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SOLUBILITIES OF BROMIDE SALTS OF ALUMINUM, COBALT, LEAD, 
MANGANESE, POTASSIUM, AND SODIUM W H E N  SPARGED WITH 

HYDROGEN BROMIDE

By E. G. Noble1 and D. E. Shanks2

ABSTRACT

The e f f e c t s  o f HBr c o n c e n t ra t io n  and te m p e ra tu re  on th e  s o l u b i l i t y  and 
h y d r a t io n  s t a t e  o f A lB r 3 , C o B r2 , P b B r2, MnBr2 , KB*-» and NaBr w ere  in v e s 
t ig a t e d  by th e  B u reau  o f  M in e s . S a tu r a te d  aqueous s o lu t io n s  o f th e  A l ,  
Pb , K , and Na b rom ides w ere  sp a rg e d  w it h  HBr gas a t  2 0 ° ,  4 0 ° ,  and 60°  C,  
and s a t u r a t e d  s o lu t io n s  o f Co and Mn b ro m ides w ere  sp a rg e d  a t  20° C . 
In c re a s e d  HBr c o n c e n t ra t io n  cau se d  d e c re a se d  s a l t  s o l u b i l i t y  b ecau se  o f 
th e  common io n  e f f e c t  f o r  a l l  th e  in v e s t ig a t e d  b ro m ides e x c e p t  P b B r2* 
Aqueous s o l u b i l i t i e s  a t  20° C w e re , in  p e r c e n t , 5 1 . 7  f o r  A lB r 3 , 5 3 . 2  f o r  
C o B r2 , 1 .1  f o r  P b B r2, 5 9 . 6  f o r  M nBr2 , 3 9 . 5  f o r  K B r , and 4 7 . 4  f o r  N aBr. 
A t 60 ° C , th e  s o l u b i l i t i e s  w e re , i n  p e r c e n t , 5 3 . 3  f o r  A lB r s ,  2 .2  f o r  
P b B r2 , 4 6 . 0  f o r  K B r , and 5 3 . 8  f o r  N aB r. S o l u b i l i t i e s  i n  s o lu t io n s  
sp a rg e d  to  HBr s a t u r a t io n  a t  20 ° C w e re , in  p e r c e n t , 0 .5  f o r  A lB r 3 , 4 2 . 0  
f o r  C o B r2> 3 2 . 2  f o r  P b B r2, 2 1 . 0  f o r  M nBr2 , 0 .6  f o r  K B r , and 0 .3  f o r  
N aB r. A t 60° C , th e  s o l u b i l i t i e s  a t  HBr s a t u r a t io n  w e re , in  p e rc e n t , 
1 .8  f o r  A lB r 3 , 4 1 . 4  f o r  P b B r2 , 1 .3  f o r  K B r , and 0 .4  f o r  N aB r. C o B r2 
p r e c ip i t a t e d  out to  a minimum s o l u b i l i t y  o f 2 7 . 2  p e t a t  2 8 .7 -p c t-H B r  
c o n c e n t r a t io n . F u r t h e r  in c r e a s e s  in  HBr c o n c e n t ra t io n  in c re a s e d  C o B r2 
s o l u b i l i t y  b ecau se  o f  th e  fo rm a t io n  o f b rom ide co m p le xe s . P b B r2 i n 
c re a s e d  i n  s o l u b i l i t y  a s HBr c o n c e n t ra t io n  in c r e a s e d .

^ R e s e a r c h  c h e m i s t .
^ S u p e r v i s o r y  r e s e a r c h  c h e m i s t .

R e n o  R e s e a r c h  C e n t e r ,  B u r e a u  o f  M i n e s ,  R e n o ,  N V .
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INTRODUCTION

Many h y d r o m e t a l lu r g ic a l  p ro c e s s e s  make 
u se  o f a c id  h a l id e  s y s te m s . Most o f th e  
m e ta l c h lo r id e s  a re  h ig h ly  s o lu b le  i n  an 
aqueous s o lu t io n ,  but many can be removed 
fro m  s o lu t io n  by in c r e a s in g  th e  c h lo r id e  
io n  a c t i v i t y .  A d e c re a se  i n  s o l u b i l i t y  
o f th e  m e ta l c h lo r id e  r e s u l t s  from  th e  
common io n  e f f e c t .  P r a c t i c a l  use  o f th e  
s e n s i t i v i t y  o f c h lo r id e  s a l t  s o l u b i l i t y  
to  changes in  HC1 c o n c e n t ra t io n  can 
s i g n i f i c a n t l y  im prove th e  e f f i c i e n c y  o f 
c h lo r id e  h y d r o m e t a l lu r g ic a l  p ro c e s s e s . 
L e s s  w ork has been done w it h  m e ta l 
b ro m id e s ; i t  i s  not known w h e th e r th e y  
a lw a y s  behave i n  an ana lo g o us manner to  
t h e i r  c h lo r id e  c o u n t e r p a r t s .

The B u reau  o f M ines has p r e v io u s ly  
s tu d ie d  th e  e f f e c t  o f s p a rg in g  c r y s t a l l i 
z a t io n  w it h  HC1 gas on aqueous m e ta l 
c h lo r id e s .  S o l u b i l i t y  and c r y s t a l
c o m p o s it io n  d a ta  w ere o b ta in e d  to  a id  in  
d e s ig n in g  s e p a ra t io n s  and p u r i f i c a t io n s  
i n  c h lo r id e  m e t a l lu r g i c a l  s y s te m s . D ata  
a v a i l a b le  in  th e  l i t e r a t u r e  w ere i n s u f f i 
c ie n t  f o r  t h i s  p u rp o se . The B u reau  has 
c o l le c t e d  and p u b lis h e d  d a ta  on t r a n s i 
t io n  m e ta l c h lo r id e  sy s te m s CO"* and 
a l k a l i  and a l k a l i n e  e a r th  m e ta l c h lo r id e  
sy s te m s (_2 ). The B u re a u 's  HC1 p ro c e s s
f o r  p ro d u c in g  a lu m in a  from  c la y  makes use  
o f  s o l u b i l i t y  d i f f e r e n c e s  in  th e  
A I C I 3-H C I-H 2O s y s t e m (3 _). C r y s t a l l i n e
alum inum  c h lo r id e  h e x a h y d ra te  ( A I C I 3 
•6H 20 )  o f s u f f i c i e n t  p u r i t y  to  
meet alum inum  in d u s t r y  s ta n d a rd s  i s  
re c o v e re d  from  im pure p re g n an t l iq u o r  by 
th e  d e c re a se  in  s o l u b i l i t y  t h a t  r e s u l t s  
w it h  th e  a d d it io n  o f HC1 g a s .

Some m e ta l c h lo r id e  m ix tu re s  canno t be 
s e p a ra te d  on th e  b a s is  o f t h e i r  s o l u b i l 
i t y  d i f f e r e n c e s  in  th e  m e ta l c h lo r id e -  
HC1-H20 s y s te m s . An e x a m in a t io n  o f 
p u b lis h e d  m e ta l brom ide s o l u b i l i t y  d a ta  
in d ic a t e d  g r e a t e r  m e ta l s o l u b i l i t i e s  o f 
some m e ta l b ro m id e -H B r-H 20 syste m s

■ ^ U n d e r l i n e d  n u m b e r s  i n  p a r e n t h e s e s
r e f e r  t o  i t e m s  i n  t h e  l i s t  o f  r e f e r e n c e s  

p r e c e d i n g  a p p e n d i x  A .

com pared w it h  th e  c o rre sp o n d in g  m e ta l 
c h lo r id e - H C l- H 20 s y s te m s . T h is  co u ld  
have s ig n i f i c a n c e  e s p e c ia l l y  i n  sy s te m s 
w here  h ig h  m e ta l s a l t  lo a d in g s  a re  
d e s i r a b le .  B rom ide re a g e n ts  a re  more 
c o s t l y  th an  c h lo r id e  r e a g e n t s , but 
r e c y c l in g  th e  r e a g e n t s , as i s  t y p i c a l l y  
done in  m e t a l lu r g i c a l  p ro c e s s e s , w ould  
m in im ize  th e  d i f f e r e n c e .

The g o a ls  o f t h i s  r e s e a rc h  w ere  to  
o b ta in  s o l u b i l i t y  and c r y s t a l  c o m p o s it io n  
d a ta  f o r  th e  b rom ides o f A l ,  Co , Pb , Mn, 
K , and Na i n  m e ta l b ro m id e -H B r-^ O  
s y s te m s , to  d e te rm in e  w h e th e r th e  
b ro m ides d i f f e r e d  s i g n i f i c a n t l y  fro m  th e  
c o rre sp o n d in g  c h lo r id e  s y s te m s , and to  
d e te rm in e  i f  th e  f in d in g s  co u ld  be used  
to  d e ve lo p  new m e ta l s e p a ra t io n  schem es. 
T h e re  a re  few  brom ide s o l u b i l i t y  d a ta  
a v a i l a b le  in  th e  l i t e r a t u r e .

