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1. INTRODUCTION 

Dur ing the pe r iod of ope ra t ion of the P o r t P i r i e U r a n i u m T r e a t m e n t 
P l an t , l a r g e vo lumes of " b a r r e n l i quo r " , f r e e f r o m u r a n i u m , w e r e run into 
the t a i l ings d a m s . B a r r e n l iquor contained low concen t r a t ions of potentially-
valuable componen ts , n a m e l y vanad ium, c h r o m i u m , t h o r i u m , y t t r i u m , 
s cand ium, and l an than ides . T h e s e w e r e de r ived , with u r a n i u m , f r o m the 
m i n e r a l davidi te , and w e r e d i s so lved with u r a n i u m in the su lphur i c ac id 
l each ing p r o c e s s / A f t e r s e p a r a t i o n of u r a n i u m f r o m the l iquor by ion 
exchange , t h e s e components r e m a i n e d a l m o s t comple te ly in the r e su l t an t 
b a r r e n l iquor . . ' 

The inves t iga t ions d e s c r i b e d in th i s r e p o r t began a s a g e n e r a l 
examina t ion of poss ib le me thods f o r the r e c o v e r y of s o m e or, a l l of the 
above components f r o m b a r r e n : l i quor . P r e v i o u s l y , Moyle1 had shown that 
m o r e than half of the to ta l l an than ides p r e s e n t could be r e c o v e r e d f r o m 
b a r r e n l iquor a s a sod ium lanthanide su lphate p r e c i p i t a t e . Th i s p r o c e d u r e 
r e c o v e r e d s o m e of the t h o r i u m but none of the s cand ium, and a l s o tended to 
c o n c e n t r a t e the m o r e abundant l i gh t e r l an than ides , with only a low r e c o v e r y 
of the l e s s common heavy l an than ides . As i n c r e a s e d i n t e r e s t has been shown 
r e c e n t l y in the heavy lanthanide group and in y t t r i u m and scand ium, it was 
c o n s i d e r e d that s o m e e f fo r t should be d i r ec t ed t o w a r d s r e c o v e r y of t h e s e . 
e l e m e n t s r a t h e r than the l i gh t e r l an than ides which a r e m o r e abundant 
gene ra l l y . 

P r e l i m i n a r y inves t iga t ions w e r e m a d e in t h e s e L a b o r a t o r i e s into 
the pos s ib l e concen t r a t ion of d e s i r e d components by f r a c t i o n a l p r e c i p i t a t i o n 
at con t ro l l ed ac id i t i e s , and by the u se of s e l ec t i ve p r e c i p i t a n t s and se l ec t i ve 
l each ing t echn iques . This po r t ion of the work is d e s c r i b e d in P a r t I of t h i s 
r e p o r t . 

I The poss ib i l i t y of solvent e x t r a c t i o n f r o m b a r r e n l iquor was a l s o 
c o n s i d e r e d but, at the t i m e of c o m m e n c e m e n t of inves t iga t ions , v e r y l i t t le 
i n f o r m a t i o n was ava i l ab le r e g a r d i n g solvent r e a g e n t s which could be used 
f o r ex t r ac t i on f r o m sulphate so lu t ions . However , a s i n f o r m a t i o n about 
su i t ab le solvent r e a g e n t s b e c a m e ava i lab le , t h i s l ine of inves t iga t ion b e c a m e 
the m a j o r one. L a b o r a t o r y - s c a l e solvent e x t r a c t i o n inves t iga t ions a r e 
d e s c r i b e d in P a r t II of th i s r e p o r t , while p i l o t - s c a l e t e s t s and scand ium 
produc t ion ope ra t ions a r e to be d e s c r i b e d s e p a r a t e l y 2 . 

Th is r e p o r t s u m m a r i s e s the r e s u l t s of work dat ing back to 
August , 1957, and f o r the p u r p o s e of c l a r i t y , only the m o s t s ign i f ican t 
po r t i ons of the e x p e r i m e n t a l work a r e r e p o r t e d in de ta i l . 

2. SUMMARY 

Examina t ion of the compos i t ion of P o r t P i r i e b a r r e n l iquor showed 
that s cand ium, y t t r i u m , t h o r i u m , the lan thanide e l e m e n t s , vanad ium, and 
c h r o m i u m w e r e pos s ib l e valuable components . Of t h e s e , s cand ium, 
y t t r i u m and a s e p a r a t e d heavy lan thanide group w e r e probably 'of the m o s t 
wor th . . . . 
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P a r t I of th i s r e p o r t out l ines inves t iga t ions into the r e c o v e r y of 
such components f r o m b a r r e n l iquor by p rec ip i t a t i on and l each ing t echn iques . 
Sepa ra t ion of va luable components f r o m the m a j o r unwanted component , 
i ron , could be achieved by p rec ip i t a t i on at con t ro l led pH l e v e l s , but s e p a r a -
t ions f r o m a lumin ium, the next l a r g e s t unwanted component , w e r e not so 
r e a d i l y obtained. P r o d u c t s obtained by d i r ec t p r ec ip i t a t i on w e r e l o w - g r a d e , 
the m a x i m u m .concent ra t ion of scand ium and t h o r i u m oxides being 0. 5 p e r 
cent , and c h r o m i u m and vanadium oxides a p p r o x i m a t e l y 7 p e r cent . 
P r e c i p i t a t i o n f r o m b a r r e n l iquor with s e l ec t i ve r e a g e n t s , such a s phospha te , 
oxa la te , and f luor ide , yie lded p roduc t s of no h ighe r g rade than those , 
obtained by neu t r a l i za t ion . 

F u r t h e r t r e a t m e n t of an a lumina produc t containing s cand ium, 
t h o r i u m , and vanadium oxides (as obtained by n e u t r a l i z a t i o n of r educed 
l iquor to pH 5) was poss ib l e , u s ing s e v e r a l d i f f e r en t p r o c e d u r e s . The 
h ighes t g rade p roduc t s w e r e obtained by l each ing hydroxide p r e c i p i t a t e s 
with sod ium o r a m m o n i u m ca rbona te so lu t ions , then p r e c i p i t a t i n g f r o m the 
r e s u l t a n t ca rbona te f i l t r a t e s with caus t i c soda . P r o d u c t s contained up to 
25 p e r cent each of s cand ium and t h o r i u m oxides . Although ove ra l l r e c o v -
e r i e s of 70 p e r cent f o r each of t h e s e two components w e r e r e c o r d e d in 
b e n c h - s c a l e t e s t s , a . l a r g e r p i l o t - s c a l e t e s t gave d isappoint ingly low 
r e c o v e r i e s of a p p r o x i m a t e l y 10 p e r cent . None of the p r o c e d u r e s examined 
y ie lded p r o d u c t s of suf f ic ien t g rade in any one component to be m a r k e t a b l e 
a s such . Also , it was c o n s i d e r e d that p r e c i p i t a t i o n and leach ing p r o c e d u r e s 
would p rove uneconomic as p l a n t - s c a l e p r o c e s s e s . 

P a r t II of th i s r e p o r t out l ines solvent e x t r a c t i o n inves t iga t ions , 
including a p r e l i m i n a r y examina t ion of pos s ib l e solvent s y s t e m s . A 
k e r o s e n e solut ion of di(2-ethylhexyl) p h o s p h o r i c acid (EHPA) was chosen a s 
the m o s t p r o m i s i n g e x t r a c t a n t , and s y s t e m a t i c inves t iga t ions e s t a b l i s h e d 
the ex t r ac t i on behav iour of b a r r e n l iquor components unde r v a r i o u s condi t ions 
Di s t r ibu t ion c u r v e s , both e x t r a c t i o n and s t r ipp ing , f o r individual componen t s 
w e r e de r ived f r o m ba tch t e . s t s a n d w e r e ^confirmed by s r n a l l - s c a l e cont inuous 
o p e r a t i o n s . 

V a r i a b l e s a f fec t ing ex t r ac t i on and s t r i pp ing d i s t r i bu t ions w e r e 
s tudied . T h e s e w e r e pH of l iquor , concen t r a t ion of f e r r i c ions in l i quo r , 
concen t r a t ion of solvent r eagen t , t i m e of contac t , and phase vo lume r a t i o . 
S t r ipp ing behav iour of components with su lphur i c ac id , h y d r o c h l o r i c ac id , 
and h y d r o f l u o r i c ac id s t r i p so lu t ions at d i f fe ren t s t r e n g t h s was d e t e r m i n e d . 
Many o the r pos s ib l e s t r i pp ing r e a g e n t s , ac id , n e u t r a l , and a lka l ine , w e r e 
t e s t e d . The pos s ib i l i t i e s of e x t r a c t i o n with EHPA in di luents o ther than 
k e r o s e n e , and of e x t r a c t i o n with o ther r e a g e n t s of the s a m e type a s EHPA, 
w e r e examined . It was shown tha t the E H P A / k e r o s e n e ex t r ac t an t was the 
m o s t su i tab le , and ex t r ac t i on condi t ions could be chosen to ach ieve comple te 
r e c o v e r y of s cand ium alone, o r to r e c o v e r scand ium, thor ium, , y t t r i u m and 
the heavy lanthanide group of e l e m e n t s . F r a c t i o n a l s t r i pp ing t e s t s showed 
the poss ib i l i t y of obtaining s e v e r a l p r o d u c t s , each r i c h in a p a r t i c u l a r 
group of componen ts . 

The fol lowing p r o c e s s was p r o p o s e d f o r s cand ium r e c o v e r y , with 
pos s ib l e mod i f i ca t ions to r e c o v e r addi t ional ly t h o r i u m , y t t r i u m , and heavy 
l an than ides ; 
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P a r t i a l or comple te r educ t ion of f e r r i c ions in 
b a r r e n l iquor 

E x t r a c t i o n with 0. 1M EHPA 

Dilution of the e x t r a c t with addi t iona l f r e s h 
solvent solut ion 

Pur i f i ca t ion .o f the e x t r a c t by s t r i pp ing with 
9N H2S04 conta ining 1 p e r cent NaCl , r e m o v i n g 
Th, Y, Ln, F e , T i e tc . A l t e rna t ive ly , s e v e r a l 
p roduc t s could be obtained by f r a c t i o n a l s t r i pp ing 
with s u c c e s s i v e s t r i p so lu t ions of i n c r e a s i n g acid 
s t r e n g t h . 

St r ipping of s cand ium f r o m pur i f i ed e x t r a c t with 
NaOH solut ion, and r e c o v e r y of s cand ium hydroxide 
f r o m the s e p a r a t e d aqueous phase by f i l t r a t i o n or 
centr i fugat iom;. The s o d i u m - f o r m s t r i pped solvent 
could be r e - c y c l e d a f t e r ac id i f i ca t ion . j 

3. RAW MATERIAL 

The concen t r a t ions of t h o r i u m , scand ium, y t t r i u m , and lan thanide 
e l e m e n t s in P o r t P i r i e b a r r e n l iquor d e c r e a s e d dur ing the pe r iod of ope ra t ion 
of the u r a n i u m plant , c o r r e s p o n d i n g a p p r o x i m a t e l y to a l ower ing of the g r a d e 
of u r a n i u m concen t r a t e be ing t r e a t e d . Tab le 1 shows a typ ica l a n a l y s i s of 
b a r r e n l iquor de r ived f r o m a v e r a g e r e s u l t s dur ing the e a r l y p a r t of t h e s e 
inves t iga t ions . At a l a t e r s t age , s cand ium oxide was n o r m a l l y 0. 02 g r a m 
p e r l i t r e and o ther va luable components w e r e a l s o in l ower c o n c e n t r a t i o n s . 
The a v e r a g e d i s t r ibu t ion of individual l an than ides within the group, including 
scand ium and y t t r i u m , is shown in Tab le 2. A d i s t r ibu t ion of l an than ides 
f o r Rad ium Hill davidi te , r e p o r t e d by Dixon and Wylie3 , i s included f o r 
c o m p a r i s o n . 

Tab le 3 shows t h e ca lcu la ted annual throughput of pos s ib l e va luable 
components at P o r t Pir ie ' , b a sed on a v e r a g e l iquor a s s a y s f r o m Table 1 and 
a s s u m i n g an a v e r a g e b a r r e n l iquor p roduc t ion of 75, 000 gal lons p e r day. 
The a p p r o x i m a t e annual va lues shown in Tab le 3 r e f e r to i n f o r m a t i o n ava i l ab le 
at the c o m m e n c e m e n t of th i s inves t iga t ion . No f i gu re was ava i l ab le f o r 
s cand ium as th i s e l ement had been ava i lab le only in g r a m quant i t i es up to 
that t i m e . It was c o n s i d e r e d that s cand ium, y t t r i u m , and a s e p a r a t e d 
heavy lan thanide group w e r e the m o s t va luable components in b a r r e n l iquor . 
Individual lan thanide ' p r i c e s indica ted that a s e p a r a t e d heavy lan than ide 
group (containing e r b i u m , y t t e r b i u m and lu tec ium) would be of m u c h g r e a t e r 
value than a to ta l lan thanide mixed p roduc t composed ma in ly of the m o r e 
abundant l an thanum and c e r i u m group. 

n 

i i i 

I V 



T A B L E 1: ANALYSIS O F P O R T P IRIE BARREN LIQUOR 

Componen t s g /1 

T h o r i u m oxide ThO z 0. 05 
Scand ium oxide Sc 2 0 3 0 . 0 4 
Y t t r i u m oxide Y2O3 0 . 2 2 

Lan than ide g roup ^ Lan thanum oxide L a 2 0 3 0 . 5 
C e r i u m oxide C e 2 0 3 0. 3 
P r a s e o d y m i u m oxide P r 2 0 3 0 . 0 1 
N e o d y m i u m oxide Nd 2 0 3 0 . 0 2 5 
S a m a r i u m oxide S m 2 0 3 0 . 0 0 3 
E u r o p i u m oxide E u 2 0 3 0. 001 

J Gadol in ium oxide Gd 2 0 3 0. 006 
T e r b i u m oxide T b 2 0 3 0 .007 
D y s p r o s i u m oxide Dy2o3 0. 05 
H o l m i u m oxide Ho2Q3 0 . 0 1 
E r b i u m oxide E r 2 0 3 0 . 0 5 
Thu l ium oxide T m 2 0 3 0. 01 
Y t t e r b i u m oxide Yb 2 0 3 0 . 0 9 

- \ Luteciumvt>xide LU203 0. 008 

T i t a n i u m dioxide TiO z 0. 2 ; 
A l u m i n i u m oxide AI2O3 8 . 0 
F e r r i c oxide F e 2 0 3 5 . 0 
F e r r o u s oxide F e O 15. 0 
Vanad ium oxide v 2 c^ 0 . 4 
C h r o m i u m oxide C r 2 0 3 0. 25 
C a l c i u m oxide CaQ 0. 7 
M a g n e s i u m oxide MgO 2. 5 

.„. S i l ica SiOz 0. 1 
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TABLE 2: DISTRIBUTION OF SCANDIUM, YTTRIUM, AND 
LANTHANIDES 
E x p r e s s e d as p e r cent of to ta l oxides in group 

Oxide L iquor P r o d u c e d f r o m Rad ium Hill Davidite 
Rad ium Hill Concen t r a t e (Dixon and Wylie, 1951)' 

1959 

Scandium 3. 0 . nd<a> 
Y t t r i u m 16.0 14. 0 
Lan thanum 38. 0 41. 0 
C e r i u m 23. 0 25. 0 
P r a s e o d y m i u m 0. 7 1 .1 
Neodymium 1 .9 1 . 5 
S a m a r i u m 0. 2 1 .9 

o . s ( b ) E u r o p i u m 0. 1 
1 .9 
o . s ( b ) 

Gadol inium 0. 4 1 .0 
T e r b i u m 0 . 5 0 . 5 % 

o . s ( b " D y s p r o s i u m 3. 8 
0 . 5 % 

o . s ( b " 
Holni ium _ 0. 7 

0 . 5 % 

o . s ( b " 

E r b i u m • 3. 8 5 . 6 4 
0 . 5 ( b ) Thul ium 0. 7 
5 . 6 4 
0 . 5 ( b ) 

Y t t e r b i u m 6. 6 5. 2 
Lu t ec ium 0. 6 0. 5 

(a) nd - not d e t e r m i n e d . 
(b) 'Max imum f i g u r e s . 
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TABLE 3: ANNUAL THROUGHPUT OF COMPONENTS 
B a r r e n Liquor product ion a s s u m e d to be . 
75, 000 gallons p e r day 

Component Annual Throughput 
tons 

Approx Annual Value 
£ A 

Vanadium oxide 
C h r o m i u m oxide 
Lanthanide oxides (mainly 

lanthanum and ce r ium) 
T h o r i u m oxide 
Yt t r ium oxide 
Scandium oxide 

45 
28 

100 

5 
24 

4 

70, 000 (as pu re V205) 
10,000 

15,000 (as mixed oxides) 

2 0 , 0 0 0 
2 0 0 , 0 0 0 

. (a ) 

(a) No quoted p r i c e avai lable for l a r g e quant i t ies . 
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PRECIPITATION AND LEACHING 

4. EQUIPMENT AND REAGENTS 

No spec i a l equipment was r e q u i r e d . M e a s u r e m e n t s - of pH w e r e 
m a d e with a B e c k m a n Model H2( a) d i r ec t r e a d i n g i n s t r u m e n t . 

