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Alkane-Insoluble Trialkylammonium Double Salts Involving the 
Dodecamolybdophosphate Anion. II. Effect of Amine Structure on 
Third-Phase Formation 

BRUCE A. MOYER and W. J. MCSOWELL 

CHEMISTRY DIVISION 
OAK RIDGE NATIONAL LABORATORY 
OAK RIDGE, TENNESSEE 37831 

ABSTRACT 

I n  t h i s  paper, a r a t i o n a l  b a s i s  i s  presented f o r  t h e  
c o n t r o l  o f  molybdenum " t h i r d  phase" fo rma t ion  i n  t e r -  
t i a r y  amine e x t r a c t i o n  through a p p r o p r i a t e  s e l e c t i o n  
o f  amine s t r u c t u r e .  The s t u d i e s  have been founded on 
t h e  o b s e r v a t i o n  t h a t  t h i rd -phase  f o r m a t i o n  i n  t h e  
ami ne-ext  r a c t i  on o f  molybdenum i s  mai n l y  caused by t h e  
f o r m a t i o n  o f  heteropolyrnolybdates, es e c i a l l y  t h e  

t r i a l k y l a m i n e  s t r u c t u r e s  w i t h  s t r a i g h t  and me thy l -  
branched, 8- t o  13-carbon cha ins  have been examined 
w i th  rega rd  t o  t h e  t y p e  of t h i r d  phase formed and t h e  
maximum m o l a r i t y  of t h e  d i s s o l v e d  s a l t  (R3NH)$DMP] 
t h a t  can be t o l e r a t e d  i n  t h e  s o l v e n t  b e f o r e  p r e c i p i -  
t a t i o n  occurs (i.e., t h e  DMP " to le rance" ,  a t y p e  o f  
s o l u b i l i t y  measurement). In t h e  experiments, a 
s tandard  s o l v e n t  c o n s i s t i n g  o f  0.05 M t e r t i a r y  arnine 
( p r i m a r i l y  as t h e  t r ia lky lammonium s u l f a t e  s a l t )  and 
0.15 M n-dodecanol i n  n-nonane was used. For a l l  o f  
t h e  amines t e s t e d ,  t h i r d - p h a s e  fo rma t ion  f i r s t  
i n v o l v e d  c o - e x t r a c t i o n  o f  Mo(V1)  and phosphate from 
0.1 M H2SO4 g i  v i  ng t h e  d i  ssol ved s a l t  (R3NH) 3[ DMP] 
o v e r  extended e q u i l i b r a t i o n  t imes  (days t o  weeks). 
With no NaCl added t o  t h e  aqueous phase, l i q u i d  t h i r d  
phases were ob ta ined  except  i n  t h e  case o f  t r i i s o o c -  
t y l a m i n e  (T IOA) ,  which gave s o l i d  (TIOAH)$DMP]. I n  
t h e  systems c o n t a i n i n g  added c h l o r i d e ,  t h i r d - p h a s e  
fo rma t ion  i n v o l v e d  combinat ion o f  (R3NH)3[DMP] w i t h  

dodecamolybdophosphate an ion  PMo12040 5 - (DMP). E i g h t  
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418 MOYER AND MC DOWELL 

(R3NH)Cl t o  g i v e  t h e  s o l i d  double s a l t s  
(R3NH)3[DMP]* 3( R3NH)Cl. The DMP t o l e r a n c e  o f  t h e  
r e s u l t i n g  systems g e n e r a l l y  decreased w i t h  decreas ing 
a l k y l  cha in  l e n g t h ,  w i t h  t h e  a d d i t i o n  o f  methyl 
branches t o  a g i v e n  chain, w i t h  decreas ing amine con- 
c e n t r a t i o n ,  and w i t h  a d d i t i o n  o f  NaCl t o  t h e  aqueous 
phase t o  g i v e  (R3NH)Cl i n  t h e  s o l v e n t  v i a  an ion-  
exchange w i t h  (R3NH)zS04. Use of a t r i d e c y l a l c o h o l -  
m o d i f i e d  kerosene d i l u e n t  under c o n d i t i o n s  more 
c l o s e l y  app rox ima t ing  process c o n d i t i o n s  g e n e r a l l y  
l e d  t o  h i g h e r  DMP t o l e r a n c e s  than  ob ta ined  w i t h  
dodecanol -modi f ied nonane, though t h e  e f f e c t  o f  amine 
s t r u c t u r e  was s i m i l a r .  h i n e  p u r i f i c a t i o n  procedures 
a r e  discussed. 

INTRODUCTION 

I n  t h e  des ign  o f  s o l v e n t  e x t r a c t i o n  reagents, t h e  mo lecu la r  
s t r u c t u r e  o f  t h e  reagent  must be op t im ized  w i t h  respec t  t o  a v a r i e t y  
o f  e s s e n t i a l  p r o p e r t i e s .  In a d d i t i o n  t o  possessing t h e  necessary 
s e l e c t i v i t y  and e x t r a c t i v e  s t reng th ,  t h e  e x t r a c t a n t  must, f o r  
example, e x h i b i t  h i g h  o r g a n o p h i l i c i t y  ( n e g l i g i b l e  d i s t r i b u t i o n  t o  
t h e  aqueous phase), be s o l u b l e  i n  t h e  d i l u e n t ,  r e s i s t  t h i rd -phase  
and emuls ion fo rma t ion  d u r i n g  e x t r a c t i o n ,  promote r a p i d  phase 
separa t i on ,  and possess good thermal  and/or r a d i a t i o n  s t a b i l i t y  (1). 
These and o t h e r  p r o p e r t i e s  determine t h e  f e a s i b i l i t y  o f  us ing  a 
g i v e n  e x t r a c t a n t  i n  a research o r  process separa t i on  system, bu t  t o o  
o f t e n  i t  i s  n o t  p o s s i b l e  t o  p r e d i c t  i n  advance what s t r u c t u r a l  
f e a t u r e s  o f  t h e  e x t r a c t a n t  w i l l  l e a d  t o  d e s i r a b l e  behavior. We p re -  
v i o u s l y  showed t h a t  even a p h y s i c a l  phenomenon as compl icated as 
phase separa t i on  i s  s t r o n g l y  i n f l u e n c e d  by e x t r a c t a n t  s t r u c t u r e  
a c c o r d i n g  t o  c e r t a i n  i d e n t i f i a b l e  s t r u c t u r a l  parameters (2). 

An e s p e c i a l l y  nagging problem i n  amine s o l v e n t  e x t r a c t i o n  i s  
t h e  pronounced tendency f o r  t h e  s o l v e n t s  t o  s p l i t  i n t o  t w o  o rgan ic  
phases, t h e  heavy o r g a n i c  phase be ing  c a l l e d  t h e  " t h i r d  phase" 
(3-9). I n  genera l ,  t h e  occurrence o f  t h i r d  phases cannot be 
t o l e r a t e d  i n  normal a p p l i c a t i o n s  o f  so l ven t  e x t r a c t i o n  because of 
reagen t  losses,  deg rada t ion  o f  d i s p e r s i o n  p r o p e r t i e s ,  and e r r a t i c  
b e h a v i o r  (1). A "qu ick f i x "  t h a t  has g e n e r a l l y  proven successfu l  
i n v o l v e s  i n c r e a s i n g  t h e  s o l v a t i n g  power o f  t h e  s o l v e n t  by i n c r e a s i n g  
d i l u e n t  a r o m a t i c i t y  o r  adding a d i l u e n t  m o d i f i e r ,  o f t e n  a long-chain 
a l c o h o l  (1,3-9). However, t h e  s t r o n g  i n f l u e n c e  of amine s t r u c t u r e  
on t h e  s u s c e p t i b i l i t y  o f  t h e  s o l v e n t  t o  th i rd -phase  fo rma t ion  (4-9) 
suggests  t h a t  r e s i s t a n c e  t o  t h i  rd-phase fo rma t ion  c o u l d  be 
" b u i l  t-i n t o "  t h e  e x t  r a c t a n t  i t s e l f .  

Much o f  t h e  s tudy o f  t h e  e f f e c t  o f  amine s t r u c t u r e  on t h e  
s u s c e p t i b i l i t y  o f  t h e  s o l v e n t  t o  th i rd -phase  f o r m a t i o n  has centered 
on t h e  e l e c t r o s t a t i c  and hydrogen-bonding i n t e r a c t i o n s  between 
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i n d i v i d u a l  i o n - p a i r s  i n  s o l u t i o n  (5-8). An inc rease  i n  chain l e n g t h  
i s  t hough t  t o  i nc rease  t h e  masking o f  t h e  e l e c t r o s t a t i c  f i e l d  o f  t h e  
monomeric alkylammonium s a l t  and thereby decrease t h e  e x t e n t  of 
aggrega t ion  i n  s o l u t i o n  and u l t i m a t e l y  t h e  tendency t o  form a t h i r d  
phase. Most alkylammonium-salt s o l u b i l i t y  (10) and th i rd -phase  phe- 
nomena (2,s-9,11-13) q u a l i t a t i v e l y  r e f l e c t  t h i s  e x p e c t a t i o n  a t  l e a s t  
up t o  a c e r t a i n  number o f  carbons (10). The e f f e c t  o f  branching and 
o t h e r  m o d i f i c a t i o n s  o f  t h e  t e r t i a r y  amine s t r u c t u r e  have n o t  been 
we1 1 c h a r a c t e r i z e d  e x p e r i m e n t a l l y ,  though some o f  t h e  p o s s i b l e  
e f f e c t s  have been cons ide red  (4-9). It was noted t h a t  t h e  me thy l -  
branched " i s o "  a1 ky lamines seem worse g e n e r a l l y  t han  t h e  s t r a i g h t -  
c h a i n  amines (5,8). On t h e  o t h e r  hand, l o n g  branches seem t o  
m i n i m i z e  th i rd -phase  f o r m a t i o n  (4,9). 

u s i n g  amines as e x t r a c t a n t s  has been assoc ia ted  w i t h  t h e  e x t r a c t i o n  
o f  molybdenum, which i s  a l l  t h e  more f r u s t r a t i n g  because o f  t h e  
d e s i r a b i l i t y  o f  r e c o v e r i n g  t h i s  metal (11-23). E a r l y  i n  t h e  deve l -  
opment o f  t h e  h e x  (amine -ex t rac t i on )  processes (4,9,24-26), it was 
observed t h a t  e x t r a c t i o n  of molybdenum f rom phosphate-conta in ing 
s u l f u r i c  a c i d  s o l u t i o n s  l e d  t o  t h e  p r e c i p i t a t i o n  o f  "green, gummy 
s o l i d s "  a t  t h e  i n t e r f a c e  (11-17). I r o n i c a l l y ,  t h e  most severe 
molybdenum p r e c i p j t a t i o n  i n  t h e  h e x  development t e s t s  was ob ta ined  
w i t h  c o n d i t i o n s  t h a t  have now become commonly used f o r  uranium 
recove ry :  use o f  t e r t i a r y  amines w i t h  8- and 10-carbon normal a l k y l  
cha ins ,  a l i p h a t i c  r a t h e r  than  aromat ic  d i l u e n t s ,  and c h l o r i d e - t y p e  
s t r i p p i n g  (18,19,26). The usual  a l c o h o l - m o d i f i e r  remedy f o r  
e l i m i n a t i n g  th i rd -phase  problems has proven i n e f f e c t i v e  and even 
d e t r i m e n t a l  beyond a c e r t a i n  p o i n t  f o r  a l l e v i a t i n g  molybdenum 
p r e c i p i t a t i o n  (11,15,16,22). Not s u r p r i s i n g l y  , molybdenum t h i  rd -  
phase problems a r e  s t i l l  be ing  encountered i n  amine -ex t rac t i on  
p r o c e s s i n g  (19,20,27). 

A l though t h e  n a t u r e  o f  t h e  chemis t r y  was n o t  understood a t  t h e  
t ime ,  h e x  process-development da ta  e a r l i e r  i n d i c a t e d  t h a t  amine 
s t r u c t u r e  s t r o n g l y  i n f l u e n c e d  t h e  s u s c e p t i b i l i t y  o f  t h e  s o l v e n t  t o  
molybdenum p r e c i p i t a t i o n  (11-13). Q u a l i t a t i v e l y ,  it was shown t h a t  
b o t h  branched- and s t r a i g h t - c h a i n  t e r t i a r y  amines were h i g h l y  
s u s c e p t i b l e  t o  molybdenum t h i  rd-phase f o r m a t i  on, w i t h  improvement 
o c c u r r i n g  w i t h  i n c r e a s i n g  cha in  l e n g t h  among t h e  s t r a i g h t - c h a i n  
amines (11-13,15). H i g h l y  branched secondary amines where t h e  
branches were u s u a l l y  much l o n g e r  than methyl groups e x h i b i t e d  good 
molybdenum t o l e r a n c e  i n  t h e  development t e s t s ,  b u t  these amines do 
n o t  appear t o  have gained t h e  p o p u l a r i t y  o f  t h e  t e r t i a r y  amines i n  
t h e  e x t r a c t i o n  o f  uranium and molybdenum (26). 

phase problem has been c l a r i f i e d  b o t h  through t h e  a n a l y s i s  o f  
u r a n i u m - m i l l  i n t e r f a c i a l  p r e c i p i t a t e s  (20,27) and through s tudy ing  
molybdenum p r e c i p i t a t i o n  i n  a model so l ven t  c o n t a i n i n g  0.05 M 
t r i  -n-octy lamine (TOA) i n  n-nonane m o d i f i e d  w i t h  0.05 M n-dodecanol 

One o f  t h e  most n o t a b l e  th i rd -phase  problems y e t  encountered i n  