Some aqueous s o l u b i l i t y  d a ta  a re  a v a i l 
a b le  f o r  Co , Pb , Mn, K , and Na b ro m id e s , 
but none e x i s t  f o r  A lB r 3 . L in k e  (4 )
sum m arized  th e  r e le v a n t  p u b l ic a t io n s  
p r io r  to  1957.  H ow ever, o f t h e s e , o n ly  
S c o t t  and Durham 05) re p o r te d  s o l u b i l i t y  
d a ta  f o r  m e ta l b ro m id e -H B r-H 20 s y s te m s . 
T h e i r  d a ta  f o r  K B r and NaBr sy s te m s w ere 
th e  o n ly  d a ta  o f i n t e r e s t  to  t h i s
r e s e a r c h . S c o t t  and Durham used  lo n g 
te rm  e q u i l ib r iu m  t e s t s  a t  25° C u s in g
c lo s e d  c o n t a in e r s  and p re d e te rm in e d  
am ounts o f c o n s t i t u e n t s .  A s u rv e y  o f 
p o s t-1 9 5 6  l i t e r a t u r e  showed r e s u l t s  o f 
m e ta l b rom ide s o l u b i l i t y  s t u d ie s  o n ly  fo r  
m ixed  s a l t  sy s te m s o r  nonaqueous 
s o lu t io n s .

In  t h i s  r e s e a r c h , th e  m e ta l b ro m id e - 
H B r-H 20 sys te m s w ere s tu d ie d  a t  2 0 ° ,  4 0 ° ,  
and 60°  C .  Th ese  te m p e ra tu re s  w ere  used  
so  th e  d a ta  co u ld  be compared w it h  th o se  
o b ta in e d  from  th e  B u re a u 's  m e ta l c h lo r id e  
s t u d ie s .  The C r B r 2“ H B r-H 20 sy s te m  was 
in v e s t ig a t e d ,  bu t e q u i l ib r iu m  was too 
s lo w  to  p roduce v a l i d  d a ta  fro m  sp a rg in g  
c r y s t a l l i z a t i o n .  The o th e r  b ro m ides 
e x h ib i t e d  r a p id  e q u i l i b r i a ,  as had t h e i r  
c h lo r id e  a n a lo g u e s .
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MATERIALS AND EQUIPMENT

S p a rg in g  was p e rfo rm ed  in  e i t h e r  a 1 -L  
o r  a 3 -L  w a t e r - ja c k e t e d  b o r o s i l i c a t e  
g la s s  r e s in  r e a c t io n  k e t t l e  w it h  a f o u r -  
p o r t  l i d  ( f i g .  1 ) .  The 1 -L  k e t t l e  was 
u sed  f o r  th e  A l ,  Co , Pb , and Mn s a l t s .  
P o ta s s iu m  and sod ium  b ro m ides w ere  
s tu d ie d  in  th e  3 -L  k e t t l e .  T e m p e ra tu re  
was m o n ito re d  w ith  a m e rcu ry  therm om eter 
m arked i n  0 . 1 °  C in c re m e n ts . The c i r c u 
l a t o r  b a th , p re s s u re  r e g u la t o r s ,  f lo w  
m e te rs , and s t i r r i n g  a p p a ra tu s  have been 
d e s c r ib e d  p r e v io u s ly  ( 1_ ) .

HBr

E a ch  e x p e r im e n t s t a r t e d  w ith  a s a t u 
r a te d  aqueous s o lu t io n  o f th e  m e ta l 
b rom ide s a l t .  R e a g e n t-g ra d e  K B r and NaBr 
w ere  u se d , and th e  o th e r  b rom ides w ere  o f 
th e  p u re s t  g rad e  a v a i l a b l e ;  A lB r 3 , 
9 9 . 9 9 7  p e t ;  C o B r2* 6H20 , p u r i f i e d ;  
M nBr2* 4H20, u n s p e c i f ie d  p u r i t y ;  and 
P b B r2 » 98+ p e t .  A n e a r - s a t u r a t e d  aqueous 
s o lu t io n  o f M nBr2* 4H20 c o n ta in e d  f in e s  
t h a t  w ere  no t w a te r  s o lu b le .  The s o lu 
t io n  was f i l t e r e d  th ro u g h  a f lu o ro c a rb o n  
p o lym er 5 .0 -p m  membrane f i l t e r  to  remove 
th e  f i n e s .  The f i l t r a t e  was h e a te d  to  
e v a p o ra te  enough w a te r  to  o b ta in  a s a t u 
r a te d  s o lu t io n .  The s p a rg in g  gas was HBr 
w it h  a minimum p u r i t y  o f 9 9 . 8  pe t  (im p u 
r i t y :  HC1, maximum 0 . 2 0  p e t ) .  R e ag e n ts
u sed  f o r  a n a l y t i c a l  p u rp o se s  w ere 0 . 1 OOOff 
HC1 [ s t a n d a rd iz e d  a t  25° C a g a in s t  2 -  
a m ln o - 2 - (h y d r o x y m e t h y l) - l , 3 -p ro p a n e d io l 
( T R I S ) ] ;  0 .1 0 0 0 #  NaOH (s t a n d a rd iz e d  a t
25 ° C a g a in s t  p o ta s s iu m  a c id  p h th a la te  
(KHC8H4O4 ) ) ;  AgN03 , re a g e n t g ra d e ; and 
d ip o ta s s iu m  o x a la t e  (K 2C204*H20 ) ,  re a g e n t 
g ra d e .

C r y s t a l - f r e e  sam p les o f s o lu t io n  w ere 
rem oved from  th e  r e a c t io n  k e t t l e  th ro u g h  
a c o a r s e - p o r o s i t y ,  f r i t t e d - g l a s s  g a s 
d is p e r s io n  tu b e , 250 mm lo n g  w ith  an  8-  
mm-diam stem  and a 12-mm-diam c y l i n d r i c a l  
d i s k .  H ydrogen io n  and t o t a l  b rom ide io n  
c o n c e n t ra t io n s  w ere  d e te rm in e d  w it h  an 
a u to m a t ic  t i t r a t i n g  a p p a ra tu s  w it h  a 
s ta n d a rd  pH e le c t r o d e  f o r  hyd rog en  io n  
t i t r a t i o n s  and a b r o m id e - io n - s p e c i f ic  
e le c t r o d e  f o r  b rom ide t i t r a t i o n s .  
R e fe re n c e  e le c t r o d e s  w ere  s le e v e ,  d o u b le 
ju n c t io n ,  c a lo m e l- in t e r n a l ,  w ith  a s a l t  
b r id g e  f i l l i n g  s o lu t io n  o f sod ium  
a c e ta te - s o d iu m  n i t r a t e  (NaC2H302-NaN03 ) .  
A l iq u o t s  o f th e  d i lu t e d  sam p le s i n  th e  
v o lu m e t r ic  f l a s k s  w ere  drawn w ith  a 1-mL 
a u to m a t ic  p ip e t  w it h  ±0, 6~pct a c c u ra c y .
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PROCEDURE

A p p ro x im a te ly  800mL o f  s a t u ra t e d  
brom ide s o lu t io n  was p re p a re d  f o r  th e  1 -L  
k e t t l e  and a p p ro x im a te ly  2 , 5 0 0  mL f o r  th e
3 -L  k e t t l e .  S a tu ra te d  s o lu t io n s  w ere
p re p a re d  by h e a t in g  an  a p p r o p r ia te
amount o f w a te r  to  s l i g h t l y  h ig h e r  th an  
th e  d e s ir e d  te m p e ra tu re , s lo w ly  s t i r r i n g  
i n  th e  brom ide u n t i l  e x c e s s  s o l id s  
re m a in ed  f o r  a t  l e a s t  24 h a f t e r  th e  l a s t  
a d d i t io n ,  and c o o l in g  to  th e  d e s ir e d  
te m p e ra tu re . S p e c ia l  p re c a u t io n s  w ere
ta k e n  i n  p re p a r in g  th e  A lB r 3 s o lu t io n s  
b ecau se  o f A l B r j ' s  p ro p e r ty  o f v io le n t  
h y d r o ly s i s  i n  w a t e r .  H ow ever, t h i s  
v io le n t  r e a c t io n  d e c re a se d  a s  th e  co ncen 
t r a t i o n  o f s a l t  I n  s o lu t io n  in c r e a s e d . 
The s a l t  was i n i t i a l l y  d is s o lv e d  i n  a 
minimum amount o f w a te r  i n  a P y re x 4 g la s s  
b e a k e r  la r g e  enough to  c o n ta in  th e  
s p a t t e r s .  When th e  i n i t i a l  amount o f 
w a te r  became s a t u r a t e d ,  a d d it io n a l  w a te r  
w as ad d ed , and s a t u r a t io n  was s lo w ly  
a c h ie v e d  a g a in . P re p a r a t io n  o f th e  s o lu 
t io n  c o n t in u e d  i n  t h i s  manner u n t i l  th e  
d e s ir e d  vo lum e was re a c h e d . The P b B r2 
s o lu t io n s  w e re  p re p a re d  w it h  a la r g e  
e x c e s s  o f s o l id s  p re s e n t  to  a l lo w  f o r  
d i s s o lu t io n  a s  th e  a c id  c o n c e n t r a t io n  
ro s e  d u r in g  s p a rg in g .