Reagen t s w e r e .AR g rade or the h ighes t pu r i t y ava i lab le . I ron 
na i l s , u s e d fo r r educ t ion of f e r r i c ions in b a r r e n l iquor , w e r e c leaned 
i m m e d i a t e l y p r i o r to use by i m m e r s i o n in 5M h y d r o c h l o r i c ac id f o r 1 minu te , 
fol lowed by thorough washing with w a t e r . 

5. E X P E R I M E N T A L PROCEDURE AND RESULTS 

5. 1 Analy t ica l Methods 

All components except i r o n w e r e d e t e r m i n e d s p e c t r o s c o p i c a l l y 
in s a m p l e s of ignited oxides . R e s u l t s quoted a r e a v e r a g e s of two or m o r e 
s i m i l a r t e s t s , thus i n c r e a s i n g the s ign i f i cance of ana ly t i ca l da ta . 

A s s a y s f o r i ron w e r e m a d e c o l o r i m e t r i c a l l y , us ing the o r t ho -
phenan th ro l ine method . Concen t r a t ion of f e r r i c ions in b a r r e n l iquor was 
d e t e r m i n e d by t i t r a t i o n i o d i m e t r i c a l l y . 

The d i s t r ibu t ion of components in p r ec ip i t a t i on and l each ing t e s t s 
was ca lcu la ted f r o m a n a l y s e s of both sol id r e s i d u e s and f i l t r a t e s . To ta l 
r e c o v e r i e s of components w e r e c o m p a r e d with the a n a l y s i s of the head 
m a t e r i a l in each t e s t and, u n l e s s r e c o v e r i e s checked within the u sua l v a r i a -
t ion of s p e c t r o s c o p i c a s s a y s (+ 15%), the t e s t was c o n s i d e r e d to be not 
s ign i f ican t and was d i s r e g a r d e d . 

5. 2 P r e c i p i t a t i o n at Cont ro l l ed pH 

N e u t r a l i z i n g or p r ec ip i t a t i ng r e a g e n t s w e r e added at r o o m t e m p -
e r a t u r e in s m a l l po r t i ons , the so lu t ions being s t i r r e d m e c h a n i c a l l y and the 
pH mon i to r ed cont inuously . P r e c i p i t a t e s w e r e al lowed to s tand s e v e r a l ":' 
h o u r s b e f o r e f i l t r a t i on to e n s u r e r e a c h i n g equ i l i b r ium compos i t ion at the 
p a r t i c u l a r pH. F o r b a s i c i t y s e p a r a t i o n s , NaOH and N a 2 C 0 3 w e r e added a s 
so lu t ions , and MgO, MgC0 3 , and C a C 0 3 a s thin, s l u r r i e s in w a t e r . 

(a) R e f e r e n c e to spec i f i c equipment in th i s r e p o r t i s m a d e to f ac i l i t a t e 
- unde r s t and ing and does not imply e n d o r s e m e n t of such equipment by 
The A u s t r a l i a n M i n e r a l Development L a b o r a t o r i e s . 
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F o r t e s t s with l iquor containing low concen t r a t i ons of f e r r i c ions , 
the n e c e s s a r y reduc t ion was ach ieved by ag i ta t ing the l iquor ove r a bed of 
c l ean i r o n na i l s . At r o o m t e m p e r a t u r e (20°C), in b a r r e n l iquor at pH 1. 7 
to 1 .9 , the concen t ra t ion of f e r r i c ions could be r educed f r o m 4. 0 g r a m s 
p e r l i t r e to z e r o at a r a t e equivalent to the t r e a t m e n t of 0. 3 gal lon of l i quor 
p e r hour p e r pound of na i l s . Consumpt ion of m e t a l l i c i r o n was v e r y l i t t l e 
m o r e than t h e o r e t i c a l f o r the equat ion: 

Fe + F e 3 + - 3Fe z + 

ind ica t ing only a s m a l l d i s so lu t ion of i ron by acid a t t ack with l i b e r a t i o n of 
hydrogen . 

R e s u l t s of p r ec ip i t a t i on t e s t s at con t ro l led pH a r e s u m m a r i s e d 
g raph ica l ly in Figure. 1, while Tab le 4 l i s t s the compos i t ions of typ ica l 
p r e c i p i t a t e s , t oge the r with the p r o p o r t i o n s of components r e c o v e r e d in the 
p r e c i p i t a t e s . As expected , p r e c i p i t a t i o n c u r v e s f o r the lan thanide e l e m e n t s 
( F i g u r e 1) f o r m e d a s e r i e s d i s t r i bu ted be tween the two end m e m b e r s , 
l an thanum and lu tec ium. F o r c l a r i t y , only the c u r v e s f o r l an thanum and 
y t t e r b i u m (ad jacent to lu tec ium) a r e shown. T h o r i u m and t i t an ium, not 
shown due to insuf f ic ien t ana ly t i ca l data , w e r e known to be comple t e ly 
p r e c i p i t a t e d at low pH, t h e i r behav iour be ing s i m i l a r to o x i d i z e d ( f e r r i c ) 
i r on . 

T e s t s m a d e with l iquor in which al l f e r r i c ions had been r e d u c e d 
to f e r r o u s , showed that va luable components p lus a lumin ium could be 
s e p a r a t e d f r o m mos t of the i ron p r e s e n t by p r ec ip i t a t i on at pH 4. 6 to 5. 0, 
the f e r r o u s ions r e m a i n i n g in solut ion. Since s cand ium and a lumin ium 
behaved s i m i l a r l y , no u s e f u l s e p a r a t i o n Of t h e s e two components was obtained 
at any pH value . 

Seve ra l s e r i e s of f r a c t i o n a l p r e c i p i t a t i o n t e s t s w e r e m a d e us ing 
b a r r e n l iquor a s r e c e i v e d , and a l s o a f t e r r educ t ion of f e r r i c ions . In 
b a r r e n l iquor a s r e c e i v e d , p r ec ip i t a t i on of the c h r o m i u m , vanadium, t h o r i u m 
and oxidized i r o n group at pH 3. 5 u sua l ly c o - p r e c i p i t a t e d s o m e scand ium, 
the extent of c o - p r e c i p i t a t i o n depending on the concen t r a t ion of f e r r i c ions . 
A second p r e c i p i t a t e at pH 5. 0 r e c o v e r e d the r e m a i n i n g scand ium, t o g e t h e r 
with a l l of the a lumin ium, and 25 to 50 p e r cent of the y t t r i u m , y t t e r b i u m 
(heavy lan thanides) group. The second approach , involving p r e l i m i n a r y 
r educ t ion of the l iquor , enabled a s ingle p r e c i p i t a t e at pH 4. 6 to 5. 0 to col lec t 
the m a i n group of valuable components t oge the r with m o s t of the a lumin ium, 
and por t ion of the heavy lan than ides group. A second p r e c i p i t a t e conta in ing 
the r e m a i n d e r of heavy lan than ides could be obtained at pH 6. A l t e r n a t i v e l y 
a second p r e c i p i t a t e containing a l l the r e m a i n i n g lan than ides could be m a d e 
us ing phosphate , f luo r ide , o r oxala te a s p r ec ip i t an t . 

No s igni f icant d i f f e r e n c e s in compos i t i ons of p r e c i p i t a t e s r e s u l t e d 
f r o m the u se of the v a r i o u s n e u t r a l i z i n g agen t s ment ioned e a r l i e r , except 
that p r e c i p i t a t e s p roduced with ca l c ium ca rbona t e w e r e con tamina ted with 
gypsum r e s u l t i n g f r o m neu t r a l i z a t i on of su lphur i c ac id . 
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Select ive p rec ip i t a t i on t e s t s on o r ig ina l b a r r e n l iquor w e r e m a d e 
with phosphate , oxala te , and f luo r ide , t h e s e r e a g e n t s be ing added a s so lu -
t ions of t h e i r r e s p e c t i v e f r e e a c i d s . Suff icient r eagen t was added to be 
c h e m i c a l l y equivalent to the to ta l of m e t a l l i c ca t ions p r e s e n t in b a r r e n 
l iquor . F u r t h e r f r a c t i o n a l p r e c i p i t a t e s w e r e then obtained by a d j u s t m e n t 
of the pH with addi t ions of NaOH solut ion. T a b l e s 5, 6 and 7 show s u m m a r i e s 
of the r e s u l t s of t he se t e s t s . O the r t e s t s (not r e p o r t e d in detai l) w e r e m a d e 
us ing se l ec t i ve p r e c i p i t a n t s on f i l t r a t e s f rom, neu t r a l i z a t i on p r e c i p i t a t i o n s at 
pH 5. Mixed lanthanide p r o d u c t s , heavi ly con tamina ted with i ron , n o r m a l l y 
r e s u l t e d . 

TABLE 5: PRECIPITATION AS PHOSPHATES 
P o r t P i r i e B a r r e n L iquor 
At the in i t ia l pH (0. 6) no p r e c i p i t a t e f o r m e d 
F r a c t i o n a l p r e c i p i t a t e s w e r e obtained by 
pH a d j u s t m e n t 

pH 2. 25 
Ana lys i s of R e c o v e r y 
P r e c i p i t a t e 

% % 

pH 3. 8 
Ana lys i s of R e c o v e r y To ta l 
P r e c i p i t a t e R e c o v e r y 

% % % 

F e 2 0 3 ( a ) 3. 0 4 3. 1 3 7 

v2o5 0. 9 25 3 . 6 75 100 

C r z 0 3 0. 15 10 0. 75 40 50 

Sc 2 0 3 0. 23 87 0. 05 13 100 

AI 2 O 3 34. 0 58 32. 0 41 99 
Y 2 O 3 0. 25 20 1 . 3 80 100 

Yb 2 0 3 0. 4 68 0. 25 32 100 

L a 2 0 3 2. 0 73 1 . 0 27 100 

(a) Tota l i ron . 



o
-a

r 

a dJ 
a +-» CO

 

< a a ^ V
I 

H-> 
a! 
•rH

 
a 

•rH
 

a CD
 

Sh 
Oh 
rH

 
cti 
c o 
•rH

 
+J o cti 
fH

 

<u 
H-» 
cti 

o <o 
PL, 
i—H

 
cti 

in 

vO
 

ffl 
Oh 

-H
 ^ 

^ 
> >> w©

 
o fe-
o 
tf 

o 
H

 pH
 

<u 
> o o CD

 
PS 

o 
5 

CO
 +J 

•rH
 iH

 
m

 CX
 tS 

-m
 b 

-̂i o 
cti 

a) 
fi 5H

 
< CU

 

fH
 

<U
 

> o o <D
 

P
i 

IO
 

M
 

a 

O
 0) 
+-> 

^ 
° 

2 cu 
C

 iH
 

C
 pu 

vD
 

O
 

s a 

>> 

0 > o o a> 
PS 
<<H

 
0) 

o m
 cti 

m
 H

-> 
•rH

 
•rH

 
CO

 a, 
>> •iH

 
1—

1 
O

 
Cti 

CU
 

a 
SH

 

<C
 PH

 

r-
oo 
o 

o 
o oo 

o 

o rO
 

fM
 

vO
 

vO
 

vO
 

oo 

o fVJ 

(-0 
ro 

vO
 

O
 

M
 

f-H
 

o 
oo 
(M

 

CO
 

O
 

CO
 

r-r-

LT> 
O

 

C
O

 
o 

o o 
vO

 
OO

 
in 

cti o 
» 

o 
0). 

fn-
fe 

> 
O

 

co 
O

 
(M

 
O

 

1—
1 

ro 
oo 

r-
t—

i 
i—H

 
vO

 
ro 

i—
i 

m
 

1—
1 

< 

rg 
ro 

vD
 

m
 

O
 

i—
i 

<M
 

CO
 

o 
r—

t 
O

 
f\3 

• 
• 

a 
• 

fv] 
i—

i 
O

 
o 

00 
o 

o 
O

 
ro 

rO
 

vD
 v£) 

r-o 

o vD
 

m
 

o 
oo 

O
 

O
 

ro 
<m

 
co 

< 

« 
O

 
O

 
° 

_o 
CM

 
cU

 
cti 
J 



o
-a

r 

cn 
H

 
Q

 
i—

i 
PS

 
o J fa O

 

in 
j 

< 
c 0
 

f-i 
u rt 
PQ

 
0

 

£ O
 i 

H
 

< Eh 
fa £ 
U

 
* 

w
 

t: 
PS

 
o 

fa fa 

H
 

J pq 
< Eh 

0
 

rt 

CJ 
<D

 
Sh 
fa 
i-H

 
rt 

« 
^ 

o o CD
 

PS
 

o 
Eh 

C
 

0) 

01 
'O

 
< a & 
^ 
rQ

 
CO

 
0 
+J rt o fn 
fa 
i-H

 
rt CJ 
O

 
•iH

 
o rt 
fa 

in 

>v 
Sh 
0

 
>

 

o o 0
 

rt O
 

CQ
 ctf 

a CM
 r̂-t CJ 

r
t 

0
 

C
 Sh 

< fa 

>5 
0

 
>

 
o CJ 
0

 

^
P

S
 

rt O
 

0 

ra rt 

sO
 

o
 

a 

o 
a

? 
r-H

 CJ 
r
t 

0
 

C
 

u 
< fa 

0
 

>
 

O
 

CJ 
0

 
PS

 

CO
 $ 

•rH
 -rH

 
CQ

 0< vP 
X

? O
 

r
t 

0
 

C
 

U
 

< fa 

to
 

o
 

o
 

o
 

o
 

o
 

o
 

o
 

o
 

o
 

o
 

o
 

o
 

o
 

o
 

ro 
o

 
oo

 
ro 

r0 

oo
 

o 
(M

 
o

 
ro 

vO
 

O
 

M
 

ro 
vO

 
ro

 

O
 

oo
 

o
 

in
 

o
 

in 
o

 
o

 

m
 

o
 

m
 

o
 

o
 

r-nO
 

o 
C

T^ 

o, 

o
 

ro
 

m
 

ro
 

vO
 

o
 

m
 

ro
 

0 
U

 
f) 

r-H
 

X
5 

rt 

fa>U
ix!<;>H

>H
j 

CQ
 

•g 0
 

0
 

I—
I 

0
 

CQ
 

rt CQ
 

la 0
 

c o a o CJ 

Sn 
0
 

0
 

Sh 
CQ

 
0
 

^
 

a •rH
 

tl—1 
I—

I 
rt CJ 

•rH
 

1—1 
rt c 
< 

E3 
o u rt 
+J o 
fH

 



o-ar 

5. 3 Alka l i Leach ing of P r e c i p i t a t e s 

Two a p p r o a c h e s to the upgrad ing of hydroxide p r e c i p i t a t e s w e r e 
inves t iga ted . T h e s e we re : 

i. Leaching .wi th boi l ing caus t i c soda solut ion to 
r e m o v e the m a j o r unwanted component , 
a luminium, , l eav ing a r e s i d u e upgraded in 
valuable componen ts . 

i i . Leach ing with a lka l i c a rbona t e so lu t ions at r o o m 
t e m p e r a t u r e to d i s so lve s cand ium and t h o r i u m as 
soluble double c a r b o n a t e s , l eav ing o the r compon-
en ts with a lumin ium in the r e s i d u e . * 

Leach ing with c a u s t i c soda solut ion (10% NaOH) was c a r r i e d out 
in s t a i n l e s s s t e e l b e a k e r s with m e c h a n i c a l ag i ta t ion and hea t ing to n e a r 
boi l ing f o r 1 hour . Quant i t i e s w e r e ad jus t ed to give s l u r r i e s conta ining 
a p p r o x i m a t e l y 5 p e r cent so l ids on an ignited weight b a s i s . To avoid 
p o s s i b l e pa s s iva t i on on dry ing , p r e c i p i t a t e s u sed f o r t hese t e s t s w e r e not 
d r i e d b e f o r e u s e . Leached s l u r r i e s , a f t e r cooling, w e r e f i l t e r e d and the 
r e s i d u e s washed , d r ied arid ignited f o r a n a l y s i s . The d i s so lved componen t s 
w e r e r e c o v e r e d by ac id i f i ca t ion of the f i l t r a t e s , then p r e c i p i t a t i o n with a 
s l ight e x c e s s of a m m o n i a and the addi t ion of tannin solut ion a s a s c a v e n g e r . 

R e s u l t s fo r a typ ica l hydroxide p r e c i p i t a t e a r e s u m m a r i s e d in 
Tab le 8. 

