o g i c a l  o r  chemical  s t u d i e s .  The a e r o s o l  w a s  c a r r i e d  
t o  exposure chambers through f l e x i b l e  s t a i n l e s s  s teel  tubing.  To 
minimize the i n t e r f e r e n c e  frorn a r t i f a c t u a l  o rgan ic s ,  an a l l  g l a s s  and 
metal appa ra tus  h a s  been used. A t  t h e  o u t s e t  of t h i s  work, it w a s  
recognized t h a t  t h e  a i r  v e l o c i t y  a c r o s s  t h e  burn ing  phosphorus f i l a m e n t  
may i n f l u e n c e  t h e  a e r o s o l  chemistry.  Most o f  t h e  work w a s  performed 
h e r e  wi th  sampling from a s m a l l ,  425 L chamber w i t h  a i r  throughputs  of 
250 L/min, wh i l e  t h e  tox ico logy  a t  I l l i n o i s  I n s t i t u t e  o f  Technology 
Research I n s t i t u t e  w a s  c a r r i e d  o u t  i n  approximately 1400 L chambers a t  
500 Llmin. To ma in ta in  a n  a i r  v e l o c i t y  equ iva len t  t o  t h e  I I T R I  burn 
c o n d i t i o n s ,  a r e s t r i c t o r  w a s  p laced  before  t h e  burn s i t e  t o  c o n t r o l  t h e  
a i r  v e l o c i t y .  Aerosol  concen t r a t ions  were c o n t r o l l e d  by a d j u s t i n g  t h e  
e x t r u s i o n  rate and were monitored on-l ine wi th  a b a c k s c a t t e r i n g  
p a r t i c l e  sensor .  N o i s t u r e  l e v e l s  of  the incoming air were c o n t r o l l e d  
i n  t h e  range  from 2 0  t o  85 percent .  Details o n  t h e  manner i n  which 
s p e c i f i c  g e n e r a t o r  c o n d i t i o n s  were v a r i e d  t o  s tudy  t h e i r  effects  on 
a e r o s o l  composi t ion are desc r ibed  i n  corresponding s e c t i o n s  of t h i s  
r epar t . 

I n  a d d i t i o n  t o  the product ion  of a e r o s o l  u s ing  t h e  g e n e r a t o r ,  both 
RPBR and W P F  were " s t a t i c a l l y  burned". Simply, f ragments  of  t h e  mate- 
r i a l  were burned i n  a i r  and t h e  smoke c a r r i e d  t o  t h e  chambers f o r  
sampling as desc r ibed  above. A more o r  less cont inuous g e n e r a t i o n  of 
a e r o s o l  w a s  achieved by manually adding ano the r  fragment of  t h e  phos- 
phorus as t h e  flame from previous  ones began t o  subs ide .  Again t h e  
a e r o s o l  c o n c e n t r a t i o n  w a s  monitored us ing  on-l ine p a r t i c l e  s enso r s .  
T h e  c a p a b i l i t y  of  obse rv ing  t h i s  i n s t an taneous  c o n c e n t r a t i o n  a ided  t h e  
o p e r a t o r  i n  ma in ta in ing  a more uniform chamber c o n c e n t r a t i o n  as samples 
were be ing  t aken  f o r  a n a l y s i s .  The phosphorus fo rmula t ions  were burned 
on t h e  s u r f a c e  of a bed of clean sand. The r a t i o n a l e  f o r  t h e  s t a t i c  
burn  experiments  was two-fold. F i r s t ,  i t  was d e s i r e d  t o  compare t h e  
saoke from t h e  two fo rmula t ions  under similar burn c o n d i t i o n s ,  and t h e  
technology f o r  ex t rud ing  t h e  WPF w a s  not a v a i l a b l e .  Secondly,  t h e  
s t a t i c  burn  more c l o s e l y  m i m i c s  t h e  product ion  of smoke i n  t h e  second 
phase of  t h e  f i e l d  usage,  i.e., p a r t i c l e s  burning o n  t h e  ground w i t h  
only  convec t ive  a i r  f low a c r o s s  t h e  burn. 

N o  d i r e c t  comparisons of f i e l d  genera ted  smoke and our  l a b o r a t o r y  
s i m u l a t i o n s  have been made. It is  t h e r e f o r e  a p p r o p r i a t e  t o  d i s c u s s  t h e  
type  of burn ing  c o n d i t i o n s  t h a t  e x i s t  when an obscurant  charge i s  
deployed. W e  cons ide r  h e r e  p r i m a r i l y  d i f f e r e n t  a i r  flow cond i t ions ;  
this flow c o n t r o l s  the r a p i d i t y ,  the tempera ture ,  and completeness of 
the o x i d a t i o n  p rocess  and might be  i inportant  no t  on ly  f o r  t h e  phospho- 
r u s  chemis t ry ,  b u t  a l s o  f o r  t h a t  of t h e  o r g a n i c  b inde r s .  Two extremes 
o f  c o n d i t i o n s  e x i s t .  The e x p l o s i v e  charge  i g n i t e s  t h e  phosphorus and 
p r o p e l s  i t  a t  h igh  v e l o c i t y  through t h e  a i r  where p a r t  o f  i t  burns t o  
form smoke. The obscuran t  systems are designed,  however, s o  t h a t  a 
f r a c t i o n  of t h e  material reaches  the ground and con t inues  t o  burn,  bu t  
more s lowly and w i t h  much less access t o  oxygen. In t h e  gene ra to r  
t h e r e  is a r e l a t i v e l y  h i g h  v e l o c i t y  of a i r  a c r o s s  t h e  burning phospho- 
rus. This  mimics cond i t ions  t h a t  e x i s t  d u r i n g  t h e  a i r  b u r s t .  Condi- 
t i o n s  t h a t  e x i s t  i n  t h e  s ta t ic  burn ing  appa ra tus  more c l o s e l y  m i m i c  
smoldering on the ground. 
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ANALYTICAL METHODS FOR C@fBUST LON PKODUCTS 

Aeroso l  

Aerosol  Concen t r a t ion  Iktermiueations ‘Pie c o n c e n t r a t i o n  of t h e  
phosphorus a e r o s o l  can h e  expressed as the wp-8ght of t o t a l  aerosol  per  
u n i t  volume of a i r  sampled o r  a s  t h e  wefght of phosphoric  a c i d  pe r  u n i t  
volume. Hoth are  s a t i s f a c t o r y  as measures of aerosol c o n c e n t r a t i o n ,  
b u t  t h e  weight  e o n c e n t r a t i o n  is humidity dependent The a e r o s o l  
par t ic les  absorb water Lo approach a n  e q u i l i b r i u m  w i t h  t h e  waker vapor  
concen t r a t ion .  The phosphoric  acid c o n c e n t r a t i o n  i s  more d i r s c t l y  
r e l a t e d  t o  t h e  amount of phosphorus burned. TWQ methods were used to 
monitor  the weight  c o n c e n t r a t i o n  of t h e  a e r o s o l .  Saxples drawn from 
the exposure chamber a t  known and monitored f l o w  ra tes  onto  glass f i b e r  
f i l t e r s  (Cambridge F i l t e r  Co,? provided average valries over  t h e  
sampling per iod.  To monitor t he  a e r o s o l  c o n c e n l r a t i c ~ n  cont inuously a 
l i g h t  s c a t t e r i n g  technique which has  been prewiously d e s c r i b e d  was 
used.(5) B r i e f l y ,  t h i s  method re l ies  on a p h o t o t r a n s i s t o r  t o  
d e t e c t  l i g h t  s c a t t e r e d  backvard from the  aerosol particles. The l i g h t  
s o u r c e  i s  a l i g h t  e m i t t i n g  d iode  (LED> moiinted b e s i d e  the phototran-  
sistor. The s i g n a l  produced is ampl i f i ed  and used fo d r i v e  a d i g i t a l  
v o l t m e t e r ,  s t r i p  c h a r t  r e c o r d e r ,  o r  o t h e r  q igna l  r e c o r d l n g  dev ices ,  
The monitor w a s  c a l i b r a t e d  t o  y i e l d  a s p e c i f i c  s i g n a l  t o  c o n c e n t r a t i o n  
v a l u e  ob ta ined  from f i l t e r  pad weights.  

I . --__ 

The phosphoric  a c i d  c o n c e n t r a t i o n  was deteraimed on samples  
commonly c o l l e c t e d  f o r  weight  c o n c e n t r a t i o n  measurements. The sample  
i s  e x t r a c t e d  from t h e  f - l l t e r  pads i n t o  N a C l  s o l u t i o n  c o n t a i n i n g  EB’IIA. 
The s o l u t i o n  i s  %hen analyzed on the f l o w  ;injecti.on system as d e s c r i b e d  
i n  A2pendix B .  

Par t ic le  S ize  D i s t r i h u t i o i l .  A Mercer- type seven-stage cascade 
impactor  ( I n  Tox Produc t s ,  8 1 h ~ q u e ~ q u e ,  NM) was used t o  d e t e r d n e  t h e  
pa r t i c l e  s i z e  d i s t r i b u t i o n .  Glass s l i d e  cover  s l i p s  were user1 as 
p l a t e s  f o r  t h e  i n d i v i d u a l  s t a g e s  and a g l a s s  f i b e r  f i l t e r  was used 
a f t e r  the f i n a l  s t a g e .  The impactor  was ope ra t ed  at a f l o w  r a t e  o f  
1 L/min us ing  flow c o n t r o l l e d  sampling pimps,  Samples were drawn 
d i r e c t l y  from t h e  exposure chamber w i t h  tire impar to r  he ld  i n  a vertical 
p o s i t i o n .  Details of t h i s  method an3 the d a t a  r e d u c t i o n  have been 
g iven  p rev ious ly .  ( 6 )  

I n d i v i d u a l  s u b s t r a t e  p l a t e s  were analyzcd f o r  total phosphoric  acid 
f o l l o w i n g  e x t r a c t i o n  i n  NaCl/EU-rA s o l u t i o n .  These values  were t h e n  
used t o  d e t e n n i n e  the weight pe rcen tages  r e t a i n e d  on each s t age .  The 
cumul a t i v e  weight  pe rcen tages  and s t a g e  cut-off  d i ame te r s  were p l o t t e d  
on  l o g r i t l m i c  p r o b a b i l i t y  axes from which inass median d i ame te r s  (MHD) 
and a s s o c i a t e d  geomet r i c  s t anda rd  d e v i a t i o n s  w e r e  determined. 

T o t a l  Phosphate and Phosphorus Spec ia t ion .  - A flow i n j e c t i o n  
a n a l y s i s  ( F W )  system was a s s m b l e d  and coupled t o  a h i g h  performance 
licguia chromatograph f o r  use as a s p e c i r i c  post-column dccce to r  f o r  
l i n e a r  and c y c l i c  condensed phosphoric  a c i d s .  The condensed phosphates 
WPIX s e p a r a t e d  by anion exchange, hydrolyzed t o  or thophosphoric  a c i d ,  
and condensed w i t h  molybdic a c i d  t o  form a molybdenum b l u e  complex 
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which w a s  d e t e c t e d  I n  a flow-through a d s o r p t i o n  cell.  This  system was 
used t o  ana lyze  the a e r o s o l s  from the combustion of red  and whi te  phos- 
phorus and t o  examine t h e  r e l a t i o n s h i p  between exper imenta l  combustion 
c o n d i t i o n s  and the composi t ion of t h e  phosphoric  a c i d s .  The system w a s  
a l s o  used f o r  t h e  r a p i d  "batch" a n a l y s i s  of a e r o s o l  samples  € o r  t o t a l  
phosphor ic  ac id .  In  t h e  l a t t e r  case, s a m p l e s  were in t roduced  d i r e c t l y  
i n t o  t h e  stream of  molybdic a c i d  r eagen t  wi thout  p r i o r  s epa ra t ion .  The 
condensed phosphates  are hydrolyzed and r eac t ed  i n  a r e a c t i o n  c o i l  
maintained a t  e l e v a t e d  tempera tures .  A diagram of t h e  system is shown 
i n  F igu re  3-1 and a complete d e s c r i p t i o n  i s  g iven  i n  Appendix Is. 