Recen t l y ,  t h e  u n d e r l y i n g  chemi s t r y  o f  t h e  molybdenum t h i r d -  
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(3,22,27). The o r i g i n  of t h e  th i rd -phase  problem i n  these systems 
can be l i n k e d  t o  t h e  c o - e x t r a c t i o n  of molybdate and phosphate from 
s u l f u r i c  a c i d  s o l u t i o n  w i t h  subsequent fo rma t ion  o f  t h e  dodecamolyb- 
dophosphate (abb rev ia ted  DMP) an ion  PM012O403- i n  t h e  s o l v e n t  as t h e  
d i s s o l v e d  t r ia lky lammonium s a l t  (R3NH)$DMP]. When t h e  R group i s  
normal o c t y l  o r  decy l  t h e  s o l v e n t  l a c k s  t h e  a b i l i t y  t o  d i s s o l v e  o r  
" t o l e r a t e "  much more than  approx imate ly  10-4 M o f  t h i s  s a l t .  
h o u n t s  o f  t h e  s a l t  t h a t  exceed t h e  s o l v e n t  t o l e r a n c e  p r e c i p i t a t e  
as  a l i q u i d  o r  s o l i d  t h i r d  phase a d d i t i o n a l l y  c o n t a i n i n g  o t h e r  
t r i a l ky lammon ium s a l t s  t h a t  a re  no rma l l y  present  i n  t h e  so l ven t ,  
i n c l u d i n g  t r i a l ky lammon ium s u l f a t e ,  b i s u l f a t  
c h l  o r i  de con t  a i  n i  ng systems , t h e  doubl e-sa 1 t 

c r y s t a l  1 i zes o u t  o f  t h e  s o l  vent  and c o l l e c t s  
e x p l a i n i n g  i n t e r f a c i a l  "crud"  problems a t  a 
(27)- 

and c h l o r i d e .  In 

a t  t h e  i n t e r f a c e ,  
arge U.S. uranium m i l l  

A wider  s i q n i f i c a n c e  t o  t h e  double s a l t  (I) may be recognized 
i n  t h a t  i t  demonstrates t h e  format ion of a compound between two 
alkylammonium s a l t s  c o n t a i n i n g  d i f f e r e n t  anions. Evidence i s  accu- 
m u l a t i n g  from s o l u t i o n  s t u d i e s  t h a t  d i s s o l v e d  m ixed -sa l t  spec ies 
occu r  f r e q u e n t l y  i n  amine s o l v e n t  e x t r a c t i o n ,  p l a y i n g  a key r o l e  i n  
t h i r d - p h a s e  f o r m a t i o n  and i n f l u e n c i n g  t h e  d i s t r i b u t i o n  behavior  o f  
m e t a l s  (3,5-8,22,27-31). Key quest ions concern ing ( I )  and o t h e r  
mixed s a l t s  i n c l u d e  whether a pre fe r red ,  p r e d i c t a b l e  s t o i c h i o m e t r y  
occurs,  why t h e  d i f f e r e n t  s a l t s  i n t e r a c t  i n  t h e  f i r s t  p lace,  and how 
t h e  m ixed -sa l t  i n t e r a c t i o n  i n f l u e n c e s  th i rd -phase  behavior. 

I n  proceeding t o  t h e  ma jo r  t o p i c  o f  t h i s  paper, i t  was our  aim 
t o  1) use ou r  p r e v i o u s  i n s i g h t s  i n t o  t h e  f o r m a t i o n  o f  DMP-containing 
t h i r d - p h a s e s  t o  show t h a t  t h i r d - p h a s e  behavior  responds s t r o n g l y  t o  
s y s t e m a t i c  s t r u c t u r a l  changes i n  t h e  e x t r a c t a n t  acco rd ing  t o  an 
i d e n t i f i a b l e  p a t t e r n ,  2) t o  suggest, i f  poss ib le ,  a r a t i o n a l  
approach t o  t h e  a l l e v i a t i o n  o f  t h i rd -phase  problems assoc ia ted  w i t h  
molybdenum and o t h e r  me ta l s  through o p t i m i z a t i o n  o f  amine s t r u c t u r e ,  
3) e x p l a i n  p r e v i o u s  e m p i r i c a l  obse rva t i ons  concern ing t h e  e f f e c t  of 
amine s t r u c t u r e  on molybdenum p r e c i p i t a t i o n ,  and 4) f u r t h e r  e l u c i -  
d a t e  t h e  r o l e  o f  m i x e d - s a l t  phenomena i n  t h e  fo rma t ion  o f  t h i r d  
phases and e x t r a c t i o n  o f  meta l  complexes i n  i o n - p a i r i n g  e x t r a c t i o n  
systems. Toward these  goals ,  e i g h t  t r i a l k y l a m i n e s  o f t e n  used i n  
b o t h  l a b o r a t o r y  and i n d u s t r i a l  a p p l i c a t i o n s  here s e l e c t e d  f o r  study. 
These amines t o g e t h e r  w i t h  t h e i r  abb rev ia t i ons ,  chemical and t r a d e  
names, ma jo r  cmponents,  and vendors a r e  g i ven  i n  Table I. Three 
symmetr ica l ,  s t r a i g h t - c h a i n  amines, TOA, TDA, and TLA, were chosen 
t o  determine t h e  e f f e c t  o f  c h a i n  l e n g t h  i n  a wel l -def ined,  homolo- 
gous s e r i e s  o f  amines. 
reagent  i n  uranium hyd rometa l l u rgy  and c o n s i s t s  o f  a s t a t i s t i c a l  
b l e n d  o f  t h e  v a r i o u s  t r i a l k y l a m i n e s  t h a t  would be expected from 
approx ima te l y  equal s t a r t i n g  amounts o f  n - o c t y l  and n-decyl groups 

T810A rep resen ts  t h e  most widely  used amine 
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422 MOYER AND MC DOWELL 

(32). T812A i s  a s i m i l a r  b lend  except t h a t  t h e  average mo lecu la r  
we igh t  i s  h i g h e r  owing t o  a s i g n i f i c a n t  f r a c t i o n  o f  dodecyl groups 
(3% C6, 40% C8, 25% C10, and 30% C12 (32)) .  
amines were i n c l u d e d  i n  t h e  s tudy t o  l e a r n  whether t h e i r  behavior  
c o u l d  be p r e d i c t e d  by i n t e r p o l a t i o n  o f  t h e  p a t t e r n s  observed f o r  t h e  
s e r i e s  TOA, TDA, and TLA. To i n v e s t i g a t e  t h e  e f f e c t  of branching, 
t h r e e  branched "i so" amines ( d e r i v e d  f rom "0x0-process" a l c o h o l s )  
were a l s o  examined. These e x t r a c t a n t s  c o n s i s t  o f  narrow mo lecu la r -  
weight  d i s t r i b u t i o n s  o f  t r i a l k y l a r n i n e s  wherein methyl groups are 
randomly s u b s t i t u t e d  a long  t h e  chains a t  a l l  p o i n t s  except a t  t h e  
carbons ad jacen t  t o  n i t r o g e n  (4,13,24,32). A l though t h e i r  p u r i t y  
has improved cons ide rab ly ,  T810A, TIOA, TIDA,  and TITA appear t o  be 
e s s e n t i a l l y  t h e  same p roduc ts  a v a i l a b l e  over 25 yea rs  ago (4,13,24). 

The exper imenta l  approach employed i n  t h e  p resen t  work i n v o l v e d  
b o t h  i d e n t i f y i n g  t h e  v a r i o u s  DMP-containing p r e c i p i t a t e s  and 
measuring t h e  tendency o f  t h e  DMP-containing systems t o  form t h i r d  
phases. Dodecanol -modi f i ed nonane was de l  i b e r a t e l y  s e l e c t e d  as a 
d i l u e n t  system l i k e l y  t o  promote h i g h  i n s t a b i l i t y  t o  th i rd -phase  
fo rma t ion .  Some o f  t h e  t e s t s  used t r i d e c y l  a l coho l  -mod i f i ed  kerosene 
t o  assess t h e  behav io r  o f  process so lvents .  As a measure o f  t h i r d -  
phase tendency, we d e f i n e  t h e  "DMP t o l e r a n c e "  as t h e  maximum 
m o l a r i t y  o f  t h e  d i s s o l v e d  s a l t  (R3NH)$DMP] t h a t  can be sus ta ined  i n  
t h e  s o l v e n t  w i t h o u t  i n c u r r i n g  t h e  fo rma t ion  o f  a t h i r d  phase. 
t h i s  case, " s o l v e n t "  r e f e r s  t o  t h e  o rgan ic  phase c o n t a i n i n g  d i l u e n t ,  
m o d i f i e r ,  v a r i o u s  t r ia lky lammonium s a l t s ,  and d i s s o l v e d  water. 
S i  nce (R3NH) 3[DMP] i s h a r d l y  so l  u b l  e a t  a1 1 i n dodecanol -modi f i ed 
nonane a lone  (3,22), t h e  DMP t o l e r a n c e  o f  an amine s o l v e n t  rep re -  
sen ts  a measure o f  t h e  a b i l i t y  o f  t h e  va r ious  o t h e r  t r ia lky lammonium 
s a l t s  t o  s o l u b i l i z e  t h e  (R3NH)$DMP]. 

f rom t h e  a l c o h o l ,  secondary amine and u l t r a v i o l e t - a b s o r b i n g  i inpur i  - 
t i e s  u s u a l l y  p resen t  i n  t h e  as-received t e r t i a r y  amines, p u r i f i c a -  
t i o n  procedures here under taken p r i o r  t o  t h e  study. 
compara t i ve  d a t a  on t h e  e f f e c t i v e n e s s  o f  commonly used p u r i f i c a t i o n  
techn iques  f o r  h igh -mo lecu la r -we igh t  anines have r a r e l y ,  i f  ever ,  
been repo r ted ,  t h e  procedures used a long w i t h  t h e  a n a l y t i c a l  r e s u l t s  
w i l l  a l s o  be presented. 

These p r o p r i e t a r y  

I n  

To e l i m i n a t e  exper imenta l  and i n t e r p r e t i v e  problems a r i s i n g  

Since 

EXPERIMENTAL S E C T I O N  

Chemicals and P u r i f i c a t i o n  Procedures 

Reagents, s o l v e n t s ,  and s o l u t i o n s .  Water was p u r i f i e d  by 
r e s i n - d e i o n i  za t i on ,  charcoal  -adsorpt ion,  and double d i  s t i  11 a t i o n  
( f i r s t  ove r  KMn04). The p u r i f i c a t i o n  of reagent-grade n-dodecanol 
(Eastman) i n v o l v e d  f r a c t i o n a l  vacuum d i s t i l l a t i o n  on a Perkin-Elmer 
36- Inch A d i a b a t i c  Spinn ing Band S t i l l ,  g i v i n g  a t  l e a s t  99.5% p u r i t y  
as  determined by gas chromatography (Dex i l  300 column). Spectro- 
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ALKANE-INSOLUBLE TRIALKYLAMMONIUM DOUBLE SALTS, I1 4 2 3  

grade (Burd ick and Jackson) to luene ,  xylene, nonane, methanol, ace- 
tone ,  and hexane were used w i t h o u t  a d d i t i o n a l  p u r i f i c a t i o n .  For 
nonaqueous tit r i m e t  ry , 1,3-di phenyl guani d i  ne (Eastman) and p-d i oxane 
(MC/B spect ro-grade)  were p u r i f i e d  as recommended p r e v i o u s l y  
(25,34). The kerosene was Kermac 470B (same as Napoleum 470 from 
K e r r  McGee; 11.7% a romat i cs ,  48.6% p a r a f f i n s  and 39.7% naphthenes 
(1)) u s i n g  t r i d e c y l a l c o h o l  (methyl -branched "oxo-process" a l coho l  
f r o m  Enjay Chemical Co.) as m o d i f i e r .  Except f o r  t h e  amines, it may 
b e  assumed t h a t  reagent-grade chemicals were used i n  a l l  o t h e r  
i ns tances .  

hi ne p u r i  f i c a t i o n ,  a n a l y s i s ,  and c h a r a c t e r i  za t i on .  C h l o r i d e  
s a l t s  o f  t h e  s t r a i g h t - c h a i n  amines f o r  r e c r y s t a l l i z a t i o n  were formed 
b y  seve ra l  c o n t a c t s  o f  t h e  as-received amines i n  e i t h e r  xy lene o r  
t o l u e n e  d i l u e n t  w i t h  1 M H C l ,  y i e l d i n g  l i g h t -  t o  d a r k - b r o w  waxy 
s o l i d s  a f t e r  r o t a r y  evapora t i on  o f  t h e  so lvent .  Snow-white c r y s t a l s  
were ob ta ined  by m u l t i p l e  r e c r y s t a l l i z a t i o n s  i n v o l v i n g  c o o l i n g  
s a t u r a t e d  s o l u t i o n s  i n i t i a l l y  a t  room temperature as f o l l o w s :  
(TLAH)Cl : 4 t imes,  t o luene ,  -78"C, 89% y i e l d ;  (T0AH)Cl: 6 t imes,  
acetone-hexane, 6"C, 26% y i e l d ;  (TDAH)Cl : 4 t imes,  acetone-hexane, 
6"C, 48% y i e l d .  Free amines were generated by n e u t r a l i z i n g  so lu -  
t i o n s  o f  t h e  m i n e  c h l o r i d e  s a l t s  i n  to luene  w i t h  excess 1 M NaOH 
f o l l o w e d  by severa l  washes w i t h  pure water and r o t a r y  evapora t i on  o f  
t h e  d i  l u e n t .  

h i n e  d i s t i l l a t i o n  was c a r r i e d  ou t  on a CVC Lab-3 High-Vacuum 
C e n t r i f u g a l  Mo lecu la r  S t i l l  i n  400 t o  500 mL batches. A t y p i c a l  
r u n  was performed by making 20 passes across t h e  heated, s p i n n i n g  
p l a t e  a t  s t e a d i l y  h i g h e r  temperatures and lower  pressures, c o l l e c t -  
i n g  t h e  m idd le  70% f r a c t i o n  i n  t h e  ranges 60 t o  140°C and 2 t o  20 v 
Hg (0.3 t o  3 Pa). An o p t i o n a l  r e d u c t i v e  t rea tmen t  ma in l y  t o  remove 
any remain ing y e l l o w  c o l o r  c o n s i s t e d  o f  adding 80 g o f  p r e v i o u s l y  
d i s t i l l e d  amine t o  0.5 g L iA lH4 (Alpha, 97%) suspended i n  150 mL of 
d r y  ( s t o r e d  over  a lumina)  d i e t h y l e t h e r  i n  a 3-neck f l a s k  w i t h  N2 
purg ing.  F o l l o w i n g  a 24 n r e a c t i o n  pe r iod ,  t h e  unreacted h y d r i d e  
was des t royed  w i t h  t h e  a d d i t i o n  o f  3 mL o f  methanol and 1 mL o f  
water ,  e v o l v i n g  hydrogen gas and p r e c i p i t a t i n g  a whi te ,  waxy s o l i d ,  
which was f i l t e r e d  o f f  and discarded. Although t h e  procedure was 
n o t  expected t o  remove such i m p u r i t i e s  as p r imary  and secondary 
arnines and a l c o h o l s  (which would r e a c t  w i t h  t h e  L iA lHq b u t  be 
l i b e r a t e d  aga in  on h y d r o l y s i s  ( 3 5 ) ) ,  a d d i t i o n a l  t e s t s  have shown 
some improvement i n  t h e  t e r t i a r y  amine con ten t  presumably because 
some o f  t h e  i m p u r i t i e s  ge t  p r e c i p i t a t e d  on h y d r o l y s i s  (36). Upon 
r o t a r y - e v a p o r a t i n g  t h e  e t h e r  from t h e  f i l t r a t e ,  t h e  amines were 
scrubbed repea ted ly  w i t h  50 m l  volumes of methanol, 10 t imes fo r  
T I D A  and 20 t imes  f o r  TITA, d i s c a r d i n g  t h e  methanol l aye rs .  