TABLE 8: CAUSTIC SODA LEACHING O F P R E C I P I T A T E . 
Hydroxide p r e c i p i t a t e p roduced f r o m b a r r e n l iquor 
at pH 4. 65 
P r e c i p i t a t e (not dr ied) boi led f o r 1 hour with 
10% NaOH solut ion 

A n a l y s i s 

Or ig ina l P r e c i p i t a t e Res idue a f t e r E x t r a c t i o n of 
f r o m B a r r e n L iquor NaOH Leach ing Components 

pH 4 . 6 5 
"% % % 

F e 2 0 3 (total) 10.0 31 .0 nil 
C r 2 0 3 6 . 0 15 .0 nil 
V2Os 7 . 0 2 .0 90 
A1203 60 .0 8 .0 95 
Sc 2 0 3 0 . 4 1 .0 10 j a 

ThOz 0 . 3 1 .0 10(a) 

(a) M a x i m u m f i g u r e 
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Leach ing at r o o m t e m p e r a t u r e with sod ium or a m m o n i u m c a r b o n -
a te solut ion was m a d e with s l u r r i e s containing 5 p e r cent so l ids by shak ing 
f o r 3 to 4 h o u r s in s toppe red E r l e n m e y e r f l a s k s on a m e c h a n i c a l s h a k e r . 
Disso lved components w e r e r e c o v e r e d f r o m ca rbona te f i l t r a t e s by addi t ion 
of c aus t i c soda solut ion to p r e c i p i t a t e hydrox ides . As th i s p r e c i p i t a t i o n 
was not a lways comple te , the ove ra l l d i s t r ibu t ion of va luable componen t s 
was d e t e r m i n e d by scavenging the f ina l f i l t r a t e in a s i m i l a r m a n n e r to the 
caus t i c soda solut ions above, mak ing c e r t a i n that a l l carbon.dioxide was 
r e m o v e d by boi l ing the ac id i f ied f i l t r a t e b e f o r e f ina l p r ec ip i t a t i on with 
a m m o n i a and tannin . R e s u l t s of ca rbona te l each ing t e s t s a r e shown in 
Tab le 9. 

TABLE 9: CARBONATE LEACHING OF P R E C I P I T A T E 
Hydroxide p r e c i p i t a t e p roduced f r o m b a r r e n 
l iquor at pH 4. 65 (as in Tab le 8) 
P r e c i p i t a t e (not dr ied) l eached f o r 4 h o u r s at 
20°C with so lu t ions as shown 

E x t r a c t i o n of C o m p o n e n t s , % 

10% Na 2 C0 3 10% NaHCOj 20% A m m o n i u m Ca rbona t e 

Fe (total) ni l ni l nil 
V 25. 0 5. 0 7. 0 
Cr 0. 5 0. 5 0. 3 
Sc 25. 0 i o . o ( a ) 42. 0 
Th 50. 0 40 . 0 38. 0 
A1 2 . 0 0. 5 0. 7 

(a) M a x i m u m f i g u r e . 

The bes t p roduc t obtained f r o m the in i t ia l s e r i e s of t e s t s conta ined 
10 p e r cent Sc 2 0 3 and 15 p e r cent Th0 2 - Although r e c o v e r i e s w e r e l e s s than 
50 p e r cent , t h i s r e p r e s e n t e d a c o n s i d e r a b l e upgrad ing f r o m the o r ig ina l 
p r e c i p i t a t e (ana lys i s in Table 8). F u r t h e r inves t iga t ion of c a rbona t e 
l each ing showed that the pH was quite c r i t i c a l . F o r s u c c e s s f u l l each ing , 
f r e e caus t i c soda had to be absen t and e x c e s s b i ca rbona t e was a l s o u n d e s i r -
ab le . Bes t r e s u l t s w e r e obtained by us ing sod ium ca rbona te a s the 
neu t r a l i z ing agent f o r p r ec ip i t a t i on f r o m b a r r e n l iquor , The f i l t e r e d p r e -
c ip i ta te , in the f o r m of wet f i l t e r cake (not d r ied) , was then l eached with 
10 p e r cent Na 2 C0 3 solut ion. By th i s m e a n s r e c o v e r i e s up to 70 p e r cent 
w e r e obtained f o r s cand ium and t h o r i u m , the p roduc t s conta ining up to 
25 p e r cent each of s cand ium and t h o r i u m oxides . 
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5 . 4 Ca rbona t e Leach ing - P i lo t Scale T e s t 

Based on the r e s u l t s of b e n c h - s c a l e t e s t s a l a r g e r s ca l e c a rbona t e 
p r e c i p i t a t i o n and l each ing t e s t was conducted at the T h e b a r t o n l a b o r a t o r i e s . 
A p p r o x i m a t e l y 150 gal lons of b a r r e n l iquor , obtained f r o m P o r t P i r i e in 
J a n u a r y , 1958, was t r e a t e d a c c o r d i n g to the fol lowing s t eps : 

i. Neu t r a l i z a t i on and p rec ip i t a t i on with N a 2 C 0 3 so lu t ion 
to pH 4. 5, at r o o m t e m p e r a t u r e 

ii . Leach ing of the s e p a r a t e d p r e c i p i t a t e with 10 p e r cent 
Na 2 C0 3 so lut ion by ag i ta t ing f o r 4 h o u r s a s a s l u r r y 
conta ining an e s t i m a t e d 5 p e r cent so l ids ( ignited 
weight) 

iii„ F u r t h e r l each ing of the s e p a r a t e d r e s i d u e , us ing a 
s m a l l e r vo lume of 7. 5 p e r cent Na 2 C0 3 so lu t ion 

iv. P r e c i p i t a t i o n f r o m the combined , c l a r i f i ed Na 2 C0 3 
solut ions by addi t ion of NaOH solut ion, and the 
r e c o v e r y of th i s p r e c i p i t a t e as a s cand ium and 
t h o r i u m produc t . 

Sample s of r e s i d u e s and f i l t r a t e s at each s tage w e r e ana ly sed to 
d e t e r m i n e the d i s t r ibu t ion of componen t s . Tab le 10 shows a s u m m a r y of 
the r e s u l t s f o r the components of i n t e r e s t . The produc t p r e c i p i t a t e , a f t e r 
ignit ion, weighed 0 .02 lb, and conta ined 25 p e r cent Sc 2 0 3 . 

The low r e c o v e r i e s obtained w e r e not in a c c o r d with indica t ions 
f r o m b e n c h - s c a l e t e s t s . One poss ib le cont r ibu t ing f a c t o r was insuf f ic ien t 
a l lowance f o r the NaOH content of c o m m e r c i a l Na 2 C0 3 , r e s u l t i n g in too 
high a pH fo r the e f fec t ive f o r m a t i o n of soluble double c a r b o n a t e s of s c a n -
dium and t h o r i u m . 

F u r t h e r b e n c h - s c a l e t e s t s on a s a m p l e of the f i r s t p r e c i p i t a t e 
showed that much of the scand ium and t h o r i u m r e m a i n i n g in th i s p r e c i p i t a t e 
could be l eached with Na 2 C0 3 so lu t ion by c a r e f u l con t ro l of the pH of the 
m i x t u r e . 

TABLE 10: CARBONATE LEACHING - P I L O T - S C A L E TEST 

Ef f i c i ency of each Step 

Sc Th Y Yb 
% % . % % 

P r e c i p i t a t i o n f r o m l iquor 

Ca rbona t e l each ing of p r e c i 
p i ta te 

P r o d u c t p r ec ip i t a t i on with 
NaOH 

P r o c e s s Step 

90 100 14.0 4 6 . 0 

2 and 3 

4 

9 12 0 . 5 0 . 5 

50 25 50. 0 50 .0 
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5. 5 P a s s i v a t i o n and Leach ing of P r e c i p i t a t e s 

Selec t ive l each ing of d e s i r e d components was c o n s i d e r e d to be 
p o s s i b l e if o the r components of b a r r e n l iquor p r e c i p i t a t e s could be r e n d e r e d 
pa s s ive -by ignit ion at su i tab le t e m p e r a t u r e s . 

A bulk s a m p l e was p r e p a r e d f r o m se l ec t ed b a r r e n l iquor p r e c i -
p i t a t e s by r e - s l u r r y i n g , f i l t e r ing , and s t o r i n g a s undr ied f i l t e r cake . 
P o r t i o n s of th i s s a m p l e w e r e d r i ed and ignited in s i l i c a d i shes f o r p e r i o d s 
of 2 h o u r s at t e m p e r a t u r e s r ang ing f r o m 100° to 1200°C. The igni ted 
s a m p l e s w e r e f u r t h e r divided and the f r a c t i o n s l eached s e p a r a t e l y with 
s e v e r a l d i f f e r en t ac ids at d i f f e ren t s t r e n g t h s , both at r o o m t e m p e r a t u r e 
and at boi l ing point . 

Room t e m p e r a t u r e t e s t s w e r e made by shaking a s l u r r y conta in-
ing a p p r o x i m a t e l y 5 p e r cent solids., in s toppe red E r l e n m e y e r f l a s k s , on a 
m e c h a n i c a l s h a k e r f o r 1 hour . Boi l ing point l each ing t e s t s w e r e m a d e 
with s i m i l a r s l u r r i e s boiled f o r 1 hour . 

R e s u l t s f o r h y d r o c h l o r i c acid l each ing t e s t s a r e shown g raph ica l l y 
in F i g u r e s 2 and 3. Sulphur ic , su lphurous , and ace t i c ac ids gave r e s u l t s 
which w e r e not s ign i f ican t ly d i f f e r en t . Tab le 11 shows a p a r t i a l a n a l y s i s 
of the bulk p r e c i p i t a t e used f o r t h e s e t e s t s , t o g e t h e r ' w i t h a n a l y s e s of some 
of the p r e c i p i t a t e s obtained f r o m acid f i l t r a t e s r e s u l t i n g f r o m leach ing 
ignited por t ions of the o r ig ina l bulk p r e c i p i t a t e . Ignit ion t e m p e r a t u r e s 
used f o r pa s s iva t i on a r e shown with each produc t ana lys is . . 

TABLE 11: PASSIVATION AND LEACHING TESTS 
A n a l y s e s of P r e c i p i t a t e s 

Bulk P r e c i p i t a t e ( a ) P r o d u c t s f rom(k) P r o d u c t s f r o m ( c ) 
0. 05M HC1 1M HC1 

P a s s i v a t i o n t emp , °C - 800 1000 800 1000 
% % % % 

F e 2 0 3 16. 0 0. 5 0. 9 9. 0 11 .0 
v2o5 6. 0 9. 0 40. 0 10. 0 30. 0 
C r 2 0 3 4. 0 0. 01 0. 1 0 . 5 1. 5 
Sc 2 0 3 0. 4 0. 7 0. 9 0. 9 0. 7 
ThOz 0. 3 0. 5 0. 2 0. 8 0. 3 
Ai2o3 50. 0 13. 0 20. 0 20. 0 13. 0 

(a) Used f o r pa s s iva t i on t e s t s . 
(b) Leaching , 20°C 
(c) Leach ing at boil ing t e m p e r a t u r e . 
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5. 6 Cat ion Exchange T e s t s 
••I 

P o r t i o n of a p r e c i p i t a t e p roduced f r o m reduced b a r r e n l iquor at 
pH 5. 0 was dissolved in su lphur i c acid and a d j u s t e d to pH 1. 0. E q u i l i b r i u m 
loading t e s t s w e r e made with th i s solut ion on Z e o c a r b 225 ca t ion exchange 
r e s i n . The s e p a r a t e d r e s i n was eluted with 8M HC1 and the eluate. 
evapo ra t ed n e a r l y to d r y n e s s , t hen di luted and p r e c i p i t a t e d with a m m o n i a . 
A n a l y s e s of e lua te so l ids and l iquor so l ids w e r e c o m p a r e d to show any 
s e p a r a t i o n s achieved by loading on the r e s i n . S i m i l a r t e s t s w e r e m a d e with 
r e d u c e d b a r r e n l iquor . 

R e s u l t s showed only v e r y s m a l l s e p a r a t i o n s of va luable components 
f rom, the m a j o r components a lumin ium and i ron . No u s e f u l concen t r a t i ons 
of components a p p e a r e d l ike ly by ca t ion exchange p r o c e d u r e s . 

6. DISCUSSION OF PRECIPITATION AND LEACHING RESULTS 

Although scand ium could not be s e p a r a t e d to any extent f r o m 
a lumin ium by p r e c i p i t a t i o n t echn iques , s e p a r a t i o n f r o m i i r o n , the m a j o r 
unwanted l iquor component , was pos s ib l e . Two s y s t e m s of p r e c i p i t a t i o n 
by neu t r a l i z a t i on to con t ro l led pH showed s o m e p o s s i b i l i t i e s (Table 4). 
T h e s e w e r e : 

i. F r a c t i o n a l p r e c i p i t a t i o n of l iquor in two s t eps at 
pH 3. 6 and at pH 5 . 0 

i i . Comple te r educ t ion of f e r r i c ; ions in b a r r e n 
l iquor , fol lowed by a s ing le p r e c i p i t a t i o n at 
pH 4. 6 to 5. 0. 

Sys tem i. y ie lded a f i r s t p roduc t at pH 3. 6 containing m o s t of the 
t h o r i u m , vanadium and c h r o m i u m in a m a t r i x of f e r r i c oxide. The p roduc t 
r e c o v e r e d at pH 5. 0 was m a i n l y a lumina , and conta ined m o s t of the s cand ium, 
and p a r t of the y t t r i u m and heavy lan thanide group. U n d e r s o m e c i r c u m -
s t a n c e s , s cand ium divided into each p r e c i p i t a t e , hence th i s s y s t e m was not 
adopted f o r f u r t h e r work . 

Sys tem ii. y ie lded an a lumina produc t in which m o s t of the 
s cand ium, t h o r i u m , c h r o m i u m , and vanad ium w e r e concen t r a t ed , t o g e t h e r 
with p a r t of the y t t r i u m and heavy lanthanide group of e l e m e n t s . 

In both s y s t e m s , the s cand ium oxide content of the a lumina 
p r o d u c t s could not exceed 0. 5 p e r cent , t h i s f i g u r e being con t ro l led by the 
r a t i o of a lumina to scand ia (200: 1) in b a r r e n l iquor . F u r t h e r p roduc t s 
conta ining the r e m a i n d e r of the y t t r i u m and heavy lan thanide group could 
be obtained f r o m the f ina l f i l t r a t e s in each s y s t e m by neu t r a l i z a t i on to 
pH 6 . 0 . A l t e rna t i ve ly the comple te lan thanide group, l ight e l e m e n t s as 
wel l as the heavy group, could be p r ec ip i t a t ed f r o m the pH 5. 0 f i l t r a t e s 
as phospha te s o r f l u o r i d e s . Such mixed lan thanide p roduc t s w e r e not 
c o n s i d e r e d to be of any g rea t va lue . 

P r e c i p i t a t i o n f r o m b a r r e n l iquor us ing the s e l ec t i ve r e a g e n t s , 
phospha te , oxala te , and f luo r ide , did not ach ieve s igni f icant s e p a r a t i o n s of 
va luable components f r o m the m a j o r unwanted componen ts , i r o n and 
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a lumin ium. Since p a r t neu t r a l i z a t i on was n e c e s s a r y to obtain t h e s e 
p r o d u c t s , and s ince the produc t g r a d e s w e r e no h igher than those obtained 
with d i r ec t p r ec ip i t a t i on by neu t r a l i za t ion , s e l ec t i ve p r e c i p i t a n t s o f f e r e d no 
r e a l advantage . No f u r t h e r work was done with t h e s e s y s t e m s . 

F u r t h e r t r e a t m e n t of an a lumina product conta ining s cand ium, 
t h o r i u m and vanadium, (as obtained by neu t r a l i z a t i on of r e d u c e d b a r r e n . 
l iquor to pH 4. 65) was shown to be possibl-.e by t h r e e d i f f e ren t p r o c e d u r e s . 
F i r s t l y , l each ing with hot caus t i c soda solu t ion d i sso lved m o s t of the 
a lumina and vanadium oxide l eav ing a r e s i d u e upgraded in o the r va luable 
componen t s , but s t i l l r e l a t i ve ly l o w - g r a d e (Sc203 1. 0 p e r cent) . Th i s pro^-
c e d u r e would be uneconomic , s ince the r eagen t was consumed by the m a j o r 
unwanted component . Secondly, l each ing with cold c a r b o n a t e so lu t ion 
d i s so lved scand ium and t h o r i u m , yie lding a p roduc t r i ch in t h e s e two 
componen ts , up to 25 p e r cent of each oxide. However , good r e c o v e r i e s 
w e r e dif f icul t t o ach ieve , and one l a r g e - s c a l e t e s t of th i s p r o c e d u r e was 
u n s u c c e s s f u l in th i s r e s p e c t . Th i rd ly , pa s s iva t i on of the a lumina p roduc t 
by igni t ion at 800°C, fol lowed by l each ing with IN acid at boi l ing point , 
y ie lded a p roduc t containing a l a r g e p r o p o r t i o n of the s cand ium, t h o r i u m , 
and vanadium. Al t e rna t ive ly , vanadium, could be r e c o v e r e d s e p a r a t e l y by 
p a s s i v a t i o n at 1000°C, and then l each ing with cold di lute ac id . 