T o t a l  Organic  Carbon (TOC). To d e t e m i n e  t h e  c o n c e n t r a t i o n  l e v e l s  
of  o r g a n i c s  i n  t h e  a e r o s o l  deriLred from t h e  combustion and p y r o l y s i s  of 
t h e s e  f a rmula t ions ,  TOC ana lyses  were performed. Aerosol samples were 
c o l l e c t e d  us ing  a g l a s s  impinger which w a s  f a b r i c a t e d  from a f l a s k  wi th  
a s t anda rd  t ape red  mouth and an a e r o s o l  i n l e t  tube.  Glass f i b e r  f i l t e r  
samples could no t  be used because of h igh  TOC blank. The end of t h e  
t u b e  was c o n s t r i c t e d  t o  a n  opening of 0.028 inches  and ben t  so t h a t  t h e  
a e r o s o l ,  p u l l e d  through t h e  t i p ,  impinged upon the w a l l  o f  t h e  f l a s k  
and flowed t o  t h e  bottom. A t  a sampling rate of 5 L/m, t h e  Stokes cu t -  
o f f  d iameter  f o r  t h i s  system w a s  c a l c u l a t e d  t o  be  appros imate ly  0.2 u m  
which i s  nea r  t h e  lower l i m i t  of t h e  phosphorus a e r o s o l  par t ic le  s i z e  
d i s t r i b u t i o n .  Exper imenta l ly ,  t h e  c o l l e c t i o n  e f f i c i e n c y  was found t o  
be  g r e a t e r  than  97 percen t  based on t h e  weight of  material c o l l e c t e d  on 
f i b r o u s  f i l t e r s  l o c a t e d  a f t e r  t h e  impinger. The a e r o s o l  c o l l e c t e d  i n  
t h i s  manner was ox id ized  t o  conver t  a l l  o rgan ic s  t o  CO2, which w a s  
subsequent ly  measured on a commercially a v a i l a b l e  TOC ana lyze r  u s ing  
s t a n d a r d  procedures .  

Vapor Phase and G a s  Phase C o n s t i t u e n t s  

Samples f o r  t h e  a n a l y s i s  of gaseous and v o l a t i l e  compoiinds were 
c o l l e c t e d  from the  exposure chamber i n  Tedlar"  bags (SKC I n c . ,  E ighty  
Four ,  PA) placed  downstream from g l a s s  f i b e r  f i l t e r s .  Connections 
between t h e  sampling bag, pump, f i l t e r ,  and sample sou rce  were made 
w i t h  Tef lon  t o  minimize contamination. The bags were equipped w i t h  
s t a i n l e s s  s teel  septum caps and r e p l a c e a b l e  septums from which samples 
could  be e a s i l y  removed wi th  a gas  r i g h t  syr inge .  Analyses were con- 
ducted immediately a f t e r  c o l l e c t i o n  t o  minimize composi t iona l  changes 
and sample l o s s .  

V o l a t i l e  Organic Compounds e Low molecular  weight organics and 
organophosphates w e r e  determined by GC on a Pe rk in  Elmer  3920 w i t h  a 
f lame i o n i z a t i o n  d e t e c t o r  (FID) and on a Varian 3700 w i t h  a n i t rogen-  
phosphorous d e t e c t o r  (NPD) , r e s p e c t i v e l y .  Sepa ra t ions  € o r  FXD analysis 
were made on a 1.8 m x 3 mm O.D. glass column packed wi th  80/100 mesh 
Carbopack C coa ted  w i t h  0.1 p e r c e n t  SP-1000. The column w a s  ope ra t ed  
a t  60°C f o r  2 min, programmed a t  8 O C / m i n  t o  220"C, and he ld  f o r  an  
a d d i t i o n a l  8 m i n  a t  t h e  e l e v a t e d  temperature .  NPD a n a l y s e s  were made 
on a 1.8 m x 3 mm O.D. g l a s s  column packed w i t h  Carboyack B con ta in ing  
1 p e r c e n t  SP-1000 ( 6 0 / 8 0  mesh). The column was programmed from 30°C a t  
8 " C / m i n  t o  180°C where i t  was he ld  f o r  a n  a d d i t i o n a l  20 min. H e l i u m  
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carrier gas f low rates f o r  both coluiiras were 30 ml/min. P l o w  ra tes ,  
opt imized  €or  t h e  d e t e c t i o n  o f  P-containing coiapounds on  the NPD, S J P - F ~  

175 .ro.L..L/min f o r  a i r  and 5.0 ii-rL/min f o r  117. The NPD was calculated t o  
have a P t o  C s e l e c t i v i t y  of 7500. 

Carbon Monoxide and Carbotz Dioside.  Carbon d i o x i d e  was analyzed on 
a Carle 111 G€ w i t h  .a thermal. c o n d u c t i v i t y  d e t e c t o r  and s e p a r a t e d  from 
o the r  a i r  c o n s t i t u e n t s  on a packed column o f  Ambcrljjst 15 r e s i n  loaded 
w i t h  reduced n i cke l .  The procedure of Horton and Guer in (7 )  w a s  
used wi thout  mod i f i ca t ion .  Concent ra t ions  of C O  were determined on a 
Ecolyzelr 2000 series cont iiiuous CO monitor  (Ene rge t i c s  Sc ience ,  
Elrnsford, NY). This i n s t r u m e n t  u ses  a n  e l ec t rochemica l  s enso r  t o  meas- 
u r e  c u r r e n t  produced from the o x i d a t i o n  of  C O  t o  C02.  The response  
i s  d i r e c t l y  p r o p o r t i o n a l  Lo t h e  C O  concen t r a t ion ,  and l e v e l s  from 1 t o  
50 p p m  can  be determined. 

Phosphine. Samples f o r  phosphine a n a l y s i s  were analyzed on a 
V a r i a n  3700 GC equipped with a NPD. Sepa ra t ions  were made i so the rma l ly  
a t  30°C o n  a 1.8 m x 3 inm O.D. column packed w i t h  Carbupaek 8 conta in-  
i n g  1 pe rcen t  SP-1000 (60/80 mesh). The helium carr ier  f l o w  rate was 
30 nL/min. A l l  o t h e r  i n s t rumen ta l  parameters  ( i c e . ,  bead c u r r e n t ,  
hydrogen flow ra te ,  and a i r  f low r a t e )  were Lhe same as i n  t h e  d e t c r -  
mina t lon  for organophosphates.  Samples were i n j e c t e d  on-column u s i n g  a 
gas  t i g h t  sy r inge .  

Phosphioe (6 ppm> i n  u l t r a  high p u r i t y  n i t r o g e n  (Lindc,  Somerset,  
N J )  was d i l u t e d  ].+fold w i t h  a i r  and used as a s t anda rd .  The estimated 
d e t e c t i o n  l iai t  was less t h a n  0.1 ppin and e l u t i o n  time was approx i -  
inate1.y one minute, 

,- BESULTS AND DISCUSSION _-I__ 

KPB K F O W L A T I O N  

KPi3R w a s  analyzed w i t h  emphasis on c o n s t i t u e n t s  of p o t e n t i a l  t o x i -  
c o l o g i c a l  consequence. Such c o n s t i t u e n t s  might t r a n s f e r  t o  the a e r o s o l  
du r ing  the combustion gene ra t ion  process .  S ince  t r a c e  e lements  arc one 
c lass  o f  i m p u r i t i e s  which could  be t ramspor ixd ,  t h e  material was ana- 
l y z e d  f o r  t h e s e  c o n s t i t u e n t s .  Resu l t s  are p resen ted  b n  Table  l. The 
t o t a l  c o n c e n t r a t i o n  of a l l  t h e  trace elerncnts was found t o  comprise 
less than  1 p e r c e n t  of the  weight  o f  t h e  material apialyzed, and the  Low 
1 w e l s  of t h e  ind iv idua l  c o n s t i t u e n t s  i n d j  cate t h a t  they  are  u n l i k e l y  
t o  contribute t o  t h e  t o x i c i t y  of  t h e  smoke. In a d d i t i o n ,  s a m p l e s  were 
anaLyzed s p e c i f i c a l l y  f o r  a r s e n i c ,  s i n c e  i n i - t i a l  r e s u l t s  by emiss ion  
spec t roscopy d i d  not  p r o v i d e  a s e n s i t i v e  measure o f  this element  and 
si.nce i t  has  been r e p o r t e d  t o  be a major impur i ty  i n  whi te  phospho- 
T U S . ( ~ )  The h i g h e s t  concen t r a t ion  determined w a s  210 pg As/g of 
K W R ,  which cor responds  t o  approximately 67 ~ i g  h i m 3  i n  t h e  exposure 
atmosphere a t  a n  a e r o s o l  c o n c e n t r a t i o n  of  1 ng/L (as H3lW4) ,  
assuming a l l  o f  i t  t r a n s f e r s  t o  t h e  ae roso l .  The Amcrican I n d u s t r i a l  
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TABLE 1. TRACE ELEMENTS IN RPBR 

Element Concent ra t ion  (ppmla Element Concent ra t ion  (ppm) a 
E d s s i o n  ICP Emission ICP 

Ag (5 
A 1  250 
A s  <loo0 
AU (50 
B <5 
Ea (10 
B e  <1 
Bi <50 
C a  1500 
Cd (100 
co (50 
Cr (50 
Cu 50 
Fti? 5 00 
G a  (1 5 
Hf  
Hg <5 0 
I n  <50 
K 10 
L i  (10 

- 

(0.1 plg 
470 Ezn 

180; 210 Mo 
Na 

10 Kb 
2 Ni 
0.1 Pb 

P t  
180 Rb 

1.1 Sb 
(0.05 sc 
82 si 
11 Sn 

270 S r  
(0.1 Ta 

1.4 T i  

- 

- 

V 
W 

- 
- 

270 Zn 
(5 Z r  

1500 
10 
<5 

600 
(1 0 
(1.5 

53 
(50 
(2 0 
(50 

1500 
0 0  
(10 
( 5  0 
(50 
<1 0 
(50 
(5  0 
(20 

- 

260 

1500 
2200 

4.3 

... 
7.8 

44 - 
23 
22 

240 
(0.6 

0.5 
I 

990 

aAna ly t i ca l  method by emiss ion  spec t roscopy o r  i n d u c t i v e l y  
coupled plasma. 

Hygiene Assoc ia t ion  (ATHA) occupa t iona l  h e a l t h  s t anda rd  f o r  an  8 h r  
t i m e  weighted averaged (TWA) exposure f o r  i n o r g a n i c  As is 200 pg/m3. 
Therefore ,  i t  i s  u n l i k e l y  t h a t  A s  w i l l  s i g n i f i c a n t l y  c o n t r i b u t e  t o  t h e  
t o x i c i t y  of t h e  smoke. 