The s o lu t io n s  w ere  m a in ta in e d  a t  2 0 ° ,  
4 0 ° ,  o r  60° C and sp a rg e d  w ith  a m ix tu re  
o f  HBr and N2 c a r r i e r  gas u n t i l  s a tu ra te d  
w i t h  H B r . The HBr p a s s in g  th ro u g h  th e  
f lo w m e te r  was r e g u la te d  a t  10 p s ig  and 
a d ju s te d  to  a f lo w  r a t e  o f 150 m L/m in In  
th e  1 -L  k e t t l e s  and 350 m L/m in i n  th e  3 -L  
k e t t l e s .  The c a r r i e r  gas was r e g u la te d  
a t  10 p s ig  and d e l iv e r e d  a t  a f lo w  r a t e  
o f  200 m L/m in th ro u g h  th e  f lo w m e te r . The 
s t i r r e r  speed  was a d ju s te d  to  th e  minimum 
sp eed  t h a t  w o u ld  keep  th e  s o l id s  I n  
s u s p e n s io n . The HBr f lo w  r a t e  was chosen  
to  g iv e  a re a s o n a b le  sa m p lin g  fre q u e n c y  
and a l lo w  ad eq u ate  m o n ito r in g  o f p o s s ib le  
h y d r a t io n  c h a n g e s . The brom ide s a l t  
s o lu t io n  was sam pled  p r io r  to  s p a rg in g  
and h o u r ly  u n t i l  th e  c o n c lu s io n  o f th e  
e x p e r im e n t . A p p ro x im a te ly  5-mL sam p les

^ R e fe re n ce  to  s p e c i f i c  p ro d u c ts  does 
n o t  im p ly  end orsem ent by th e  B u reau  o f  
M in e s .

w ere  drawn fro m  th e  s l u r r y  th ro u g h  a
f r i t t e d - g l a s s  g a s - d ls p e r s io n  tube to  I n 
s u re  t h a t  no s o l id s  w ere rem oved . The 
sam p le  was added to  a 100-mL v o lu m e t r ic  
f l a s k  a p p ro x im a te ly  h a l f  f u l l  o f  a 
w e ig hed  amount o f w a t e r .  The v o lu m e t r ic  
f l a s k  was w e ig hed  a f t e r  th e  sam p le  was
added and a g a in  a f t e r  th e  f l a s k  was
f i l l e d  to  th e  100-mL m ark . T h is  m in i
m ized  lo s s  o f HBr by v a p o r iz a t io n  and 
a llo w e d  c a l c u la t io n  o f th e  w e ig h t o f th e  
sam p le  and th e  d e n s i t y  o f th e  d i lu t e d  
sa m p le . S p e c i f i c  g r a v i t y  was d e te rm in e d  
on s o lu t io n s  s e p a ra te d  fro m  20° C s l u r 
r i e s  w it h  a  M e t t le r - P a r r  DMA 35 s p e c i f i c  
g r a v i t y  m ete r w it h  ±0.001 a c c u r a c y . 
S in c e  t h i s  in s t ru m e n t  can o n ly  be u sed  i n  
th e  10° to  30° C ra n g e , th e  s p e c i f i c  
g r a v i t y  o f th e  40° and 60° C s o lu t io n s  
was d e te rm in e d  by w e ig h in g  a 5-mL sam p le  
o f th e  s o lu t io n .  The r e s u l t s  o b ta in e d  by 
w e ig h in g  a known volum e showed c o n s id e r 
a b le  s c a t t e r  and v a r ie d  by as much as 
±3 p e t ;  t h e r e f o r e ,  th e  s p e c i f i c  g r a v i t y  
v a lu e s  re p o r te d  in  t a b le s  B - l ,  B - 3 , B - 5 , 
and B-6  a t  4 0 °  and 60° C w ere  d e te rm in e d  
fro m  sm oothed c u r v e s .  To o b ta in  r e s id u e  
sa m p le s , a p p ro x im a te ly  5 mL o f s l u r r y  was 
c o l le c t e d  w it h  a l a d l e .  The s l u r r i e s  
w ere p a r t i a l l y  d e liq u o re d  by b lo t t in g  on 
g l a s s - f i b e r  f i l t e r  p ap e r and w ere  th e n  
added to  t a re d  v o lu m e t r ic  f l a s k s  h a l f  
f u l l  o f w a t e r . Th ey  w ere  f u r t h e r  p ro 
c e s s e d  i n  th e  same manner a s th e  l i q u id  
s a m p le s .

D i lu t e d  sam p le s w ere  p re p a re d  f o r  a n a l 
y s i s  by p ip e t ln g  1-mL a l iq u o t s  fro m  th e  
v o lu m e t r ic  f l a s k s .  To a s s u re  a c c u ra t e  
r e s u l t s ,  th e  a l iq u o t  was w eighed  and i t s  
w e ig h t  d iv id e d  by th e  s o lu t io n  d e n s i t y .  
The HBr c o n c e n t ra t io n  was d e te rm in e d  by 
t i t r a t i n g  th e  1-mL a l iq u o t ,  d i lu t e d  to  
50 mL w it h  w a te r  o r ,  i n  th e  c a se  o f  th e  
A l B r j  and P b B r2 s a m p le s , a 5 -p c t  aqueous 
s o lu t io n  o f d ip o ta s s lu m  o x a la t e ,  w it h  
s t a n d a r d iz e d  0.1000/1? NaOH. D ip o ta s s iu m  
o x a la t e  fo rm s co m p lexes w it h  th o s e  
c a t io n s  t h a t  I n t e r f e r e  w it h  th e  p o t e n t io "  
m e t r ic  t i t r a t i o n  o f f r e e  a c id  i n  s a l t  
s o lu t io n s  ( 6̂ ). The a u to m a t ic  t i t r a t o r  
d e te rm in e d  th e  e n d p o in t o f th e  r e a c t io n  
a s  th e  p o in t  o f maximum r a t e  o f change i n



5

th e  f i r s t  d e r iv a t i v e  o f th e  t i t r a t i o n  
c u rv e  and p r in t e d  o u t th e  volum e o f
t i t r a n t  consumed in  re a c h in g  th e  end
p o in t .  HBr c o n c e n t ra t io n  was c a lc u la t e d  
fro m  e q u a t io n  A - l , w h ich  i s  shown i n  
a p p e n d ix  A .

M e ta l brom ide c o n c e n t r a t io n , f o r  a l l  
s a l t s  e x c e p t  P b B r2 , was d e te rm in e d  by 
t i t r a t i n g  a w e ighed  1-mL a l iq u o t ,  d i lu t e d  
to  50 mL w it h  w a t e r ,  w it h  s t a n d a r lz e d  
0 . 1 0 0 #  AgNOj and d e t e c t in g  th e  change In  
b rom ide c o n c e n t r a t io n  w it h  a b ro m ld e -  
s p e c i f i c - i o n  e le c t r o d e .  The e n d p o in t 
vo lum e was c o n v e rte d  to  m e ta l b rom ide 
c o n c e n t ra t io n  by e q u a t io n  A -2 .