None of the above p r o c e d u r e s yie lded p roduc t s of su f f i c ien t g rade 
in any one or m o r e components to be m a r k e t a b l e as such. F u r t h e r s e p a r a -
t ion and concen t ra t ion t r e a t m e n t s would be r e q u i r e d . B e c a u s e of t h i s , 
and b e c a u s e of the mul t ip l i c i ty and involved na tu r e of the ope ra t ions in the 
above p r o c e d u r e s , it was c o n s i d e r e d that t h e s e would p rove to be uneconomic 
when examined a s p l a n t - s c a l e p r o c e s s e s . 

7. CONCLUSIONS ON PRECIPITATION AND LEACHING 

Var ious l o w - g r a d e p r o d u c t s conta ining one or m o r e va luable 
componen t s could be p roduced f r o m b a r r e n l iquor by p r e c i p i t a t i o n and 
l each ing p r o c e s s e s . B e c a u s e of the mul t ip le ope ra t ions involved,, and the 
n a t u r e of t h e s e ope ra t ions , such p r o c e s s e s would be uneconomic excep t 
u n d e r .unusual c i r c u m s t a n c e s . 

At th i s s tage of the inves t iga t ion , p r e l i m i n a r y work had demon-
s t r a t e d the poss ib i l i t y of r e c o v e r i n g s o m e valuable components f r o m b a r r e n 
l iquor by m e a n s of solvent ex t r ac t i on . As th i s type of p r o c e s s showed 
p r o m i s e of t echn ica l f eas ib i l i t y and of economic opera t ion , a l l f u r t h e r work 
was d i r ec t ed to th i s a spec t of b a r r e n l iquor t r e a t m e n t . 
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PART II 

SOLVENT EXTRACTION 

8. POSSIBLE SOLVENT SYSTEMS 

B e f o r e commenc ing de ta i led inves t iga t ions , v a r i o u s solvent 
e x t r a c t i o n s y s t e m s w e r e cons ide red f o r r e c o v e r y of components f r o m low 
g rade su lphate so lu t ions . Scandium and t h o r i u m n i t r a t e s could be e x t r a c t e d 
into ethyl e t h e r , 4 or into a k e r o s e n e solut ion of t r i - b u t y l - p h o s p h a t e 5 . Such 
s y s t e m s showed poss ib i l i t i e s f o r pu r i f i ca t i on of i m p u r e scand ium and 
t h o r i u m p roduc t s but w e r e not appl icable to the r e c o v e r y of t h e s e components 
f r o m b a r r e n l iquor . Scandium could be e x t r a c t e d a s the th iocyana te f r o m 
h y d r o c h l o r i c ac id solut ion into ethyl e t h e r , 6 but a high concen t ra t ion of 
th iocyana te was r e q u i r e d and su lpha te ions i n t e r f e r e d . Recen t ly developed 
amine so lven t s , as used f o r u r a n i u m r e c o v e r y , could be used f o r e x t r a c t i o n 
of t h o r i u m f r o m sulphate solut ions 7 and th i s p r o c e s s poss ib ly could be 
applied to b a r r e n l iquor f o r . r e c o v e r y of t h o r i u m . 

The m o s t p r o m i s i n g solvent r e a g e n t s w e r e long chain a lkyl e s t e r s 
of phosphor i c ac id . T h e s e w e r e developed in i t ia l ly f o r the r e c o v e r y of 
u r a n i u m and vanadium f r o m sulphate l each l i quor s 8 . K e r o s e n e so lu t ions 
of such r e a g e n t s will e x t r a c t m a n y m e t a l ions s u c c e s s f u l l y f r o m solut ions , of 
ch lo r i de s , n i t r a t e s or su lpha tes 9 . E x t r a c t a n t s of th i s type behave a s liquid-
ca t ion exchange m e d i a , and the e x t r a c t e d cat ions m a y n o r m a l l y be s t r i pped 
in a s i m i l a r m a n n e r to that u sed f o r ca t ion exchange r e s i n s . Madigan 1 0 ' 1 1 

u s e d th i s type of solvent f o r the r e c o v e r y of t h o r i u m f r o m C r o c k e r Well 
l e a c h l i q u o r s . 

Among the r e a g e n t s of th i s type ava i lab le c o m m e r c i a l l y , the one 
chosen f o r the p r e s e n t work was di-( 2 - e thyhexy l ) -phosphor i c acid , des igna ted 
EHPA in th i s r e p o r t . Other e s t e r s , n a m e l y m o n o - d o d e c y l - p h o s p h o r i c acid 
and mono-hep t adecy l phosphor ic acid w e r e t e s t e d , but showed no advantage 
in the s e p a r a t i o n o r r e c o v e r y of componen t s . The m o n o - e s t e r s p o s s e s s e d 
the d i sadvantage that they could not be used in a lkal ine s t r i pp ing c i r c u i t s 
b e c a u s e of the behav iour of t h e i r sodium s a l t s . 1 0 ' 1 1 

9. THEORY O F EXTRACTION BY PI - (2 -ETHYLHEXYL)-PHOSPHORIC 
ACID (EHPA) 

The e x t r a c t i n g s p e c i e s fo r l an than ides with EHPA has been 
postula ted 1 2 a s a che la te ( F i g u r e 4). The e x t r a c t i o n m a y be e x p r e s s e d , 
as a c lose approx imat ion , by the fol lowing equat ions : 

(M+3) Aq + 3(EHPA) O r g (M (EHPA)3 ) O r g + ( 3(H+) ) Aq (1) 
r 1 •- -.3 
IM (EHPA), J O r g - jEHPA O r g 

, . K. (2) 
' .M+3:Aq iH"1" Aq 

D . K E H P ^ Q r g . . . . . . . ' (3) 
_H+ Aq 
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where the s u b s c r i p t s Aq and O r g r e f e r to equ i l i b r ium aqueous and o rgan ic 
p h a s e s r e s p e c t i v e l y and the s q u a r e - b r a c k e t e d quant i t ies r e f e r to m o l a r 
concen t r a t i ons . Unit ac t iv i t i e s a r e a s s u m e d in the absence of o ther da ta . 
D is the d i s t r ibu t ion coef f ic ien t f o r the t r i - v a l e n t m e t a l M, and K is the 
pe r t inen t cons tant . Equat ion (3) m a y be m o r e gene ra l l y e x p r e s s e d a s : 

' H R l o r c r n 

D = K r r " (4) 
/ H + [ Aq , 

w h e r e n is the va lence of the s p e c i e s be ing e x t r a c t e d and R i s any weakly 
ac id ic che la t ing e x t r a c t a n t . 1 3 

10. PRELIMINARY INVESTIGATIONS 

Pub l i shed work 9" 1 2 indicated tha t EHPA would e x t r a c t t h o r i u m , 
y t t r i u m , and the heavy l an than ides , but no in fo rma t ion was ava i lab le about 
the behav iour of scand ium. P r e l i m i n a r y l a b o r a t o r y t e s t s w e r e t h e r e f o r e 
m a d e , u s ing a v e r y s m a l l quant i ty of s p e c t r o g r a p h i c a l l y pu re s cand ium 
oxide. T h e s e t e s t s indicated that s cand ium was def in i te ly e x t r a c t e d f r o m 
sulphate so lu t ions at pH 0. 5 o r h ighe r by a 0. 1M solut ion of EHPA in 
k e r o s e n e . R e s u l t s w e r e confused by di f f icul ty in s t r i pp ing the e x t r a c t s . 
Con f i rma t ion of the ex t r ac t i on of scand ium, t h o r i u m , and heavy l an than ides 
was obtained f r o m t e s t s us ing a su lphate solut ion, ad jus t ed to pH 2, of a 
c o n c e n t r a t e of scand ium and t h o r i u m . The concen t r a t e had been p r e p a r e d 
by se l ec t i ve p rec ip i t a t i on f r o m b a r r e n l iquor and by ca rbona te leach ing . 
Scandium was e x t r a c t e d m o r e s t rong ly than t h o r i u m . S u c c e s s f u l p r e l i m i n a r y 
e x t r a c t i o n s with EHPA w e r e a l s o m a d e d i r ec t l y f r o m P o r t P i r i e b a r r e n 
l iquor . 

In i t ia l s t r i pp ing t e s t s showed tha t*scandium was dif f icul t to 
r e c o v e r f r o m EHPA e x t r a c t s , the m o s t p r o m i s i n g s t r i p r eagen t be ing 
caus t i c soda solut ion. E m u l s i o n s w e r e r e a d i l y f o r m e d with di lute so lu t ions 
of th i s r e agen t (0. IN). I n c r e a s i n g the ionic concen t r a t ion of the aqueous 
solut ion by the addit ion of a n e u t r a l sa l t such as sod ium sulphate , o r the 
u s e of s t r o n g e r caus t i c soda so lu t ions (IN to 2N) p reven ted e m u l s i o n f o r m a -
t ion. Blake , Brown and Coleman 3 showed, when e x t r a c t i n g u r a n i u m with 
EHPA, that a t h i r d phase was f o r m e d conta in ing the sod ium sa l t of the e s t e r 
when NaOH or Na 2 C0 3 solut ion was used f o r s t r ipp ing . The addi t ion of a 
s m a l l p r o p o r t i o n of e thy l -hexy l a lcohol to the solvent solut ion o v e r c a m e 
th i s di f f icul ty , the sod ium sa l t of EHPA being soluble in the modi f i ed 
o rgan ic phase . It was shown e x p e r i m e n t a l l y in the p r e s e n t inves t iga t ion 
that nonanol, which was m o r e r e a d i l y ava i lab le , was a l s o e f fec t ive f o r t h i s 
p u r p o s e . 

No r e l i ab l e quant i ta t ive f i g u r e s w e r e obtained f r o m t h e s e p r e -
l i m i n a r y inves t iga t ions , but the r e s u l t s w e r e su f f i c i en t ly encourag ing to 
j u s t i fy a s y s t e m a t i c examina t ion of poss ib l e e x t r a c t i o n and s t r i pp ing 
condi t ions . E a r l y work showed that f e r r o u s i ron and a lumin ium w e r e not 
e x t r a c t e d to any extent , thus good s e p a r a t i o n s could be obtained f r o m . t h e 
two m a j o r unwanted components in b a r r e n l iquor . However , f e r r i c ions 
w e r e s t rong ly e x t r a c t e d f r o m b a r r e n l iquor to the exc lus ion of a l a r g e 
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( 
p r o p o r t i o n of the d e s i r e d componen ts . Reduct ion of f e r r i c ions to f e r r o u s 
b e f o r e solvent ex t r ac t i on was t h e r e f o r e d e s i r a b l e . This in t roduced some 
f u r t h e r compl ica t ions due to the r ap id h y d r o l y s i s of t i t an ium in the b a r r e n 
l iquor a f t e r r educ t ion of f e r r i c ions . Hydro lysed t i t an ium was s e p a r a t e d 
f r o m the l iquor fo r some e x t r a c t i o n t e s t s b e f o r e it was r e a l i s e d that s o m e 
scand ium and t h o r i u m w e r e c o - p r e c i p i t a t i n g with the hyd ro lysa t e and w e r e 
t h e r e f o r e being los t . Cont ro l led reduc t ion , to a point where the c o n c e n t r a -
t ion of f e r r i c ions was jus t su f f ic ien t to p reven t hyd ro ly s i s , was then adopted, 
and was used s u c c e s s f u l l y f o r m o s t of the s y s t e m a t i c inves t iga t ions . 

11. SYSTEMATIC INVESTIGATIONS 

11.1 Equipment 

E x t r a c t i o n and s t r i pp ing t e s t s w e r e n o r m a l l y made in s toppe red 
g l a s s s e p a r a t o r y funne ls , mix ing being obtained by manua l shaking. F o r 
long contact t i m e s , the solut ions w e r e s t i r r e d m e c h a n i c a l l y in b e a k e r s , 
then the m i x t u r e t r a n s f e r r e d to s e p a r a t o r y funne ls to al low the p h a s e s to 
d i sengage and the lower phase to be s e p a r a t e d . 

St r ipping t e s t s with f luor ide solut ions w e r e m a d e in polythene 
b e a k e r s , the p h a s e s be ing mixed with p r o p e l l e r - t y p e a g i t a t o r s shaped f r o m 
p e r s p e x . P h a s e s e p a r a t i o n s w e r e achieved in i m p r o v i s e d s e p a r a t o r y 
funne ls m a d e f r o m polythene funne ls with c l amped nylex tubing a t t ached . 

Continuous t e s t s w e r e conducted in p e r s p e x m i x e r - s e t t l e r un i t s 
d e s c r i b e d l a t e r (Section 13. 2). No o ther equipment was r e q u i r e d a p a r t 
f r o m the u sua l l a b o r a t o r y a p p a r a t u s . 

11. 2 Reagen t s 

1 1 . 2 . 1 Solvents 

Samples of d i - (2-e thylhexyl ) -phosphor ic acid w e r e obtained f r o m 
two s o u r c e s . T h e s e w e r e e s t i m a t e d by p o t e n t i o m e t r i c t i t r a t i o n . t o be 98 
and 96 p e r cent p u r e r e s p e c t i v e l y , with l e s s than 1 p e r cent of m o n o - e s t e r 
p r e s e n t in each . 

O the r so lvents t e s t e d w e r e monododecy l - and monohep tadecy l -
phosphor ic acid e s t e r s . 

1 1 . 2 . 2 Di luents 

Light ing g rade househo ld .ke rosene was used f o r m o s t of the t e s t s . 
To allow a lkal ine s t r ipp ing of the e x t r a c t , the k e r o s e n e diluent was modi f i ed 
by the addi t ion of up to 4 p e r cent by volume of nonanol. O the r d i luents 
t e s t e d w e r e benzene , to luene , xylene, c a rbon t e t r a c h l o r i d e , and nonanol. 
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1 1 . 2 . 3 Inorgan ic Reagen t s 

AR g rade r e a g e n t s w e r e used throughout . 

1 1 . 3 E x p e r i m e n t a l P r o c e d u r e 

L a b o r a t o r y batch t e s t s w e r e conducted, e i t h e r by shaking manua l ly 
in s e p a r a t o r y funnels o r by m e c h a n i c a l s t i r r i n g in b e a k e r s , fol lowed by 
t r a n s f e r to s e p a r a t o r y funnels f o r phase s e p a r a t i o n . In i t ia l ly a l l contac t ing 
was c a r r i e d out at o rgan ic to aqueous phase r a t i o s of two or m o r e . L a r g e 
ove ra l l aqueous to o rgan ic r a t i o s w e r e achieved by s u c c e s s i v e con tac t s of 
fr .esh aqueous with the s a m e o rgan ic solut ion. L a t e r t e s t s w e r e m a d e 
s u c c e s s f u l l y with l a r g e r e v e r s e d phase r a t i o s in s ingle con tac t s , up to 
40 aqueous to 1 o rgan ic . This achieved a given equ i l ib r ium be tween 
aqueous and organ ic , with c l e a n e r phase s e p a r a t i o n than that which o c c u r r e d 
a f t e r a l a r g e n u m b e r of s u c c e s s i v e con tac t s , as in the e a r l i e r s y s t e m . The 
method of a s ingle contact with r e v e r s e d phase r a t i o was adopted f o r the 
bench s c a l e development of ex t r ac t i on d i s t r ibu t ion c u r v e s . F o r m o s t of 
t h e s e t e s t s , b a r r e n l iquor was p r e - t r e a t e d to r educe f e r r i c ions to f e r r o u s . 
S t i r r i n g the solut ion in contact with i r o n na i l s ach ieved the r e q u i r e d r e d u c -
t ion v e r y s imply . Hydro lys i s of t i t an ium o c c u r r e d in the ful ly r e d u c e d 
l iquor and, in e a r l y t e s t s , the p r e c i p i t a t e was s e p a r a t e d b e f o r e solvent 
ex t r ac t i on . In l a t e r t e s t s , comple te r educ t ion was avoided and a su f f i c i en t 
concen t ra t ion of f e r r i c ions was ma in ta ined to s t ab i l i ze the solut ion and 
p reven t hyd ro lys i s of t i t an ium. 

As suppl ies of p u r e s cand ium, y t t r i u m , and individual heavy 
lan than ides w e r e not r e a d i l y ava i lab le , a l l e x p e r i m e n t a l work was b a s e d on 
e x t r a c t i o n f r o m b a r r e n l iquor obtained f r o m P o r t P i r i e . D i s t r ibu t ions of 
individual components w e r e ca lcu la ted f r o m ana ly t ica l r e s u l t s . 

To enable s y s t e m a t i c s t r i pp ing t e s t s to be made , a quant i ty of 
e x t r a c t was p r e p a r e d by t r e a t i n g a p p r o x i m a t e l y 40 l i t r e s of b a r r e n l iquor 
( f e r r i c ions r educed to f e r r o u s ) , us ing a 2 - s t a g e m i x e r - s e t t l e r cont inuous 
s y s t e m , shown in F i g u r e 20. A desc r ip t i on is given in Sect ion 13. 