Samples were s p e c i f i c a l l y  analyzed f o r  methylene c h l o r i d e  which is 
used as a s o f t e n i n g  agent  i n  t h e  i n i t i a l  p r e p a r a t i o n  of t h e  RPBK formu- 
l a t i o n .  Although t h e  material w a s  dried fo l lowing  e x t r u s i o n  i n t o  
p e l l e t  form and i t  seems l i k e l y  t h a t  most of the  methylene c h l o r i d e  
would be lost i n  t h e  d r y i n g  p rocess ,  t h e r e  remains a p o s s i b i l i t y  that  
enough i s  r e t a i n e d  t o  be  impor tan t ,  p a r t i c u l a r l y  s i n c e  c h l o r i n a t e d  
hydrocarbons are t o x i c  a t  low concen t r a t ion  l e v e l s .  Three p e l l e t s ,  
each  weighing about  one g ,  were analyzed by both CC/FID and GC/NS 
t echniques .  No evidence  f o r  methylene c h l o r i d e  w a s  found. In  t h e  
f i r s t  case, t h e  d e t e c t i o n  l i m i t  w a s  about  50 ug/g of KPBK and, i n  t h e  
second,  approximately 3 ng/g of RPBR. Corresponding l e v e l s  i n  t h e  
exposure chamber would be much lower t h a n  t h e  c u r r e n t  OSHA environ-  
mental  s t a n d a r d  o r  t h e  recommended exposure l i m i t .  (8) 
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F o r  q u a l i t y  c o n t r o l  of t h e  RPBR supp l i ed  t o  ITTRI: f o r  use i n  t h e  
i n h a l a t i o n  s t u d i e s ,  c e r t a i n  a n a l y s e s  are conducted o n  a r o u t i n e  b a s i s .  
The raw material supp l i ed  from CREE i s  f i r s t  p rocessed  t o  permi t  
e x t r u s i o n  i n  t h e  smoke g e n e r a t o r  systems. The t r e a t e d  material i s  
ana lyzed  € o r  phosphorus and e x t r a c t a b l e s ,  The percen t  hexane added f o r  
s o f t e n i n g  i s  a l s o  r epor t ed  and t h e  l u b r i c a t i n g  o i l  c o n c e n t r a t i o n  i s  
determined p e r i o d i c a l l y .  ' Ke  r e s u l t s  f o r  some o f  t h e s e  a n a l y s e s  are 
shown i n  Table  2. Butyl  rubber  i s  c a l c u l a t e d  as t h e  d i f f e r e n c e  between 
t h e  e x t r a c t a b l e s  and t h e  o i l ,  and averages  4.2 f 0.6 pe rcen t  of t h e  
t o t a l  weight ,  The l u b r i c a t i n g  o i l  is 1.0 percent-of t h e  phosphorus o r  
0.9 pe rcen t  of  t h e  R W R  weight.  These va lues  are  s l i g h t l y  lower than  
t h e  m i l i t a r y  s p e c i f i c a t i o n s  f o r  o i l e d  red phosphorus which r e q u i r e  an  
o i l  con ten t  of 1.22 t o  1.28 pe rcen t  by weight  ( s e e  Appendix A ) .  

Phosphorus w a s  found t o  comprise 92 p e r c e n t  o f  t h e  material, This  
v a l u e  i s  lower t h a n  t h e  expec ted  95 pe rcen t .  When pure  powdered r e d  
phosphorus (Matheson, Coleman, and Bel l . ,  98 pe rcen t  minimum) and a 
s y n t h e t i c  mix tu re  of 9 5  percen t  r e d  phosphoras and 5 percen t  b u t y l  
rubber  were ana lyzed ,  t h e  r e s u l t s  were a l s o  l o g  ( i e e e ,  9 4 . 6  and 91.6 
p e r c e n t ,  r e s p e c t i v e l y ) .  'fie d i f f e r e n c e s  may t h e r e f o r e  be due t o  a b i a s  
i n  t h e  a n a l y t i c a l  method. S ince  t h e  p r e c i s i o n  was h igh ,  i t  w a s  sa t is-  
f a c t o r y  f o r  de te rmining  r e l a t i v e  changes i n  concen t r a t ton .  

COMPOSIT EON OF CONTINUOUSLY GENERATED AEROSOL FRQN THE ORNZ C@fBUSTION 
GEWZKATOK 

I n  t h i s  s e c t i o n ,  we d i s c u s s  some of  t h e  g e n e r a l  chemis t ry  of  t h e  
RPBR a e r o s o l  as produced from t h e  ORNL Combustion/Extrusion gene ra to r .  
Fo r  t h e s e  exper iments ,  the g e n e r a t o r  w a s  ope ra t ed  a t  an a i r  f low rate 
o f  250 L/min and a n  a i r  v e l o c i t y  a c r o s s  t h e  burning RPBR of  252 m l m i n .  
The r e l a t i v e  humidi ty  ranged from 40 t o  60 pe rcen t  depending on 
l a b o r a t o r y  c o n d i t i o n s ,  Temperatures i n  t h e  chamber were 2 2  + 2OC. 
A ~ P O S O ~  c o n c e n t r a t i o n s  i n  t h e  range from one t o  two m i l l i g r a z s  p e r  
l i t e r  were used f o r  most ana lyses .  They were c o n t r o l l e d  by a d j u s t i n g  
t h e  e x t r u s i o n  ra te  of t h e  g e n e r a t o r  and were monitored on- l ine  w i t h  
p a r t i - c l e  monitors .  

A t y p i c a l  proEile ob ta ined  from t h e  on- l ine  rnoni-tor f o r  a e r o s o l  
c o n c e n t r a t i o n  u s i n g  t h e  p a r t i c l e  s enso r  i s  shown i n  F igu re  1. Only 
minor f l u c t u a t i o n s  corresponding t o  less than  10 pe rcen t  change were 
d e t e c t e d ,  which i n d i c a t e s  t h a t  a r e l a t i v e l y  even burn ra te  and uniform 
c o n c e n t r a t i o n  l e v e l  were maintained i n  t h e  chamber. 

The a e r o s o l  w a s  found t o  be composed p r i m a r i l y  of phosphoric  a c i d s ,  
i n c l u d i n g  or thophosphate  and l i n e a r  and c y c l i c  condensed phosphates.  
During the development s t a g e s  of t h i s  p r o j e c t ,  s e v e r a l  methods f o r  
r e s o l v i n g  and q u a n t i t a t i n g  t h e s e  polymers were considered.  These 
inc luded  t h i n  l a y e r  chromatography and nuc lea r  magnet ic  resonance. 
Pre l iminary  experiments  i n d i c a t e d  t h a t  n e i t h e r  of  t h e s e  provided t h e  
spec iFLc i ty  and r e s o l u t i o n  needed, p a r t i c u l a r l y  when compared w i t h  t h e  
h i g h  performance an ion  exchange chromatographic method t h a t  w a s  
developed and adopted f o r  r o u t i n e  use. 



TABLE 2. QUALITY ASSU,&ANCE ANALYSES OF PROCESSED RPRR 

P 

*Phosphorus by Phosphorus by Butyl 
Can Number Hexane Ext. Serv ice  Lab Ex t rac t ab le s  Lubricat ing Oil Rubber 

A 1  C A2 
A3 
A4 
A5 
A6 
A7 
A 8  
32 
B 3  
B4 
85 
36 
B7 
B 8  
D2 
D 3  
D4 
D 5  
D6 
D7 
D8 
E l  
E3 

Average 
Std. dev. 

94.26 
94.95 
95.54 
95.10 
95.62 
95.72 
94 97 
94.27 
94.32 
95.08 
95.00 
95.05 
95.05 
94.73 
96.28 
94.74 
95.00 
94.99 

95.61 
95.58 
94.23 
95.30 

95.06 
0.53 

96.27 
91.51 
92.12 
90.53 

- 
91.63 
91.76 
90.93 
91.55 - 
- 

91.40 
92.93 
92.17 

Shipped to Tom Poston - 
- 

90.99 
90.91 

91.90 
1.46 

5.73 
5.05 
4.46 
4.90 
4.38 
4.28 
5.03 
5.73 
5.68 
4.92 
5.00 
4.95 
4.95 
5.27 
3.72 
5.26 
5.00 
5.01 

4.39 
4.42 
5.77 
4.7 

11/83 

- 
4.94 
0.53 

0.83 
0.83 

- 
- 

1.03 

0.94 - 

- 
- 

0.99 
1.03 

0,95 
0.08 

4.9 
4.18 

4.78 
3.67 - 
4*37 
0.50 

* A l l  values  repor ted  as percent of total weight. 
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A t y p i c a l  chromatogram of a generator-produced RPdR a e r o s o l  sample 
showing i n d i v i d u a l  s e p a r a t e d  phosphor ic  a c i d s  i s  shown i n  F igure  2. 
The sample w a s  c o l l e c t e d  a t  an a e r o s o l  c o n c e n t r a t i o n  of 1.8 mg/L (1.4 
m g  of H2PCt4/L) and 58 percent. r e l a t i v e  humidi ty .  A series of 
polypbospiiate species ranging  from or thophosphate  t o  t h e  "13 
polymer w a s  deterlnined. The first  peak cor responds  t o  or thophosphor ic  
acid and t h e  remain ing  peaks t o  pyrophosphate,  t r i po lyphospha te ,  etc., 
up t o  t h e  P 1 j  p o l p e r .  A l l  o f  these peaks are s t r a i g h t  cha in  
l i n e a r  phosphates ,  With t h e  e x c e p t i o n  of or tho-  and o c c a s i o n a l l y  
pyrophosphate ,  Pg or ' 6  w a s  found i n  the h i g h e s t  Concent ra t ion  and 
as t h e  polymer number i n c r e a s e d  beyond Pg:, t h e r e  was a n  approximate 
l i n e a r  d e c r e a s e  i n  concen t r a t ion .  The large "envelope" ttlat e l u t e d  
f rom t h e  column i s  b e l i e v e d  t o  c o n t a i n  a n  unreso lved  mixture  o f  l onge r  
s t r a i g h t  c h a i n  0 P 1 4 > ,  branched, and c y c l i c  phosphates. Ana lys i s  
of t h e  samples  o n  a column which provided g r e a t e r  r e s o l u t i o n  ( i .e , ,  
Aminex A - 1 4 )  al lowed d e t e n n i n a t i o n s  up t o  t h e  P18 p o i p e r .  Because 
t h e  c o n c e n t r a t i o n  of t h e s e  phosphates (P14-P18> was  very  low 
(i.e.,  1 p e r c e n t  of tlie rota1 phosphate  each)  and t h e  a n a l y s i s  t i m e  
very long  ( i . e . ,  260 min)  t h e  samples were r o u t i n e l y  ana lyzed  on ly  f o r  
or thophosphate  th roagh  P 13 The c o n c e n t r a t i o n  of t h e  h i g h e r  
polymers i n  t h e  envelope  was c a l c u l a t e d  a5 t h e  d i f f e r e n c e  between t h e  
t o t a l  phosphate  c o n c e n t r a t i o n  and t h e  t o t a l  of t h e  o t h e r  d i s t i n c t  peaks 
which could be q u a n t i t a t e d .  Small  amounts of t h e  c y c l i c  phosphates ,  
tetrameta- and t r imetaphosphate  w e r e  a l s o  d e t e c t e d  in t h e  gene ra to r -  
produced a e r o s o l s .  They e l u t e d  a t  42.5 and 5 3  min, r e s p e c t i v e l y ,  and 
a l s o  c o n t r i b u t e d  less than  1 p e r c e n t  of t h e  t o t a l  phosphate  each. The 
c o n c e n t r a t i o n s  o f  t h e  i n d i v i d u a l  components shown i n  F igu re  2 are: 7.1 
p e r c e n t  or thophosphate ,  2 .1  percent:  pyrophosphate ,  3.0 pe rcen t  t r i p o l y -  
phosphate ,  2.6  p e r c e n t  t e t r apo lyphospha te ,  17.2 p e r c e n t  Pcj th rough 
P13, and 67.4 p e r c e n t  h ighe r  polyphasphates .  The v a r i a t i o n  i n  the 
composi t ion of t h e s e  c o n s t i t u e n t s  f o r  t h e  same g e n e r a t o r  c o n d i t i o n s  w a s  
approximately t e n  percent .  

The vapor  phase of t h e  RPBR smoke was ana lyzed  t o  i d e n t i f y  p o s s i b l y  
t o x i c  s p e c i e s  r e s u l t i n g  from t h e  p y r o l y s i s  a d  combustion of t h e  f u e l  
o r  t h e  o r g a n i c  b u t y l  rubbe r  a d d i t i v e .  The d i r e c t  a n a l y s i s  of gaseous 
samples C0.5 mL> showed on ly  one peak on the  F I D  which e l u t e d  w i t h i n  
one minute of when t h e  sample i n j e c t i o n  w a s  made. The c o n c e n t r a t i o n  of 
this peak was c a l c u l a t e d  based upon t h e  response f a r  pentane and w a s  
e s t i m a t e d  t o  be less t h a n  5 ppm Cv/v>. Judging f r o m  t h e  r e t e n t i o n  t i m e  
of t h i s  peak, i t  i s  most l i k e l y  ti low molecular  weight  hydrocarbon such  
as methane or ethane.  No peaks were d e t e c t e d  on  t h e  NPD. 