M e ta l b rom ide c o n c e n t ra t io n  was checked  
by a g r a v im e t r ic  te c h n iq u e , f o r  a l l
b ro m id es e x c e p t  A lB r 3 , i n  w h ich  25-mL 
a l iq u o t s  w ere  d r ie d  u n d er h e a t  la m p s , 
h e a te d  to  200° C i n  a m u f f le  fu r n a c e ,
c o o le d  i n  a vacuum d e s ic c a t o r ,  and 
w e ig h ed  a s  an an h yd ro u s m e ta l b ro m id e . 
A l B r j  c o n c e n t ra t io n  was c o n firm e d  by 
a to m ic  a b s o rp t io n  (A A ) a n a l y s i s .  In d u c 
t i v e l y  co u p le d  p lasm a ( IC P )  a n a l y s i s  on 
low  A l B r j  and P b B r2 c o n c e n t r a t io n s  was

RESULTS AND

The A l ,  Co , Mn, K , and Na brom ide
sy s te m s  e x h ib i t e d  s o l u b i l i t i e s  t h a t  w ere 
s i m i l a r  to  th o se  o f th e  a n a lo g o u s m e ta l 
c h lo r id e  sy s te m s 0 .- .3  ) .  T h u s , th e  d a ta  
in d ic a t e  t h a t  th e  u se  o f th e  b ro m ides o f 
th e s e  m e ta ls  w ould  not r e s u l t  In  Im proved  
m e t a l lu r g i c a l  s e p a r a t io n s .  H o w ever, th e  
P b B r2 s o l u b i l i t y  d a ta  show s i g n i f i c a n t l y  
g r e a t e r  lo a d in g  c a p a c i t y  i n  c o n c e n tra te d  
H Br th a n  has been re p o r te d  f o r  P b C l2 i n  
c o n c e n t ra te d  H01 ( 8)*  T h is  b e h a v io r  has 
p o s s ib le  p ro c e s s  a p p l i c a t io n .

The m e ta l b ro m ides t h a t  w ere  s tu d ie d  a t  
2 0 ° ,  4 0 ° ,  and 60°  C showed a s l i g h t
in c r e a s e  i n  aqueous s o l u b i l i t y  w ith  
in c r e a s e d  te m p e ra tu re . A l l  b ro m id e s , 
e x c e p t  P b B r2 , d e c re a se d  i n  s o l u b i l i t y  as 
H Br c o n c e n t ra t io n  in c r e a s e d , b e cau se  o f 
th e  common io n  e f f e c t .  C o B r2 s o l u b i l i t y  
In c re a s e d  a t  h ig h  HBr c o n c e n t ra t io n s  
b e cau se  co m p lexes fo rm  a t  s u f f i c i e n t l y  
h ig h  b rom ide io n  c o n c e n t r a t io n . P b B r2 , 
w h ic h  i s  a lm o s t  in s o lu b le  i n  w a t e r ,  
in c r e a s e d  i n  s o l u b i l i t y  a s  th e  HBr 
c o n c e n t r a t io n  in c r e a s e d .  The fo rm a t io n

u sed  to  su p p lem en t th e  r e s u l t s  o b ta in e d  
by o th e r  m ethods.

A n a ly s is  o f P b B r2 s o lu t io n s  r e q u ir e d  
s p e c ia l  p ro c e d u re s  b ecau se  o f th e  low 
s o l u b i l i t y  o f P b B r2 i n  w a te r .  IC P  a n a ly 
s i s  was u sed  to  a n a ly z e  P b B r2 i n  0 to  
15 p e t HBr s o lu t io n s .  The r e s u l t s  w ere  
ch ecked  a g a in s t  g r a v im e t r ic  r e s u l t s  
o b ta in e d  a s  d e s c r ib e d  ab o ve . Above 
a p p ro x im a te ly  1 5 -p c t H B r , th e  5-mL 
sam p le s  removed fro m  th e  r e a c t io n  k e t t l e  
p r e c ip i t a t e d  when d i lu t e d  w ith  w a te r  in  
th e  v o lu m e t r ic  f l a s k s .  G r a v im e t r ic  
a n a l y s i s  was p erfo rm ed  on th e  t o t a l  
vo lum e o f th e  m ix tu re  i n  th e  f l a s k ,  
in c lu d in g  th e  p r e c ip i t a t e ,  l e s s  1 mL 
rem oved f o r  HBr a n a l y s i s .

The e x p e r im e n ts  w ere  te rm in a te d  when 
HBr s p a rg in g  ce a se d  to  in f lu e n c e  th e  HBr 
and brom ide s a l t  c o n c e n t r a t io n s .  The w et 
r e s id u e  and s o lu t io n  c o m p o s it io n s  w ere 
p lo t t e d  on t r i a n g u l a r  c o o r d in a t e s ,  and 
t i e l i n e s  w ere c o n s t ru c te d  to  d e te rm in e  
c r y s t a l  c o m p o s it io n  by S c h re in e m a k e r 's  
w et re s id u e  method ( ]_ ) .

DISCUSSION

o f P b B r2 co m p lexes w it h  in c r e a s in g  
brom ide io n  c o n c e n t r a t io n  was more im p o r
t a n t  th an  th e  common io n  e f f e c t .

The o n ly  s o l u b i l i t y  d a ta  in  th e  l i t e r a 
t u r e  f o r  m e ta l b ro m id e -H B r-H 20 sy s te m s 
a re  f o r  th e  K B r and NaBr s y s te m s , and 
none o f th e s e  d a ta  w ere  o b ta in e d  a t  20° ,  
4 0 ° ,  o r  60°  C .  H ow ever, th e  s o l u b i l i t i e s  
o f th e  K B r and NaBr sys te m s do n o t v a ry  
s i g n i f i c a n t l y  w it h  In c re a s e d  te m p e ra tu re . 
The 2 0 ° C d a ta  o b ta in e d  f o r  K B r and NaBr 
in  t h i s  in v e s t ig a t io n  com pare c lo s e ly  
w it h  th e  l i t e r a t u r e  d a ta  f o r  th e se
sy s te m s a t  25° C (_5 ). The r e s u l t s  
c o n f irm e d  t h a t  r a p id  e q u i l ib r iu m  i s  
a t t a in e d  i n  th e s e  sy s te m s w it h  H B r-
s p a rg in g  c r y s t a l l i z a t i o n .

I n s u f f i c i e n t  q u a n t i t ie s  o f p u r i f i e d
C o B r2 and MnBr2 p re v e n te d  th e  s tu d y  o f
th e s e  m e ta l b ro m ides a t  40° and 60° C .
I n i t i a l  in v e s t ig a t io n s  showed t h a t  th e  
p re se n c e  o f even  s m a ll  am ounts o f im p u r i
t i e s  in t e r f e r e d  w it h  co m p le te  c r y s t a l l i 
z a t io n  o f th e  s a l t  a t  h ig h  HBr c o n c e n t ra 
t i o n s ,  i . e . ,  th e  p u re r  th e  m e ta l brom ide
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re a g e n t , th e  more HBr th e  sy s te m  c o u ld  
a b s o rb .

D ata  f o r  th e  s i x  sys te m s a t  th e  tem p er
a t u r e  ran g e s In v e s t ig a t e d  a re  sum m arized  
i n  t a b le s  B - l  to  B-6  i n  a p p e n d ix  B . The 
m e ta l b rom ide d a ta  i n  each  t a b le  r e p re 
s e n t  a co m p o site  o f a n a ly s e s  fro m  th e  
s e v e r a l  a n a l y t i c a l  p ro c e d u re s  u se d . From  
th e s e  t a b u la t io n s ,  th e  s o l u b i l i t y  c u rv e s  
i n  f ig u r e s  2 , 6,  8, 10 , 11 , and 15 and
th e  t i e l i n e  d iag ram s i n  f ig u r e s  3 , 4 , 5 ,
7 , 9 , 12 , 13, and 14 w ere p lo t t e d . S in c e  
K B r and P b B r2 do n o t fo rm  h y d ra te s  ( 4 ) ,  
w et r e s id u e s  fro m  t h e i r  H B r-H 20 sy s te m  
w e re  n o t a n a ly z e d . S p e c i f i c  g r a v i t y  d a ta  
a re  in c lu d e d  i n  th e  t a b le s  f o r  g e n e ra l 
in fo r m a t io n , b u t w e re  no t an  I n t e g r a l  
p a r t  o f  th e  s o l u b i l i t y  s t u d ie s .

ALUMINUM BROMIDE

No l i t e r a t u r e  s o l u b i l i t y  d a ta  w ere  
a v a i l a b l e  f o r  A l B r j ,  bu t t h i s  brom ide was 
e x p e c te d  to  behave much l i k e  th e  c o r r e 
sp o n d in g  c h lo r id e  sy s te m  i n  w h ic h  A I C I3 
e x i s t s  a s th e  h e x a h y d ra te  a t  2 0 ° , 4 0 ° ,  
and 60° C,  and A I C I 3 s o l u b i l i t y  does n o t 
s i g n i f i c a n t l y  change w it h  te m p e ra tu re  
( 3 ) .  A l B r j  r e a d i l y  h y d ro ly z e s  in  w a te r , 
and th e  "CRC Handbook o f C h e m is try  and 
P h y s ic s "  ( 9 )  in d ic a t e s  t h a t  i t  can  e x i s t

i n  th e  a n h y d ro u s , h e x a h y d ra te , and 
p e n ta d e c a h y d ra te  fo rm s .