Scrubbing t h e  amines w i t h  immisc ib le  methanol served severa l  pu r -  
poses, i n c l u d i n g  l) d e s t r o y i n g  t h e  hyd r ides ,  2) washing ou t  any 
rema in ing  s a l t s ,  and 3) removing some o f  t h e  p r imary  and secondary 
amines owing t o  t h e  g r e a t e r  s o l u b i l i t y  o f  these i m p u r i t i e s  i n  metha- 
n o l  t han  t h e  t e r t i a r y  amines o f  equal cha in  l e n g t h  (37-39). The 
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424 MOYER AND MC DOWELL 

f i n a l  y i e l d s  a f t e r  r o t a r y  vacuum-drying were 60.5 g (76%) o f  T I D A  
and 66.8 g (84%) of TITA. 

mole-% t e r t i a r y - a m i n e  con ten t ,  and "uv c u t o f f "  (Cary 219 Spectro- 
photometer) ,  d e f i n e d  as t h e  wavelength a t  which t h e  absorbance 
exceeds 1.0 i n  a 1 cm q u a r t z  c e l l  c o n t a i n i n g  u n d i l u t e d  amine. 
Procedures recommended e a r l  i e r  (25,34,40-42) were adapted f o r  d i  f - 
f e r e n t i a l  t i t r a t i o n  ( o v e r a l l  ?0.2% p r e c i s i o n )  w i t h  a Metrohm Herisau 
Po ten t i og raph  E536 and Dosimat E535 equipped w i t h  a combinat ion 
g lass ,  Ag/AgCl e lec t rode .  NE va lues were ob ta ined  by t i t r a t i n g  50 
t o  90 mg of amine i n  20 mL g l a c i a l  a c e t i c  a c i d  w i t h  0.05 M HCl04 i n  
p-d ioxane s tandard i zed  a g a i n s t  1,3-diphenylguanidine. To determine 
t h e  mole-% t e r t i a r y - a m i n e  con ten t ,  t h e  amine was f i r s t  a l lowed t o  
s tand  f o r  1 h a t  room temperature i n  2 mL o f  an a c e t y l a t i n g  s o l u t i o n  
o f  10 p a r t s  a c e t i c  anhydr ide  t o  1 p a r t  g l a c i a l  a c e t i c  acid. An 18 
mL volume o f  g l a c i a l  a c e t i c  a c i d  was then  added and t h e  s o l u t i o n  
t i t r a t e d  as b e f o r e  t o  g i v e  t h e  t e r t i a r y - a m i n e  n e u t r a l  e q u i v a l e n t  NE3 
(42)  and mole-% t e r t i a r y  amine (100% x NE/NE3). 

h i n e  p u r i t y  c r i t e r i a  i n c l u d e d  t h e  n e u t r a l  e q u i v a l e n t  (NE), 

DMP Tolerance Measurements 

Except f o r  t h e  exper iments i n v o l v i n g  kerosene d i  l u e n t  desc r ibed  
l a t e r ,  s o l v e n t s  (0.05 M amine i n  dodecanol -modi f ied nonane) were 
p r e - e q u i l i b r a t e d  seve ra l  t i m e s  w i t h  0.1 M H2SO4 be fo re  use t o  con- 
v e r t  t h e  amine p r i m a r i l y  t o  t h e  s u l f a t e  s a l t  (2,3,22,27). A 0.15 M 
c o n c e n t r a t i o n  o f  dodecanol was se lec ted  as an approximate minimum 
l e v e l  o f  m o d i f i e r  t h a t  m u l d  p e r m i t  a l l  o f  t h e  amines t o  be compared 
w i t h o u t  danger o f  p r e c i p i t a t i o n  o f  t h i r d  phases a t t r i b u t a b l e  j u s t  t o  
t h e  t r i a l ky lammon ium s u l f a t e ,  b i s u l f a t e ,  and/or c h l o r i d e  s a l t s .  The 
p r e - e q u i l i b r a t e d  s o l v e n t s  were f u r t h e r  e q u i l i b r a t e d  a t  25°C u s i n g  
techn iques  desc r ibed  p r e v i o u s l y  (22,27) w i t h  equal volumes of 
aqueous s o l u t i o n s  c o n t a i n i n g  0.1 M H2SO4, 0.001 t o  0.12 M Mo(V1). 
0.001 t o  0.02 M H3PO4, and 0 t o  1 M NaCl. The Mo(V1) was added t o  
t h e  aqueous s o l u t i o n s  i n i t i a l l y  i n  t h e  form o f  H3PMo12040-15H20 i n  
t h e  TLA exper iments and (NH4)6Mo7024* 4H20 f o r  t h e  o t h e r  amines. 
E q u i l i b r a t i o n  t i m e s  ( 9  t o  26 d) were such t h a t  e s s e n t i a l l y  a l l  of 
t h e  Mo(V1) i n  t h e  system would be conver ted t o  (RQNH)~[DMP] (22,27). 

s e t  o f  c o n d i t i o n s  was determined by v a r y i n g  t h e  aqueous Mo(V1) 
c o n c e n t r a t i o n  by t r i a l  and e r r o r  i n  a s e r i e s  o f  e q u i l i b r a t i o n s  t o  
produce v i s i b l e  t h i r d  phases i n  some o f  t h e  systems. A t  e q u i l i b -  
r ium,  t h e  DMP m o l a r i t y  i n  t h e  b u l k  s o l v e n t  phase ( n o t  i n c l u d i n g  t h e  
t h i r d  phase, if presen t )  was made by a spec t ropho tomet r i c  measure- 
ment o f  t h e  absorbance of t h e  DMP peak a t  310 nm us ing  p r e v i o u s l y  
determined va lues  of t h e  mo la r  a b s o r b t i v i t y  ( E ) ,  24,800 i n  amine 
s o l v e n t  o r  25,700 i n  CHC13, isopropanol  ( 2 2 ) .  I n  Figs. 1A and l B ,  
t h e  measured DMP m o l a r i t y  i s  p l o t t e d  a g a i n s t  t h e  t o t a l  o rgan ic  
Mo(V1) expected i f  a l l  of t h e  MO(V1)  i s  e x t r a c t e d  b u t  does no t  form 
a t h i r d  phase. The DMP m o l a r i t y  was observed t o  i nc rease  l i n e a r l y  
w i t h  a l eas t - squares  s lope  o f  0.0877 = 1/11.4 r e g a r d l e s s  o f  t h e  

I n  genera l ,  t h e  DMP t o l e r a n c e  f o r  a g i ven  amine under a g i ven  
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F i g u r e  1A. Measured s o l v e n t  m o l a r i t y  o f  dodecamolybdophosphate 
vs expected Mo(V1) m o l a r i t y  a t  2 5 O C .  (See F i g u r e  15 f o r  d e t a i l s . )  
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- 
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TOTAL [Mo( VI )]org 

F igure  1B. An expanded p o r t i o n  o f  Figure 1A. De ta i l s  f o r  
Figs. 1A and 1B: Except as noted i n  Fig. 1A, t h e  so lvents  consisted 
o f  0.05 M arnine p lus  0.15 M dodecanol i n  nonane and were pre- 
e q u i l i b r a t e d  w i th  0.1 M HzSO4. Solvents were then e q u i l i b r a t e d  f o r  
9 t o  26 d a t  25°C w i t h  equal volumes o f  aqueous so lu t i ons  conta in ing  
0.1 M H2SO4, 0 t o  0.12 M Mo(V I ) ,  and 0.001 t o  0.02 M H3P04, w i th  no 
NaCl (unless i n d i c a t e d  otherwise).  Points designated by squares (a) i n d i c a t e  no observat ion o f  a t h i r d  phase whi le po in ts  
designated by c i r c l e s  (0) i n d i c a t e  t h a t  a t h i r d  phase was v i s ib le .  
The DMP m o l a r i t y  a t  t he  i n t e r s e c t i o n  o f  the  s t r a i g h t - l i n e  segments 
was taken as the  DMP to lerance. - TLA; a - TLA (0.05 M 
dodecanol ) ; a - TLA (0.1 M NaCl ) ; 0 - TLA (1 M NaCl ) ; 

- T810A; IJ - TOA; - T I T A ;  - TIDA. 
- TDA; 
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amine used as l o n g  as no v i s i b l e  t h i r d  phase had formed ( p o i n t s  
g i v e n  as boxes i n  t h e  f i g u r e s ) .  W i t h i n  t h e  spec t ropho tomet r i c  
exper imen ta l  e r r o r  o f  +7%, t h i s  con f i rms  t h e  expected q u a n t i t a t i v e  
convers ion  of Mo(V1) t o  DMP ( theor .  s lope = 0.0833 o r  1/12}. 
Depending on t h e  amine and c o n d i t i o n s  used, breaks i n  t h e  p l o t  
o c c u r r e d  upon th i rd -phase  format ion g i v i n g  t h e  DMP t o l e r a n c e  as t h e  
i n t e r s e c t i o n  of an e x t r a p o l a t i o n  from t h e  descending curve ( p o i n t s  
g i v e n  as c i r c l e s  i n  Figs. 1 A  and lB )  back t o  t h e  common ascending 
1 i n e  (es t ima ted  +lo% r e l i a b i l i t y ) .  

t h e  c h l o r i d e - c o n t a i n i n g  systems t h a t  t h e  DMP i n  t h e  s o l v e n t  cou ld  
n o t  be e a s i l y  measured spectrophotornetrically. On t h e  hypo thes i s  
t h a t  po lymolybdate i n t e r m e d i a t e s  were i n t e r f e r i n g ,  t h e  DMP was n o t  
formed i n  s i t u  b u t  r a t h e r  was added d i r e c t l y  by d i s s o l v i n g  small  
amounts of t h e  pure compounds (TIOAH)3[DMP], 
(TIDAH) 3[DMP]* 3( TIDAH) C1 , and (TITAH) Q[DMP] 3( T1TAH)Cl  (see prep-  
a r a t i o n s  below) i n  t h e i r  r e s p e c t i v e  amine -su l fa te  so lvents .  Contact 
o f  t hese  DMP-containing s o l v e n t s  w i t h  0.1 M H2SO4 c o n t a i n i n g  0.01 M 
H3PO4 and 0.1 or  1 M NaCl then  gave s o l i d  p r e c i p i t a t e s  w i thou t  
i n t e r f e r e n c e  due t o  i n te rmed ia tes .  Measurement o f  t h e  (R-jNH)-j[DMP] 
rema in ing  i n  t h e  s o l v e n t  p r o v i d e d  t o l e r a n c e  va lues f o r  TIOA i n  t h i s  
way, b u t  o n l y  upper l i m i t s  c o u l d  be se t  f o r  TIDA and TITA. 

I n  some experiments, t h e  s o l v e n t  was 0.06 M amine i n  kerosene 
m o d i f i e d  w i t h  0.06 M t r i d e c y l a l c o h o l  and was p r e - e q u i l i b r a t e d  w i t h  
pH 1 Na2SO4 (0.3125 M NazSO4 + 0.1875 M H2SO4). 
i n  these  exper iments were p u r i f i e d  by pass ing them u n d i l u t e d  through 
a c t i v a t e d  s i l i c a ;  t h e  procedures and a n a l y t i c a l  data have been 
d e s c r i b e d  p r e v i o u s l y  (2) .  Room temperature e q u i l i b r a t i o n s  were made 
by  s low r o c k i n g  u s i n g  pH 1 Na2S04 c o n t a i n i n g  M o ( V I ) ,  0.02 M NaCl, 
and 0.002 M H3PO4. By v a r y i n g  t h e  Mo(V1) concen t ra t i ons ,  t h e  DMP 
t o l e r a n c e  (assumed t o  be 1/12 t h e  molybdenum t o l e r a n c e )  c o u l d  be 
b racke ted  between t w o  va l ves  by v i s u a l  i n s p e c t i o n  o f  t h e  systems f o r  
t h i r d  phases. No v i s u a l  changes occurred i n  t h e  systems a f t e r  23 
days o f  contact .  