To q u a l i t a t i v e l y  de te rmine  o r g a n i c s  which may b e  present.  i n  the 
vapor  phase  a t  trace levels,  samples were also c o l l e c t e d  on  Tenax/ 
Spherocarb c a r t r i d g e s  o r  t rapped  i n  a U-shaped tube  Immersed i n  a 
l i q u i d  ni t rogen-pentane  s l u s h  bath.  The samples were drawn 'chrough 
g l a s s  fiber S i l t e r s  which removed the p a r t i c u l a t e  phase of  the 
a e r o s o l ,  on to  the t r a p s  With vacuum sampling pumps. The t rapped  
v o l a t i l e s  w e r e  t h e n  the rma l ly  desorbed a t  e l e v a t e d  tempera ture  and the 
e l u t e d  v o l a t i l e s  ana lyzed  o n  the column packed w i t h  1 p e r c e n t  SP-PO00 
on Carbopack B. F i g u r e  3 
shows t h e  FID p r o f i l e  of a s a m p l e  concen t r a t ed  i n  l i q u l d  n i t rogen-  

g e n e r a t o r  and sampling c o n d i t i o n s  are g iven  i n  t h e  figure.  The major 
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Determina t ions  were made bo th  by PID and  14s. 

pentane  and Table  3 lists t h e  compounds i d e n t i f i e d  by XS. me 
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F i g u r e  2. Phosphoric Ac id  Polymer S p e c i a t i o n  P r o f i l e  
of Aerosol. froin WBR Extrusion/Combustion 
Generafror. Aeroso l  Concen t r a t ion ,  1 .8  mng/L; 
R e l a t i v e  Humidity, 58 Pe rcen t .  
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Figure 3. Gas Chromatographic P r o f i l e  of Organlc Volatiles 
in Aerosol From RPBR Extrusion/Combustion Generator. 
(Volatiles Concentrated in Liquid N~/Pentane Cooled 
Trap.: FID Detector. 
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TABLE 3. COMPOUNDS II.DENTUIf3D IN GAS PHASE OF RVRR SMOKE 

Peak Numbera 

‘qH1O 
Cyclohexane 
c ~ H ~ ~  o l e f i n  or ~ y c l o  compouna 
2,3--Dimethylbutane 
3-Me thy1 pentane 
2-Me thy lpentane  
n-Hexane 
2,4-Dirne t hy b pentane 
Toluene 
p 4  

aPeak numbers r e f e r  t o  F i g u r e  3 .  
bent a t i v e  

c o n s t i t u e n t s  i n  t h e  chamber atmosphere,  I d e n t i f i e d  by MS and veriEPed 
by r e t e n t i o n  times of s t a n d a r d s ,  were found t o  be Cg hydrocarbons.  
These hexane isoiners were a l s o  i d e n t i f i e d  i n  t h e  s o l v e n t  used t o  s o f t e n  
thc. RPBR f o r  ex t rus ion .  S ince  hexane i s  known t o  have some neurotoxic.  
e f f e c t s ,  and s i n c e  i t  i s  p r e s e n t  tn e l e v a t e d  c o n c e n t r a t i o n s  i n  t h e  
t r e a t e d  KPBR, e f f o r t s  were made t o  q u a n t i t a t e  t h i s  compound. Sam 
were c o l l e c t e d  on t h e  adsorbent  c a r t r i d g e s  and the nC6 peak compared 
t o  l i q u i d  s t a n d a r d s  which were analyzed by d i r e c t  I n j e c t i o n .  Normal- 
i z e d  t o  an  a e r o s o l  c o n c e n t r a t i o n  of  1 mg/L, t h e  average  hexane con ten t  
i n  the chamber w a s  found t o  be  4.4 p g / L  Concent ra t ion  l e v e l s  i n  t h i s  
range are n o t  expec ted  t o  pose any s i g n i f i c a n t  t o x i c o l o g i c a l  hazard as 
t h e  OSHA 8 h r  rime weighted average l i m i t  i s  0.18 mg/L. 

MS a n a l y s i s  a l s o  gave ev idence  oE e lemen ta l  phosphorus i n  t h e  gas 
phase. S ince  s t a n d a r d s  f o r  P 4  are n o t  a v a i l a b l e  and could  n o t  b e  
e a s i l y  prepared ,  t h i s  peak was no t  q u a n t i t a t e d .  El.eiiiental phosphorus 
however, can  be d e t e c t e d  a t  low ng l e v e l s  by MS, i n d i c a t i n g  t h a t  t h e  
co r i cea t r a t ion  i s  i n  t h e  low ppb range. A l l  of t h e  compounds d e t e r -  
mined, however, are expec ted  t o  b e  very  low i n  c o n c e n t r a t i o n  s i n c e  they 
wer2 no t  d e t e c t e d  by d i r e c t  a n a l y s i s .  

Two methods have been used eo estimate t h e  o r g a n i c  chemical concen- 
t r a t i o n  i n  t h e  p a r t i c l e  phase. I n i t i a l l y ,  bulk l i q u i d  condensate  from 
t h e  a e r o s o l  was c o l l e c t e d ,  s u b j e c t e d  t o  an e x t r a c t i o n  procedure,  and 
t h e n  ana lyzed  by GC. Only weak peaks were seen. It was n o t  e s t ab -  
l i s h e d  whether t h e s e  came f rom t h e  a e r o s o l ,  t h e  s o l v e n t ,  o r  o t h e r  
contxminat iag  i n f l u e n c e s .  Nor does t h e  chromatographic  procedure 
el imi n a t e  t h e  p o s s i b i l i t y  of  non-chromatographical spec ie s .  ‘To at l ra in  
a mors q u a n t i t a t i v e  estimate of o r g a n i c s ,  a convent iona l  t o t a l  o rgan ic  
carbon a n a l y s i s  (TOC) was performed on the aerosol. For t h i s  cxper i -  
ment t o  prevent  p o s s i b l e  contaminat ion  from f i l t r r s  t h e  a e r o s o l  was 
col . lec ted  by impingement i n t o  water us ing  a n  a l l  g l a s s  appara tus .  T h i s  
s a x p l e  w a s  s u b j e c t e d  t o  TO@ a n a l y s i s .  The resul-ts ob ta ined  a t  two 
d i f f e r e n t  aerosol c o n c e n t r a t i o n s  were a s  fo l lows:  
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Aerosol  Concen t r a t ion  H3P04 
i n  Chamber Concent ra t  i o n  TOC 

(mg/L) (.mg/L) (gC/gH>Po4 x 106) 

1 . 3  
3.5 

1.0 
2.8 

130 
a5 

These r e s u l t s  i n d i c a t e  only a very s l i g h t  t r a n s f e r  o r  t r a n s f o r m t i o n  of 
t h e  o r g a n i c  c o n s t i t u e n t s  of t h e  RPBR t o  t h e  p a r t i c l e  phase. These 
a n a l y s e s  w e r e  performed t o  e s t a b l i s h  an  upper limit t o  t h e  o r g a n i c  
conten t .  It i n d i c a t e s  t h a t  t h e  o r g a n i c  con ten t  i s  approximately 0.01 
pe rcen t  of t h e  p a r t i c u l a t e  phase. 

Carbon monoxide and carbon d iox ide  w e r e  a l s o  determined i n  t h e  RPBK 
g e n e r a t o r  produced a e r o s o l s .  The r e s u l t s  f o r  t h r e e  d i f f e r e n t  concen- 
t r a t i o n  l e v e l s  are presented  i n  Table  4 .  

TABLE 4. CONCENTRATIONS OF C02 AND CO I N  M B R  GENERATOR SMOKES 

2.2 1.5 500 150 25 
4 . 0  2.9 570 220 26 
5.3 3.7 720 370 24 

aC02 c o n c e n t r a t i a n s  a f t e r  s u b t r a c t i n g  ambient a i r  blanks 
of 350 ppm. 

As the a e r o s o l  concen t r a t ion  inc reased ,  t h e  C02 l e v e l s  a l s o  
inc reased .  An average  v a l u e  of 2 5  ppm was obta ined  f o r  20. 602 w a s  
found t o  be  of t h e  same magnitude as t h a t  i n  t h e  l a b o r a t o r y  air .  It 
can b e  c a l c u l a t e d  t h a t  C02 from burn ing  RPBR, assuming complete com- 
b u s t i o n  of t h e  5 p e r c e n t  b u t y l  rubber  and 8 percen t  hexane, should be 
100 ppm f o r  an a e r o s o l  of 1 mg H3PO4/L. The c l o s e  agreement 
between t h i s  va lue  and t h e  exper imenta l  f i n d i n g s  f u r t h e r  i n d i c a t e s  t h a t  
most of t h e  o r g a n i c  material is  completely oxid ized .  

An a n a l y s i s  w a s  a l s o  performed f o r  phosphine. Th i s  subs t ance  i s  
extremely t o x i c ,  having an  e i g h t  hour exposure l i m i t  e s t a b l i s h e d  by 
OSHA of  0 . 3  ppm. G a s  samples were c o l l e c t e d  and d i r e c t l y  i n j e c t e d  i n t o  
a GC w i t h  NPD d e t e c t i o n .  N o  phosphine w a s  d e t e c t e d  i n  any of  t h e  
samples .  Using s t a n d a r d s ,  w e  e s t a b l i s h e d  a low d e t e c t i o n  limit of 
approximately 0.1 ppm. Phosphine i s  formed by r e d u c t i o n  of  phosphorus. 
These r e s u l t s  t end  t o  c o n f i r n  a g e n e r a l  c o n j e c t u r e  t h a t  l i t t l e  could  be 
fo rned  in a s t r o n g l y  o x i d i z i n g  flame. S m a l l  amounts of phosphine can 
be d e t e c t e d  by odor from f r e s h l y  opened cans of r a w  RPBR. Presumably, 
i t  i s  formed i n  trace q u a n t i t i e s  by the r e a c t i o n  of e l emen ta l  phospho- 
r u s  w i t h  water. 
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SMOKE COMPOSTTKON AS A FUNCTION OF GENERATOR CONDITIONS 

The e f f e c t s  o f  hi-midi ty ,  a i r  v e l o c i t y  a c r o s s  t h e  burning phos- 
phorus ,  a e r o s o l  concen t r a t ion ,  and t i m e  of s t a n d i n g  i n  t h e  chamber 
(age)  on  the  coiaposi t ion o f  t h e  aerosol  from XWR under cont inuous 
g e n e r a t i o n  c o n d i t i o n s  were i n v e s t i g a t e d .  A range  of  c o n d i t i o n s  was 
e x m i n e d  n o t  only t o  d e f i n e  the a e r o s o l  under  po ten t i a l .  i n h a l a t i o n  
exposure  c o n d i t i o n s ,  bu t  a l s o  t o  provide  some i n s i g h t  t o  i t s  chemis t ry  
i n  more v a r i a b l e  f i.eld g e n e r a t i o n  cond i t ions .  Genera l ly ,  t o  examlne 
t h e  e f f e c t s  of  each  c o n d i t i o n ,  o t h e r  parameters  were he ld  c o n s t a n t  
( i . e . ,  a s  the a i r  v e l o c i t y  was v a r i e d ,  the c o n c e n t r a t i o n  and humidi ty  
were maintained a t  a f i x e d  l e v e l ) .  Only major coinposi t ional  p r o p e r t i e s  
were measured; changes i n  trace i inpur i t i e s  rere  n o t  i n v e s t i g a t e d  i n  
t h i s  f a c e t  of tine s tudy .  

Humidity,  t h e  moi s tu re  con ten t  of  t h e  a i r ,  i s  a major f a c t o r  i n  
c o n t r o l l i n g  t h e  composi t ion o f  a 'hygroscopic '  ae roso l .  S ince  our  
a e r o s o l  i s  e s s e n t i a l l y  a water s o l u t i o n  o f  phosphor ic  a c i d ,  i t  is 
expec ted  t h a t  t h e  i n d i v i d u a l  p a r t i c l e s  w i l l  grow o r  d imin i sh  by absorp- 
t i o n  o r  d e s o r p t i o n  o f  water from t h e  a i r  t h a t  surround them. Their 
s i z e  and t h e i r  g r o s s  composi t ion w i l l  a d j u s t  u n t i l  t h e  vapor pressul-e 
of water a t  t h e i r  s u r f a c e  i s  the same as t h e  par t ia l  p r e s s u r e  of water 
vapor i n  t h e  humid a i r .  In a d d i t i o n ,  as we s h a l l  d i s c u s s  l a t e r ,  t h e  
c o n c e n t r a t i o n s  of t h e  polymeric  phosphoric  a c i d s  a l s o  depend o n  t h e  
humidi ty .  