A lB r 3 c o n c e n t ra t io n  a s  a f u n c t io n  o f 
HBr c o n c e n t ra t io n  a t  20° C i s  t a b u la te d  
i n  t a b le  B - l  and p lo t t e d  i n  f ig u r e s  2 and
3 . A l B r j  s o l u b i l i t y  d e c re a se d  fro m
5 1 . 7  p e t i n  w a te r  to  0 . 5 p e t i n  6 1 .0 -p c t  
H B r . Betw een 2 9 . 7 -  and 3 0 .5 - p e t  H B r, 
p h y s ic a l  o b s e rv a t io n s  and c h e m ic a l a n a ly 
s i s  in d ic a t e d  a ph ase  ch ang e . D e s p ite  
c o n t in u e d  s p a rg in g  o f  HBr in t o  th e  sy s te m  
b etw een sa m p lin g , t h e re  w ere  th re e  a lm o st 
i d e n t i c a l  A lB r j  s o l u b i l i t y  and HBr 
c o n c e n t r a t io n  p o in t s  ( f i g .  2 ) ,  and a 
d e c re a s e  i n  c r y s t a l  s i z e  and s e t t l i n g  
t im e  o f  th e  c r y s t a l s .  B o th  b e h a v io rs  
t y p i c a l l y  s ig n a l  a phase  chang e . B e ca u se  
o f th e  h ig h ly  d e l iq u ie s c e n t  n a tu re  o f th e  
c r y s t a l s ,  i t  was n o t p o s s ib le  to  m easure 
any d i f f e r e n c e s  i n  s i z e  o r  o b se rv e  any  
ch ang es i n  sh a p e . The c r y s t a l s  w ere  
c o lo r l e s s  b e fo re  and a f t e r  th e  in d ic a t e d  
p h ase  chang e . The w et r e s id u e  co m p o si
t io n  changed , and th e  t i e l i n e  p lo t  ( f i g .  
3 )  shows a s h i f t  to  th e  h e x a h y d ra te  fro m  
a more h y d ra te d  s p e c ie s .  The t i e l i n e s  
f o r  s o lu t io n  c o n c e n t r a t io n s  l e s s  th a n  3 0 -  
p c t  HBr i n t e r s e c t  th e  0 - p c t- H B r  l i n e  
c lo s e  to  th e  n o n a h y d ra te  c o m p o s it io n . 
T h is  h y d ra te  i s  n o t d e s c r ib e d  i n  th e  
l i t e r a t u r e  and i s  d i f f i c u l t  to  c o n f irm .

FIGURE 2.—Solubility of AIBr3 as function of HBr concentration and temperature In 
the AIBr3-HBr-H,0 system.
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H2O, pet

FIGURE 3.—Tieline plot of data for the AIBr3-HBr-H,0 system at 20° C.

— H2O, pet

FIGURE 4.—Tieline plot of data for the AIBr,-HBr-H,0 system at 40° C.

X - r a y  d i f f r a c t i o n  a n a l y s i s  c o u ld  n o t 
c o n f irm  th e  c o m p o s it io n  b e cau se  o f 
i n s u f f i c i e n t  p u b lis h e d  p a t t e r n s .

A lB r 3 c o n c e n t ra t io n  a s  a f u n c t io n  o f 
HBr c o n c e n t ra t io n  a t  4 0 ° C i s  t a b u la t e d  
i n  t a b le  B - l  and p lo t t e d  i n  f ig u r e s  2 and
4 , A lB r 3 s o l u b i l i t y  d e c re a se d  fro m
5 3 . 0  p e t i n  w a te r  to  0 .9  p e t  a t  5 9 .2 - p c t  
H B r . No in d ic a t io n s  o f  a p h ase  change 
w e re  o b se rv e d  d u r in g  s p a rg in g , and th e  
t i e l i n e  p lo t  ( f i g .  4 )  c o n f irm s  t h a t  th e  
h e x a h y d ra te  was p re s e n t  th ro u g h o u t th e  
s t u d y .

A l B r 3 c o n c e n t ra t io n  a s  a fu n c t io n  o f 
H Br c o n c e n t ra t io n  a t  60° C i s  t a b u la te d

i n  t a b le  B - l  and p lo t t e d  i n  f ig u r e s  2 and
5 . The s o l u b i l i t y  o f A lB r 3 rang ed  from
5 3 . 4  p e t i n  w a te r  to  1 .8  p e t a t  HBr 
s a t u r a t io n  ( 5 6 . 8  p e t ) .  The t i e l i n e  p lo t  
i n d ic a t e s  t h a t  s o l i d  A lB r 3 was p re s e n t  
o n ly  a s  th e  h e x a h y d ra te  a t  t h i s  
te m p e ra tu re .

COBALT BROMIDE

C o B r2 c o n c e n t r a t io n  a s  a f u n c t io n  o f 
H Br c o n c e n t ra t io n  a t  20° C i s  t a b u la te d  
i n  t a b le  B -2  and p lo t t e d  i n  f ig u r e s  6 and
7 . Aqueous s o l u b i l i t y  was 5 3 . 2  p e t .  
L in k e  re p o r te d  C o B r2 s o l u b i l i t y  a t  25° C
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HgO, pet

FIGURE 5.—Tiellne plot of data for the AIBr3-HBr-H,0 system at 80° C,

HBr, pet
FIGURE 6.—Solubility of CoBr2 as function of HBr concentration at 20° C In the 

CoBr,-HBr-H20  system.

-**— HgO, pet

FIGURE 7.—Tlellne plot of data tor the CoBr„-HBr-H20  system at 20° C.
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to  be 5 4 . 4  pe t  ( 4 ) .  Minimum C o B r2 
s o l u b i l i t y  was 2 7 . 2  p e t a t  2 8 .6 - p e t  H B r. 
As s p a rg in g  c o n t in u e d , th e  HBr c o n te n t o f 
th e  s o lu t io n  in c re a s e d  to  3 0 . 7  p e t ,  and 
th e n  d e c re a se d  to  2 9 . 0  p e t a s  th e  C o B r2 
c o n te n t  o f th e  s o lu t io n  in c re a s e d  to  3 7 . 4  
p e t .  D u r in g  th e s e  c h a n g e s , th e  s o lu t io n  
and th e  c r y s t a l s  tu rn e d  from  re d - p u rp le  
to  b lu e - v io le t .  The t i e l i n e  p lo t  ( f i g .  
7 )  shows th e  t r a n s i t i o n  from  th e  h e x a h y -  
d r a t e  to  th e  d ih y d ra te  w here  th e  s o lu t io n  
c o m p o s it io n  was 2 9 .9 - p c t  HBr and 3 8 .9 -p e t 
C o B r2* I n  th e  C o C l2- H C l-H 20 s y s te m  a t  
20° C , a s i m i l a r  g ra d u a l t r a n s i t i o n  from  
th e  h e x a h y d ra te  to  th e  d ih y d ra te  fo rm  
o c c u r re d  (1 _). A second  C o B r2 s o l u b i l i t y  
minimum was found  a t  3 2 .5 -p e t H B r , 3 7 . 9 -  
p c t  C o B r2 • C o B r2 s o l u b i l i t y  In c re a s e d  to  
4 2 . 2  p e t a t  HBr s a t u r a t io n  ( 3 5 . 1  p e t ) .

LEAD BROMIDE

S o l u b i l i t y  d a ta  f o r  P b B r2 a re  not 
a v a i l a b le  i n  th e  l i t e r a t u r e .  P b B r2 
c o n c e n t ra t io n  a s a  f u n c t io n  o f HBr co n
c e n t r a t io n  a t  2 0 ° ,  4 0 ° ,  and 60° C i s  
t a b u la te d  in  t a b le  B -3  and p lo t t e d  i n  
f ig u r e  8.  S in c e  P b B r2 does not fo rm  
h y d r a t e s ,  no r e s id u e  sam p les w ere  a n a l
y z e d . A t 20 ° C , P b B r2 aqueous s o l u b i l i t y  
was 1 .1  p e t .  Minimum s o l u b i l i t y  was 
0 .2  p e t a t  5 .0 - p e t  H B r ; maximum s o l u b i l 
i t y  was 3 9 . 9  p e t a t  2 9 .7 - p c t  H B r . A t HBr 
s a t u r a t io n  ( 4 3 . 6  p e t ) ,  P b B r2 s o l u b i l i t y  
was 3 2 . 2  p e t .  The r e s u l t s  a t  4 0 ° and 
6 0 ° C w ere  s i m i l a r .  P b B r2 s o l u b i l i t y  i n  
w a te r  a t  4 0 ° C was 1 .4  p e t ;  a t  H Br s a t u r 
a t io n  ( 3 7 . 7  p e t ) ,  i t  was 3 6 . 4  p e t .  M in i
mum P b B r2 s o l u b i l i t y  was 0 .5  p e t a t  
4 .3 - p c t  H B r ; maximum s o l u b i l i t y  was
4 1 . 4  p e t a t  2 9 .3 - p e t  H B r . A t 60° C , 
P b B r2 s o l u b i l i t y  rang ed  fro m  2.2  p e t i n  
w a te r  to  4 1 . 4  p e t a t  H Br s a t u r a t io n

FIGURE 8.—Solubility of PbBra as function of HBr concen
tration and temperature in the PbBr,-HBr-H,0 system.