P r e p a r a t i o n  and Ana lys i s  o f  S o l i d s  

a r a t i o n s  o f  s o l i d  compounds employed 0.05 M m i n e  i n  nonane m o d i f i e d  
w i t h  0.15 M dodecanol. E q u i l i b r a t i o n s  i n v o l v i n g  Mo(V1) were made a t  
room temperature i n  t h e  absence o f  l i g h t  by qu iescen t  s t i r r i n g  
(unbroken i n t e r f a c e )  o r  g e n t l e  rock ing.  Genera l ly ,  t h e  Mo(V1) was 
t h e  l i m i t i n g  reagent  w i t h  t h e  amine, NaCl, and H3PO4 be ing  fa r  i n  
excess o f  t h e  s t o i c h i o m e t r i c a l l y  r e q u i r e d  amounts. 
Table 11, t h e  p r e c i p i t a t e s  were analyzed by spect rophotometr ic ,  
t i t r i m e t r i c ,  and powder x- ray d i f f r a c t i o n  procedures desc r ibed  pre-  
v i o u s l y  (22,27) and/or by e lementa l  a n a l y s i s  ( G a l b r a i t h  
Labora to r ies ,  Knoxvi 1 l e y  TN). 

The branched-chain amines e x h i b i t e d  such low t o l e r a n c e s  i n  

The amines used 

Unless o the rw ise  s ta ted ,  a l l  o f  t h e  so l ven ts  used i n  t h e  prep-  

As summarized i n  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Ta
bl

e 
I1

 
A

n
a

ly
ti

ca
l 

Su
m

m
ar

y 
o

f 
hi

ne
-D

M
P

 
C

om
po

un
ds

a 
P

 
N

 
m

 

Sa
m

pl
e 

%C
 

ZH
 

XN
 

XC
1 

%
PM

o1
20

40
b 

N
ot

e 
on

 
P

re
pa

ra
ti

on
d 

(T
DA

H)
 3

[D
M

P]
= 

3(
 T

DA
H)

CI
 

ex
pe

r.
 

47
.7

9 
8.

36
 

1.
85

 
2.

24
 

39
.9

 
M

o(
V

I)
, 

P0
43

-, 
t 

C1
- 

th
eo

r.
 

47
.4

0 
8.

48
 

1.
84

 
2.

33
 

36
.5

 
e

xt
ra

ct
e

d
 t

og
et

he
r 

th
eo

r.
 

51
.2

1 
9.

07
 

1.
66

 
2.

10
 

36
.0

 
e

xt
ra

ct
e

d
 t

og
et

he
r 

th
eo

r.
 
-
 

-
 
-
 

-
 

44
.9

 
e

xt
ra

ct
e

d
; 

1 -
 a

dd
ed

 

(T
LA

H
)3

[D
M

P]
- 

3(
TL

AH
)C

1 
ex

pe
r.

 
51

.2
4 

9.
27

 
1.

66
 

2.
06

 
36

.0
 

M
o(

V
I)

, 
PO

$-,
 

+ 
C1

- 

(T
IO

AH
)$

D
M

P]
* 

3(
TI

O
AH

)C
1 

ex
pe

r.
 
-
 

-
 
-
 

-
 

43
.2

 
M

o(
V1

) 
+ 

PO
$- 

1 a
te

r 

(T
 IO

AH
) 3

[ D
MP

] 
ex

pe
r.

 
30

.1
6 

5.
45

 
1.

46
 

th
eo

r.
 

29
.9

8 
5.

45
 

1.
46

 
59

.9
 

3T
IO

A 
+ 

63
.1

 
H

3P
M

01
20

40
= 1

5H
20

 

(T
rD

A
H

)3
[D

M
P]

-3
(T

ID
A

H
)C

l 
ex

pe
r.

 
47

.6
8 

8.
53

 
1.

69
,1

.9
4c

 
2.

44
 

40
.4

 
M

o(
V1

) 
+ 

P0
43

- 
39

.8
 

ex
tr

ac
te

d;
 

C1
- 

ad
de

d 
th

eo
r.

 
47

.5
1 

8.
50

 
1.

84
 

2.
32

 
1 a

te
r 

(T
IT

AH
)3

[D
M

P]
- 

3(
TI

TA
H

)C
1 

ex
pe

r.
 

52
.5

1 
9.

28
 

1.
58

 
2.

12
 

31
.9

 
M

o(
V1

) 
+ 

P0
43

- 
th

eo
r.

 
52

.3
5 

9.
25

 
1.

60
 

2.
03

 
34

.8
 

ex
tr

ac
te

d;
 

C1
- 

ad
de

d 
8 

1 a
te

r 
m

 
4
 

7
J
 

P
 

a
 

3
 

n
 

U
 
0
 
I
 

m 

U
nc

er
ta

in
ty

 
k0

.3
 

k0
.3

 
+O

.2
,-+

0.
lc

 
k0

.2
 

+-
3 

z
 

aE
l e

m
en

ta
l -

an
al

ys
is

 
re

su
lt

s 
un

le
ss

 o
th

er
w

is
e 

in
di

ca
te

d.
 

bS
pe

ct
 ro

ph
ot

om
et

 r
ic

 m
et

ho
d 
; 
?7

% 
u

n
ce

rt
a

in
ty

 (
3,

27
). 

C
Fr

om
 t

it
ra

ti
o

n
 o

f 
th

e
 f

re
e

 a
m

in
e 

re
le

as
ed

 b
y 

ba
se

 (
3,

27
). 

d
F

u
ll

 d
e

ta
il

s 
gi

ve
n 

in
 t

h
e

 E
xp

er
im

en
ta

l 
S

ec
tio

n.
 

r
 

r
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ALKANE-INSOLUBLE TRIALKYLAMMONIUM DOUBLE SALTS. 11 429 

(TLAH)3[DMP]=3(TLAH)Cl. 10 mL o f  TLA s o l v e n t  were con tac ted  
f o r  3 d wi th 45 mL o f  an aqueous s o l u t i o n  c o n t a i n i n g  0.1 M H7SO4, 
0.5 M NaCl , 0.02 M Mo(V1) (as ammonium molybdate), and 0.05 R HjPO4. 
The b r i g h t  y e l l o w  p r e c i p i t a t e  t h a t  had formed l o o s e l y  on t o p  o f  t h e  
l i q u i d / l i q u i d  i n t e r f a c e  was f i l t e r e d  onto a M i l l i p o r e  FHLP f i l t e r ,  
washed w i t h  hexane, and d r i e d  i n  vacuo. 

f o l l o w e d  as g i ven  i n  t h e  p rev ious  p repara t i on .  

f o r  5 d w i t h  14.6 mL o f  an aqueous s o l u t i o n  c o n t a i n i n g  0.1 M H2SO4, 
0.0328 M M O ( V 1 )  (as ammonium molybdate), and 0.017 M H PO4. 

mL more TIDA solvent .  20 mL o f  t h e  r e s u l t i n g  s o l u t i o n  MS t hen  
p l a c e d  o v e r  10  mL o f  an aqueous phase c o n t a i n i n g  0.1 M H2SO4, 1 M 
NaCL, and 0.01 M H3PO4. 
c o l l e c t e d  as desc r ibed  above. 

(TDAH)3[DMP]* 3( TDAH)Cl. The same general procedure was 

(TIDAH)3[DMP]- 3( T1DAH)Cl. 20 mL of TIDA s o l v e n t  were con tac ted  

The 
l i q u i d  t h i r d  phase was e l i m i n a t e d  ( o r  n e a r l y  so) by d i  7 u t i n g  w i t h  1 5  

A f t e r  1 d, t h e  y e l l o w  s o l i d  p r e c i p i t a t e  was 

(TITAH)$DMP]* 3( T1TAH)Cl. The same general procedure was 
f o l l o w e d  as g i ven  i n  t h e  p rev ious  p repara t i on .  

(TIOAH)3[DMP]* 3( TI0AH)Cl. The same general procedure was 
f o l l o w e d  as g i ven  i n  t h e  p rev ious  two p r e p a r a t i o n s  except t h a t  t h e  
d i l u e n t  was unmod i f i ed  t o l u e n e  t o  p reven t  c r y s t a l l i n e  (TIOAH)$DMP] 
from p r e c i p i t a t i n g  be fo re  t h e  NaCl c o u l d  be added. I n  t h e  prepara-  
t i o n ,  a l i q u i d  t h i r d  phase formed be fo re  t h e  NaCl was added, 
r e q u i r i n g  t h e  a d d i t i o n  o f  f r e s h  s o l v e n t  t o  homogenize t h e  so lvent .  

A s o l u t i o n  c o n t a i n i n g  0.103 g H3[DMP]*15H20 
(0.04&01 ved i n  2 m L  i sopropanol (some w h i  t e  und isso lved  
s o l i d  was c e n t r i f u g e d  o u t )  was added dropwise t o  0.0549 g (0.155 
mmole) TIOA d i s s o l v e d  i n  1 mL isopropanol  immediate ly  forming a 
f i n e ,  y e l l o w  p r e c i p i t a t e .  A f t e r  1 h o f  s t i r r i n g ,  t h e  p r e c i p i t a t e  
was f i l t e r e d  on to  a M i l l i p o r e  FHLP f i l t e r ,  washed w i t h  isopropanol  
and hexane, and d r i e d  i n  vacuo. The i d e n t i c a l  p roduc t  was a l t e r -  
n a t i v e l y  prepared i n  an e x t r a c t i o n  system by c o n t a c t i n g  5 mL o f  T I O A  
s o l v e n t  o v e r n i g h t  w i t h  0.7 mL o f  0.083 M H3[DMP]*15H2OY f i l t e r i n g  
t h e  p r e c i p i t a t e ,  and washing w i t h  isopropanol  and hexane. 

(TIOAH) [DMP]. 

RESULTS 

k i n e  P u r i f i c a t i o n  and Ana lys i s  

Table 111. I n  general,  t h e  p u r i f i c a t i o n  procedures become l e s s  
e f f e c t i v e  as t h e  m o l e c u l a r  weight (equ iva len t  t o  t h e  NE f o r  pure 
amine) increases,  and a l l  o f  t h e  methods used have t h e  disadvantage 
o f  b e i n g  time-consuming. R e c r y s t a l l i z a t i o n  o f  t h e  amines as 
m i n e r a l - a c i d  s a l t s  produces good r e s u l t s  f o r  t h e  s t r a i g h t - c h a i n  com- 

A n a l y t i c a l  d a t a  f o r  t h e  p u r i f i e d  t r i a l k y l a m i n e s  a re  g i ven  i n  
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ALKANE-INSOLUBLE TRIALKYLAMMONIUM DOUBLE SALTS. I1 4 3 1  

pounds, g i v i n g  e f f e c t i v e  removal o f  p r imary  and secondary amine 
i m p u r i t i e s  and e s p e c i a l l y  u l  t r a v i o l e t - a b s o r b i n g  decomposit ion prod- 
u c t s  t h a t  b u i l d  up over  t ime. I n  t h e  case o f  TDA, t h e  p u r i f i c a t i o n  
was s u b s t a n t i a l  owing t o  t h e  poor s t a r t i n g  c o n d i t i o n  o f  t h e  amine 
a f t e r  more t h a n  a decade o f  s to rage  a t  room temperature, i.e., NE = 
495.1, mole-% t e r t i a r y  = 94.1%, and uv c u t o f f  = 475 nm (brown 
c o l o r ) .  

f i c a t i o n  method f o r  t h e  branched-chain amines because o f  t h e  l a r g e  
number o f  isomers. 
98 mole-% 3" amine con ten t  ( c l o s e  t o  t h e  vendors' s p e c i f i c a t i o n s  as 
were t h e  NE's) w i t h  u v - c u t o f f s  of 329 nm t o  383 nm ( y e l l o w  c o l o r ) .  
F o r  m o l e c u l a r  weights  l e s s  than  400, t hese  va lues were improved 
accep tab ly  (Table 111) , b u t  t h e  h i g h e r  commercial amines r e t a i n e d  
some o f  t h e i r  o r i g i n a l  y e l l o w  c o l o r  and p r imary  + secondary amine 
c o n t e n t :  98.7 mole-% t e r t i a r y  and 319 nm uv c u t o f f  f o r  TIDA and 
96.6 mole-% t e r t i a r y  and 371 nm uv c u t o f f  f o r  TITA. On t h e  assump- 
t i o n  t h a t  t h e  y e l l o w - c o l o r e d  i m p u r i t i e s  were a i r - o x i d a t i o n  products ,  
T IDA and T I T A  were f u r t h e r  sub jec ted  t o  a r e d u c t i o n  procedure (see 
Exper imenta l  Sec t i on )  wi th L i  A1 H4 f o l l o w e d  by methanol sc rubb ing  t o  
g i v e  t h e  improved va lues l i s t e d  i n  t h e  tab le .  

carbons i n  t h e  a l k y l  group) were es t ima ted  ( ? lo%)  by i n t e g r a t i o n  
o f  t h e  pmr spec t ra  o f  t h e  branched amines (Table 111). These values 
r e p r e s e n t  an average ove r  t h e  v a r i o u s  isomers p resen t  and f o l l o w  a 
reasonable correspondence w i t h  t h e  values t h a t  would be expected 
f r o m  t h e  nominal a l k y l  groups l i s t e d  i n  Table I. No a l p h a m e t h i n e  
p r o t o n s  were detected,  c o n f i r m i n g  t h a t  b ranch ing  does n o t  occur  a t  
t h e  a lpha  carbons. 