M o i s t u r e  l e v e l s  i n  t h e  incoming a i r  from 20 to approxtmately 100 
p e r c e n t  were produced by mixing d ry  a i r  w i t h  air  s a t u r a t e d  w i t h  water 
from a steam genera tor .  These streams were combined and well mixed i n  
a mixing chamber l o c a t e d  j u s t  b e f o r e  t h e  burn ing  chamber oT t h e  gene- 
r a t o r .  The humidi ty  of  t h e  incoming air was measured h e r e  b o t h  wi th  
conven t iona l  psychrometr ic  techniques  (e .g,  wet /dry  b u l b  thermometry) 
and by g r a v i m e t r i c  abso rp r ion  of kinown volumes onto  magnesium p e ~ c h l o r -  
a te  t r a p s .  The humidi ty  i n  t h e  chamber w a s ,  of cour se ,  no t  t h e  same as 
t h a t  sf t h e  incoming a i r .  Not only does t h c  nascent  phosphorus pentox- 
i d e  absorb some o f  t he  water, but  t h e  walls of t h e  chamber and t h e  
d e l i v c r y  tub ing  have adsorbed inois ture  t h a t  on ly  slow1.y a d j u s t s  t o  an 
e q u i l i b r i u m  w i t h  t h e  wa te r  i n  t h e  a i r .  I n  t h e  chamber, w i t h  phosphoric  
acid a e r o s o l  p r e s e n t ,  t h e  conven t iona l  techniques  @ere not r e l i a b l e  
and w e  r e l i e d  e n t i r e l y  on g r a v i m e t r i c  sampling. De ta i l ed  a n a l y s e s  of 
c o n d i t i o n s  and g r o s s  phosphoric  ac id  composi t ion are summarized i n  
Table 5 .  R e l a t i v e  humid i t i e s  are tcmperature-dependent and were calcu- 
l a t e d  from t h e  raeasured water vapor a t  t h e  g iven  temperature .  The d a t a  
i n  t h e  t a b l e  r e p r e s e n t  two runs o n  d i f f e r e n t  days w i t h  the g e n e r a t o r  
and a i r  flow (250 L/mEn) s e t  t o  produce a c o n s t a n t  a n r o s o l  coneentra-  
t i o n .  This is  r e f l e c t e d  i n  t h e  a n a l y t i c a l  d a t a  of  column 8 (Table  5 )  
r e p r e s e n t t n g  the  a e r o s o l  c o n c e n t r a t i o n  measured as phosphoric  ac id .  It 
w i l l  be no ted ,  however, t h a t  t h e  weight  c o n c e n t r a t i o n  of t h e  a e r o s o l  
i n c r e a s e s  markedly--over a f a c t o r  of two i n  t h e  d a t a  of Table  5 .  This  
is a consequence of i n c r e a s e d  water con ten t  of t h e  a e r o s o l  p a r t i c l e s  
and i s  r e f l e c t e d  i n  t h e  a e r o s o l  composi t ion expressed  as p e r c e n t  phas- 
p h o r i c  ac id .  The we-hght p e r c e n t  phosphoric  a c i d  i n  t h e  aerosol as a 
f u n c t i o n  of water vapor c o n c e n t r a t i o n  i s  shown g r a p h i c a l l y  i n  F igu re  4 .  
The l i n e  i n  t h e  f i g u r e  r e p r e s e n t s  t h e  weight  pe rcen t  of lire or thophos-  
p h o r i c  a c i d  t h a t  i s  i n  e q u i l i b r i u m  w i t h  water ~ a p o r ( ~ Y  and i s  shown 
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WATER VAPOR CONCENTRATION (rng/L) 

Figure 4 ,  Phosphoric  Acid Concentration as a Functton of 
Water Vapor Concentration. Dotted Line i s  Water 
Vapor Concentration Over Phosphoric  Acid Sol.utrions 
(Derived From Data in R e f ,  9 . )  
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f o r  comparison purposes-  Although t h e  a e r o s o l  i s  n o t  or thophosphor ic  
a c i d ,  bu t  c o n t a i n s  complex polymeric  forms of t h e  a c i d ,  one w o d d  
expec t ,  a s  a f i r s t  approximation,  t h e  vapor p re s su res  over t he  two 
s o l u t i o n s  t o  be very  simflar a t  equ i l ib r ium.  

The d e t a i l e d  r e s o l u t i o n  of  t h e  composi t ion of  t h e  a e r o s o l  i n t o  
phosphor ic  a c i d  polymers i s  summarized i n  Table  6. In Figire 5,  t h e  
r e s u l t s  are summarized g r a p h i c a l l y  where t h e  c o n c e n t r a t i o n s  of o r tho -  
phosphate ,  t h e  summation of P2 t o  P i 4  l i n e a r  polymers,  and t h e  
Concent ra t ions  o f  h ighe r  polymers are compared. Orthophosphoric ac id  
c o n c e n t r a t i o n  tends  t o  dec rease  w i t h  i n c r e a s i n g  humidity. A similar 
b u t  less pronounced p a t t e r n  i s  seen  f o r  t h e  s t r a i g h t  cha in  polymers. 
The chromatographica l ly  unreso lved  'complex' phophoric a c i d  species, 
however, i n c r e a s e  w i t h  i n c r e a s i n g  humidity.  These t r e n d s  a re  no t  
completely understood,  bu t  are probably r e l a t e d  t o  t h e  rates of 
depolymer iza t ion  o f  t h e s e  species which are much f a s t e r  a t  h igh  
a c i d i t i e s .  A t  high. h u m i d i t i e s ,  the a c i d i t y  i s  lower and the  polymeric  
s p e c i e s  s u r v i v e  depolymer iza t ion  longer .  

Par t ic le  s i z e  d i s t r i b u t i o n s  of t h e  a e r o s o l s  w e r e  measured u s i n g  
cascade  impactor  techniques .  A complete d i s c u s s i o n  of t h e  impactor ,  
t h e  s m p l i n  techniques  and t h e  d a r a  r e d u c t i o n  s t e p s  has  been g iven  
elsewhere.  ( 6 B r i e f l y ,  samples w e r e  t aken  i n t o  a Mercer/Lovelace 
t y p e  impactor  a t  a f low ra te  of  one l i t e r  per  minute. The under-stage 
p l a t e s  were analyzed f o r  t h e  amount of phosphoric  a c i d  c o l l e c t e d  and 
from t h e s e  d a t a  cumulat ive f r a c t i o n s  of t h e  material c o l l e c t e d  were 
p l o t t e d  as a f u n c t i o n  of p a r t i c l e  d iameter .  S tage  c o n s t a n t s  were eva l -  
ua t ed  us ing  t h e  foraal isna of Marple(lO) as d i scussed  i n  r e fe rence  
12. We r e p o r t  h e r e  S tokes  ( p h y s i c a l )  d iameters .  In t h e  c a l c u l a t i o n  of  
s t a g e  c o n s t a n t s  in terms of Stokes d i ame te r s ,  known va lues  of phospho- 
r i c  a c i d  s o l u t i o n  d e n s i t i e s  corresponding t o  t h e  s o l u t i o n  composi t ion 
( p e r c e n t  H3P044) were used. The d a t a  are i n t e r p r e t e d  a s  l o g a r i t h m i c  
normal d i s t r i b u t i o n s .  A t y p i c a l  l o g a r i t h m i c  p r o b a b i l i t y  p l o t  of t h e  
d a t a  i s  shown as F igure  6 and the  S tokes  mass medim diameters  and 
geometr ic  s t anda rd  d e v i a t i o n s  are t a b u l a t e d  i n  Table  5 .  As c a n  be seen 
from t h e  t a b u l a t e d  d a t a ,  l i t t l e  change of par t tc le  d iameter  was seen  i n  
t h e  range of  h u m i d i t i e s  i n v e s t i g a t e d ,  

A series of tes ts  w a s  a l so  performed t o  determine t h e  e f f e c t  of alr 
v e l o c i t y  a c r o s s  t h e  burning RPBR. As t h e  l i n e a r  v e l o c i t y  of  a i r  across 
t h e  burn i n c r e a s e s ,  t h e  f lame tempera ture  i n c r e a s e s  which can i n f l u e n c e  
o x i d a t i o n  and /o r  h y d r a t i o n  p rocesses  involved i n  t h e  format ion  of t h e  
a e r o s o l .  To examine t h e  e f f e c t s ,  samples  were c o l l e c t e d  and analyzed 
a t  t h r e e  d i f f e r a n t  v e l o c i t i e s :  123, 252,  and 4 9 3  m/min. The 252 m/rnin 
v e l o c i t y  s imula t e s  burn c o n d i t i o n s  used i n  t h e  exposure s t u d i e s  a t  
I T T R I .  In t h a t  system, 500 L/min u n r e s t r i c t e d  a i r  flow (corresponding 
t o  approximately 250 m/mfn a i r  v e l o c i t y  a t  t h e  burn s i t e )  i s  used t o  
d e l i v e r  t h e  a e r o s o l  as i t  i s  forifled i n t o  t h e  environmental  exposure 
chamber. The s t anda rd  o p e r a t i n g  c o n d i t i o n  f o r  t h e  ORNL 0 . 3  m3 
chanber  is 250 L/min a i r  f l o w  through a 1.4 i n c h  d iameter  g l a s s  i n se r t :  
a t  t h e  i n l e t  of t h e  burn chamber, which provides  a v e l o c i t y  of 252 
m/min across t h e  burn s i te .  The v e l o c i t y  w a s  changed by removing the 
1.4 i n c h  i n s e r t  (i.e. using no r e s t r i c t o r  f o r  t h e  a i r  flow) o r  
r e p l a c i n g  i t  w i t h  a 1 i n c h  d iameter  i n s e r t .  This  changes the  v e l o c i t y  
t o  123 m/min and 4 9 3  m/min, r e s p e c t i v e l y .  Samples f o r  a n a l y s i s  a t  a l l  

27 



Pa r ame t e r End e r 
I n  ves c i g  a t i o n  Generation Conditions Composi:ion (p0 

Ae roso L 
A i r  Velocity % K e l a t l v e  Concentration o r t h o -  PYro- t r i p o l y -  te?rapoly- i!i 6; he r 

( l a /n i  n) ilumidiLy ( m g P 0 4 - 3 / L )  P h o s p h a t e  P h o s p h a t e  P h o s p h a t e  P h o s p h a t e  Pg-Pl3 P o l y p h u s p h a t r s  

11 iimi d i t y 252 

ro 
M 

20 
4 5  
58 
80 

100 

1.4  20.0 
17.6 
7.1 
4.9 
4.0 

7.9 
4.9 
2.1 
1.8 
1.9 

5.4 
6.0 
3.0 
2 . 6  
2.5 

A i r  Velocity 1 2 3  
2 5 2  
4 9 3  

Aeroso? Conce: i t ra t ion  252 

4 5  

51 

1.3 

0.8 
2 . 3  
4.6 

15.0 
17.6 
22.2 

17.6 
12.4 
16.11 

3.9 
4.9 
5.0 

7 . 7  
4 .  I 
7.7 

4.7 
6.0 
6 .3  

5.7 
4.1 
5.8 

6 . 3  
6.2 
2 .6  
2.5 
3.0 

4.8 
6 .2  
7.4 

5.7 
4 .5  
6.2 

27. I 
34.8 
1 7 . 2  
i1.3 
17.7 

30.5 
34.8 
43.5  

32.8 
2 9 .  i 
6 7 . 4  
69 .8  
69.7 

LO. 7 
29.  i 
13.4 

26.3 
25.9 
30 .3  

3 5 . 9  
4 6 .  u 
35.2 



60 
I- 
z 
W 
U a w 

40 
a 

20 

0 

20 % 

SPECIATION AS A FUNCTION OF H U M I U I T Y  

45 % 59 % 

7 

80 % SAT 
c--d HIGHER PQLY 

F i g u r e  5. Concentration of Phosphor ic  Acid Polymers i.n RPBR 
Aerosol  as a Function of Humidity. Concentrations 
of o-Phosphorus Acid, Linear Polymers From P2 t o  P I 4  
and Higher Polymers are Shown. 