( 3 4 . 0  p e t ) .  The s o l u b i l i t y  minimum was
1 .1  p e t a t  3 .2 - p e t  H B r , and th e  maximum
was 4 3 . 4  p e t a t  3 0 .6 - p c t  H B r .

MANGANESE BROMIDE

L in k e  re p o r te d  MnBr2 aqueous s o l u b i l i t y  
a t  2 0 ° C to  be 5 9 . 5  p e t and th e  s o l i d  
p h ase  a s  th e  t e t r a h y d r a t e .  M nBr2 co n ce n 
t r a t i o n  a s a fu n c t io n  o f HBr c o n c e n t ra 
t io n  a t  20 ° C i s  t a b u la te d  i n  t a b le  B -4
and p lo t t e d  i n  f ig u r e s  9 and 10 .
S o l u b i l i t y  in  w a te r  was 5 9 . 6  pe t  and
2 1 . 0  p e t a t  HBr s a t u r a t io n  ( 4 7 . 2  p e t ) .
M nBr2 s o l u b i l i t y  minimums o c c u rre d  a t  
3 5 . 9  pe t  HBr  ( 2 3 . 3  p e t M nBr2 ) and
4 5 . 4  pe t  HBr  ( 2 0 . 4  p e t M n B ^ ) . The
in v a r ia n t  p o in t  was a t  3 7 . 1  p e t H B r ,
2 6 . 1  p e t MnBr2 • The t i e l i n e  p lo t ,  f ig u r e
10 ,  c o n f irm s  th a t  th e  s o l i d  phase  changed 
fro m  th e  t e t r a h y d r a t e  to  th e  d ih y d ra te  a t  
t h i s  c o m p o s it io n .
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HBr,  pet

FIGURE 9.—Solubility of MnBr, as function of HBr concentration at 20° C In the 
MnBr,-HBr-H,0 system.

-*•—  H2O, pot

FIGURE 10.—Tlellne plot of data for the MnBr,-HBr-H,0 system at 20s C.

POTASSIUM BROMIDE

K B r c o n c e n t ra t io n  a s  a fu n c t io n  o f HBr 
c o n c e n t r a t io n  a t  2 0 ° ,  4 0 ° ,  and 60° C i s  
t a b u la te d  in  t a b le  B -5  and p lo t t e d  in  
f ig u r e  11. The s o l u b i l i t y  c u rv e s  in  
f ig u r e  11 a re  s i m i l a r  to  th o se  o b ta in e d  
f o r  th e  K C I-H G I-H 2O sy s te m  ( 2 )  and l i k e  
KC1, KB r p r e c ip i t a t e d  o u t a lm o st 
c o m p le te ly  when a c id  was a t  s a t u r a t io n  
l e v e l s .  R e s id u e s  w ere  not a n a ly z e d  
b e ca u se  K B r does no t fo rm  h y d r a te s .

A t 20° C , aqueous K B r s o l u b i l i t y  was
3 9 . 5  p e t ;  L in k e  re p o rte d  3 9 . 4  p e t .  A t 
HBr s a t u r a t io n  ( 5 7 . 8  p e t ) ,  K B r s o l u b i l i t y  
was 0 .4  p e t .  K B r s o l u b i l i t y  a t  4 0 °  C

ran g ed  fro m  4 3 . 0  p e t in  w a te r  ( L in k e  
re p o r te d  4 3 . 2  p e t )  to  0 . 8  p e t a t  HBr 
s a t u r a t io n  ( 5 8 . 4  p e t ) .  A t 60° C,  a s im i 
l a r  s o l u b i l i t y  in c r e a s e  was o b s e rv e d ; K B r 
s o l u b i l i t y  was 4 6 . 0  p e t i n  w a te r  and 
1 .3  p e t a t  HBr s a t u r a t io n  ( 5 6 . 9  p e t ) .  
L in k e  re p o r te d  60° C aqueous s o l u b i l i t y  
a s  4 6 . 1  p e t .

SODIUM BROMIDE

U n lik e  N aC l, NaBr e x i s t s  a s  a  d ih y 
d ra te d  s a l t  i n  w a te r  a t  te m p e ra tu re s  
below  th e  50° to  60 ° C ra n g e . N e ar HBr 
s a t u r a t io n ,  NaBr s a l t i n g  o u t i s  a lm o st 
c o m p le te ; t h i s  a ls o  o c c u rs  i n  th e  N a C l-  
HC1-HZ0 sy s te m  ( 2 ) .  The N aB r-H B r-H 20
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FIGURE 11.—Solubility of KBr as function of H ir  concentration 
and temperature In the KBr-HBr-H,0 system.

sy s te m  i s  s l i g h t l y  more te m p e ra tu re  
dependent th a n  th e  N a C l-H C l-H 20 sy s te m .

NaBr c o n c e n t ra t io n  a s a fu n c t io n  o f HBr 
c o n c e n t ra t io n  a t  20° C i s  t a b u la te d  in  
t a b le  B -6  and p lo t t e d  i n  f ig u r e s  12 and
13. Aqueous NaBr s o l u b i l i t y  was
4 7 . 4  p e t ;  L in k e  re p o rte d  4 7 . 6  p e t .  A 
s l i g h t  in v a r ia n t  p o in t  o c c u rre d  a t  
4 0 . 1 —p e t  H B r, 7 . 0 - p c t  NaBr ( f i g .  12) .  
The t i e l l n e  p lo t  ( f i g .  13 ) co n firm e d  th e  
p h ase  change a t  t h i s  c o n c e n t ra t io n  from  
th e  d ih y d ra te  to  th e  anh yd ro u s s t a t e .  
Minimum NaBr s o l u b i l i t y ,  0 .3  p e t ,  
o c c u r re d  a t  HBr s a t u r a t io n  ( 5 9 . 3  p e t ) .

No l i t e r a t u r e  v a lu e  i s  a v a i l a b le  fo r  
N aBr aqueous s o l u b i l i t y  a t  40° C . NaBr 
c o n c e n t ra t io n  a s  a f u n c t io n  o f  HBr con
c e n t r a t io n  a t  40° C i s  ta b u la te d  i n  t a b le  
B -6  and p lo t t e d  i n  f ig u r e s  12 and 14. In  
w a t e r ,  NaBr s o l u b i l i t y  was 5 1 . 4  p e t .  The 
p h ase  change f rom th e  d ih y d ra te  to

FIGURE 12.—Solubility of NaBr as function of HBr concentration and temperature In 
the NaBr-HBr-HjO system.



•*«— HgO, pot

FIGURE 13.—Tlellne plot of data for the NaBr-HBr-H,0 system at 20° C.

-»—HgO, pot

FIGURE 14.—Tlellne plot of data for the NaBr-HBr-H,0 system at 40° C.

—HgO, pot

FIGURE 15.—Tlellne plot of data for the NaBr-HBr-HsO  system at 60° C.
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the anhydride was indicated by the Invar
iant point at 25.1-pct HBr, 22.3-pct NaBr 

on the solubility curve (fig. 12) and 

confirmed by the tleline plot (fig. 14). 
At HBr saturation (59.0 pet), NaBr was at 
minimum solubility, 0.4 pet.

NaBr concentration as a function of HBr 

concentration at 60° C is tabulated In 
table B - 6  and plotted In figures 12 and

SUMMARY AND

Solubility data from HBr sparging of 

saturated solutions of AlBrj, C oBr2,
P b B r 2, M n B r 2 , KBr, and NaBr were 
obtained. Where literature values from 

conventional solubility equilibrium tests 

are available, the results agree. This 
agreement shows that solubility data

obtained using the sparging crystalliza

tion method are as valid as the data 

obtained using the slower bottle-test 
methods.

Bromides of Al, Mn, K, and Na decreased 

in solubility and crystallized out of 
solution when sparged with HBr gas be

cause of the common ion effect. The 

crystallization was almost total for Al,

K, and Na bromides. CoBr2 solubility 
initially decreased and then Increased at 

high HBr concentration because of the 

formation of bromide complexes. PbBr2
was almost insoluble in water and at low

HBr concentrations. At high HBr concen

trations, PbBr2 solubility increased 

forty-fold, before decreasing slightly as 
HBr saturation was attained. In satu

rated HBr, the saturation composition of 

the metal bromides studied were as 

follows, in percent?