At a l a t e r s tage in the inves t iga t ions , f u r t h e r cont inuous e x t r a c t i o n 
and s t r i pp ing t e s t s w e r e m a d e in mu l t i s t age s y s t e m s , us ing the s a m e type 
of m i x e r - s e t t l e r un i t s . Radioac t ive scand ium was used as a t r a c e r in s o m e 
of t h e s e t e s t s . 

11 .4 Analy t ica l Methods 

R e s u l t s w e r e de r ived ma in ly f r o m s p e c t r o s c o p i c a s s a y s , as th i s 
was the only method ava i lab le f o r d e t e r m i n a t i o n of individual l an than ides and 
c e r t a i n o ther components , p a r t i c u l a r l y at the low concen t r a t ions in b a r r e n 
l iquor . A g r e a t e r deg ree of s ign i f i cance was obtained by a v e r a g i n g r e s u l t s 
f r o m s e v e r a l t e s t s . Each s e r i e s was r e p e a t e d s e v e r a l t i m e s and a l l s p e c t r o -
scop ic r e s u l t s quoted in th i s r e p o r t a r e a v e r a g e s f r o m two or m o r e s i m i l a r 
t e s t s . Solid s a m p l e s f o r s p e c t r o s c o p y w e r e p r e p a r e d f r o m aqueous p h a s e s 
by p rec ip i t a t i on with ammon ia followed by ignit ion to oxides , and f r o m organ ic 
p h a s e s by burn ing off the k e r o s e n e with the aid of a f i l t e r p a p e r wick, then 
igni t ion of the r e s i d u e s to inorgan ic phospha tes . I ron was d e t e r m i n e d 
c h e m i c a l l y by the o r tho -phenan th ro l ine c o l o r i m e t r i c method. Phospha t e 
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d e t e r m i n a t i o n s w e r e made on ignited s a m p l e s by fus ion with sod ium c a r b o n -
ate followed by leaching with w a t e r , then c o l o r i m e t r i c a s s a y of , the f i l t e r e d 
sod ium ca rbona te solut ions fo r phosphate . 

The concen t ra t ion of EHPA in o rgan ic so lu t ions was d e t e r m i n e d 
by p o t e n t i o m e t r i c t i t r a t i o n with a lcohol ic p o t a s s i u m hydroxide . The u s e of 
phenolphthale in ind ica tor was s a t i s f a c t o r y fo r the end point but the 
p o t e n t i o m e t r i c method d is t inguished be tween mono- and d i - e s t e r s if both 
w e r e p r e s e n t . De te rmina t ions of nonanol w e r e m a d e d i r ec t l y in k e r o s e n e 
so lu t ions by gas c h r o m a t o g r a p h y or by a t i t r a t i o n p r o c e d u r e involving 
e s t e r i f i c a t i o n b e f o r e de t e rmina t i on . Nonanol l o s s e s to aqueous p h a s e s 
w e r e d e t e r m i n e d by ex t r ac t i on f r o m l a r g e aqueous vo lumes with ca rbon 
t e t r a c h l o r i d e , then gas c h r o m a t o g r a p h i c d e t e r m i n a t i o n of nonanol in the 
e x t r a c t . 

When rad ioac t ive scand ium (Sc46, h a l f - l i f e 8 5 days) was used f o r 
con t ro l of s m a l l - s c a l e continuous t e s t s , su f f ic ien t ac t iv i ty was added to 
the feed l iquor to enable 1 p e r cent of th i s l eve l to be de tec ted in the 
r a f f i n a t e . Ample ac t iv i ty was then p r e s e n t in the e x t r a c t s f o r con t ro l of 
s t r i p p i n g t e s t s . A s s a y s w e r e m a d e d i r ec t l y on s a m p l e s of aqueous and 
o rgan ic so lu t ions , us ing a g a m m a - s c i n t i l l o m e t e r . 

12. RESULTS 

12.1 P r e - T r e a t m e n t of L iquor 

By contac t ing the l iquor with i r o n na i l s , f e r r i c ions could be 
comple te ly r educed to f e r r o u s , a f t e r which vanadium reduc t ion (V I V ) to 
(V111) c o m m e n c e d . In ba tch t e s t s at 20°C, the concen t r a t ion of f e r r i c ions 
was r educed f r o m 4 g r a m s p e r l i t r e to z e r o at a r a t e equivalent to the 
comple te r educ t ion of 1. 4 l i t r e s (0. 3 gallon) of l iquor p e r hour p e r pound of 
na i l s . A s m a l l r i s e in pH indicated s o m e d i sso lu t ion of i ron with evolut ion 
of hydrogen , but a check of the weight of i ron d i sso lved aga ins t the quant i ty 
of f e r r i c ions r educed indicated that the consumpt ion of acid and the 
c o r r e s p o n d i n g l o s s of i ron w e r e r e l a t i v e l y ins ign i f ican t . 

Comple te r educ t ion of f e r r i c ions n o r m a l l y caused i m m e d i a t e 
h y d r o l y s i s of t i t an ium. Table 12 shows a c o m p a r i s o n of the p r o p o r t i o n s 
of l iquor components p r ec ip i t a t ed in h y d r o l y s a t e s p roduced at v a r i o u s pH 
va lues . Reasonab le concen t ra t ions of s cand ium and t h o r i u m (pp to 8 p e r 
cent of each oxide) w e r e found in the ignited so l ids p r e p a r e d f r o m . 
h y d r o l y s a t e s at pH 2 and pH 3, but when c o n s i d e r e d as p roduc t s , t h e s e did 
not r e p r e s e n t su f f i c ien t ly high r e c o v e r i e s of the d e s i r e d componen ts . 
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TABLE 12: HYDROLYSIS IN REDUCED BARREN LIQUOR 
F e 3 + Nil 

pH P r o p o r t i o n s of Components P r e c i p i t a t e d 

Ti Sc Th 
% % % 

1 . 5 50 30 . 20 
2. 0 80 40 30 
3. 0 80 40 30 
3. 5( a) 100 50 100 

(a) P r e c i p i t a t e at pH 3. 5 f r o m l iquor containing Fe3+ 4 g / l . 

Comple te r educ t ion and hyd ro lys i s thus divided the d e s i r e d c o m -
ponents into two f r a c t i o n s , both of which would r e q u i r e f u r t h e r t r e a t m e n t to 
r e c o v e r va luable components . A t t empt s w e r e t h e r e f o r e made to r educe the 
concen t r a t ion of f e r r i c ions to a s low a l eve l as poss ib le without caus ing 
hyd ro lys i s of t i t an ium. The concen t ra t ion of f e r r i c ions r e q u i r e d to 
s t ab i l i ze the l iquor and p reven t h y d r o l y s i s of t i t an ium was v a r i a b l e . One 
s a m p l e of l iquor was s tab le at 0. 1 g r a m F e 3 + p e r l i t r e , while ano the r 
hydro lysed within 2 h o u r s at 0. 5 g r a m Fe3+ p e r l i t r e . Var ia t ion in the 
concen t ra t ion of t i t an ium a p p e a r e d to be the m a i n f a c t o r cont ro l l ing the 
d i f f e r e n c e in l iquor s tab i l i ty , in a g r e e m e n t with the work of Hayton1 4 . 

12 .2 E x t r a c t i o n with EHPA in K e r o s e n e 

1 2 . 2 . 1 Ef fec t of F e r r i c Ions 

A c o m p a r i s o n of e x t r a c t ana ly se s in Tab le 13 shows the l a r g e 
e f fec t of f e r r i c ion concen t ra t ion on e x t r a c t compos i t ion and on the to ta l load 
in the so lvent . F r o m a l iquor conta ining 5 g r a m Fe 3 + p e r l i t r e a fu l ly 
loaded e x t r a c t was obtained with the i r o n r e p r e s e n t i n g 40 p e r cent of the to ta l 
load. F r o m a l iquor containing 0. 2 g r a m F e 3 + p e r l i t r e , the e x t r a c t was 
a p p r o x i m a t e l y ha l f - loaded , with i r o n r e p r e s e n t i n g only 3 p e r cent of the ac tua l 
load. I n c r e a s e d r e c o v e r y of valuable components was obtained in t h i s ha l f -
loaded solvent . E x t r a c t i o n of i r o n could not be e l imina ted comple te ly , even 
f r o m l i quo r s in which a l l f e r r i c ions had been r educed to f e r r o u s . Th i s 
was cons ide red to be due p a r t l y to s o m e r e - o x i d a t i o n dur ing agi ta t ion of the 
mixed p h a s e s , and p a r t l y to a s m a l l e x t r a c t i o n of f e r r o u s ions . 



o-ar 

TABLE 13: EXTRACT ANALYSES: E F F E C T O F FERRIC IONS 
Condit ions: L iquo r pH: 1 .7 

EHPA: 0. 1M 
Contact t i m e : 1 min . 
P h a s e r a t i o : 5 aqueous : 1 o rgan ic 

r in l iquor - g/1 : 0 . 2 5. 

E x t r a c t A n a l y s i s g / 1 

Fe 0. , 03 0. 7 
Ti o. , 07 0. 3 
Sc 0. , 21 0. 18 
Th 0. . 19 0. 15 
Y : 0. , 6 0. .5 
Yb 0. 4 0. 3 
V' 0. 01 0. 004 
A1 0. 02 0. 03 

Tota l load in e x t r a c t (as m i l l i - . 
e q u i v a l e n t s / l i t r e ) : 54 104 

1 2 . 2 . 2 Ef fec t of T i m e 

Table 14 shows a s u m m a r y of the d i s t r ibu t ions obtained f o r s e v e r a l 
components f r o m c o m p a r a b l e ex t r ac t i on t e s t s , m a d e with contact t i m e s 
r ang ing f r o m . 15 seconds to 10 minu t e s . Scandium, y t t r i u m , and y t t e r b i u m 
( r e p r e s e n t i n g the heavy lan thanides) r e a c h e d equ i l i b r ium v e r y r ap id ly in 
30 seconds or less , , w h e r e a s f e r r i c ions w e r e s t i l l be ing e x t r a c t e d a f t e r 10 
m i n u t e s . Other t e s t s indica ted that m o r e than 30 minu t e s contact was 
r e q u i r e d to r e a c h equ i l ib r ium f o r f e r r i c ions . 

The r e c o r d e d fal l in d i s t r ibu t ion coe f f i c i en t s f o r y t t r i u m , y t t e r b i u m , 
and vanadium a f t e r 1 minu te was due to i n c r e a s e d loading of f e r r i c ions , 
thus d e c r e a s i n g the f r e e EHPA concen t ra t ion on which the d i s t r ibu t ions 
depend (Section 9). 

R e s u l t s showed that a v e r y sho r t contact t i m e of 15 seconds o r 
l e s s could be employed to l imi t the e x t r a c t i o n of f e r r i c ions without a f f e c t -
ing r e c o v e r i e s of scand ium, y t t r i u m , and heavy l an than ides . 
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TABLE 14: EXTRACTION DISTRIBUTION COEFFICIENTS 
Ef fec t of T i m e 
Condit ions: L iquo r pH: 1 .7 

EHPA: 0. 1M 
P h a s e r a t i o : 1:1 

Contact d E N 
T i m e Sc Y Yb V F e 3 + 

15 seconds 3 0 m ( b ) 15 40 0. 6 1. 8 
30 M 3 0 m 30 50 0. 8 2. 4 

1 minu te 3 0 m 20 50 0. 8 3 
2 it 3 0 m 10 40 0. 7 4 

10 ii 3 0 m 5 40 0. 5 5 

(a) Dg - concen t ra t ion in o rgan ic phase 
concen t ra t ion in aqueous phase , 

(b) m - Min imum f igu re . 

1 2 . 2 . 3 Ef fec t of EHPA Concen t ra t ion 

In F i g u r e 5, ex t r ac t i on d i s t r ibu t ion coe f f i c i en t s f o r s e v e r a l 
components a r e plot ted aga ins t the concen t ra t ion of f r e e EHPA in the equ i l i -
b r i u m organ ic phase . The ex t r ac t i on d i s t r ibu t ion coef f ic ien t ( D E ) i s 
def ined as the r a t i o of the concen t r a t ions of any component in the equ i l i b ra t ed 
p h a s e s ( Aqueous )• F o r th i s s e r i e s of t e s t s , e x t r a c t i o n s w e r e m a d e f r o m 
p a r t l y r educed b a r r e n l iquor at pH 1. 9, with 1 minu te contact t i m e . 

F r o m the t h e o r y e x p r e s s e d by equat ion (4) in Sect ion 9, the s lope 
of the l ine f o r each component on a l o g / l o g plot should equal n, the va l ence , 
f o r that component . In m o s t of the t e s t s f r o m which F i g u r e 5 was drawn, 
the e x t r a c t was loaded to at l e a s t 50 p e r cent of t h e o r e t i c a l capac i ty , and 
the f r e e EHPA r e m a i n i n g was d e t e r m i n e d as a d i f f e r e n c e be tween to t a l 
EHPA and that equivalent to the to t a l ca t ionic load of the e x t r a c t , d e t e r m i n e d 
a s individual components . This in t roduced s o m e u n c e r t a i n t y into the r e s u l t s . 
However , it was c l e a r that the l an than ides approached t h e o r e t i c a l behav iou r , 
while i ron and t i t an ium did not. Dis t r ibu t ion coe f f i c i en t s f o r s cand ium w e r e 
too high to be shown on the graph (F igu re 5). 

The e f fec t of EHPA concen t ra t ion on ex t r ac t compos i t ion can be 
judged by c o m p a r i n g F i g u r e s 6 and 7. F i g u r e 6 shows the r e s u l t s of a 
s e r i e s of t e s t s at d i f fe ren t phase r a t i o s us ing 0. 1MEHPA, and F i g u r e 7 a 
s i m i l a r se t of r e s u l t s with 0. 0 1 M E H P A . P a r t l y r educed b a r r e n l iquor , 
with F e 3 + at 0. 5 g r a m p e r l i t r e and pH 1. 9, was used f o r th i s s e r i e s of t e s t s . 
Contact t i m e was 1 minu te . The f i g u r e s a r e d rawn to equivalent s c a l e s 
and so p laced that a v e r t i c a l l ine th rough both f i g u r e s r e p r e s e n t s on each 
plot the s a m e quant i ty of e x t r a c t i n g EHPA reagen t p e r unit volume of l iquor . 
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1 2 . 2 . 4 Var ia t ion of P h a s e Volume Ra t io 

The va r i a t i on of ex t r ac t compos i t ion obtained.with i n c r e a s i n g 
aqueous to o rgan ic phase volume r a t i o s is a l s o shown, in F i g u r e s 6 and. 7. 
Scandium is e x t r a c t e d so s t rong ly by EHPA that , in the p r e s e n c e of e x c e s s 
aqueous l iquor , it will d i sp lace o ther components f r o m the o rgan ic phase . 
A high deg ree of se l ec t iv i ty f o r s cand ium can t h e r e f o r e be achieved , t o -
g e t h e r with a good concen t ra t ion in the o rgan ic phase , by ex t r ac t i ng at high 
aqueous to o rgan ic volume r a t i o s . 

Tab le 15 shows e x t r a c t i o n coe f f i c i en t s d e t e r m i n e d f r o m the above 
s e r i e s of t e s t s . 

1 2 . 2 . 5 Ef fec t of pH of Aqueous P h a s e 

Tab le 16 shows ex t r ac t i on d i s t r ibu t ion coe f f i c i en t s obtained f r o m 
reduced b a r r e n l iquor at d i f f e ren t pH l e v e l s . The t endency fo r s o m e 
components to hydro lyse at h ighe r pH va lues a f f ec t ed the r e s u l t s , p a r t i c u l a r l y 
r e g a r d i n g t i t an ium, while the e m u l s i o n s f o r m e d at pH 3. 0 and 3. 5 m a d e 
phase s e p a r a t i o n v e r y d i f f icul t . It was apparen t that a continuous p r o c e s s 
would be diff icul t to ope ra t e with feed l iquor at a pH h ighe r than 2. 5. 
D i s t r ibu t ion coe f f i c i en t s w e r e f avourab le for . good r e c o v e r i e s of s cand ium, 
y t t r i u m , and heavy lan than ides at pH 1 .5 , but f o r app rec i ab l e r e c o v e r y of 
vanadium, a h ighe r pH was indica ted . 
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T A B L E 16: EXTRACTION DISTRIBUTION C O E F F I C I E N T S 
Ef f ec t of pH 
Condi t ions : Reduced l i quo r , F e 3 + : n i l 

P h a s e vo lume r a t i o : 1:1 
E H P A 0. 1M 
Contac t t i m e : 1 m i n u t e 

p n 

Sc T i Y Yb E r V A1 

1 .•5 3 0 m ( a ) 11 10 30 8 0 . 7 0. 002 
1 . 7 3 0 m . 3 20 50 10 0 • 8 . 0. 003 
2 . 0 3 0 m 1 30 100 20 2 . 0 0. 004 
3 . o D ( b ) 3 0 m 

. - 50 . 100 25 2 . 1 0. 02 
3 , 5 d * 3 0 m 0. 2 70 60 40 2 . 8 0. 03 

(a) m - M i n i m u m f i g u r e . 
(b) D - Dif f icu l t phase s e p a r a t i o n . d u e to e m u l s i o n . 