29 



A 
0 

0 

ix 
,/ 

I 

mmd = 0 . 5 8  UM 
g = 1 . 4  

/ // 

~ I I I I I I I I 1 . . . U  
0 .  I .2 .3 .4  .5.6 " 8  1. 2. 3. 4 .  5 . 6 .  8 .  

DIAMETER (uM1 
0 

Figure  6. Ana lys i s  of RPBR Aerosol  P a r t i c l e  S i z e  D i s t r i b u t i o n  
From Cascade Impactor Data. Included are Three 
Determina t ions  P l o t t e d  on Logari thmic P r o b a b i l i t y  
Coordinates .  Aerosol  Concent ra t ion  = 1.8 mg/L; 
Relative Humidity = 48%; A i r  Flow 200 L/min. 
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t h r e e  v e l o c i t i e s  were c o l l e c t e d  a t  an approximate a e r o s o l  concen t r a t ion  
of 2 mg/L. The re la t ive  humidi ty  i n  t h e  chamber w a s  45 percen t  and t h e  
t o t a l  a i r  f low was mainta ined  a t  250 C/min. 

The c o n t r i b u t i o n s  of t h e  v a r i o u s  phosphate species toward the t o t a l  
amount of phosphate determined i n  each  s m p l e  are g iven  i n  T a b l e  6 and 
shown g r a p h i c a l l y  f o r  or thophosphate  through P12 i n  F igu re  7. The 
d a t a  show t h a t  lower q u a n t i t i e s  of  h ighe r  polymeric  s p e c i e s  were formed 
as t h e  a i r  v e l o c i t y  was inc reased  a c r o s s  t h e  burn site. The concentra-  
t i o n  of or thophosphate  w a s  a l s o  s l i g h t l y  e l e v a t e d  a t  t h e  f a s t e s t  burn 
v e l o c i t y .  No a p p r e c i a b l e  d i f f e r e n c e s  were observed i n  p a r t i c l e  s i z e  
d i s t r i b u t i o n  ( s e e  F igu re  8 )  and no d i f f e r e n c e s  were found i n  t h e  burn 
e f f i c i e n c i e s  s i n c e  t h e  pe rcen t  t o t a l  phosphate remained t h e  same. 

RWR a e r o s o l  samples  c o l l e c t e d  a t  chamber concen t r a t ions  ranging 
from approxiinately 1 mg/L t o  8 mg/L were analyzed t o  de te rmine  t h e  
e f f e c t s  of c o n c e n t r a t i o n  on t h e  phys ica l  and chemical composition. 
Data were ob ta ined  from d i f f e r e n t  sets of ana lyses  conducted a t  va r ious  
t i m e s .  The r e s u l t s  f o r  phosphate s p e c i a t i o n  i n d i c a t e d  t h a t  t h e r e  are 
no major composi t iona l  d i f f e r e n c e s ,  w i t h  only  minor v a r i a t i o n s  i n  t h e  
c o n t r i b u t i o n s  of each  spec ie s .  The r e s u l t s  f o r  t h r e e  d i f f e r e n t  concen- 
t r a t i o n s  are shown i n  Table  6 .  

The most pronounced change i n  t h e  a e r o s o l  occurred as i t  w a s  
a l lowed t o  age. Under usua l  exposure c o n d i t t o n s ,  t h e  a e r o s o l  i s  
formed, t hen  swept i n t o  and o u t  of t h e  chamber s o  t h a t  t h e  r e s idence  
time of  t h e  p a r t i c l e s  i s  only  a few minutes.  This  dynamic system i s  
used t o  ma in ta in  u n i f o r a  and r ep roduc ib le  cond i t ions  f o r  t h e  b i o l o g i c a l  
exposures .  In  t h e  f i e l d ,  however, t h e  smoke cloud may p e r s i s t  f o r  
l onge r  t i m e s ,  p a r t i c u l a r l y  i n  c a l m  weather  cond i t ions .  To determine 
t h e  changes t h a t  occur  w i t h  t i m e ,  a s e p a r a t e  s tudy  w a s  conducted. The 
RPBR a e r o s o l  was genera ted  con t inuos ly  and d e l i v e r e d  t o  t h e  chamber 
u n t i l  s t eady  s ta te  c ,ondi t iuns were reached as evidenced by t h e  l ight :  
s c a t t e r i n g  monitors .  Samples  were c o l l e c t e d  a t  t h i s  t i m e  and a r b i t r a r -  
i l y  des igna ted  'unaged' .  The chamber w a s  t h e n  s e a l e d  a t  both  e n t r a n c e  
and e x i t  and samples  were p e r i o d i c a l l y  taken. For  completeness and t o  
emphasize t h e  t i m e  dependent changes,  t h e  experiment w a s  cont inued f o r  
t w o  hours  even though i t  seemed u n l i k e l y  t h a t  f i e l d  a e r o s o l s  would 
p e r s i s t  t h a t  long.  Dupl ica te  experiments  were performed. The a e r o s o l  
was gene ra t ed  w i t h  incoming r e l a t i v e  humidi ty  of 30 percen t  and an a i r  
v e l o c i t y  a c r o s s  t h e  burn of 250 m/mnin. An a e r o s o l  mass c o n c e n t r a t i o n  
of 1.8 mg/L w a s  measured b e f o r e  t h e  chamber w a s  s ea l ed .  

Chromatographic p r o f i l e s  of the unaged and 120 min aged a e r o s o l  are 
shown i n  F igu re  9. Gene ra l ly ,  t h e  concen t r a t ions  of or thophosphate  and 
s t r a i g h t  c h a i n  pokfmers from P2 through P i 3  i n c r e a s e  w i t h  time., 
w h i l e  t h e  h ighe r  polymers a lmost  completely d isappeared .  These changes 
a g a i n  r e f l e c t  t h e  r a p i d  ra te  of depolymer iza t ion  i n  t h e  h ighly  a c i d i c  
a e r o s o l .  To f u r t h e r  examine t h e  h y d r o l y t i c  p rocess ,  pad samples  from 
a n  unaged a e r o s o l  w e r e  e x t r a c t e d  i n  water r a t h e r  t han  NaClfEDTA solu-  
t i o n  which i n h i b i t s  t h e  depolymerizat ion.  The a e r o s o l  from which 
s a m p l e s  were c o l l e c t e d  f o r  a n a l y s i s  w a s  genera ted  under cond i t ions  
s i m i l a r  t o  t h o s e  used i n  t h e  ag ing  s tudy .  Following e x t r a c t i o n ,  t h e  
samples were ana lyzed  every  24 h r s  up t o  7 2  hrs.  It w a s  determined 
tha t  h y d r o l y s i s  i s  much s lower i n  a d i l u t e  s o l u t i o n  than i n  t h e  

31 



SPECIATION A5 A FUNCTION OF A I R  VELOCI‘I’Y 
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Figure  7.  E f f e c t  of A i r  Ve loc i ty  Across Burning W B R  
an Phosphoric  Acid Polymer Spec ia t ion .  
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Figure  8. Effect of A i r  V e l o c i t y  Across Burning W B R  
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F i g u r e  9.  Comparison of Phosphoric A c i d  Pol.yrner 
Concentrations 111 Fresh and Aged W B R  Aerosol. 
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TABLE 7 .  COEWOSITION OF THE PI1OSPtlOKIC ACIDS IN PHOSPHORUS SMOKES AS A FUNCTION OF AEROSOL AGE AND SAMPLE ANALYSIS TIME 
~~ - 

Par m e t  e r Under 
Inves  t i g a c i o n  Generat ion  C o n d i t i o n s  Composition ( X )  

A e  ros  o l  
A i r  V e l o c i t y  Z R e l a t i v e  Concentra t ion  or tho-  pyro- t r i p o l y -  t e t r a p o l y -  Higher t e trameta-  trimeta- 

( m i m i n )  Humidity (mg P04-3 /L )  P h o s p h a t e  Phosphate phosphate Phosphate Pt,-P13 Polyphosphates Phosphate Phosphate 

Aerosol  Age 2 5 2  30 1 . 5  
Unaged 9 . 5  3.6 3.9 4.5 2 4 . 3  5 3 . 3  - -- 
30 min 16.6 7.9 3.4 3.0 12.1 51.9 -- -- 
60 min 31.6 14.0 5.5 4.7 15.2 29.0 - -- -- -- c*, i 2 0  min 49.0 2 2 . 1  7.2 5.4 13.9 2.4 

in 
Hydro lys i s  
(Sample 
A n a l y s i s  Time) 

4 hrs 10.0 3.5 3.8 4.9 27.2 49.5 0.7 0.4 
24 hrs 12.0 4.8 6.5 9.8 4 2 . 3  16.5 0.9 7 . 2  

1.4 16.9 4 8  hrs 15.2 6.5 9.8 13.9 36.3 - 
72 hrs  16.8 7 . 5  12 .3  1 6 . 2  2 6 . 2  -- 2 . 3  18.7 

2 5 2  31) 1.5 



concen t r a t ed  a e r o s o l  pa r t3  d e s .  %he c o n c e n t r a t i o n  of  long and branched 
c h a i n  polymers was found t o  dec rease ,  bu t  t h e  c o n c e n t r a t i o n  of trimeta- 
and tc t rametaphosphate  inc reased .  Tfie l e v e l  of or thophosphate  a l s o  
i n c r e a s e d ,  bu t  on ly  s1igh"cy. The r e s u l t s  are r epor t ed  i n  Table  7 ,  and 
p r o f i l e s  of an  aged aerosol s a m p l e  and hydrolyzed sample ( i * e . ,  a e r o s o l  
e x t r a c t s  i n  wa te r )  are shown i n  F i g u r e  10 for  comparative purposes.  

The par t ic le  s i ze  growth wi th  t h e  i s  t a b u l a t e d  i n  Table  8 where 
mass median d i ame te r s  and geometr ic  s t anda rd  d e v i a t i o n s  t aken  from 
l o g a r i t h m i c  p r o b a b i l i t y  p l o t s  of cascade Impactor d a t a  are shown. 
Diameters i n c r e a s e  frorn about 0.4 vm i n i t i a l l y  t o  1.65 urn a f t e r  two 
hours .  Such growth p a t t e r n s  are t y p i c a l  o f  concent ra ted  a e r o s o l s  and 
are u s u a l l y  cons idered  t o  be t h e  result of Brownlan coagu la t ion  mecha- 
nisms. Note a l s o  the- g radua l  dec rease  i n  a e r o s o l  c o n c e n t r a t i o n  t h a t  
was p a r t i c u l a r l y  ev iden t  Q T ~  l ong  s tanding .  It i s  probable  t h a t  t h i s  
represents losses due t o  mig ra t ion  t o  t h e  chamber w a l l s  and s e t t l i n g ,  
r a t h e r  t han  chamber l eaks .  