DMP Third-Phase Behavior  

Vacuum d i s t i l l a t i o n  was chosen as the  most a p p r o p r i a t e  p u r i -  

The s t a r t i n g  amines were found t o  have 95 t o  

Backbone c h a i n  l e n g t h s  ( t h e  maximum number of consecu t i ve  

I s o l a t i o n  o f  (R3NH)3[OMP]* 3( R3NH)Cl. For TOA and T810A 
s o l v e n t s ,  e x t r a c t i o n  o f  s u l f u r i c  a c i d  s o l u t i o n s  c o n t a i n i n g  Mo(VI), 
H3PO4, and NaCl was shown p r e v i o u s l y  (22,27) t o  g i v e  s o l i d  p r e c i p -  
i t a t e s  hav ing  t h e  d o u b l e - s a l t  composi t ion (R3NH)3[OMP]*3(R3NH)Cl 
( I ) .  As p a r t  o f  t h e  p resen t  i n v e s t i g a t i o n ,  an a t tempt  was made t o  
show whether t h e  o t h e r  amines i n  Table I a l s o  g i v e  these  double- 
s a l t  compounds i n  e x t r a c t i o n  systems. Solvents  c o n t a i n i n g  0.05 M 
amine and 0.15 M dodecanol i n  nonane were p r e - e q u i l i b r a t e d  with 
0.1 M H2SO4 and t h e n  con tac ted  f o r  severa l  days w i t h  aqueous so lu -  
t i o n s  c o n t a i n i n g  0.1 M H2SO4 p l u s  Mo(VI), H3PO4, and NaCl together .  
As desc r ibed  i n  d e t a i l  i n  t h e  Experimental Section, t h e  expected 
doub le  s a l t s  were ob ta ined  i n  t h i s  manner f o r  TDA and TLA (Table 
11). 

Analogous procedures f o r  t h e  branched-chain amines TIOA, TIDA, 
and T I T A  gave y e l l o w  s o l i d s  wi th s l i g h t l y  l e s s  than  t h e  expected 
wt . -% DMP as shown i n  Table I V .  To o b t a i n  t h e  double s a l t s  i n  pure 
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4 3 2  MOYER AND MC DOWELL 

TABLE I V  
A n a l y s i s  of DMP-Containing S o l i d s  Obtained 

w i t h  Branched-Chain Pminesa 

W DMP % DMP 
hi ne found t hear. b 

TIOA 
T I D A  
T I T A  

35.6 
33.5 
31.9 

44.9 
39.8 
34.8 

aThe s o l v e n t s  con ta ined  0.05 M amine p l u s  
0.15 M dodecanol i n  nonane and were 
i n i t i a l l y  e q u i l i b r a t e d  w i t h  0.1 M HzSO4. 
A 10 m l  volume of each s o l v e n t  was then 
con tac ted  f o r  3 d w i t h  25 t o  45 m l  o f  an 
aqueous phase c o n t a i n i n g  0.1 M HzSO4, 
0.5 M NaCl, 0.01 t o  0.05 M H3PO4, and 
0.02 M Mo(V1) (as ammonium molybdate). 
The y e l l o w  p r e c i p i t a t e s  were f i l t e r e d ,  
washed w i t h  hexane, vacuum d r i e d ,  and 
analyzed f o r  DMP spec t ropho tomet r i ca l  l y  
i n  1:l ch1oroform:isopropanol (22) .  

bBased on (R3NH)$DMP]* 3( R3NH)Cl .  

f o r m  f o r  t hese  t h r e e  amines (Table 11), i t  was necessary t o  de lay  
add ing  t h e  NaCl t o  t h e  aqueous phase u n t i l  a f t e r  t h e  DMP anion had 
t i m e  t o  form i n  t h e  so l ven t .  

Composit ions o f  o t h e r  p r e c i p i t a t e s .  As we found w i t h  TOA 
(22,27), c o n t a c t  o f  most o f  t h e  amine so l ven ts  w i t h  0.1 M H2SO4 
s o l u t i o n s  c o n t a i n i n g  Mo(V1) and H3PO4 b u t  no NaCl g e n e r a l l y  l e d  t o  
t h e  appearance o f  dense, ye l low-green,  l i q u i d  t h i r d  phases a t  t h e  
i n t e r f a c e  when t h e  s o l v e n t  t o l e r a n c e  f o r  (RQNH)~[DMP] was exceeded 
(F igs.  1 A  and l B ) .  These l i q u i d  t h i r d  phases were a l s o  n o t i c e d  i n  
t h e  p r e p a r a t i o n s  o f  t h e  s o l i d  double s a l t s  o f  t h e  branched amines 
(Exper imenta l  Sec t i on )  b e f o r e  NaCl was added t o  t h e  aqueous phases. 
Assuming t h e  behav io r  t o  be s i m i l a r  t o  t h a t  found f o r  TOA (22,36), 
t h e s e  l i q u i d  t h i r d  phases p robab ly  c o n t a i n  a v a r i a b l e  m i x t u r e  of 
t r i a l ky lammon ium DMP, s u l f a t e ,  and h i s u l f a t e  s a l t s  w i t h  a small  
amount o f  d i l u e n t  and p o s s i b l y  water (but  no m o d i f i e r ) .  

appearance o f  a s o l i d  p r e c i p i t a t e  on c o n t a c t i n g  t h e  TIOA so lven t  
The s i n g l e  s u r p r i s e  i n  t h e  c h l o r i d e - f r e e  systems was t h e  
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ALKANE-INSOLUBLE TRIALKYLAMMONIUM DOUBLE SALTS. I1 433 

(dodecanol -modi f ied nonane system) w i t h  0.1 M H2SO4 c o n t a i n i n g  
Mo(V1) and H3PO4. Comparison o f  t h e  x- ray d i f f r a c t i o n  powder p a t -  
t e r n s  o f  t h i s  e x t r a c t i o n  p r e c i p i t a t e  and a sample o f  (TIOAH)$DMP] 
p repared  by r e a c t i o n  o f  T I O A  w i t h  H3[DMP]*15H20 i n  isopropanol  con- 
f i rmed  t h e  equiva lence o f  t h e  t w o  substances (see Experimental 
S e c t i o n  and Table 11). By c o n t r a s t ,  we n o t e  t h a t  a l i q u i d  t h i r d  
phase formed when t o l u e n e  was used as t h e  d i l u e n t  (see p r e p a r a t i o n  
o f  (TIOAH)$DMP]- 3(TIOAH)C1 , Exper. Section). 

DMP to le rance .  As shown above, t h e  th i rd -phase  behavior  of 
s o l v e n t s  c o n t a i n i n g  d i s s o l v e d  (R3NH)3[DMP] i n v o l v e s  severa l  t ypes  o f  
p r e c i p i t a t e s  depending on t h e  amine s t r u c t u r e ,  d i l u e n t  type, and t h e  
a v a i l a b i l i t y  of c h l o r i d e  i o n  needed t o  form (R3NH)$DMP]=3(R3NH)Cl. 
To be a b l e  t o  d i scuss  t h e  th i rd -phase  tendency o f  s o l v e n t s  con- 
t a i n i n g  d i s s o l v e d  (R3NH)3[DMP] i n  general terms, we have been us ing  
t h e  word " t o l e r a n c e "  d e f i n e d  here as t h e  maximum c o n c e n t r a t i o n  o f  
d i s s o l v e d  (R3NH)3[DMP] t h a t  can e x i s t  i n  t h e  s o l v e n t  w i thou t  f o r -  
m a t i o n  o f  a DMP-containing t h i r d  phase. Thus, t h e  te rm e q u a l l y  
a p p l i e s  t o  s i t u a t i o n s  i n v o l v i n g  we l l -de f i ned  s o l i d  p r e c i p i t a t e s  o r  
v a r i a b l e - c o m p o s i t i o n  l i q u i d  t h i r d  phases. The more r e s t r i c t i v e  te rm 
" s o l u b i l i t y "  i s  a p r o p e r t y  o n l y  o f  t h e  s o l i d  p r e c i p i t a t e s .  

The DMP t o l e r a n c e  exper iments a r e  summarized i n  Table V f o r  
t h r e e  s t a r t i n g  aqueous NaCl concen t ra t i ons  and a range o f  dodecanol 
m o d i f i e r  concen t ra t i ons .  Except f o r  one system us ing  0.05 M TIOA i n  
unmodi f ied t o l u e n e  d i l u e n t ,  t h e  s o l v e n t  c o n s i s t e d  o f  0.05 M amine i n  
dodecanol -modi f i ed nonane and was pre-equi 1 i b r a t e d  w i t h  0.1 M H2SO4 
t o  c o n v e r t  t h e  amine t o  p r i m a r i l y  (R3NH)zS04 w i t h  minor  fo rma t ion  o f  
(R,NH)HS04 (2,22). As discussed f u l l y  i n  t h e  Experimental Section, 
t h e  procedures f o r  de te rm in ing  t h e  to le rances  ensured t h a t  a l l  o f  
t h e  Mo(V1) i n  t h e  system was i n  t h e  form o f  DMP, e s s e n t i a l l y  
r e p l a c i n g  some o f  t h e  s u l f a t e  and/or b i s u l f a t e  i n  t h e  s o l v e n t  t o  
g i v e  (R3NH)$DMPI. Prev ious measurements u s i n g  0.05 M TOA i n  nonane 
m o d i f i e d  wi th 0.05 M dodecanol showed t h a t  some o f  t h e  s u l f a t e  and 
b i s u l f a t e  i n  t h e  s o l v e n t  c o u l d  al'so be rep laced by c h l o r i d e  by 
add ing  NaCl t o  t h e  aqueous 0.1 M H2SO4 (22). From these  and e a r l i e r  
( 2 )  r e s u l t s ,  t h e  f o l  l o w i n g  general conc lus ions  may be made con- 
c e r n i n g  t h e  p r o p o r t i o n  o f  t h e  t r ia lky lammonium c h l o r i d e ,  su l fa te ,  
and b i s u l f a t e  s a l t s  i n  t h e  p resen t  systems. F i r s t ,  w i t h  no NaCl 
added t o  t h e  0.1 M H2SO4, t h e  amine n o t  i n  t h e  form o f  (R3NH)$DMP] 
can be expected t o  be p r o p o r t i o n e d  ma in l y  as t h e  s u l f a t e  s a l t  
(R3NH)2S04, w i t h  m ino r  amounts o f  (R3NH)HS04 i n c r e a s i n g  i n  t h e  o rde r  
TITA < TIDA < TIOA < T810A < TOA. E q u i l i b r a t e d  w i t h  0.1 M H SO4 + 1 
M NaCl ( i n i t i a l l y ) ,  p r a c t i c a l l y  a l l  o f  t h e  amine n o t  i n  t h e  form of 
(R3NH)3[DMP] can be expected t o  be i n  t h e  form o f  (R3NH)Cl. 
0.1 M H2SO4 + 0.1 M NaCl ( i n i t i a l l y ) ,  an i n t e r m e d i a t e  s i t u a t i o n  
i n v o l v i n g  s i g n i f i c a n t  amounts o f  t h e  c h l o r i d e ,  s u l f a t e ,  and 
b i s u l f a t e  s a l t s  i s  expected; approx imate ly  h a l f  o f  t h e  amine n o t  i n  
t h e  form o f  (TOAH)3[DMP] was i n  t h e  form o f  t h e  c h l o r i d e  s a l t  us ing  
TOA (22). A l though 0.001 t o  0.01 M aqueous H3PO4 was present  i n  t h e  
exper iments f o r  r e a c t i o n  wi th Mo(V1) t o  g i v e  DMP, it does n o t  g e t  
s i g n i f i c a n t l y  e x t r a c t e d  by i t s e l f  (D  = 0.0130) (22). 

With 
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4 3 4  MOYER AND MC DOWELL 

Since a l l  o f  t h e  Mo(V1) appears t o  e v e n t u a l l y  end u p  as DMP i n  
t h e  systems examined, t h e  DMP to le rances  rep resen t  1/12 o f  t h e  
o v e r a l l  molybdenum t o l e r a n c e  t h a t  w u l d  be observed on extended 
e q u i l i b r a t i o n  o f  t h e  s o l v e n t s  w i t h  s u l f u r i c  a c i d  s o l u t i o n s  con- 
t a i n i n g  Mo(VI), phosphate, and c h l o r i d e .  
e q u i l i b r i u m ,  however, t h e  e f f e c t i v e  molybdenum t o l e r a n c e  i s  a1 ways 
g r e a t e r  a t  f i r s t  s i n c e  i t  may be some t ime  a f t e r  a l l  o f  t h e  Mo(V1) 
g e t s  e x t r a c t e d  t h a t  any p r e c i p i t a t e  appears (22,27). As suggested 
b y  t h e  da ta  o f  Table I V Y  DMP i s  p robab ly  n o t  t h e  o n l y  polymolybdate 
an ion  capable o f  caus ing p r e c i p i t a t i o n ,  though DMP does appear t o  be 
t h e  most s t a b l e  one. 

Dur ing t h e  approach t o  

A l i m i t e d  amount o f  data l i s t e d  i n  Table V shows t h a t  t h e  con- 
c e n t r a t i o n  o f  t h e  dodecanol m o d i f i e r  has a m i l d  e f f e c t  on t h e  
observed t o l e r a n c e .  In t h e  c h l o r i d e - f r e e  systems, an i nc rease  i n  
t h e  m o d i f i e r  c o n c e n t r a t i o n  produces an i nc rease  i n  t h e  DMP t o l e r a n c e  
w h i l e  t h e  c h l o r i d e - c o n t a i n i n g  systems a r e  c h a r a c t e r i z e d  by a sha l l ow  
minimum i n  DMP t o l e r a n c e  as a f u n c t i o n  o f  m o d i f i e r  concen t ra t i on .  