20° C 40° C 60° C

A l B r 3..... 0.5 0.9 1 . 8
C o B r 2..... 42.0 NA NA

32.2 36.4 41.4

M n B r 2..... 2 1 . 0 NA NA

K B r ........ . 6 . 8 1.3

NaBr...... .3 .4 . 4

NA Not ana;Lyzed.

15. Aqueous NaBr solubility was

53.8 pet. Llnke reported a value of

54.1 pet at 60° C. No phase change was 
indicated by the solubility curve (fig. 

12), and the tleline data showed that 
solid NaBr is anhydrous at 60° C. At HBr 

saturation (58.3 pet), NaBr solubility 
was at the minimum, 0.4 pet.

CONCLUSIONS

The bromides of Pb and K were anhy

drous. AlBr3 formed the hexahydrate in 

saturated aqueous solutions at 40° and 
60° C. At 20° C, the aqueous hydrated 

state could not be confirmed, but the 

tiellne plot indicated the nonahydrate. 
Above 30-pet HBr, the hexahydrate was 

present. CoBr2 was present as the 
hexahydrate In aqueous solutions at 20° C 

and formed the dihydrate above 31-pct 

HBr. MnBr2 crystals at 20° C were the 
tetrahydrate in aqueous solutions and in 

solutions with HBr concentrations below
37.1 pet. At higher HBr concentrations, 
the dihydrate was formed. At 20° and 

40° C, NaBr formed the dlhydrate in 

aqueous solutions; while at 60° C, NaBr 
was anhydrous. At 20° C, NaBr changed to 

the anhydrous form at 40.1-pct HBr; at 

40° C, the transition to anhydrous NaBr 
was at 25.1-pct HBr.
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APPENDIX A

A-l. - Equation for calculating HBr 
concentration

where

and

R ] — EixCiXC2/C3XC4

Rj = concentration of HBr, 

pet,

E 1 = NaOH volume, mL,

= 809.2 = milliequivalent 
weight of HBr 

x volumetric flask 
volume x conversion 
factor for weight 

fraction to (weight) 
percent g,

C 2 = 0.1000 = NaOH concentra
tion, N

C 3 = volume of aliquot 
titrated, mL,

C 4 = weight of sample taken 

from crystallizer, g.

A-2. - Equation for calculating metal 
bromide concentration

R 2 = [(E2xC6 /C7 ) - R 3 ](C5/C4 )

where R 2 = metal bromide concen
tration, pet,

E 2 = A g N 0 3 volume, mL,

C 5 = milliequivalent weight 
metal bromide 

x volumetric flask volume 
x conversion factor 
for weight fraction to 

(weight) percent, g, (888.98 
for A lBr 3 , 1,093.8 for 

C o B r 2 , 1,073.8 for M n B r 2 >
1,190.0 for KBr, and 1,028.9 

for NaBr),

C 6 = AgN03 concentration, N ,

C 7 = volume of aliquot titrated 
with A gN03 , mL,

and R 3 = correction for bromide con

tributed by HBr = E 1XC2 /C3 .
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APPENDIX B

TABLE B - l .  -  A lB r3-HBr-H20 system

Solution Wet residue Solution Wet residue Solution Wet residue

HBr, Al B r 3 , sp HBr, 1 AlBr3, HBr, Al B r 3 , sp HBr, AlBr3, HBr, AlBr3 , sp HBr, AlBr3,

pet pet gr pet L.pet . pet pet gr pet ,P_ct ... pet pet gr pet pet

20° C 40° <•% 60° C

0 51.7 1.75 NA NA 0 53.0 1. 76 NA NA 0 53.3 1.77 NA NA

1. 6 50.0 1.74 NA NA 2 . 0 51.1 1. 75 NA NA 1. 5 52. 1 1. 76 0. 7 64.0

6.5 45.4 1.73 2.7 54.3 4.3 49.0 1.75 1.4 62.9 3.3 50.3 1.75 1. 1 63.3

11.5 40.7 1.72 NA NA 6.7 46.7 1. 74 3.1 60.0 5.4 48.4 1.74 1.7 64. 6
14.0 38.4 1.71 NA NA 1 0 . 8 42.3 1. 72 3.2 61.4 8 . 1 45.4 1.73 2.9 61.6

18.3 34.4 1.70 5. 1 53.8 14.5 38.8 1. 71 3.3 61.1 11.4 42.5 1.72 2.3 64. 6
24.2 29.0 1 . 6 8 4.5 55.5 22. 6 31.3 1.69 6.4 59.1 15.3 38.5 1.71 3.8 63.1

29.7 23.9 1.67 4.3 56.8 32.5 21.3 1.67 8.4 57.5 20.3 33.9 1.70 2 . 2 66. 3
30.5 23. 1 1.67 1 0 .2 51.2 34.9 19.6 1. 66 4.6 63.3 24.5 29.8 1.69 3. 6 64. 1
30.3 23.3 1.67 8.3 56.3 40.3 14.3 1.64 7.5 60.0 28.8 25.5 1. 68 4.7 63.4
32.9 20.9 1 . 6 6 5.9 61.6 47.3 8 . 0 1.63 5.3 63.2 31.9 2 2 . 6 1.67 5.2 62.8

40. 1 14.0 1.64 11. 7 54.0 51.3 4.9 1.63 12 .1 55.0 35.8 19.2 1 . 6 6 6 . 1 61.8
44.9 9.9 1.63 8 . 6 58.6 54.5 2.5 1.64 5.0 63.9 45.8 9.8 1.64 3.7 65.6
49.9 5. 6 1.63 7.9 59.7 56.5 1.3 1.65 7.6 62.2 52.4 4. 4 1.64 3.5 66.5
54.7 2 .1 1.64 1 0 . 6 56.6 59.2 .9 1 . 6 8 6. 6 64.1 54.9 2.5 1.65 3.7 6 6 . 2
57.3 . 8 1.65 12.3 55.2 56.8 1 . 8 1 . 6 6 4.9 64.8
59.0 .5 1 . 6 8 9.3 59.0

61.0 .5 1.72 NA NA

NA Not analyzed.

TABLE B-2. - CoBr2-HBr-H20 system, 20° C

Solution Wet residue Solution Wet residue
HBr,

pet
CoBr2 ,
pet

sp gr HBr,

pet
CoBr2 , 
pet

HBr,
pet

CoBr2 ,
pet

sp gr HBr,

pet

CoBr2 ,
pet

0 53.2 1.82 NA NA 29.3 36.7 1.92 7.0 60.2
4.5 48.1 1.78 NA NA 29.0 37.4 1.92 4.7 62.8

1 1 .1 41.3 1. 74 2 . 6 60.5 29.1 37.9 1.95 3.1 70.3
19.3 33.2 1.70 3.8 60.2 29.9 38.9 2 . 0 0 7.5 6 8 . 6
25.5 28.2 1.69 4.0 60. 6 32.5 37.9 2.03 7.5 73.7
28.6 27.2 1.71 5.3 59.3 33.6 38.1 2.07 8.9 63.0
29.8 27.5 1.73 6.9 57.3 33.7 38.5 2.09 9.4 72.2
30. 6 28.8 1. 77 6.7 58.1 34.0 39.1 2 . 1 2 NA NA
30.7 30.4 1.80 8.9 55.7 34.5 39.9 2.16 NA NA
30.5 32.1 1.84 8 . 0 57. 1 34.6 41.6 2. 22 10.3 71.9
30.1 34.3 1.89 5.7 60.3 34.7 42.0 2.23 28.1 50.0
NA Not ana lyzed .
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TABLE B-3. -  PbBr2-HBr-H20 system  (s o lu t io n )

HBr, FbBr2 , sp gr HBr, PbBr2 , sp gr HBr, PbBr2 , sp gr
pet pet pet pet Pet . pet

20° C o © o 60° C

0 1.1 1 . 0 0 0 1.4 1 .0 1 0 2 . 2 1 .0 1
5.0 . 2 1.04 4.3 .5 1.03 3.2 1. 1 1.03

9.0 .4 1.07 7.4 .7 1.06 7.3 1 .2 1.06

1 2 . 2 .7 1 . 1 0 1 1 .2 1 .2 1.09 10.4 1 . 8 1.08

16.8 1 . 8 1. 15 14.4 2 . 2 1 . 2 0 13. 7 3.0 1 .1 1
19.7 4.3 1 .2 1 21.9 9.8 1.28 16.7 4.7 1.17