1 2 . 2 . 6 Inso lub le EHPA Compounds 

Compounds of EHPA with s cand ium, , y t t r i u m , and l an than ides 
w e r e shown to be inso lub le in k e r o s e n e except in t h e p r e s e n c e of e x c e s s 
f r e e E H P A . In e x t r a c t s which w e r e loaded to m o r e t han a p p r o x i m a t e l y 
50 p e r cent of t h e o r e t i c a l , ge la t inous p r e c i p i t a t e s of t h e s e - c o m p o u n d s t ended 
to s e p a r a t e in the o r g a n i c p h a s e . The gel r e m a i n e d in the o r g a n i c p h a s e 
and did not s e t t l e v e r y r ap id ly , hence it was c o n s i d e r e d p o s s i b l e t o o p e r a t e 
a m i x e r - s e t t l e r unit cont inuous ly u n d e r condi t ions which would p r o d u c e such 
gel p r e c i p i t a t e s . The outf lowing loaded e x t r a c t would c a r r y the gel 
p r e c i p i t a t e out of t he unit a s a u n i f o r m s u s p e n s i o n . 

Igni t ion of t h e s e gel p r e c i p i t a t e s , a f t e r f i l t r a t i o n and wash ing with 
k e r o s e n e , r e s u l t e d in i no rgan ic p h o s p h a t e s conta in ing 60 t o 70 p e r cent 
P2O5 . 

A n a l y s e s w e r e m a d e s p e c t r o s c o p i c a l l y f o r m e t a l l i c c o m p o n e n t s , 
and c h e m i c a l l y f o r phospha te . In s e v e r a l c a r e f u l l y c o n t r o l l e d t e s t s , , the 
quant i ty of p h o s p h o r u s in the p r e c i p i t a t e was shown to c o r r e s p o n d t o the l o s s 
of EHPA f r o m the k e r o s e n e so lu t ion , d e t e r m i n e d by t i t r a t i o n . A l s o the 
t o t a l g r a m - e q u i v a l e n t s of ca t ions in the p r e c i p i t a t e a p p r o x i m a t e l y equa l led 
the g r a m - m o l e s of p h o s p h o r u s involved, a s i s t he c a s e f o r compounds of 
E H P A . 

' Two a n a l y s e s of igni ted phospha t e s , obta ined f r o m gel p r e c i p i t a t e s 
a r e shown in Tab le .17. 
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TABLE 17: • ANALYSIS O F EHPA GEL P R E C I P I T A T E S 
E x t r a c t s m a d e f r o m reduced b a r r e n l iquor 
at pH 1. 7, F e 3 + ni l , with 0. 1M EHPA 

E x t r a c t A E x t r a c t B 

P h a s e r a t i o aqueous 5 20 
organ ic 

D e g r e e of loading of ex t r ac t % of t h e o r e t i c a l 60 100 

Weight of igni ted gel p r e c i - g / l of ex t r ac t 1. 2 11. 6 
pi ta te 

Ana lys i s of ignited gel p r e c i - % Sc 2 0 3 1. 5 9 
pi ta te , ThOz 1 3 

Y 2 O 3 17 14 
E r 2 0 3 4 2. 5 
Yb 2 0 3 10 9 
AI 2 O 3 0. 2 0. 2 

o the r L n 2 0 3 6 2 
p 2 O 5 60 60 

Fe , Ti , Ca, Mg, V n e g N neg 

(a) neg - Negl igible . 

The solubi l i ty of EHPA gel compounds in so lven t s o the r than 
k e r o s e n e was inves t iga ted . An a p p a r e n t l y c l e a r solut ion could be obtained 
in xylene but the solid could be r e c o v e r e d on a f i l t e r p a p e r showing tha t t h i s 
was a d i s p e r s i o n r a t h e r than a. t r u e solut ion. A t r u e solut ion could be 
obtained by pro longed agi ta t ion in k e r o s e n e containing a l a r g e e x c e s s of f r e e 
EHPA. 

The e f fec t of va r ious aqueous s t r i pp ing solut ions on a k e r o s e n e 
s u s p e n s i o n of gel was d e t e r m i n e d . P r e l i m i n a r y t e s t s showed no a t t ack by 
2N H2S04 and only p a r t i a l a t t ack by 2N NaOH, but s t r o n g e r ac ids , such a s 
9N H2S04 , a p p e a r e d to a t t ack the gel, s t r i pp ing the ca t ionic components into 
the aqueous phase , and r e - c o n s t i t u t i n g a c l e a r k e r o s e n e solut ion of f r e e 
EHPA. 

Table 18 s e t s out the r e s u l t s of t e s t s with aqueous s t r i p so lu t ions 
us ing a 0. 1M EHPA e x t r a c t in which a c o n s i d e r a b l e p r o p o r t i o n of the 
ca t ionic load was p r e s e n t a s suspended gel p r e c i p i t a t e . 
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T A B L E 18: ATTACK OF EHPA GEL P R E C I P I T A T E S 

Aqueous 
S t r i p Solut ion 

m 
3N 

H2SO4 
H2SO4 

1 ON H 2 S0 4 

3N HC1 

1 ON HC1 

IN H F 

3N H F 
ION H F 

Visua l E s t i m a t e of Ra te 
of At tack of Gel 

no a t t a ck 
no a t t ack 
c o m p l e t e l y a t t acked a f t e r 
5 m i n u t e s contac t 

p a r t l y a t t acked a f t e r 
30 m i n u t e s contac t 
comple t e wi thin 1 minu te 

a t t acked s lowly, but 
c o m p l e t e a f t e r 30 m i n u t e s 
comple t e wi thin 10 m i n u t e s 
c o m p l e t e wi thin 1 minu te 

D e g r e e of A t t a c k ( a ) 
a f t e r 30 m i n Contac t 

T i m e 

2N NaOH p a r t l y a t t a cked 

no a t t a c k 
no a t t a ck 
c o m p l e t e 

45 p e r cent 

comple t e 

comple t e 

c o m p l e t e 
c o m p l e t e 

not d e t e r m i n e d 

(a) Ca lcu l a t ed f r o m igni ted weigh ts of r e c o v e r e d gel . 

L a t e r work showed tha t the s t r e n g t h of aqueous ac id r e q u i r e d to 
a t t ack the gel depended on the c o m p o s i t i o n of the gel . W h e r e a high 
p ropo r t i on .o f s c a n d i u m was p r e s e n t , up to 18N H 2 S0 4 was n e c e s s a r y f o r 
c o m p l e t e a t t ack . A l s o the addi t ion of 1 to 2 p e r cent NaCl t o the s u l p h u r i c 
ac id so lu t ion a c c e l e r a t e d the a t t a ck . ~ 

The gel p r e c i p i t a t e f o r m e d in 0. 01M EHPA e x t r a c t was found to 
have s i m i l a r p r o p e r t i e s t o tha t f r o m 0. 1M e x t r a c t . F o r both t ypes of 
p r e c i p i t a t e , t r e a t m e n t with 9N_ t o 18N s u l p h u r i c ac id was r e q u i r e d t o 
p r o d u c e c l e a r so lu t ions in both p h a s e s ; i. e . , t he p r o p e r t i e s of the gel 
p r e c i p i t a t e , once f o r m e d , w e r e independent of the c o n c e n t r a t i o n of E H P A 
in the e x t r a c t . 

12. 2. 7 E x t r a c t i o n with Sod ium- F o r m : EHPA 

A c o m p a r i s o n of e x t r a c t s p roduced f r o m a c i d - f o r m and s o d i u m -
f o r m EHPA so lu t ions r e s p e c t i v e l y , u n d e r o t h e r w i s e s i m i l a r condi t ions , 
showed no s ign i f i can t d i f f e r e n c e s . No a l t e r a t i o n of pH of the aqueous p h a s e 
o c c u r r e d . d u r i n g e x t r a c t i o n with s o d i u m - f o r m so lven t , but a s l i gh t ly l o w e r 
pH r e s u l t e d f r o m e x t r a c t i o n with a c i d - f o r m so lven t . Th i s was not d e t e c t a b l e 
w h e r e l a r g e aqueous to o r g a n i c vo lume r a t i o s w e r e employed . 
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S o d i u m - f o r m solvent , as obtained f r o m caus t i c soda s t r i pp ing 
of a scand ium e x t r a c t , could t h e r e f o r e be r e c y c l e d d i r ec t l y to e x t r a c t i o n of 
l i quo r . However , l a t e r cont inuous work showed the d e s i r a b i l i t y of 
conver t ing the s t r i pped solvent to the acid f o r m p r i o r to e x t r a c t i o n f r o m 
l i quo r in o r d e r to avoid a t endency to f o r m emuls ion . 

1 2 . 2 . 8 E x t r a c t i o n Dis t r ibu t ion C u r v e s 

F i g u r e s 8 to 17 inc lus ive show d i s t r ibu t ion c u r v e s f o r v a r i o u s 
components d rawn f r o m the r e s u l t s of s e v e r a l s e r i e s of e x t r a c t i o n t e s t s . 
C u r v e s a r e shown f o r t h r e e d i f f e ren t EHPA concen t r a t i ons , 0. 01M 
(scand ium only), 0. 1M and 0. 2M. B a r r e n l iquor u s e d f o r t h e s e t e s t s , 
conta ining 0. 03 g r a m s p e r l i t r e Sc 2 0 3 (equivalent to 0. 02 g / l Sc), was at 
the n o r m a l pH of 1 .7 to 1 .9 . Except w h e r e otherwise, indica ted , f e r r i c 
ions w e r e p a r t l y r educed p r i o r to ex t r ac t ion t e s t s . T h e s e d i s t r i bu t ion 
c u r v e s a r e not t r u e equ i l ib r ium c u r v e s b e c a u s e a l l e x t r a c t i o n t e s t s w e r e 
m a d e with sho r t contact t i m e s of 15 to 30 seconds typ ica l of p r o c e s s 
condi t ions . The a b n o r m a l shapes of the c u r v e s f o r t i t an ium and f e r r i c ions 
a r e be l ieved to be due to the l a r g e t i m e dependence of the e x t r a c t i o n of t h e s e 
ions , and a l s o to the suscep t ib i l i ty of t i t an ium to h y d r o l y s i s . 

By m e a n s of the M c C a b e - T h i e l e cons t ruc t ion , as shown in s o m e 
of the above d i a g r a m s , the r e c o v e r y of each component was e s t i m a t e d f o r 
a given aqueous to o rgan ic flow r a t i o and a given n u m b e r of c o u n t e r - c u r r e n t 
s t a g e s in a continuous s y s t e m . In fo rma t ion so obtained was u s e d in the 
des ign of pilot plant flow s h e e t s . T a b l e s 19 and 20 s u m m a r i s e the i n f o r m a -
t ion obtained f r o m d i s t r ibu t ion c u r v e s by th i s m e a n s . 

TABLE 19: EXTRACTION WITH 0. 1M EHPA 
R e c o v e r y of Components in 3 c o u n t e r - c u r r e n t 
s t a g e s 
Data de r ived f r o m d i s t r ibu t ion c u r v e s , 
F i g u r e s 8 to 17 

Component Aqueous: Organ ic Flow Ra t io 

30 si 10 :1 2:1 
R e c o v e r y R e c o v e r y R e c o v e r y 

% % %. 

Sc 98 100 100 
Th 40 98 100 
Yb 25 70 99 
E r 10 35 98 
Ho 5 15 75 
Y 10 30 97 
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TABLE 20: EXTRACTION WITH 0. 1M EHPA 
Max imum Aqueous to Organ ic Flow Ra t io which Allows 
95% R e c o v e r y in 3 C o u n t e r - C u r r e n t Stages 
Data de r ived f r o m d i s t r ibu t ion c u r v e s , F ig . 8 to 17 

Component Max imum Aqueous: Organ ic Flow Rat io 

Sc 
Th 
Yb 
E r 
Ho 
Y 

30: 1 
10: 1 

5. 1 
2: 1 
1: 1 
2: 1 

12 .3 Ex t r ac t i on with EHPA in Othe r Di luents 

Diluents o ther than k e r o s e n e w e r e examined in an a t t empt to 
o v e r c o m e the p r o b l e m of gel f o r m a t i o n caused by EHPA compounds precipi - . 
t a t ing f r o m k e r o s e n e solut ion. Solutions of 0. 1M EHPA in the di luents 
l i s t ed in Tab le 21 w e r e t e s t e d as e x t r a c t a n t s unde r condit ions which caused 
heavy gel f o r m a t i o n in a k e r o s e n e solut ion of 0. 1MEHPA. R e s u l t s a r e 
s u m m a r i s e d in Table 21. 

TABLE 21: EHPA EXTRACTS IN DILUENTS OTHER THAN 
KEROSENE 

Diluent E x t r a c t i o n of Components Gel F o r m a t i o n 

Benzene 
Toluene 
Xylene 

Carbon t e t r a c h l o r i d e 
Nonanol 

L e s s than in k e r o s e n e 
L e s s than in k e r o s e n e 
C o m p a r a b l e with k e r o s e n e 

C o m p a r a b l e with k e r o s e n e 
C o m p a r a b l e with k e r o s e n e 

Smal l 
Smal l 
Gel s e p a r a t e d 

s lowly 
Negl igible 
G r e a t e r than in 

k e r o s e n e 

The. mos t p r o m i s i n g di luents w e r e xylene and ca rbon t e t r a c h l o r i d e . 
The l a t t e r , be ing h e a v i e r than aqueous so lu t ions , would r e q u i r e an e n t i r e l y 
•different a r r a n g e m e n t of equipment f o r m u l t i - s t a g e continuous opera t ion , in 
o r d e r to avoid a i r - l i f t pumping of the solvent phase . F o r th i s r e a s o n , and 
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b e c a u s e of t h e i r h ighe r cos t , t h e s e di luents w e r e not s e r i o u s l y c o n s i d e r e d 
f o r l a r g e - s c a l e ope ra t ions . However , l a b o r a t o r y s t r i pp ing t e s t s w e r e m a d e 
on e x t r a c t s p r e p a r e d in xylene and ca rbon t e t r a c h l o r i d e (Section 12. 6). 

12 .4 E x t r a c t i o n with Othe r Solvent Reagen t s 

Other ava i lab le r e a g e n t s s i m i l a r to EHPA w e r e t e s t e d as ex t r ac t -
an ts unde r c o m p a r a b l e condi t ions . Mono-dod.ecyl -phosphor ic ac id and 
m o n o - h e p t a d e c y l - p h o s p h o r i c acid gave ex t r ac t i on r e s u l t s s i m i l a r to EHPA, 
but t h e s e r e a g e n t s p o s s e s s e d the d isab i l i ty that a lka l ine s t r i pp ing could not 
be appl ied, t h e i r sodium s a l t s be ing soluble in aqueous a lka l ine so lu t ions . 
Mono-oc ty l -phospho r i c acid and d i - n - b u t y l - p h o s p h o r i c ac id w e r e found to 
f o r m gel p r e c i p i t a t e s in e x c e s s of that p roduced by EHPA so lu t ions . 

12 .5 St r ipping of EHPA E x t r a c t s -in K e r o s e n e 

1 2 . 5 . 1 Acid Str ipping 

R e s u l t s of s t r ipp ing t e s t s with a v a r i e t y of acid r e a g e n t s a r e 
s u m m a r i s e d in Table 22 in which equ i l i b r ium d i s t r ibu t ion coe f f i c i en t s a r e 
shown f o r the m a i n components of i n t e r e s t . The m a j o r i t y of s t r i pp ing t e s t s 
w e r e m a d e with 0. 1M EHPA e x t r a c t s in k e r o s e n e , as th i s s t r e n g t h r eagen t 
a p p e a r e d m o s t su i tab le f o r e x t r a c t i o n f r o m b a r r e n l iquor . S e v e r a l s e r i e s 
of t e s t s w e r e m a d e with e x t r a c t s obtained with 0. 01M, and 0. 2M EHPA 
so lu t ions , but de ta i led r e s u l t s of t h e s e a r e not p r e s e n t e d . D i f f e r e n c e s , 
be tween s t r i pp ing behav iour of t h e s e e x t r a c t s and 0. 1M ex t r ac t w e r e r e a s o n -
ably in a c c o r d a n c e with t h e o r e t i c a l expec ta t ions . T r e a t m e n t of fu l ly 
loaded 0. 01MEHPA ex t r ac t (containing gel) with 9N H 2SQ, not only r e c o n -
s t i tu ted a c l e a r solvent phase , but a l s o s t r i pped a l a r g e p r o p o r t i o n of the 
s cand ium in addi t ion to a l l o ther components . With e x t r a c t s of 0. 0 5 M E H P A 
and s t r o n g e r , 9N H2S04 did not s t r i p s igni f icant p ropo r t i ons of the s cand ium. 

d i s t r i b u t i o n c u r v e s obtained f r o m s t r ipp ing t e s t s with 9N H 2S0 4 
and 0. 1M EHPA e x t r a c t s a r e shown in F i g u r e s 18 and 19. As s cand ium was 
the mos t s t rong ly held component in the e x t r a c t , and t i t an ium next , acid 
s t r i p p i n g could be used a s a pu r i f i ca t i on s tep , s t r i pp ing e s s e n t i a l l y a l l 
componen t s except scand ium and pa r t of the t i t an ium. The use of 9N H 2S0 4 
or s t r o n g e r was r e q u i r e d to e n s u r e a t tack of EHPA gel. Such a p u r i f i c a t i o n 
s t ep would prov ide a m e a n s of obtaining scand ium f r e e f r o m y t t r i u m and 
heavy l an than ides , and, v ice v e r s a , the y t t r i u m group of components could 
be r e c o v e r e d f r e e f r o m scand ium. Th i s would not be poss ib l e with 0. 01M 
EHPA ex t r ac t whe re scand ium was a l s o s t r i pped with 9N H 2S0 4 . 