A l though t h e  e f f e c t  o f  amine c o n c e n t r a t i o n  on t h e  DMP t o l e r a n c e  

The f i g u r e s  show 
was n o t  t h e  major  concern o f  t h i s  study, some i n f o r m a t i o n  rega rd ing  
t h i s  e f f e c t  may be e x t r a c t e d  from Figs. 1A and 1B. 
t h a t  once t h e  s o l v e n t  t o l e r a n c e  f o r  DMP i s  reached, t h e  m o l a r i t y  o f  
d i s s o l v e d  (R3NH)3[DMP] i n  t h e  b u l k  so l ven t  does n o t  l e v e l  o f f  b u t  
i n s t e a d  decreases as t h e  u n p r e c i p i t a t e d  amine i n  t h e  so l ven t  i s  
g r a d u a l l y  depleted. As work desc r ibed  e l  sewhere shows , wt  nonane 
c o n t a i n i n g  o n l y  dodecanol e x h i b i t s  l i t t l e  tendency t o  d i s s o l v e  
(R3NH)$DMP] (3,22). Together w i t h  t h e  da ta  o f  Fig. 1, t h i s  f a c t  
suppor t s  t h e  c o n c l u s i o n  t h a t  much o f  t h e  s o l v a t i o n  o f  (R3NH)$DMP] 
i n  t h e  e x t r a c t i o n  s o l v e n t  appears t o  come from t h e  o t h e r  t r i a l k y l a m -  
monium s a l t s  present. The s o l u b i l i z a t i o n  of l o w - s o l u b i l i t y  a1 kylam- 
monium s a l t s  by d i s s o l v e d  alkylamnonium s a l t s  i s  c h a r a c t e r i s t i c  o f  
a m i n e - e x t r a c t i o n  s o l v e n t s  ( 6 , 7 ) .  

r e p l a c i n g  an a lkane d i l u e n t  by an aromat ic  one (4-7,9,11-15) was 
observed d u r i n g  i n  t h e  p r e p a r a t i o n  of (TIOAH)3[DMP].3(TIOAH)Cl (see 
Exper imenta l  Sec t i on )  u s i n g  t o l u e n e  as t h e  d i l u e n t  r a t h e r  than  
dodecanol -modi f ied nonane. As shown i n  Table V, t h e  use o f  t o luene  
d i l u e n t  g i v e s  a 5 0 - f o l d  i nc rease  i n  DMP t o l e r a n c e  f o r  0.05 M TIOA 
o v e r  t h e  v a l u e  f o r  dodecano l -mod i f i ed  nonane. 

The d ramat i c  i nc rease  i n  r e s i s t a n c e  t o  th i rd -phase  fo rma t ion  on 

E f f e c t  o f  amine s t r u c t u r e  and aqueous c h l o r i d e  concentrat ion.  
Se lec ted  da ta  from Table V a r e  p l o t t e d  i n  Fig. 2 t o  i l l u s t r a t e  t h e  
dependence o f  DMP t o l e r a n c e  on amine s t r u c t u r e .  
t o l e r a n c e  va lues  a r e  ob ta ined  i n  t h e  c h l o r i d e - f r e e  systems wherein 
l i q u i d  t h i r d  phases form; TIOA i s  an except ion,  g i v i n g  i n s t e a d  s o l i d  
(TIOAH)$DMP]. 
achieves approx ima te l y  h a l f  o f  t h e  t h e o r e t i c a l  maximun l o a d i n g  o f  
0.0167 M b e f o r e  fo rm ing  a t h i r d  phase. The t o l e r a n c e  drops approx i -  
m a t e l y  an o r d e r  o f  magnitude as t h e  chain l e n g t h  i s  decreased i n  t h e  
f a m i l y  o f  s t r a i g h t - c h a i n  amines. A s i m i l a r ,  y e t  separate, curve i s  

The h ighes t  

A t  t h e  upper end o f  t h e  scale,  t h e  TLA so lven t  
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TABLE V 
Dodecamolybdophosphate Tolerances a t  25'Ca 

Dodecanol Tolerance Tolerance To1 e ran  ce 
Amine m o l a r i t y  (No NaCl) (0.1 M NaCl) (1 M NaCl) 

T OA 

T DA 

T LA 

T810A 

TIDA 

T I D A  

TITA 

0.05b 

0.15 
0. l o b  

0.20b 
0.3ob 
0.5ob 

0.15 

0.05 
0.15 

0.15 

Y5 
0.15 

0.15 

1.3 x 10-4 (L) 

7.9 x 10-4 (L) 

5.4 10-3 (L )  

6.1 10-3 (L )  
8.7 x 10-3 (L) 

2.1 x 10-3 (L)  

5.6 x 10-5 ( s )  
2.8 10-3 (L) 

1.8 10-3 (L) 

6.6 x 10-3 ( L )  

2.2 10-5 (s) 
1.7 10-5 ( s )  
1.3 10-5 ( S ) C  
1.4 x 10-5 (s) 
1.7 10-5 ( s )  
2.8 10-5 (s) 

3.0 10-5 ( s )  

4.8 10-4 ( s )  

1.5 x 10-5 ( s )  

6.5 10-7 ( s )  

2.9 10-5 ( s )  

1.7 10-5 ( s )  

2.5 10-5 ( s )  

3.3 x 10-4 ( s )  

1.7 10-5 ( s )  

2.3 x 10-6 ( s )  

<1.7 10-7 ( s )  

(3.8 10-7 ( s )  

aDMP t o l e r a n c e  i s  t h e  maximum m o l a r i t y  o f  (R3NH)3[DMP] t h a t  can e x i s t  
i n  t h e  s o l v e n t  w i t h o u t  t h e  f o r m a t i o n  o f  a DMP-containing t h i r d  phase. 
The s o l v e n t s  c o n s i s t e d  o f  0.05M amine i n  dodecanol -mod i f i ed  nonane 
(excep t  as noted)  and were p r e - e q u i l i b r a t e d  w i t h  0.1M H2SO4 t o  g i v e  
p r i m a r i l y  (R3NH)zSOo i n  t h e  o rgan ic  phase. I n  t h e  experiment, p a r t  of 
t h e  s u l f a t e  i n  t h e  o rgan ic  phase was e f f e c t i v e l y  rep laced  by DMP t o  
g i v e  (R3NH)3[DMP]. The t h r e e  s t a r t i n g  aqueous NaCl concen t ra t i ons  0, 
0.1, and 1M ( i n  a d d i t i o n  t o  0.1M H2SO4 and 0.001 t o  0.01M H3PO4) 
r e s p e c t i v e l y  p e r m i t t e d  none, p a r t ,  o r  p r a c t i c a l l y  a l l  o f  t h e  remain ing 
s u l f a t e  i n  t h e  o r g a n i c  phase t o  be rep laced  by c h l o r i d e  t o  g i v e  
(R3NH)Cl. Whether t h e  t h i r d  phases were s o l i d  ( s )  o r  l i q u i d  (L)  i s  
i n d i c a t e d  i n  pa ren thes i s .  Accuracy i n  t h e  t o l e r a n c e  values i s  *lo%. 

bValues taken  f rom Ref. 22. 

CThe v a l u e  1.5 x 10-5 was p r e v i o u s l y  repo r ted  i n  Ref. 22. 
dunmodi f ied t o l u e n e  was used as t h e  d i l u e n t ;  room-temperature measure- 

ment based on t h e  c o n c e n t r a t i o n  o f  Mo(V1) i n  t h e  s o l v e n t  t h a t  produced 
a v i s i b l e  t h i r d  phase. 
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Maximum so lven t  m o l a r i t y  o f  DMP t h a t  can be F igu re  2. 
t o l e r a t e d  w i thout  fo rmat ion  of .a t h i r d  phase a t  25°C vs t h e  t o t a l  
number o f  carbons per a l k y l .  
l a b o r a t o r y  amines; A - branched amines; 
r e p l o t t e d  v s  backbone cha in  length.  

c] - T81OA; o - s t r a i g h t - c h a i n  
2 -  branched amines 

The data i s  taken from Table V. 
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o b t a i n e d  f o r  t h e  methy l -branched f a m i l y  o f  amines when p l o t t i n g  
a g a i n s t  t h e  t o t a l  number o f  carbons pe r  a l k y l .  
branched-chain amines appear t o  be w r s e  than  t h e  s t r a i g h t - c h a i n  
amines, b u t  t h e  behav io r  i s  more n e a r l y  e q u i v a l e n t  t o  t h e  s t r a i g h t -  
c h a i n  f a m i l y  when p l o t t i n g  a g a i n s t  t h e  backbone chain- length.  Thus, 
f o r  c h l o r i d e - f r e e  systems, t h e  DMP t o l e r a n c e  appears t o  be governed 
p r i m a r i l y  by t h e  p h y s i c a l  l e n g t h  o f  t h e  a l k y l  chains r a t h e r  than  
t h e i r  " fa tness."  A s i m i l a r  e f f e c t  was observed p r e v i o u s l y  when com- 
p a r i n g  phase-disengagement r a t e s  (2). 

S i g n i f i c a n t  d i f f e r e n c e s  i n  s o l u b i l i t y  t r e n d s  may be noted be- 
tween t h e  branched-chain f a m i l y  of double s a l t s  and t h e  s t r a i g h t -  
c h a i n  f a m i l y  o f  double s a l t s  i n  t h e  c h l o r i d e - c o n t a i n i n g  systems. 
S o l u b i l i t y  i nc reases  r a p i d l y  w i t h  t h e  l e n g t h  o f  t h e  s t r a i g h t  a l k y l  
cha ins ,  and t h e  T810A b l e n d  behaves again approx imate ly  accord ing t o  
t h e  average cha in  l eng th .  
j u s t  be low t h e  s o l i d  cu rve  based on t h e  s e r i e s  TOA, TDA, and TLA may 
be some r e f l e c t i o n  o f  t h e  l ower  s o l u b i l i t i e s  o f  some o f  t h e  s h o r t e r -  
c h a i n  components o f  t h e  T810A blend. 
branched-chain double s a l t s  f a l l  much below t h e  s o l u b i l i t i e s  o f  t h e  
s t r a i g h t - c h a i n  double s a l t s .  Fur ther ,  it i s  c l e a r  t h a t  t h e  d i f -  
f e rences  between t h e  s o l u b i l i t i e s  o f  t h e  s t r a i g h t -  and branched- 
c h a i n  f a m i l i e s  o f  double s a l t s  cannot be c o r r e l a t e d  s imp ly  on t h e  
b a s i s  o f  t h e  d i f f e r e n c e s  between backbone cha in  l e n g t h  and t h e  t o t a l  
number o f  carbons p e r  a l k y l  group. 

I n  genera l ,  adding c h l o r i d e  t o  t h e  system causes t h e  DMP 
t o l e r a n c e  t o  drop sha rp l y ,  corresponding t o  a phase change f rom a 
l i q u i d  t h i r d  phase t o  c r y s t a l l i n e  (R3NH)3[DMP]-3(R3NH)Cl (I). As 
was observed w i t h  more e x t e n s i v e  measurements u s i n g  TOA (22), t h e  
DMP t o le rance ,  i.e. s o l u b i l i t y  o f  ( I ) ,  subsequent ly  tends t o  l e v e l  
o f f  o r  even i n c r e a s e  s l i g h t l y .  

To compare t h e  above r e s u l t s  t o  
a more p r a c t i c a l  system, t h e  experiment summarized i n  Fig. 3 was 
per formed (see a l s o  Exper. Section). Aqueous concen t ra t i ons  t h a t  
c o u l d  reasonably  be expected i n  process feed (2,14,27,45,46) were 
used. I n  each case, t h e  p r e c i p i t a t e  was a ye l l ow-g reen  p a r t i c u l a t e  
i n t e r f a c i a l  s o l i d ,  presumably (R3NH)3[OMP]-3(R3NH)Cl. It i s  e v i d e n t  
from Fig. 3, t h a t  t h e  v a r i a t i o n  i n  DMP t o l e r a n c e  w i t h  amine s t r u c -  
t u r e  f o l l o w s  s i m i l a r  t r e n d s  i n  process s o l v e n t  as were ob ta ined  i n  
dodecanol -modi f i e d  nonane (F i  g. 2). A1 though T812A has an average 
c h a i n  l e n g t h  comparable t o  t h a t  o f  TDA, t h e  DMP t o l e r a n c e  f o r  T812A 
i s  worse, undoubtedly  because t h e  s o l u b i l i t y  of t h e  T812A p r e c i p i -  
t a t e  i s  determined by t h e  s h o r t - c h a i n  components o f  T812A. A s i m i -  
l a r ,  b u t  l e s s  n o t i c e a b l e ,  e f f e c t  can be seen f o r  T810A i n  Figs. 2 
and 3. ( T h i s  suggests t h a t  t h e  molybdenum t o l e r a n c e  of these blends 
c o u l d  be i nc reased  somewhat by p r e f e r e n t i a l l y  p r e c i p i t a t i n g  t h e  l o w  
molecul  a r -we igh t  amine components w i t h  DMP and r e c o v e r i n g  t h e  h i g h  
mo lecu la r -we igh t  f r a c t i o n  f o r  reuse.) L a s t l y ,  it may be remarked 
t h a t  t h e  abso lu te  va lues f o r  t h e  DMP t o l e r a n c e s  i n  Fig. 3 are 
s u b s t a n t i a l l y  l a r g e r  ( f a c t o r  o f  15 t o  30) t h a n  t h e  va lues g i ven  i n  

On t h i s  bas is ,  t h e  

The tendency o f  t h e  T810A values t o  f a l l  

h e  s o l u b i l i t i e s  o f  t h e  

Behavior  i n  process so l ven t .  D
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ORNL-OWG 84-16439 
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6 7 8 9 40 ( I  12 13 
TOTAL NUMBER OF CARBONS PER ALKYL 

Figure  3. DMP to le rances  fo r  0.06 M amines i n  Kermac 4708 
kerosene mod i f ied  w i th  0.06 M t r i d e c y l a l c o h o l  a t  room temperature 
(23-25°C). 
Na2S04 + 0.1875 M H2SO4) were contacted fo r  1 t o  2 months w i th  pH 1 
NazSO4 con ta in ing  0.02 M NaCl, 0.002 M H3P04, and Mo(V1) (as ammo- 
nium molybdate). 
u n t i l  a p r e c i p i t a t e  formed, b racket ing  the  DMP to le rance between t w o  
values, g i v i n g  the  i nd i ca ted  uncer ta in t ies .  Complete conversion o f  
Mo(V1) t o  DMP was assumed. 
t h e  hranched amines. 