2 1 . 8 8.3 1.29 22.9 12.4 1.36 19.0 7.8 1.23
23.3 13.5 1.38 24. 1 16.9 1.46 2 0 . 8 12.4 1.32
24.2 18.5 1.48 24.9 2 2 . 2 1.56 22.4 18.6 1.45

25.1 2 2 . 6 1.57 25.3 25. 7 1.63 23.4 2 2 . 6 1.54

26.1 26.4 1.67 26.4 30.6 1. 78 24.6 29.4 1.70
26.2 29.8 1.76 26.9 33.9 1.87 25.1 32.6 1.78

26.5 32.7 1.85 27. 7 37.8 2 . 0 1 27.5 39.2 2.05

27.4 35.0 1. 94 28.7 40.2 2 . 1 1 28.3 41.7 2. 16
27.6 35.7 1.96 29.3 41.4 2.16 29.1 42.6 2 . 2 0
28.0 37.0 2 . 0 1 30.6 40. 7 2 . 2 0 30.6 43.4 2.33

28.5 38.8 2.09 31.6 40.3 2 . 2 1 32.3 43.0 2.35

28.6 39.9 2. 16 32.7 39.9 2.24 34.0 41.4 2. 36

30. 4 39. 2 2.18 36.1 37.9 2.27
34. 1 37.4 2 . 2 1 37.7 36.4 2.28

36.8 35.9 2.24

39.9 34.2 2.25

41.8 32.6 2.26

42.4 32.2 2.27

TABLE B-4. - Mn B r 2 -HBr-H20 system, 20° C

Solution Wet residue Solution Wet residue
HBr,

pet

M n B r 2 ,

pet

sp gr HBr,

pet

MnB r 2 ,

pet

HBr,

pet
MnB r 2 , 
pet

sp gr HBr,

pet

Mn B r 2 , 
pet

0 59.6 1.94 NA NA 32.1 25.4 1.78 5.5 63.1
3. 2 56.3 1.92 NA NA 35.9 23.3 1.80 5.5 70.2

5.9 52. 7 1.90 1 . 6 6 8 . 6 37.2 24.7 1.85 5.8 6 6 . 8
9.9 48.0 1.87 1 . 6 67.0 37.2 25.7 1 . 8 8 12.5 62.2

13.3 44.1 1.85 2.9 6 8 .1 37. 1 26.1 1.89 9.9 6 8 . 0
17.7 39.4 1.82 2.3 70.0 40.3 23.1 1.89 9.3 70.9
2 2 . 0 34.6 1.80 1.9 71.5 45.4 20.4 1.91 15.6 62.5

26. 8 30.0 1.78 4.2 65.4 47.2 2 1 . 0 1.96 12. 6 67.5

NA Not ana lyzed .
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TABLE B-5 . -  KBr-HBr-H20 system  (s o lu t io n )

HBr,
pet

KBr,

pet

sp gr HBr,

pet

KBr
pet

sp gr HBr,

pet

KBr,
pet

sp gr

20° C

° 
1 

o

C 60° C

0 39.5 1.37 0 43. 0 1.39 0 46.0 1.43

1.3 37.7 1.36 1. 5 40. 8 1.38 1.4 44.0 1.42

2.3 36.3 1.36 2 . 8 39. 1 1.37 4.4 39.8 1.40

3.6 34.7 1.35 4.9 36. 4 1.36 7.7 35.5 1.39

4.9 33.2 1.35 7.4 33. 2 1.35 10.9 31.5 1.37

6.7 31.0 1.34 10.7 28. 7 1.34 14.2 27.3 1.36

9.2 27.4 1.33 13.9 24. 7 1.33 17.6 23.5 1. 35

1 0 . 6 25.8 1.33 17.2 2 1. 1 1.32 2 1 . 0 19.4 1.34

1 2 . 0 23.8 1.32 20. 6 16. 9 1. 32 24.3 16.0 1.34

14.0 21.7 1.32 25.4 12.4 1.32 27. 7 1 2 . 6 1.35

16.0 19.5 1.32 29.9 8. 7 1.34 31.3 9.8 1.36

18.1 17.0 1.31 33.5 6.2 1.36 34.4 7.5 1.38

2 1 . 0 14. 1 1. 31 37.5 4. 0 1.38 37.4 5.9 1.40

2 2 . 8 12.3 1.32 40.9 2. 7 1.41 40.0 4.7 1.42

25.4 1 0 . 0 1.32 43.9 1. 9 1.44 44.9 2 . 8 1.47

27.6 8.3 1.33 46.8 1. 3 1.48 48.0 2 .1 1.50

30.2 6.4 1.34 49.5 1. 1 1.52 50.4 1.7 1.53

31.9 5.2 1.35 51.6 •9 1.54 52. 7 1. 1.57

34.5 4.1 1.36 54.9 •8 1.59 54.8 1.4 1.59

36.3 3.2 1.38 58.4 . 8 1.64 56.9 1.3 1.63

39.3 2 . 2 1.40

42.3 1. 5 1.43

44.4 1 . 2 1.45

47.1 1 . 0 1.48

48.5 . 8 1.50

50.5 .7 1.53

54. 6 . 6 1.60

57.8 . 6 1. 65
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TABLE B -6 . -  NaBr-HBr-H20 system

Solution Wet residue Solution Wet residue Solution Wet residue

H B r , NaBr, sp HBr, NaBr, HBr, NaBr, sp H B r , NaBr, HBr, NaBr, sp HBr, NaBr,

pet pet Rr pet pet pet pet gr. pet ..Pet pet pet S r pet pet

2 0° 40° C 60° C

0 47.4 1.53 NA NA 0 51.4 1.58 NA NA 0 53.8 1.61 NA NA

1.3 45.8 1.53 NA NA 1 .6 49.3 1.57 NA NA 2.7 50.4 1.59 NA NA

2 . 2 44.4 1.52 NA NA 3.3 47.4 1.56 NA NA 5.2 47.3 1.57 NA NA

3.2 43.3 1.52 NA NA 5.0 45.5 1.55 0.7 70.8 7.8 43.9 1.55 1 .2 91.4

4.6 41.7 1.51 0 . 8 67.8 8 . 6 41.2 1.54 NA NA 10.9 39.9 1.54 NA NA

8.4 37.2 1.50 1.1 69.3 12 .1 37.0 1.52 1.7 6 8 . 8 13.8 36.5 1.53 NA NA

1 1 . 8 33.2 1.48 NA NA 16.4 32.3 1.51 1.9 69.1 16.9 32.6 1.52 2 . 0 91.0

15.6 28.8 1.47 1.7 6 8. 5 21.5 26.5 1.49 2.9 67.8 19.7 28.9 1.51 NA NA

19.7 24.3 1.46 NA NA 2 2 . 6 25.5 1.48 3.9 71.9 2 2 . 8 25.4 1.50 NA NA

23.7 19.9 1.45 2.7 6 6 . 8 22.7 25.4 1.48 5.6 71.2 25.3 2 2 . 6 1.50 NA NA

28.2 15.5 1.45 NA NA 25.1 22.3 1.46 4.7 84.8 29.3 18.5 1.49 NA NA

32.1 1 2 . 0 1.45 2 . 8 6 8 . 2 27.7 19.2 1.46 2.9 90.0 34.3 13.4 1.49 NA NA

33.7 1 1 . 0 1.45 NA NA 31.2 15.5 1.47 3.3 90.8 38.1 9.5 1.48 NA NA

36.8 8 . 6 1.46 3.2 6 8 .1 34.9 11.9 1.47 NA NA 43.5 - 5.4 1.49 3.8 91.5

39.7 6 . 6 1.48 3.6 67.7 38.0 9.1 1.47 2 .1 94.7 46.7 3.2 1.51 NA NA

40.0 6 . 8 1.48 3.4 74.0 39.8 7.4 1.48 NA NA 48.9 2 . 2 1.53 NA NA

40.1 6.7 1.48 6.5 75.6 42.7 5.3 1.49 5.2 8 8 . 2 52.1 1 .2 1.56 NA NA

42,4 5.1 1.49 4.2 89.4 44.4 3.8 1.49 NA NA 53.9 1 .0 1.59 NA NA

45.1 3.5 1.50 NA NA 50.9 1.5 1.54 NA NA 56.0 . 8 1.62 NA NA

48.3 2 .1 1.52 5.5 89.4 54.6 .7 1.60 NA NA 57.6 . 6 1.65 NA NA

52.6 1 . 0 1.57 6 . 6 86.9 57.2 .5 1.64 6.9 87.2 58.3 .4 1 . 6 6 NA NA

55.4 .5 1.62 5.4 88.7 59.0 .4 1 . 6 6 NA NA

58.0 .4 1 . 6 6 NA NA

59.3 .3 1.69 NA NA

NA Not analyzed.
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