The c u r v e s shown in F i g u r e s 18 and 19, and s i m i l a r c u r v e s (not 
r epo r t ed ) r e s u l t i n g f r o m t e s t s with acid r e a g e n t s of v a r i o u s concen t r a t i ons , 
w e r e used to d e t e r m i n e ope ra t ing condi t ions f o r cont inuous p i l o t - s c a l e t e s t s . 
Alumin ium, al though e x t r a c t e d only s l ight ly f r o m b a r r e n l iquor , was s t i l l 
p r e s e n t in e x t r a c t s in suf f ic ien t concen t ra t ion to r e q u i r e c o n s i d e r a t i o n in 
s t r ipp ing . The s t r ipp ing behav iour of i ron , t i t an ium, and a lumin ium was 
t h e r e f o r e examined t oge the r with that of the m o r e va luable componen ts . 
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Dur ing inves t iga t ions of the behav iour of EHPA gel p r e c i p i t a t e s 
(Section 12. 2. 6) the addi t ion of sod ium ch lo r ide to a su lphur i c ac id s t r i p 
solut ion was obse rved to a c c e l e r a t e the a t tack on the gel. Fol lowing th i s 
lead , a de ta i led s tudy was made of d i s t r ibu t ions f r o m 0. 1M EHPA e x t r a c t s 
into a r a n g e of su lphur i c acid solut ions conta ining ch lo r ide . 

In su lphur i c acid solut ions up to 3N, the addi t ion of s m a l l quant i -
t i e s of NaCl (1 to 5 p e r cent weight p e r volume) i n c r e a s e d the s t r i pp ing 
coe f f i c i en t s f o r i r o n a p p r e c i a b l y without a f fec t ing the behav iour of o the r 
componen ts . With ac id concen t ra t ions in the r eg ion 9N to 12N, g r e a t l y 
i n c r e a s e d s t r i pp ing of y t t r i u m , a lumin ium, and heavy lan than ides , a s wel l -
a s i ron , r e s u l t e d f r o m ch lo r ide addi t ions . The d i s t r ibu t ion of s cand ium 
was not a l t e r e d . 

TABLE 22: ACID STRIPPING OF 0. 1M EHPA EXTRACT 
E x t r a c t in i t ia l ly loaded to 50% of t h e o r e t i c a l 

, capac i ty . 
Contact t i m e : 15 minu te s 

r> ( a ) 
S t r ipping Dis t r ibu t ion Coeff ic ient - S 
Reagent ~Sc ~ Th ~ Ti~ Y Yb Fe3_r Al 

IN H2S04 0. 005 3 0. 02 2 1 0. 3 2 
3N H2S04 0. 01 10 0. 5 8 4 1. 5 8 
9N H2S04 
IN H F 

0. 
2. 

05 
0 

40 , M 
100 

1. 
25. 

5 
0 

40 
100 

20 
20 

5. 
1. 

0 
0 

12 
20 

3N HF 30. 0 100m 100^ 0 500 200 7. 0 100 
3N HC1 0. 005 3 0. 3 6 5 15 

ION HC1 0. 002 1 0. 2 100 50 2 
2M oxal ic ac id 0. 03 1 0 0 m 100 10 150 

(a) Ds - Concen t r a t ion in aqueous 
concen t ra t ion in o rgan ic . 

(b) m - Min imum F i g u r e s . 

1 2 . 5 . 2 Alkal ine Str ipping 

Dur ing e a r l y e x p e r i m e n t a l work s t r i pp ing with dilute (0. 2N) NaOH 
o r Na 2 C0 3 so lu t ions was shown to r e s u l t in e m u l s i o n f o r m a t i o n . However , 
m o r e concen t r a t ed NaOH solu t ions could be used , p rov ided the solvent 
solution, contained at l e a s t 2 p e r cent by volume of nonanol to p reven t t h i r d 
phase f o r m a t i o n . Some d i f f icu l ty was expe r i enced in obtaining a c l e a r 
s t r i p p e d solvent phase , with the hydroxide p r e c i p i t a t e comple te ly se t t l ed 
into the aqueous phase . At a: l a t e r s t age in the inves t iga t ions , con t ro l l ed 
s tud ies of the e f fec t of t i m e of contac t , and of a lka l i concen t ra t ion , showed 
that s a t i s f a c t o r y s t r i pp ing of s cand ium f r o m a pu r i f i ed ex t r ac t could be 
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ach ieved . The r e q u i r e d concen t r a t ion of NaOH was 2N to 3N and contact 
t i m e s of 30 minu t e s or l onge r w e r e n e c e s s a r y . With s h o r t e r contact t i m e s , 
a t endency f o r EHPA gel p r e c i p i t a t e s to f o r m in the solvent phase i n t e r f e r e d 
with s t r ipp ing . Under t h e s e condi t ions , phosphate con tamina t ion of the 
aqueous hydroxide p r e c i p i t a t e was noted. However , p rov ided c o r r e c t 
condi t ions w e r e used , a c l e a r s t r i pped solvent phase could be obtained, and 
the hydroxide p r e c i p i t a t e se t t l ed comple te ly in the aqueous phase . 

A t t empt s to s t r i p scand ium with a m m o n i a w e r e u n s u c c e s s f u l , and 
with ca rbona t e solu t ions only p a r t l y s u c c e s s f u l . P o t a s s i u m hydroxide was 
m o r e e f f ic ien t than sod ium hydroxide unde r c o m p a r a b l e condi t ions , but was 
not c o n s i d e r e d f o r u s e in continuous p i l o t - s c a l e ope ra t ions due to i ts h ighe r 
cos t . 

1 2 . 5 . 3 St r ipping with Other Reagen t s 

In addi t ion to the ac ids l i s t ed in Table 22 and the a lkal ine r e a g e n t s 
r e f e r r e d to above, va r ious o ther poss ib le s t r i pp ing r e a g e n t s w e r e examined . 
R e s u l t s of t h e s e t e s t s a r e shown in Tab le 23. 

TABLE 23: STRIPPING OF 0. 1M EHPA EXTRACT WITH 
VARIOUS REAGENTS 
E x t r a c t in i t ia l ly loaded to 50% of t h e o r e t i c a l 
capac i ty . 
Contact t i m e : 15 minu te s 

Reagent 
S t r ipping Dis t r ibu t ion Coeff ic ien t - D S ^ 

Sc Th Y Yb 

IN N a F 
5N NH4F 

Sodium oxala te ( sa tu ra ted) 
2M Sodium c i t r a t e 
2M C i t r i c ac id 
2M T a r t a r i c ac id 

5% EDTA(C) at pH 8 

0. 2 0. 3 0. 04 0. 04 
2. 0 2. 0 2. 0 1. 0 
0. 03 0. 5 m ( b ) 0. 05 0. 05 
0. 0 1 m 0. 5 m 0. 03 0. 03 
0. 0 1 m 0. 1 0. 2 0. 1 
0. o i m 1. 0 2. 0 1. .0 
1. 0 30. 0 2. 0 

(a) Ds Concen t ra t ion in aqueous 
concen t ra t ion in o rgan ic 

(b) m Max imum f igu re . 
(c) e t h y l e n e - d i a m i n e - t e t r a - a c e t i c ac id . 
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1 2 . 5 . 4 F r a c t i o n a l S t r ipping T e s t s 

S e v e r a l s e r i e s of ba tch t e s t s showed that f r a c t i o n a l s t r i p p i n g in 
s t ep s of i n c r e a s i n g acid s t r eng th could be used to p roduce a s e r i e s of 
p roduc t s r i c h in d i f f e ren t components . Typ ica l r e s u l t s a r e those obtained 
f r o m a s m a l l - s c a l e continuous e x p e r i m e n t , u s ing 2 c o u n t e r - c u r r e n t 
s t r i pp ing s t a g e s f o r each of 3 su lphu r i c acid solut ions in t u r n . Tab le 24 
shows the d i s t r ibu t ion of components be tween the 3 s t r i p solu t ions and the 
f ina l -o rgan ic phase . The f i r s t s t r i p solut ion was r i c h in vanadium, y t t r i u m , 
and the l an than ides , e r b i u m and d y s p r o s i u m (a l so ho lmium, not shown). 
The second solu t ion contained m o s t of the t h o r i u m and much of the. heav ie s t 
l an than ides (y t t e rb ium group), while the t h i r d acid s t r ip• r e m o v e d the bulk 
of the r e m a i n i n g heavy l an than ides , l eav ing a f ina l o rgan ic solution, conta in-
ing a l m o s t p u r e scand ium, r e c o v e r a b l e by a lkal ine s t r ipp ing . 

TABLE 24: FRACTIONAL STRIPPING TEST 
Dis t r ibu t ion of components be tween s u c c e s s i v e 
s t r i p so lu t ions and 0. 1M EHPA ex t r ac t 

D i s t r i b u t i o n P e r c e n t of F e e d 

Sc Th Y Yb E r Dy Ti V A1 

1st S t r ip 
0. 5N H2S04 

0. l m ( a ) 8 66. 0 5 56 83. 0 0. l m 97. 0 31 

2nd S t r ip 
2N H2S04 

0. l m 84 29. 0 50 37 15. 0 2. 0 2 .0 41 

3rd S t r ip 
9N H2S04 

0. 5 6 5. 0 39 6 2. 0 12. 0 1 .0 25 

F ina l 
O r g a n i c 
Solution 

99. 3 3 m 0. 1 6 1 0. 1 86 .0 0 . 0 1 m 3 

(a) m - Max imum f igu re . 

O the r f r a c t i o n a l s t r i pp ing s y s t e m s involving h y d r o f l u r o i c ac id 
s t r i p solu t ions w e r e a l so inves t iga ted but a r e not r e p o r t e d h e r e . The use 
of a s ingle su lphu r i c acid s t r i p as a pu r i f i ca t i on s tep , fol lowed by a lka l ine 
s t r i pp ing to r e c o v e r a h i g h - g r a d e scand ium hydroxide p roduc t , was cons id -
e r e d the mos t u s e f u l s y s t e m , and was s tudied in s e v e r a l s e r i e s of ba tch 
e x p e r i m e n t s b e f o r e appl ica t ion to continuous ope ra t ions . 
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12 .6 St r ipping of EHPA E x t r a c t s in Other Di luents 

E x t r a c t s p roduced with 0. 1M solut ions in xylene and c a r b o n t e t r a -
ch lo r ide did not f o r m gel p r e c i p i t a t e s as r e a d i l y as k e r o s e n e e x t r a c t s 
(Table 21). T h e s e e x t r a c t s w e r e inves t iga ted fo r s t r i pp ing behav iour with 
9N H2S04 and 2. 5N NaOH. In the xylene e x t r a c t , a l l components w e r e 
s t r i pped with su lphu r i c ac id m o r e r e a d i l y than f r o m i t s k e r o s e n e c o u n t e r p a r t , 
but NaOH s t r ipp ing , was u n s u c c e s s f u l , . resu l t ing in the f o r m a t i o n of EHPA gel 
p r e c i p i t a t e in the solvent phase . The c a r b o n - t e t r a c h l o r i d e e x t r a c t behaved 
s i m i l a r l y to k e r o s e n e solut ions without f o r m a t i o n of gel p r e c i p i t a t e . 

13. SMALL-SCALE CONTINUOUS TESTS 

13 .1 G e n e r a l 

E a r l y in t h e s e inves t iga t ions s e v e r a l l i t r e s of EHPA e x t r a c t w e r e 
r e q u i r e d fo r s y s t e m a t i c ba tch s t r i pp ing t e s t s . -Al though l i t t l e Was known at 
that t i m e r e g a r d i n g the bes t ope ra t ing condit ions f o r continuous e x t r a c t i o n 
f r o m b a r r e n l iquor , th i s quanti ty of e x t r a c t could be p roduced m o s t conven- ' 
i en t ly by continuous opera t ion . Accord ingly , the f i r s t continuous e x p e r i m e n t 
in t h e s e inves t iga t ions was set up as a 2 - s t a g e c o u n t e r - c u r r e n t ex t r ac t i on 
s y s t e m (F igu re 20) p roduc ing 6 l i t r e s of bulk e x t r a c t f r o m a p p r o x i m a t e l y 
40 l i t r e s of b a r r e n l iquor . 

L a t e r , the r e s u l t s of ba tch e x p e r i m e n t s w e r e c o n f i r m e d by a s e r i e s 
of continuous e x t r a c t i o n and s t r i pp ing t e s t s , p rovid ing des ign i n f o r m a t i o n f o r 
p i l o t - s c a l e t e s t s . 

13 .2 Equipment and P r o c e d u r e s 

Box type m i x e r - s e t t l e r un i t s with m i x e r capac i ty 300 m l and s e t t l e r 
capac i ty 1, 000 m l and cons t ruc t ed e n t i r e l y of p e r s p e x w e r e used . Each unit 
had p r o v i s i o n f o r i n t e rna l r e - c y c l e of the solvent phase, : a l lowing o v e r a l l f low 
r a t i o s up to 30 aqueous to 1 o rgan ic to be used , while s t i l l ma in ta in ing an 
e x c e s s of o rgan ic over aqueous in the m i x e r . F o r ex t r ac t i on t e s t s , . l iquor 
f e e d - r a t e s of 150 m l p e r minu te w e r e employed, c o r r e s p o n d i n g to a nomina l 
r e s i d e n c e t ime of 40 seconds in each m i x e r . F o r s t r i pp ing t e s t s , the e x t r a c t 
feed f l o w - r a t e was 25 m l p e r minu te , equivalent to a r e s i d e n c e t i m e of a p p r o x -
i m a t e l y 10 minu t e s in each m i x e r . I n t e r f a c e l eve l s in the s e t t l e r s w e r e 
con t ro l led by a d j u s t m e n t of over f low l e g s . All connect ions w e r e m a d e with 
nylex tubing. 

Samples w e r e t aken f r o m the s y s t e m when equ i l i b r ium was a s s u m e d 
to have been e s t ab l i shed a f t e r the to ta l solvent inven tory of the s y s t e m had 
been r e p l a c e d twice , with a l l feed so lu t ions at the c o r r e c t , s t eady f l o w - r a t e s , 
and the m i x e r s opera t ing s a t i s f a c t o r i l y ove r the pe r iod . A second se t of 
s a m p l e s was t aken a f t e r a pe r iod of equ i l i b r ium ope ra t ion of su f f i c ien t d u r a -
t ion to r e p l a c e the solvent inven tory once m o r e . R e s u l t s f r o m the two s e t s 
of s a m p l e s w e r e a v e r a g e d to s i m p l i f y ca lcu la t ions and r e p o r t i n g . Ope ra t i on 
of each m i x e r was checked pe r iod i ca l l y by d e t e r m i n i n g the phase volume 
r a t i o in the mixed zone. This was normal ly . 2 solvent to 1 aqueous . Rad io -
ac t ive scand ium, used in s o m e t e s t s , enabled m o r e a c c u r a t e d e t e r m i n a t i o n 
of s cand ium than was poss ib l e by s p e c t r o s c o p y . 
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1 3 . 3 Continuous E x t r a c t i o n T e s t s 

R e s u l t s of the p r e l i m i n a r y continuous ex t r ac t i on t e s t ment ioned 
above a r e given in Table 25. Two m i x e r - s e t t l e r un i t s w e r e connected f o r 
c o u n t e r - c u r r e n t opera t ion a s in F i g u r e 20. B a r r e n l iquor at pH 1. 6, with 
f e r r i c ions r educed to nil , was e x t r a c t e d with 0. 1M EHPA solut ion in 
k e r o s e n e at a..flow r a t i o of 5 aqueous to 1 o rgan ic . An aqueous flow of 
100 m l p e r minute and a solvent flow of 20 m l p e r minu te w e r e ma in t a ined 
f o r th i s t e s t . The hydro lysa t e which f o r m e d in the feed l iquor a f t e r 
r educ t ion of f e r r i c ions was s e p a r a t e d b e f o r e ex t r ac t i on by al lowing it to 
se t t l e and then decant ing the c l e a r r educed l iquor . It m a y be noted in 
Tab le 25 that a negat ive f igu re is r e c o r d e d fo r the e x t r a c t i o n of vanad ium in 
the f i r s t s t age . Vanadium, e x t r a c t e d in the second s t age by f r e s h so lvent , 
was d i sp laced back to the aqueous phase in the f i r s t s tage by m o r e s t r o n g l y 
e x t r a c t e d components en t e r ing that s t age in the f r e s h l iquor . 