Solvents p re -equ i l i b ra ted  w i th  pH 1 NazS04 (0.3125 M 

The aqueous Mo(V1) concent ra t ion  was increased 

Chly upper l i m i t s  could be obtained f o r  
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Table V f o r  t h e  c h l o r i d e - c o n t a i n i n g  systems. The inc rease  way be 
, a t t r i b u t e d  t o  seve ra l  f a c t o r s ,  i n c l u d i n g  h i g h e r  d i l u e n t  a r o m a t i c i t y  
(i.e. , 11.7% ( I ) ) ,  l ower  aqueous c h l o r i d e  concen t ra t i on ,  h i g h e r  
amine c o n c e n t r a t i o n ,  and lower  m o d i f i e r  concen t ra t i on .  

D ISCUSSION AND CONCLUSIONS 

Chemical I m D l i c a t i o n s  

As a genera l  obse rva t i on ,  most o f  t h e  q u a l i t a t i v e  features o f  
DMP-caused t h i  rd-phase fo rma t ion  repo r ted  f o r  TOA (22,27) a re  
p rese rved  among t h e  v a r i o u s  o t h e r  t e r t i a r y  amines examined above: 
T81flA, TDA, TLA, TIOA, TIDA, and TITA. It may be genera l i zed  t h a t  
t h e  c o - e x t r a c t i o n  o f  Mo(V1) and phosphate from 0.1 M H2SO4 leads t o  
f o r m a t i o n  o f  t h e  d i s s o l v e d  s a l t s  (R3NH)$DMP], which may p a r t i a l l y  
p r e c i p i t a t e  i n  e i t h e r  l i q u i d  o r  s o l i d  t h i r d  phases. 
t h e  amine i s  i n  t h e  form o f  (R3NH)Cl as a r e s u l t  o f  t h e  exchange of 
aqueous c h l o r i d e  f o r  t r ia lky lammonium s u l f a t e ,  a s o l i d  compound p re -  
c i p i t a t e s  w i t h  t h e  f i x e d  s t o i c h i o m e t r y  (R3NH)3[DMP]*3(R3NH)Cl ( I )  as 
shown f o r  each o f  t h e  t r i a l k y l a m i n e s  t e s t e d  (Table 11). The o v e r a l l  
average N/C1 r a t i o  i n  t h e  v a r i o u s  double s a l t s  shown i n  Table I1  
p l u s  t h e  double s a l t s  o f  TOA and T810A (22,27) i s  1.93 ? 0.12. 
A l though i t  seems p robab le  t h a t  o t h e r  t r ia lky lammonium s a l t s  cou ld  
a l s o  combine w i t h  (RQNH)~[DMP] t o  g i v e  o t h e r  c r y s t a l l i n e  doub le -sa l t  
compounds, (R3NH)$DMP] tends t o  p r e c i p i t a t e  t o g e t h e r  w i t h  
(R3NH)zS04 and (R3NH)HSOa as l i q u i d  t h i r d  phases w i t h  v a r i a b l e ,  
r a t h e r  t h a n  f i x e d ,  m ixed -sa l t  r a t i o s  (3,22), a t  l e a s t  under t h e  con- 
d i t i o n s  examined here. However, t h e  i s o l a t i o n  o f  c r y s t a l l i n e  
(T IOAH)$DMP]  shows t h a t  t h e  s i n g l e  DMP s a l t  may be t h e  s t a b l e  p r e -  
c i p i t a t e  under some c o n d i t i o n s .  

A c e n t r a l  i s s u e  i’n t h e  understanding of am ine -ex t rac t i on  chem- 
i s t r y  i s  t h e  tendency of alkylammonium s a l t s  t o  aggregate i n  non- 
p o l a r  d i l u e n t s  ( 5 , 5 )  t o  form e n t i t i e s  t h a t  cou ld  be desc r ibed  as 
sma l l  i n v e r t e d  m i c e l l e s .  Although s e l f - a g g r e g a t i o n  o f  pure t r i a l -  
kylammonium s a l t s  i n  o rgan ic  so l ven ts  has o f t e n  been i n v e s t i g a t e d ,  
t h e  r e s u l t s  have l i m i t e d  a p p l i c a b i l i t y  t o  t h e  more common, y e t  l e s s  
understood,  s i t u a t i o n  i n v o l v i n g  s o l v e n t s  c o n t a i n i n g  more than  one 
t r i a l ky lammon ium s a l t .  A growing number of papers i n d i c a t e  t h a t  
m i x e d - s a l t  i n t e r a c t i o n s  s t r o n g l y  i n f l u e n c e  bo th  t h e  e x t r a c t i v e  prop-  
e r t i e s  and th i rd -phase  behav io r  o f  alkylammonium e x t r a c t i o n  systems 
(5-8,22,27-31). 
g i v e n  by (R3NH)Y- (R3NH)X have been hypothes ized (5,29-31) where X- 
and Y- a r e  u n i v a l e n t  anions. The i s o l a t i o n  o f  
(R3NH)3[DMP]- 3(R3NH)C1 here suggests a broader c a t e g o r i z a t i o n  i n  
terms o f  t h e  s t o i c h i o m e t r y  

When p a r t  o f  

In  s o l u t i o n ,  a number o f  m ixed -sa l t  aggregates 

(R3NH)qX. q(R3NH)Y ( 1  1) 

where X9- may be a m u l t i p l y  charged anion and Y- i s  r e s t r i c t e d  ( f o r  
t h e  t i m e  be ing )  t o  a s i n g l e  charge. 
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That t h e r e  should be any phys i ca l  bas i s  f o r  proposing t h a t  a 
s p e c i a l  s t a b i l i t y  may, under c e r t a i n  c o n d i t i o n s ,  be assoc ia ted  w i t h  
s t o i c h i o m e t r y  (11) a s  opposed t o  l e s s  r e s t r i c t e d  s a l t  combinations 
i s  n o t  y e t  c l e a r .  
w e l l - c h a r a c t e r i z e d  systems e x i s t .  However, i t  may be noted t h a t  i n  
t h e  cases so f a r  e x h i b i t i n g  t h e  s t o i c h i o m e t r y  (11) ,  Xq- i s  s i g n i f i -  
c a n t l y  l a r g e r  i n  s i z e  t h a n  Y- and consequently (44) possesses a 
weaker a b i l i t y  t o  accept t h e  hydrogen bond from t h e  p ro ton  of t h e  
t r i a l ky lammon ium ca t i on .  If X4- weakly accepts t h e  hydrogen bond, 
an i n s t a b i l i t y  i n  t h e  monomeric s i n g l e  s a l t  (R3NH)qX a r i s e s  i n  t h a t  
t h e  p r o t o n  o f  t h e  c a t i o n  t h e n  p o t e n t i a l l y  becomes a v a i l a b l e  t o  
hydrogen bond w i t h  o t h e r  acceptors  i n c l u d i n g  Y-. I n f r a r e d  evidence, 
i n  f a c t ,  suggests t h a t  t h e  hydrogen bond does s h i f t  f rom Xq- t o  t h e  
b e t t e r  hydrogen-bond .acceptor Y- (29-31) as has a l s o  been found (36) 
f o r  ( I ) .  If Y- i s  l i m i t e d  f o r  s t e r i c  and/or e l e c t r o n i c  reasons t o  
j u s t  two hydrogen bonds, t h e  s t o i c h i o m e t r y  of (I I )  a r i ses .  

t h i r d  phases, p r e c i p i t a t e  i s  an unusual f e a t u r e  o f  t h e  amine-DMP 
chemis t r y ,  e s p e c i a l l y  s i n c e  some o f  t h e  t r ia lky lamrnonium c a t i o n s  
a r e  branched. Features o f  t h e  DMP anion t h a t  c o n t r i b u t e  t o  s t a b i -  
l i z i n g  t h e  s o l i d  phases p robab ly  i n c l u d e  i t s  l a r g e  s i ze ,  h i g h  
charge, and h i g h  symmetry (Td). 

t o  DMP-caused t h i r d - p h a s e  f o r m a t i o n  increases w i t h  amine cha in  
l e n g t h ,  f o l l o w i n g  t h e  g e n e r a l l y  observed p a t t e r n  i n  amine e x t r a c t i o n  
(2,5-9). 
however, may be m i s l e a d i n g  because o f  t h e  tendency o f  t h e  cha in -  
l e n g t h  e f f e c t  t o  maximize i n  some cases (10). 
o f  t h e  main a l k y l  backbone, t h e  methyl-branched " i s o "  amines e x h i b i t  
a s i m i l a r  chain-1 ength e f f e c t  and c o r r e l a t e  f a v o r a b l y  w i t h  t h e  
s t r a i g h t - c h a i n  amines i n  t h e  c h l o r i d e - f r e e  systems. Blends o f  
v a r i o u s  normal a l k y l  cha in  l e n g t h s  a re  i n e f f i c i e n t  because t h e  s h o r t  
c h a i n  l e n g t h s  dominate t h e  DMP to lerance.  

e a s i l y  genera l i zed  as t h e  e f f e c t  of chain length.  Although l i t t l e  
change i n  t h e  DMP t o l e r a n c e  assoc ia ted  w i t h  t h e  c h l o r i d e - f r e e  l i q u i d  
t h i r d  phases occurs w i t h  adding methyl branches on to  a g i ven  back- 
bone, such b ranch ing  l eads  t o  a s t r o n g  p r e c i p i t a t i o n  tendency i n  t h e  
presence o f  c h l o r i d e .  

Process Imp 1 i c a t  i ons 

Undoubtedly, o t h e r  combinations occur, though few 

That c r y s t a l l i n e  s o l i d  compounds, r a t h e r  than  v iscous l i q u i d  

Among t h e  s t r a i g h t - c h a i n  amines, t h e  r e s i s t a n c e  o f  t h e  so l ven t  

E x t r a p o l a t i o n  o f  t h e  t r e n d  t o  h i g h e r  cha in  l eng ths ,  

Based on t h e  l e n g t h  

The e f f e c t  o f  b ranch ing  on th i rd -phase  tendency cannot be as 

The a v a i l a b l e  ev idence (11-15,20,22,27) i n d i c a t e s  t h a t  f o r -  
ma t ion  o f  heteropolymolybdates,  e s p e c i a l l y  dodecamolybdophosphate 
(DMP), l i e s  a t  t h e  h e a r t  o f  t h e  molybdenum th i rd -phase  problem i n  
a m i n e - e x t r a c t i o n  hydrometa l lurgy.  Indeed, s ince  phosphate i s  
u s u a l l y  a c o n s t i t u e n t  o f  o r e  l each  s o l u t i o n s  (2,14,27,45,46), t h e  
t i m e s  when t h e  p o s s i b i l i t y  o f  DMP fo rma t ion  can be r u l e d  out  are 
r e l a t i v e l y  few. The k i n e t i c s  o f  DMP fo rma t ion  i n  t h e  s o l v e n t  t e n d  
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t o  be s low ( 2 2 , 2 7 ) ,  however, and t h e  systems most v u l n e r a b l e  t o  p re -  
c i p i t a t i o n  problems a r e  consequent ly  those which p e r m i t  l o n g  Mo(V1) 
res ide r l ce  t i m e s  i n  t h e  so l ven t .  Thus, t h e  advantage o f  c h l o r i d e  
s t r i p p i n g  as a s e l e c t i v e  U ( V 1 )  s t r i p  ( l e a v i n g  t h e  Mo(V1) behind i n  
t h e  s o l v e n t )  has been o f f s e t  by increased molybdenum th i rd -phase  
f o r m a t i o n ,  m a i n l y  because t h e  Mo(V1) i s  no t  immediate ly  s t r i p p e d  and 
has more t i m e  t o  polymerize. C h l o r i d e  s t r i p p i n g  may a l s o  exacerbate 
t h e  problem by making i t  p o s s i b l e  f o r  (R3NH)$OMP]*3(R3NH)Cl t o  
c r y s t a l l i z e ,  b u t  o re  l each  s o l u t i o n s  t y p i c a l l y  c o n t a i n  s u f f i c i e n t  
c h l o r i d e  (22)  f o r  t h i s  t o  happen anyway. 

t o l e r a n c e  f o r  (R3NH)$DMP] e x h i b i t s  h igh  s e n s i t i v i t y  t o  amine S t r U C -  
t u r e ,  p r o v i d i n g  a r a t i o n a l  b a s i s  f o r  s e l e c t i n g  an optimum t e r t i a r y -  
ami ne reagent  f o r  e x t r a c t i o n  o f  molybdenum f rom a c i d i c  s u l f a t e  
and/or  c h l o r i d e  media. 
v a t i o n s  concern ing t h e  e f f e c t  of amine s t r u c t u r e  on molybdenum 
t o l e r a n c e  i n  process-development s tud ies  (11-15). Namely, t h e  
l o n g e s t  normal a l k y l  chains a v a i l a b l e  ( i n  TLA) g i v e  t h e  g r e a t e s t  
r e s i s t a n c e  t o  molybdenum th i rd -phase  fo rma t ion  (as w e l l  as t h e  
g r e a t e s t  r e s i s t a n c e  t o  s i l i c a - c a u s e d  emulsion fo rma t ion  ( 2 ) ) .  A t  
1 eas t  one so l  v e n t - e x t r a c t i o n  p l a n t  has processed h i  gh-molybdenum 
s u l f u r i c - a c i d  l e a c h  s o l u t i o n s  s u c c e s s f u l l y  w i t h  TLA i n  a l a r g e l y  
a l i p h a t i c  d i l u e n t  (Kermac 4708 kerosene) w i thou t  any s i g n  of molyb- 
denum t h i r d - p h a s e  f o r m a t i o n  (47). 

t h e  p r e c i p i t a t i o n  of  molybdenum compounds from t h e  so l ven t  cou ld  
conce ivab ly  be e x p l o i t e d ,  i n  i t s e l f ,  as a s e l e c t i v e  separa t i on  o f  
molybdenum f rom o t h e r  e x t r a c t e d  me ta l s  such as uranium. I n  t h i s  
case, t h e  da ta  presented above c o u l d  be op t im ized  f o r ,  r a t h e r  than  
against ,  t h i  rd-phase fo rma t ion ,  perhaps us ing  b r a n m d - c h a i n  amines 
t o r e  1 ow so l  u b i  1 i t  i es. 
k i n e t i c s  c o u l d  be a c c e l e r a t e d  by l o a d i n g  t h e  s o l v e n t  t o  h i g h e r  
molybdenum c o n c e n t r a t i o n s  and by de l  i b e r a t e l y  adding phosphor ic  a c i d  
t o  t h e  aqueous feed. Advantages might  i n c l u d e  good s e l e c t i v i t y  and 
e f f i c i ency . 
t h a t  c r i t e r i a  i n  t h e  des ign  and s e l e c t i o n  o f  e x t r a c t i o n  reagents 
must i n c l u d e  n o t  o n l y  s e l e c t i v i t y  cons ide ra t i ons  b u t  such p r a c t i c a l  
c r i t e r i a  as good s o l u b i l i t y  o f  e x t r a c t i o n  complexes i n  t h e  so l ven t .  