TASEE 8. RPBK PUSS MEDIAN PARTICLE SIZE AS A FUNCTION OF AEROSOL AGE 

Mass Median Aerosol  Mass 
Ag e P a r t i c l e  S i z e  d Concent ra t ion  

mlua vm (mg/XJ 
--.- 

T u r r e t c  
0 
0 
5 
18 
29 
30 
60 
120 

.3a 
.37 
.41 
.95 

1 .15  
1.35 
1.40 
1.55 
1.65 

1.4 
1.5 
1,4 
1.3 
1.3 
1.3 
1.4 
1.3 
1.4 

1.81 
1.84 
1.69 
1.69 
1.62 
1.65 
1.05 

.54 

-I 

aTime a f t e r  g e n e r a t o r  s topped and chamber s e a l e d  
bgeometr ic  s t a n d a r d  d e v i a t i o n  
CSainple c o l l e c t e d  i n  t h e  t u r r e t  s e c t i o n  of  t h e  exyosure chamber 

COMPARISON OF K W R  AND WPF UNDER FREE BURNIiVG CONDITIONS 

I n  t h i s  s e c t i o n  we d i s c u s s  chemical  s imilar i t ies  and d i f f e r e n c e s  
encountered i n  t h e  saokes when RPBR and WPF formulations are burned 
iinder free burning  eond i t ions .  The pr i ina iy  purpose w a s  t o  compare t h e  
combustion products  of  t h e  t fo rmula t ions  when burned under similar 
cond i t ions .  In t h e  work d i scussed  s o  f a r  i n  t h i s  r e p o r t ,  RPRK was 
burned i n  a s t r o n g  a i r  flow f o r  d e l i v e r y  i n t o  chambers f o r  tox ico logy  
t e s t i n g .  No such  g e n e r a t o r  w a s  a v a i l a b l e  Eor WE. Hence, a s imple r  
system f o r  burning t h e s e  materials w a s  devised  so that t hey  could be 
compared as burned under  similar cond i t ions .  The d e v i c e  is diagrammed 
in F i g u r e  11. P e l l e t s  of the materials were placed  O R  a bed of  c l e a n  
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F i g u r e  10. Comparison of Phosphoric A c i d  Polymers i n  Aged RPaR 
Aerosol and a Hydrolyzed W B R  Aerosol Sample. 
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F i g u r e  11. Staeic Burn Chamber. 
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sand i n  a canopy chamber, t h e  p e l l e t s  were i g n i t e d  and t h e  a e r o s o l  
c a r r i e d  t o  t h e  exposure  chamber f o r  sampling. The canopy chamber was 
designed s o  t h a t  excess  a i r  w a s  always a v a i l a b l e ,  bu t  so  t h a t  d i r e c t  
d r a f t s  a c r o s s  t h e  material were m i n h i z e d .  The air  e n t e r i n g  t h e  canopy 
chamber was c o n t r o l l e d  by a window l o c a t e d  j u s t  above t h e  burning zone. 
To he lp  r e g u l a t e  t h e  a e r o s o l  concen t r a t ion ,  d i l u t i o n  air  was added 
through a plenum i n  t h e  l i n e  l e a d i n g  To t h e  sampling chamber. Much of  
t h e  phosphorus from a munit ion d e t o n a t i o n  burns  on  the ground under 
c o n d i t i o n s  which are s imula t ed  by t h i s  appara tus .  P a r t i c l e s  of KPBR 
were used as rece ived .  The WF w a s  c u t  under water i n t o  s i m i l a r l y  
s i z e d  pieces (ca .  0.5 g > .  The concen t r a t ion  of smoke i n  t h e  sampling 
chamber w a s  c o n t r o l l e d  w i t h  t h e  aid of on - l ine  a e r o s o l  c o n c e n t r a t i o n  
monitors .  As t h e  burning of one fragment subs ided ,  ano the r  w a s  
manually added. A s  expected,  t h e  smoke Concent ra t ion  f l u c t u a t e d  as i s  
shown i n  F igure  12. For  t h e  W F ,  t h e  a e r o s o l  concen t r a t ions  ranged 
from 2 t o  8 mg/L and f o r  t h e  RPBR 2 t o  6 mg/L Typically, t h e  WPF 
burned more v igorous ly  than  t h e  RPBR. The combustion w a s  never 
complete. A t  t h e  end of a run t h e r e  was a cons ide rab le  amount of 
cha r red  and unburned r e s i d u e  t h a t  conta ined  some e l emen ta l  phosphorus. 

The smokes genera ted  from t h e  f ree-burn ing  c o n d i t i o n s  were ana- 
l yzed  t o  d e f i n e  t h e i r  p h y s i c a l  and chemical p r o p e r t i e s  f o r  q u a l i t a t i v e  
and q u a n t i t a t i v e  comparisons of t h e  va r ious  c o n s t i t u e n t s  p r e s e n t  i n  t h e  
smokes. A series of ana lyses  i n c l u d i n g  phosphate s p e c i a t i o n ,  v o l a t i l e  
o r g a n i c s ,  and particle size d i s t r i b u t i o n  were conducted on exper imenta l  
burns  per forued  under n e a r l y  i d e n t i c a l  cond i t ions .  These g e n e r a t i o n  
parameters are gfven i n  Table  9. 

TABLE 9. GENERATION CONDITIONS FUR FREE-BURNING RPBR AM> WPF 

Average concen t r a t ion :  2.5 mg/L f o r  RPBR and 2.9 mg/L f o r  WP-F 
R e l a t i v e  humidity:  40 percent  
A i r  flow through burn chamber: 100 L/min 
D i l u t i o n  a i r  flow: 150 L/min 
Chamber temperature:  21°C 

F i g u r e  13 shows t h e  r e s u l t s  ob ta ined  f o r  t h e  phosphate s p e c i a t i o n .  
The p r o f i l e s  were very similar w i t h  r ega rd  t o  t h e  number of coinpounds 
d e t e c t e d  and t h e i r  c o n c e n t r a t i o n  l e v e l s .  Con t r ibu t ions  f o r  i n d i v i d u a l  
phosphates  are g i v e n  in ‘Cable 10. The s l i g h t l y  e l e v a t e d  c o n c e n t r a t i o n s  
of t h e  h ighe r  polymeric forms (beyond P5) in t h e  KPBR may r e f l e c t  t h e  
d i f f e r e n c e s  i n  burn temperature  and rate of burning. Overa l l ,  however, 
the r e s u l t s  of burning the RPBR and WPF w e r e  very s imi la r .  The h i g h e s t  
polymeric  phosphate  found w a s  P11, and none of t h e  complex c y c l i c  
compounds were seen  when e i t h e r  RPBR o r  WPF were burned under t h e s e  
cond i t ions .  This i s  i n  d i s t i n c t  c o n t r a s t  t o  t h e  r e s u l t s  ob ta ined  w i t h  
RPBR as gene ra t ed  from t h e  cont inuous  genera tor .  Fu r the r  exper imenta l  
work would be necessary  t o  beg in  t o  understand t h e  causes  o f  t h i s  
i n t e r e s t i n g  d i f f e r e n c e .  
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Figure 13. Phosphoric Acid Polymer Concentrations Prom WBF 
and RPBR Aerosols Under Static Burning Conditions. 
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TABLE 10. COMPOSITLON OF TEE PHOSPBORK ACIDS IN PHQSPHOMUS SMQKGS 
PRODUCED FR0.I STATIGALLY BURNED KPBR AND WPF 

RPBR WPF 

Composition i n  Pe rcen t  

O r  t ho  pho s pha t e  
Pyrophosphate 
T r  ipol.yphosphate 
Te t rapolyphosphate  
p5-p13 
Higher Poly phosphates  

22*8  
19.6 
13,3 
11.5 
32,8 
l O W  

23.8 
26.6 
1 6 . 3  
11.3 
22.0 
low 

A g a s  chromatographic  s e a r c h  f 01: v o l a t i l e  o r g a n i c s  and organophos- 
pha te s  was c a r r i e d  o u t  by d i r ec t  i n j e c t i o n  of 0.5 mL gas samples co l -  
l e c t e d  from t h e  smoke f i l l e d  chamber. No o r g a n i c  conrpouncls were seen  
using FID w i t h  t h e  exception of a small peak e l u t i n g  w l t h i n  one minute 
o f  t h e  s ta r t  oE t h e  a n a l y s i s  i n  bo th  the RPBK and WPF samples,  The 
c o n c e n t r a t i o n  of t h i s  peak was less than  5 p p  ( c a l c u l a t e d  as pentane)  
and i s  l i k e l y  a l o w  molecular  weight hydrocarbon such as methane o r  
e thane.  S i m i l a r l y  chromatographic  p r o f i l e s  us ing  NPD d e t e c t i o n  showed 
no major peaks. A compoiind e l u t i n g  from Lhe column a t  28 win was seen  
b u t  proved t o  he a n  a r t i fac t .  It outgassed  from unused gas sampling 
bags. idhen t h e  WPP v o l a t i l e s  were ex.unliied a t  much h ighe r  s e n s i t i v i t y ,  
a trace of phosphine (approximately 1 p p )  and e l emen ta l  phosphorus w a s  
seen.  No s t anda rds  w e r e  a v a i l a b l e  f o r  e l emen ta l  phosphorus bu t  t h e  
c o n c e n t r a t i o n  w a s  e s t ima ted  t o  be i n  t h e  low ppb range. The i d e n t i t y  
as P4 was confirmed by comparison of t h e  r e t e n t i o n  time w i t h  t h a t  
found i n  t h e  n i t r o g e n  headspaee over  WP . A mass s p e c t r o g r a p h i c  analy-  
s is  of  a gas sanple drawn from t h e  chamber and condensed i n  a U-tube 
p l aced  i n  a l i q u i d  n i t r o g e n  b a t h ,  a l s o  d e t e c t e d  194. Nei ther  P 4  nor  
phosphine w e r e  d e t e c t e d  i n  t h e  g a s  phase of KPBR a e r o s o l s .  

Dup l i ca t e  p a r t i c l e  s i z e  de t e rmina t ions  were made f a t  each  of  t h e  
fonnu la t ions .  R e s u l t s  are shown i n  F i g u r e  14 f o r  t h e  RPRR and WPF. 
There was l i t t l e  d i f f e r e n c e  between t h e  two smokes vith t h e  mass median 
par t ic le  d iameter  f o r  each being j u s t  below 1 pm. 

TQ d e t e c t  non-chromatographable orgar i ic  compounds and e s t a b l i s h  an 
upper  l i m i t  t o  t h e  o r g a n i c  con ten t  o f  t h e  p a r t i c u l a t e  phase,  TOC analy-  
ses  were conducted, For RPBR, a t  a n  a e r o s o l  c o n c e n t r a t i o n  of  3 . 5  ing/L 
(2.9 mg/L as H3P04) ,  t o t a l  organic carbon (TOC) was 27 & g / g  
H3PUq. Fo r  WPF, a t  an  a e r o s o l  c o n c e n t r a t i o n  of 5.0 mg/L ( 4 . 2  mg/L 
as H3P94) ,  a s i g n f i c a n t l y  h ighe r  va lue  of 415 1.18 TOC/g 113P04 
was found. This  h ighe r  l e v e l  was expected s i n c e  t h e  WPF c o n t a i n s  a 
h tghe r  pe rcen tage  of o r g a n i c  material, 
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Analyses f o r  CO and C 0 2  were made a t  a n  average a e K O S 0 1  
c o n c e n t r a t i o n  of 3 . 2  mg/L f a r  t h e  RPBR (corresponding t o  2 . 4  mg of 
H3P04/ vL)  and 3.5 mg/L f o r  t h e  UP9 (corresponding to 2.2 mg of 
Iil3PQh/L). The r e s u l t s  i~eile as fo l lows’  

RWR 0.05 120 4-8 
kT PF 0.11 250 26 

The C 0 2  c o n c e n t r a t i o n s  were ob ta ined  bjr s u b t r a c t i n g  t h e  ambtent  a i r  
l e v e l s .  C O  w a s  monitored con t inuous ly  i n  t h e  chamber, and t h e  v a l u e s  
r e p o r t e d  r e p r e s e n t  t h e  average c o n c e n t r a t i o n  d u r i n g  t i l e  burns,  It w a s  
no ted  t h a t  as t h e  WPF a e r o s o l  c o n c e n t r a t i o n  f l u c t u a t e d  t h e  CO L e v e l s  
dec reased  o r  i n c r e a s e d  correspondingly.  For t h e  RPBR bu rns  t h e  60 
l e v e l s  d i d  not  vary w i t h  the a e r o s o l  c o n c e n t r a t i o n  but  i n c r e a s e d  as 
add i t ioua l .  f u e l  was added and decreased as t h e  ra te  o f  combustion 
i n c r e a s e d ,  Overall t h e  l e v e l s  f o r  C02 and C O  i n d i c a t e  t h a t  most of 
t h e  o r g a n i c  material i s  cotnple te lg  oxidized.  The C O  c o n c e n t r a t i o n s  are 
s u f f i c i e n t l y  low t h a t  they are not  expected t o  pose any exposure 
hdz ard.  

Smoke produced from s t a t i c a l l y  burned red phosphorus c o n t a i n i n g  no 
b u t y l  rubber  w a s  a l s o  analyzed t o  a l low comparisons w i t h  t h e  a e r o s o l s  
produced from WPF and t h e  RPBR f o m u l a r t o n  burned under similar corndi- 
t i o n s  and u s i n g  t h e  e x t r u s i o n  gene ra to r .  These: a n a l y s e s  were conducted 
t o  d e t e m i n e  t h e  e f f e c t s ,  i f  anys of t h e  b u t y l  rubber  on the combustion 
p roduc t s  and p h y s i c a l  p r o p e r t i e s  o l  t he  smoke. The powdered R P  was 
f i r s t  p re s sed  i n t o  small p e l l e t s  to f a c i l i t a t e  handl ing.  These p e l l e t s  
w e r e  t h e n  burned i n  t h e  manner d e s c r i b e d  f o r  f ree-burning RPBR. 
Chamber c o n d i t t o n s  were as fol lows:  51 p e r c e n t  r e l a t i v e  humidi ty ,  252 
w/min air  v e l o c i t y ,  and 2 mg/L aerosol  concen t r a t ion .  Samples were 
c o l l e c t c d  arid analyzed for t o t a l  phosphate concen t r a t ion ,  p a r t i c l e  s i z e  
d i s t r i b u t i o n s ,  and phosphoric  a c i d  species. Since t h e  vapor phase 
o r g a n i c  c o n t e n t  i n  W R K  smoke was prev ious ly  found t o  be  very  l o w  i n  
c o n c e n t r a t i o n ,  no a d d i t i o n a l  samples were c o l l e c t e d  € o r  t h i s  a n a l y s i s .  

Parc i cle size distr i-bution, determined by cascade impact Lon, 
appeared t o  be l o g  norlnal w i t h  a mass median d i ame te r  j u s t  below 1 p. 
A comparison of RPBR, WPF and red phosphorus f ree  burns i s  shown in 
Table 11, 

The HPTX p r o f i l e s  f o r  t h e  phosphoric  a c i d s  w e r e  similar to  those 
ob ta ined  f o r  RPDR g e n e r a t o r  produced saokes. Orthophosphate con t r ibu -  
t e d  approximately 13  p e r c e n t  t o  I:hr t o t a l  phosphate c o n c e n t r a t i o n ,  P2 
th rough  P12 - 5 4  p e r c e n t ,  and h ighe r  polymers - 3 3  percen t .  This 
d i f f e r s  from the WPF and RPBR free burtis where the h i g h e r  polymers i n  
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the unreso lved  envelope w e r e  no t  p r e s e n t .  The absence of h ighe r  poly- 
meric forms, however, may be a r e f l e c t i o n  of t h e  chamber humidi ty  
r a t h e r  t h a n  t h e  n a t u r e  of t h e  material be ing  combusted. Samples from 
f ree-burn ing  RPBR and WPF were c o l l e c t e d  a t  lower humid i t i e s  which 
i n f l u e n c e  t h e  a c i d i t y  of  i n d i v i d u a l  p a r t i c l e s  and accelerates depoly- 
m e r i z a t i o n  of long chained phosphates.  Overa l l  t h e r e  were no major 
composi t iona l  d i f f e r e n c e s  and t h e  p r o f i l e s  ob ta ined  were as expected. 

TABLE 11. PARTICLE: SIZE DISTRIBUTION FOR FREE BURN C O N D I T I O N S  

Mass Nedian 
Diameter Geometric 

urn Std.  Dev. 

RPBR 
WPF 
Red Phosphorus 

.95 

.85 

.7 

1.6 
1.6 
1 . 6  

I n  summary t h e  chemical- c h a r a c t e r  of  t h e  a e r o s o l s  formed from 
burn ing  RPBR and WPF are very similar. In  both ,  particles are priinari-  
l y  concent ra ted  phosphoric  a c i d ,  p r e s e n t  as a complex mixture  of poly- 
meric forms. The d i s t r i b u t i o n  of t h e s e  polymers i s  very similar when 
RPBR and WPF are burned under similar cond i t ions .  S i g n i f i c a n t  d i f f e r -  
ences  i n  polymer d i s t r i b u t i o n  were s e e n  when a e r o s o l s  were formed from 
KPBR under f ree-burning and ex t rus ion-burn ing  cond i t ions .  

The o r g a n i c  c o n s t i t u e n t s  of t h e  r a w  materials are, f o r  t h e  most 
p a r t ,  completely burned. Organic compounds c o n s t i t u t e  only a minor 
f r a c t i o n  of  t h e  a e r o s o l  p a r t i c l e s .  For example, t h e  t o t a l  o r g a n i c  
c o n t e n t  of t h e  a e r o s o l  from WPF w a s  ea. 400 yg/g H3P04 and w a s  ca. 
15 t i m e s  less i n  RPBR. The d i f f e r e n c e  i s  paral le l  t o  t h e  o r g a n i c  
c o n t e n t  of t h e  s t a r t i n g  material. 

Aerosol  par t ic le  s i z e  was found t o  be l a r g e r  w i t h  t h e  f r e e  burn ing  
of bo th  RPBZ and WPF t h a n  w i t h  generator-produced RPBR a e r o s o l .  This  
i s  thought  t o  be due t o  t h e  d e l a y  time (aging)  i n  t r a n s f e r  of t h e  
aerosol from t h e  f ree-burn  chamber t o  t h e  exposure chamber where t h e  
measurements were made. Even s o ,  t h e  p a r t i c l e  d iameters  rernain below 1 
pm and are w e l l  w i t h i n  t h e  r e s p i r a b l e  range. 
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APPENDIX B 

TOTAL PHOSPHATE AND PHOSPHORUS SPECKATION 

S amp 1 i ng 

Samples w e r e  drawn d i r e c t l y  from t h e  exposure chamber wi th  a vacuum 
pump on to  47 m g l a s s  f i b e r  f i l t e r  pads. Following c o l l e c t i o n ,  t h e  
samples were immediately e x t r a c t e d  by p l a c i n g  t h e  pads i n  100 mL of  
0.22  M N a C l  con ta in ing  5 mM Na4 EDTA. The pads remained i n  s o l u t i o n  
f o r  a minimum of 2 hours  p r i o r  t o  a n a l y s i s  t o  a s s u r e  maximum recovery.  
Samples p laced  i n  NaGI/EDTA preserved  t h e  polyphosphate s p e c i e s  f o r  a 
minimum of 72 hours  a t  room temperature .  

Reagents 

A l l  chemicals  were r eagen t  g rade  and were used as rece ived .  Pyro- 
phosphate ,  t r imetaphosphate ,  t r i po lyphospha te ,  and te t rapolyphosphate  
w e r e  purchased from Sigma Chemical Co. (S t .  Louis ,  MO). Sodium tetra- 
metaphosphate w a s  donated by E. J. G r i f f i t h  (Monsanto, S t .  Louis ,  MO). 
Orthophosphate s t a n d a r d s  w e r e  prepared from sodium hydrogen phosphate 
purchased from t h e  O f f i c e  of Standard Reference Materials, Nat iona l  
Bureau of S tandards  (Washington, E). All s t a n d a r d s  were prepared i n  
0.22 M N a C l  c o n t a i n i n g  5 mM Na4 EDTA. 

The r eagen t  used i n  t h e  flow i n j e c t i o n  system f o r  t h e  d e t e r i i n a t i o n  
of  phosphates  w a s  a 5 t o  1 mixture  of  5.7 x M ammonium molyb- 
d a t e ,  ( m 4 ) 6  Ho7024*4H20, i n  1.8 M H2SO4 and 0.05 f4  
L-ascorbic  a c i d  con ta in ing  5 pe rcen t  (v /v> acetone.  The a s c o r b i c  a c i d  
p a r t i a l l y  reduces  t h e  i j lo(V1) t o  N o ( V > .  The M o ( V ) - b ( V I )  complex com- 
b i n e s  w i t h  or thophosphate  t o  form t h e  he te ropolyblue  complex. 

Flow I n j e c t i o n  Analys is  

The f low i n j e c t i o n  system was adapted from H i r a i ,  e t  a l .  , (11)  
w i t h  a few modi f i ca t ions .  An Eldex Model E-120-S pump (Plenlo Park,  CA) 
d e l i v e r s  t h e  molybdenum reagen t  a t  a f low of 0.5 mL/min. Samples f o r  
t o t a l  phosphate a n a l y s i s  are in t roduced  i n t o  t h e  r eagen t  stream w i t h  a 
Kheodyne Model 7125 6-port i n j e c t i o n  va lve  equipped w i t h  a 20 p1L samp- 
l i n g  loop. The sample and r eagen t  react i n  a 10 m PTFE c o i l  hea ted  t o  
140°C. Th i s  c o i l  i s  wrapped around a 2 i n .  O.D. x 6 i n .  g l a s s  p i p e  
which i s  then  wrapped w i t h  e lectr ical  h e a t i n g  tape .  The temperature  I s  
c o n t r o l l e d  w i t h  a Barber  Coleman Model 520 So l id  S t a t e  C o n t r o l l e r .  A t  
140°C t h e  h y d r o l y s i s  of t h e  polyphosphate s p e c i e s  t o  or thophosphate  i s  
95 pe rcen t  o r  g r e a t e r .  The r eac t ed  sample pas ses  through a 1 m c o i l  
cooled by c h i l l e d  water be fo re  f lowing  through an Altex Nodel 153 U V  
d e t e c t o r  (8  IJL volume, 10 mm pa th ) .  Absorption of t h e  phosphate 
complex i s  measured a t  660 nm. Although t h e  maxiinum a b s o r p t i o n  of t h e  
he t e ropo ly  b l u e  complex i s  a t  820 nm, t h e  s e n s i t i v i t y  was s a t i s f a c t o r y  
a t  t h e  lower wavelength,  t h u s  e l i m i n a t i n g  t h e  need t o  make c o s t l y  
mod i f i ca t ions  o n  t h e  f i x e d  wavelength d e t e c t o r .  A 10 m backpressure  
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c o i l  a t t a c h e d  t o  t h e  e x i t  of t h e  detec. tor  p reven t s  anomalous responses  
due t o  bubble f o r a a t i o i i  caused by heating t h e  r e a c t i o n  c o i l .  

T o t a l  phosphate de t e rmina t ions  could b e  made a t  a ra te  of 25 
samples  per hour.  The r e l a t i v e  s t a n d a r d  d e v i a t i o n  f o r  rep l ica te  in j ec -  
t i o n s  w a s  less than  I pe rcen t  and the linear range w a s  from 1.5 t o  105 
P P *  

Chromatographic Sepa ra t ions  I o f  Condensed Phosphates 

A Spectra  Phys ics  8700 s o l v e n t  d e l i v e r y  system w a s  used f o r  pro- 
g r a m i n g  and d e l i v e r i n g  t h e  s o l v e n t  al: a c o n s t a n t  flow of 1 mL/min 
th rough t h e  a n a l y t i c a l  column. Samples were i n j e c t e d  with a Rheodyne 
7125 6 p o r t  i n j e c t i o n  va lve  w i t h  a 50 11L sample  loop  on to  a Vydac SC 
an ion  guard column ( 4  cin x 4 mm I . D ,  Varian,  Pals Al to ,  C S ) .  The 
polyphosphates  were separated on a n  Aminex A-27 8 percent  c r o s s l i n k e d  
qua te rna ry  ammonium an ton  exchange column (30 cm x 4 mm I . D . ,  BioRad, 
Richmond, CA)  u s i n g  N a C l  s o l u t i o n s  (pW l o )  ccPnl:ainl.ng 5 mM Na4 EDTA. 
A l i n e a r  g r a d i e n t  froin 0.28 M N a C l  t o  0 . 5 3  M N a C l  over  a 40 rnin t i m e  
i n t e r v a l  w a s  used and the  f i n a l  e l u e n t  c o n c e n t r a t i o n  w a s  he ld  f o r  an  
a d d i t i o n a l  15 m i n .  Some a n a l y s e s  were also conducted a n  a n  Aminex A-14 
column ( 4  percen t  c r o s s l i n k e d  r e s i n ,  30 cm x 7.8 mm I . D .  BLoRad). I n  
t h i s  case, t h e  s o l v e n t  w a s  programmed from 0.31 M N a C l  t o  0.53 M N a C l  
a t  a l i n e a r  rate over  a 260 min t i m e  i n t e r v a l .  T h e  e f f l u e n t  from t h e  
a n a l y t i c a l  columns was in t roduced  d i r e c t l y  i n t o  t h e  stream of r eagen t  
used f o r  FIA. A diagram of t h e  complete system Is shown i n  F igu re  
B-1. 
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