As summarized i n  Table V and Figs. 2 and 3, t h e  s o l v e n t  

The r e s u l t s  agree w i t h  q u a l i t a t i v e  obser- 

Desp i te  t h e  nuisance va lue  o f  molybdenum t h i  rd-phase format ion,  

The s l  ow molybdenum-polymeri za t  i on 

In  conc lus ion ,  t h e  most impor tan t  l esson  o f  t h e  present  work i s  

ACKNOWLEDGEMENTS 

T h i s  work was sponsored by t h e  D i v i s i o n  o f  Chemical Sciences, 
O f f i c e  o f  Bas ic  Energy Sciences, U.S. Department o f  Energy under 
c o n t r a c t  DE-AC05-840R21400 w i t h  M a r t i n  M a r i e t t a  Energy Systems, 
Inc .  The au tho rs  would a l s o  l i k e  t o  thank Charles F. Coleman, 
F red  J. Hurs t  (ORNL), Joe House, P h i l  Mat t ison,  and Gary Kordosky 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



44 2 MOYER AND MC DOWELL 

(Henkel Corp.), Dale Lesher, Brad Thurman, J e f f  Atwood ( C o t t e r  
Corp.), and George Sloan ( K e r r  McGee) f o r  h e l p f u l  d i scuss ions  con- 
c e r n i n g  amine e x t r a c t i o n .  
thank Charles 0. P r i c e  (now w i t h  Shel l  Chemical Co.) f o r  d i s t i l l i n g  
some o f  t h e  amines used i n  t h i s  study, Mike Naney (ORNL) f o r  h e l p  i n  
o b t a i n i n g  XRD powder p a t t e r n s ,  and L loyd Brown (ORNL) f o r  runn ing  
t h e  pmr spectra. 

I n  a d d i t i o n ,  t h e  au tho rs  m u l d  l i k e  t o  

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

R i t cey ,  G. M., and A. W. Ashbrook, Solvent  E x t r a c t i o n :  
P r i n c i p l e s  and A p p l i c a t i o n s  t o  Process Me ta l l u rgy ,  Par t  I ,  
' t l s e v i e r  Science Pub l i she rs ,  New York, 1984. 

Moyer, B. A., and W. J. McDowel1, Sep. Sci. Technol. - 16, 1261 
(1981). 

Moyer, B. A., manuscr ip t  i n  p r e p a r a t i o n ;  t o  be submi t ted t o  
I o n  Exch. Solvent  Extr.  

Coleman, C. F., K. B. Brown, J. G. Moore, and D. J. Crouse, 
Ind. Eng. Chem. - 50, 1756 (1958). 

Marcus, Y . ,  and A. S. Ker tes,  I o n  Exchange and Solvent 
E x t r a c t i o n  o f  Metal Complexes, W i ley - In te rsc ience ,  New York, 
1969. 

Shmidt, V. S., Amine E x t r a c t i o n ,  I s r a e l  Program f o r  S c i e n t i f i c  
T r a n s l a t i o n s ,  Keter  Press, Jerusalem, 1971; t r a n s l a t e d  from 
E k s t a k t s i y a  Pminami , Atomi zdat, Moskva, 1970. 

Shmidt, V. S., Russ. Chem. Rev. (Engl. Transl.) - 36, 946 (1967). 

Ker tes,  A. S., i n  So lven t  E x t r a c t i o n  Chemistry o f  Metals, 
(H. A. C. McKay, Ed.), MacMil lan, London, 1965, pp. 377-399. 

Coleman, C. F., Prog. Nucl. Energy, Ser. 3, Vol. 4, 
Pergamon Press, New York, 1969, pp. 233-285. 

Kertes, A. S., J. Inorg. Nucl. Chem. - 27, 209 (1965). 

Crouse, D. J. , K. B. Brown, W. D. Arnold, J. G. Moore, and 
R. S. Lowrie, Progress Report on Uranium E x t r a c t i o n  w i t h  
Organoni t rogen Compounds , Report ORNL-2099 , Oak Ridge Na t iona l  
l a b o r a t o r y ,  Oak Ridge, TN, USA, May 14, 1957. 

Brown, K. B., C. F. Coleman, D. J. Crouse, and A. D. Ryon, 
Progress Report on Raw M a t e r i a l s  f o r  February, 1957, Report 
'ORNL-2269, May 31, 1957. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ALKANE-INSOLUBLE TRIALKYLAMMONIUM DOUBLE SALTS. I1 44 3 

13. Arnold, W. D., and 0. J. Crouse, Fu r the r  Eva lua t i on  o f  kn ines 
As E x t r a c t a n t s  f o r  Uranium from S u l f a t e  L iquors,  Report 
ORNL-3030, Dec. 28, 1960. 

14. Progress Report o f  Engineer ing Section, Raw M a t e r i a l s  Process 
T e s t i n g ,  Report URNL-211 2, J u l y  12, 1956. 

15. Brown, K. B., C. F. Coleman, D. J. Crouse, and A. 0. Ryon, 
Progress Report on Raw M a t e r i a l s  f o r  May, 1957, Report 
3 

16. Drobnick, J. L., and C. h a n o ,  Studies o f  t h e  Molybdenum 
Tolerance o f  General M i l l s  Alamine 336, i n t e r n a l  r e p o r t  f o r  
J. E. Hause o f  General-(now Henkel Corp.), 
Minneapol is ,  MN i n  a s s o c i a t i o n  w i t h  t h e  Colorado School of 
Mines Research Foundation, P r o j e c t  No. 570712, Dec. 17, 1958. 

17. Lewis, C. J., and J. E. House, Trans. h. I ns t .  Min. Eng. - 220, 
359 (1961).  

18. M e r r i t t ,  R. C., The E x t r a c t i v e  M e t a l l u r g y  o f  Uranium, The 

19. 

Colorado School o f  Mines Research I n s t i t u t e ,  1971. 

S i g n i f i c a n c e  of Minera logy i n  t h e  Oevelopnent of Flowsheets f o r  
Process ing Uranium Ores, Technical Reports Ser ies No. 196, 
I n t e r n a t i o n a l  Atomic tne rgy  Agency, Vienna, 1980. 

20. S i a l i n o ,  E., C. Mignot, P. Michel , and J. V i a l  , Proc. I n t .  
Solvent  Ext r .  Conf., Vol. 2, The Canadian I n s t i t u t e  o f  M in ing  
and M e t a l l u r g y ,  Montrea l ,  Quebec, 1979, pp. 592-599. 

21. F lo reanc ig ,  A., and J. P. Cuer, E x t r a c t i o n  Using T e r t i a r y  
Pmine, U.S. Patent  4,363,788 (1982); pub l i shed  i n  E x t r a c t i v e  
m l u r g y ,  Developments Since 1980, (M. J. C o l l i e ' E a . ) ,  
Toyes Data Corpo ra t i on ,  Park Ridge, NJ, 1984, pp. 275-277. 

Moyer, B. A., C. 0. P r i ce ,  and W. J. McDowell, Hydrometa l lurgy,  
i n  press. 

22. 

23. Al-Siddique, F. R., I. Adeler, and S. Huwyler, E f f e c t  o f  pH 
and M o d i f i e r - C o n c e n t r a t i o n  on t h e  Solvent E x t r a c t i o n  o f  
'Molvbdenum w i t h  an A l k v l  Pmine, Report EIR-406, Eidg. I n s t i t u t  - .  
f u r "  Reaktor forschung Wirenl ingen,  Switzerland,. Ju1.-1980. 

Ex t r .  Chew. Symp. h e l d  i n  G a t l i n E r g ,  TN, Oct. 23-26 (1962). 

o f  kn ines  As E x t r a c t a n t s  f o r  Uranium f rom Ac id  S u l f a t e  
So lu t i ons ,  Report ORNL-1922, Aug. 9, 1955. 

24. Coleman, C. F., Nucl. Sci.  Eng. 17, 274 (1963); Proc. Solv. 

25. Moore, J. G., K. B. Brown, and C. F. Coleman, Fu r the r  Studies 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



444 MOYER AND MC DOWELL 

26. R i t cey ,  6. M., and A. W. Ashbrook, Solvent  E x t r a c t i o n :  
P r i n c i p l e s  and A p p l i c a t i o n s  t o  Process Me ta l l u rgy ,  Par t  11, 
t l s e v i e r  S c i e n t i f i c  P u b l i s h i n g  Co., New York, 1979. 

27. Moyer, B. A., and W. J. McDowell, i n  Hydrometa l lurgy:  
Research, Development, and Plant  P rac t i ce ,  (K. Osseo-Asare and 
J. D. M i l l e r ,  tds.), The M e t a l l u r q i c a l  Soc ie ty  o f  AIME, 
Warrendale, PA, 1982, pp. 503-516: 

So lven t  E x t r a c t i o n  Chemistry, (D. Dyrssen, J.-0. L i l  j e n z i n ,  
and J. Rydberg, Eds.), North Ho l l and  P u b l i s h i n g  Company, 
Amsterdam, 1967, pp. 408-415. 

J. Inorg. Nucl. Chem. 39, 513 (1977). 

Chem. 42, 891 (1980). 

3123 (1972). 

28. O r l a n d i n i ,  F., P. R. Danesi, S. Basol, and G. Scibona, i n  

29. F ischer ,  C., H. Wagner, V. V. Bagreev, and E. S. Stojanov, 

30. F ischer ,  C., H. Wagner, and V. V. Bagreev, J. Inorg. Nucl. 

31. Work, R. A., 111, and R. L. McDonald, J. Inorg. Nucl. Chem. 34, 

- 

- -  
- 

3 2. Vendors’ p roduc t  1 i t e r a t u r e :  AzaminesTM f o r  Solvent  
E x t r a c t i o n ,  Mars Chemical Corporat ion,  A t l an ta ,  GAY 1979; 
Adogen T e r t i a r y  Pmines f o r  Solvent E x t r a c t i o n ,  Technical 
B u l l e t i n  1079, Ashland Chemical Company (now Sherex Chemical 
Company) , Dub l in ,  OH, 1965; ADOGENR F a t t y  h i n e s ,  Diarnines, 
and h i d e s ,  Sherex Chemical Company brochure, 1980; 
A1 amine” 336, Henkel Corporat ion,  M ine ra l s  I n d u s t r y  
D i v i s i o n ,  Mfnneaplo is ,  MN, 1980. 

33. Exxon Corpo ra t i on  b rochure  0x0 Alcohols ,  No. 0x0-79-118, 
Exxon Chemical Company U.S.A. , Houston, TX, 1979. 

34. Kucharsky, J., and L. Sa fa r i k ,  T i t r a t i o n s  i n  Non-Aqueous 
Solvents ,  E l s e v i e r ,  New York, 1965. 

35. Gaylord, N. G., Reduct ion w i t h  Complex Metal Hydrides, 
I n t e r s c i e n c e  Pub l i she rs ,  New York, 1956. 

36. Moyer, B. A., unpubl ished r e s u l t s .  

37. Ralston, A. W., C. W. Hoerr, W. 0. Pool, and H. J. Harwood, J. 
Org. Chem. - 9, 102 (1944). 

38. Hoerr, C. W . ,  H. J. Harwood, and A. W. Ralston,  J. Org. Chem. 
- 9, 201 (1944). 

39. Rals ton,  A. W., C. W. Hoerr, and P. L. DuBrow, J. Org. Chem. 
- 9 ,  259 (1944). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ALKANE-INSOLUBLE TRIALKYLAMMONIUM DOUBLE SALTS. I1 44 5 

40. 

4 1. 

4 2. 

4 3. 

44. 

4 5. 

46. 

47. 

F r i t z ,  J. S . ,  Acid-Base T i t r a t i o n s  I n  Nonaqueous Solvents ,  
The G. F reder i ck  S n i t h  Chemical Co., Columbus, Ohio, 1952. 

Wagner, C. D., R. H. Brown, and E. D. Peters, J. h. Chem. SOC. 
- 69, 2609 (1947). 

Wimer, D. C., Anal. Chem. - 30, 77 (1958). 

Weakly, T. J. R., S t ruc t .  Bonding ( B e r l i n )  - 18, 131-176 (1974). 

Ker tes,  A. S . ,  H. Gutmann, 0. Levy, and G. Markovi ts ,  I s r .  J. 
Chem. 6, 463 (1968). - -  
Brown, K. B., C. F. Coleman, D. J. Crouse, C. A. Blake, and 
A. 0. Ryon, Proc. I n t .  Conf. Peaceful Uses A t .  Energy, l s t ,  
Geneva, Vol. 3, Un i ted  Nat ions Pub l i ca t i on ,  New York, 1958, 
Pp.472-487. 

C a l i n s k i ,  M., and W. Korpak, Nukleonika - 10, 705 (1965). 

Lesher, Dale, Ch ie f  M e t a l l u r g i s t ,  Co t te r  Corporat ion,  
Canon City, C O Y  personal  communication t o  Bruce Moyer, 1982. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