TABLE 25: PRELIMINARY CONTINUOUS EXTRACTION TEST 
2-Stage E x t r a c t i o n with 0. 1M EHPA 
F l o w - r a t i o : 5 a.q:l o r g 
L iquor pH.: 1. 6 
F e 3 + nil 

E x t r a c t i o n in each Stage, a s p e r cent of Feed 

1st S t a g e d 2nd Stage To ta l 

Component Ana lys i s of 
E x t r a c t 

g/1 

Sc 0. 2 95. 0 5. 0 100. 0 
Th 0. 2 90 0 10. 0 100. 0 
Y 0. 95 26. 0 67. 0 93. 0 
Yb 0. 35 81 0 18. 0 99. 0 
V 0. 06 minus 12- 0 16. 0 4. 0 
Fe( to ta l ) 0. 05 0. 02 0. .03 0. 05 
A1 0. 06 0. 2 0. 1 0. 3 

(a) 1st Stage r e f e r s t o that ce l l into which f r e s h l iquor is fed. 

F u r t h e r cont inuous e x t r a c t i o n t e s t s w e r e m a d e in a 3 - s t a g e 
c o u n t e r - c u r r e n t s y s t e m , us ing a r ange of flow r a t i o s up to 30 aqueous to 
1 o rgan ic . T a b l e s 26 to 28 s u m m a r i s e r e s u l t s of t e s t s at f low r a t i o s up to 
10. Higher r a t i o t e s t s w e r e m a d e with added r ad ioac t ive scand ium, and 
r e s u l t s of t h e s e t e s t s f o r s cand ium only, a r e given in Tab le 29. In t h e s e 
t a b l e s " f i r s t s t age" r e f e r s to the point of l iquor feed, and " th i rd s t age" i s 
the f r e s h solvent s t age . 
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Phys i ca l l y , the s y s t e m ope ra t ed s a t i s f a c t o r i l y at a l l f low r a t i o s . 
In high r a t i o t e s t s , EHPA gel f o r m e d in fu l ly loaded solvent e x t r a c t in the 
f i r s t s t age . By modi fy ing the solvent over f low tube to d r aw off the e x t r a c t 
f r o m below the s u r f a c e of the solvent phase in the s e t t l e r , any bu i ld -up of 
gel was con t ro l l ed . Such ce l l s w e r e run .con t inuous ly f o r m o r e than 2 days 
without d i f f icul ty . However , if gel w e r e al lowed to build up in the solvent 
phase of a s e t t l e r and eventual ly to r e - c y c l e i n t e rna l ly to the m i x e r , 
ope ra t ion of the m i x e r was upse t , with consequent inef f ic ien t ex t r ac t i on . 

E x t r a c t s obtained at high f l o w - r a t i o s w e r e r i c h e r in s cand ium 
with lower r e c o v e r i e s of o ther componen ts , a s indica ted by F i g u r e 6. The 
m o r e a c c u r a t e d i s t r ibu t ion c u r v e s f o r scand ium, d rawn f r o m r a d i o m e t r i c 
a s s a y s , a g r e e d r e a s o n a b l y wel l with c u r v e s d rawn f r o m e a r l i e r r e s u l t s 
obtained by a v e r a g i n g s p e c t r o s c o p i c a s s a y s . 

TABLE 26: CONTINUOUS EXTRACTION TEST 1 
3-Stage E x t r a c t i o n with 0. 1M EHPA 
F l o w - r a t i o 
L iquor pH 
Fe3+ 

5 aq : l o r g 
1. 55 
0. 2 g / l 

Component Ana lys i s of. E x t r a c t i o n in . each Stage, a s p e r cent of Feed 
E x t r a c t ' 

^ 1st Stage 2nd Stage 3rd Stage To ta l 

Sc 0 . 2 1 93. 0 6 . 4 0. 6 100. 0 
Th 0 .19 53. 0 43. 0 4. 0 100. 0 
Y 0. 68 11. 0 14. 0 29. 0 54. 0 
Yb 0 . 4 2 37. 0 39-.0 15. 0 91. 0 
E r 0 . 0 8 2. 0 10. 0 28. 0 40. 0 
V 0. 01 - 1. 4 0. 1 2. 8 1. 5 
F e ( f e r r i c ) 0. 37 7. 0 10. 0 10. 0 27. 0 
A1 0 . 0 2 0. 03 0. 03 0. 04 0. 1 
Ti 0 .07 23. 0 15. 0 15. 0 53. 0 

(a) As e l e m e n t s . 
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TABLE 27: CONTINUOUS EXTRACTION TEST 2 
3-Stage E x t r a c t i o n with 0. 1M EHPA. 
F l o w - r a t i o : 7. 5 aq: 1 o r g 
L iquor pH : 1 ,55 
F e 3 + : 0. 1 g / l 

Component Ana lys i s of E x t r a c t i o n in each Stage, a s p e r cent of F e e d 
E x t r a c t ( a ) 

g / l 1st Stage 2nd Stage 3rd Stage Tota l 

Sc 0. 30 89. 0 10. 3 0. 7 100. 0 
Th 0. 48 50. 0 42. 0 8. 0 100. 0 
Y 0. 78 20. 0 7. 0 25. 0 52. 0 
Yb 0. 60 29. 0 38. 0 20. 0 87. 0 
E r 0. 11 13. 0 16. 0 17. 0 46. 0 
F e ( f e r r i c ) 0. 49 12. 0 26. 0 18. 0 56. 0 
V 0. 02 - 0. 3 -0 . 5 2. 8 2. 0 
A1 • 0. 04 0. 05 0. 03 0. 03 0. 1 
Ti 0. 12 15. 0 32. 0 16. 0 63. 0 

(a) As e l e m e n t s . 

TABLE 28: CONTINUOUS EXTRACTION TEST 3 
3-Stage E x t r a c t i o n with 0. 1M EHPA 
F l o w - r a t i o : 10 aq: 1 o r g 
L iquor pH : 1 .55 
F e 3 + : 0. 1 g / l 

Component Ana lys i s of E x t r a c t i o n in each Stage, as p e r cent of Feed 

E x t r a c t ^ Stage 2nd Stage 3rd Stage Tota l 

Sc 0. 39 90. 0 9. 5 0. 5 100. 0 
Th 0. 54 37. 0 48. 0 15. 0 100. 0 
Y 0. 67 11. 0 3. 0 22. 0 36. 0 
Yb 0. 91 39. 0 25. 0 25. 0 89. 0 
E r 0. 12 10. 0 3. 0 26. 0 39. 0 
v - 0. 005 - 0 . 7 - 0 . 5 1. 5 0. 3 
F e ( f e r r i c ) 0. 52 6. 0 13. 0 8. 0 27. 0 
A1 0. 02 - 0 . 01 0. 02 0. 03 0. 04 
T i 0. 10 9. 0 9- 0 12. 0 30. 0 

(a) As e l e m e n t s . 
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TABLE 29: CONTINUOUS EXTRACTION TESTS 4, 5, 
AND 6 
3-Stage E x t r a c t i o n with 0. 1M EHPA 
Rad io -ac t i ve Scandium added to L i q u o r Feed 
pH : 1 .55 
F e 3 + : 0 . 1 g / l 

T e s t 6 T e s t 5 T e s t 4 

Flow r a t i o aq /o rg 18 24 30 
Sc in ex t r ac t g / l (e lement) 0. 69 0. 91 1. 06 
E x t r a c t i o n of s cand ium 

0<a) in each s t age : % of feed 1st s t age 68. 0<a) 82. 0 68. 0 

2nd " 28. 0 15. 0 26. 0 

3rd " 3. 0 2. 7 5. 7 

To ta l 99. 0 99. 7 99- 7 

(a) Mixe r was ope ra t ing ine f f i c ien t ly dur ing th i s t e s t . 

13 .4 E x t r a c t i o n f r o m Hydro lysed L iquor S l u r r y 

Norma l ly , a f t e r r educ ing f e r r i c ions comple te ly in b a r r e n liquor, 
any hydro lysed so l ids w e r e s e p a r a t e d b e f o r e e x t r a c t i n g f r o m the c l e a r 
l iquor . This could r e s u l t in a p p r e c i a b l e l o s s of s cand ium as is shown in 
Sect ion 12. 1 (Table 12). The a l t e r n a t i v e p r o c e d u r e of ma in ta in ing su f f i c ien t 
f e r r i c ions in solut ion to p reven t h y d r o l y s i s would not a lways be d e s i r a b l e , 
a s f e r r i c ions i n t e r f e r e d cons ide r ab ly in e x t r a c t i o n of c e r t a i n componen t s . 

P r e l i m i n a r y ba tch t e s t s showed that hydro lysed r educed l iquor , 
in the f o r m of a s l u r r y , could be e x t r a c t e d d i r ec t ly . In addi t ion to e x t r a c t -
ing s cand ium f r o m the l iquor , s o m e scand ium was a l so r e c o v e r e d f r o m the 
hyd ro ly sa t e . Th i s type of ex t r ac t ion , if f e a s i b l e , would m i n i m i s e the l o s s 
of s cand ium caused by c o - p r e c i p i t a t i o n in the hyd ro lysa t e . 

A 2 - s t a g e continuous ex t r ac t i on t e s t was run fo r s e v e r a l h o u r s to 
e s t a b l i s h the f ea s ib i l i t y of ope ra t ing with hydro lysed l iquor feed . No 
di f f icul ty was expe r i enced with phase d i sengagement in the s e t t l e r s and no 
e m u l s i o n was f o r m e d . In fac t , l e s s s c u m and gel co l lec ted at the s e t t l e r 
i n t e r f a c e s than o c c u r r e d dur ing ex t r ac t i on f r o m unreduced l iquor . L o s s 
of solvent r eagen t (EHPA) by adso rp t i on or e n t r a i n m e n t on so l ids in the 
aqueous phase was checked dur ing th i s t e s t and was shown to be v e r y s m a l l . 
Opera t ion over a longer pe r iod would be r e q u i r e d to e s t a b l i s h the ac tua l l eve l 
of solvent l o s s e s . Scandium a s s a y s on hyd ro lysa t e so l ids b e f o r e and a f t e r 
ex t r ac t i on showed that 60 p e r cent of the s cand ium a s s o c i a t e d with the so l ids 
was e x t r a c t e d , in addi t ion to l iquor scand ium. 
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13. 5 Continuous St r ipping T e s t s 

The e x t r a c t s p roduced in continuous e x t r a c t i o n t e s t s (Section 13. 3) 
w e r e combined t o f o r m a bulk feed solut ion fo r cont inuous s t r i pp ing t e s t s . 
Th i s so lu t ion contained a l a r g e p ropo r t i on of gel p r e c i p i t a t e which was kept 
in s u s p e n s i o n by s t i r r i n g while t e s t s w e r e be ing run , giving a r e a s o n a b l y 
u n i f o r m p r o p o r t i o n of suspended gel in the feed to the s t r i pp ing t e s t s . 
Tab le 30 shows an ana lys i s of the bulk e x t r a c t . 

TABLE 30: ANALYSIS OF BULK EXTRACT 
Used f o r continuous s t r i pp ing t e s t s 

To ta l Concen t ra t ion of Components P r o p o r t i o n of Component 
gel plus c l e a r solut ion in gel 

g / l % 

Sc 0 . 3 3 40 
Th 0. 34 Z0 
Y 0 .27 80 
Yb 0 .38 80 
E r 0 .07 '70 
V 0 .01 10 
F e 0 . 4 5 15 
A1 0 .02 10 
T i 0 .11 10 

As scand ium t r a c e r had been used in some of the e x t r a c t i o n t e s t s , 
su f f ic ien t ac t iv i ty was p r e s e n t in the bulk ex t r ac t to allow scand ium t o be 
d e t e r m i n e d r a d i o m e t r i c a l l y in s t r i pp ing t e s t s . O the r components w e r e 
d e t e r m i n e d s p e c t r o s c o p i c a l l y except i ron which was d e t e r m i n e d c o l o r i m e t r i -
ca l ly . 

In each of 4 s e p a r a t e t e s t s , a m u l t i - s t a g e pu r i f i ca t i on s t r i pp ing 
sec t ion was used to s t r i p mos t components except s cand ium, fol lowed by 
a 2 - s t a g e scand ium r e c o v e r y sec t ion us ing a lkal ine or s t r o n g h y d r o f l u o r i c 
acid s t r ipp ing . Condit ions f o r each t e s t a r e shown with a s u m m a r y of the 
r e s u l t s in T a b l e s 31 to 34. At the t i m e t h e s e t e s t s w e r e made , it was 
be l ieved that the pu r i f i ca t i on s t r i p r eagen t (9N H2S04 o r IN HF) would 
comple te ly decompose gel suspended in the e x t r a c t (Table 18, Sect ion 12. 2. 6) 
but, in a l l t e s t s , una t tacked gel a ccumula t ed in the s e t t l e r of the f i r s t acid 
s t r i pp ing s t age . The quant i ty of accumula t ed gel was e s t i m a t e d , and a 
separa te* s a m p l e ana lysed in each t e s t . 

• In the f ina l a lka l ine s t r i pp ing sec t ion ( T e s t s 9 and 10), s o m e 
en t r a inmen t of each phase in the o ther o c c u r r e d , c o n s i d e r a b l y r educ ing 
s t r ipp ing e f f i c i ency and a l so con tamina t ing the s cand ium hydroxide p r e c i p i t a t e 
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with phosphate de r ived f r o m EHPA. At the t i m e t h e s e t e s t s w e r e run , 
de ta i led s tud ies of a lka l ine s t r i pp ing had not b e e r f m a d e . L a t e r work 
showed that m o s t of the t roub le could be o v e r c o m e by us ing a longer contact 
t i m e . 

TABLE 31: CONTINUOUS STRIPPING TEST 9 
Flow ra t io : 7 o rg : l aq 
1st S t r ip , 5 s t a g e s : 9N H 2S0 4 
2nd S t r ip , 2 s t ages ; ZN NaOH 
Contact t i m e : 10 min each s tage 

Dis t r ibu t ion of Components , as P e r c e n t a g e of Feed 

Gel Accumula ted in St r ipped by St r ipped by Remain ing 
No. 1 Cel l 9 N H 2 S 0 4 2N NaOH in St r ipped 

Solvent 

Sc 23 2 67. 0 8 
Th 52 47 0. 3 -

Y 68 32 0. 02 -

Yb 76 24 0. 1 -

E r 74 25 1. 0 -

Fe 6 89 5. 0 -

A1 56 38 6. 0 -

Ti 11 39 49. 0 1 
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TABLE 321, CONTINUOUS STRIPPING TEST 10 
:. Flow ra t io : 3 o rg : l aq 

1st S t r ip , 5 s t a g e s : 9N H2S04 
2nd Str ip , 2 s t a g e s : 2N NaOH 
Contact t i m e : 10 m i n each s tage 

Dis t r ibu t ion of Components , as P e r c e n t a g e of Feed 

Gel Accumula ted in S t r ipped by St r ipped by R e m a i n i n g 
No. 1 Cell. 9 N H 2 S 0 4 ZN NaOH in St r ipped 

Solvent 

Sc 27 3 48 22 
Th 46 54 - . -

Y 58 42 _ -

Yb 75 25 - -

E r 59 40 1 -

Fe 5 94 1 -

A1 39 58 3 -

Ti 10 41 48 1 

TABLE 33: CONTINUOUS STRIPPING TEST 11 
Flow ra t io : 2 org: 1 aq 
1st St r ip , 2 s t ages : IN HF 
2nd St r ip , 2 s t a g e s : ION HF 
Contact t i m e : 10 m i n each s tage 

: D i s t r ibu t ion of Components , a s P e r c e n t a g e of Fee„d 

Gel Accumula ted in St r ipped by St r ipped by R e m a i n i n g 
No. 1 Cel l IN HF 1 ON HF in St r ipped 

Solvent 

Sc 42 38 19 .0 1. 0 
Th 56 42 2. 0 -

Y 79 19 2. 0 0. 05 
Yb 74 22 3. 0 0. 2 
E r 85 13 2. 0 0. 05 
Fe . 5 70 25. 0 -

A1 18 69 12.0 1 .0 
Ti 13 82 3. 5 1. 5 
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TABLE 34: CONTINUOUS STRIPPING TEST 12 
Flow r a t i o : 3 org : 1 aq 
1st S t r ip , 4 s t ages : 1 2N H2S04 
2nd Str ip , 2 s t a g e s : 2Na 2 C0 3 
Contact t i m e : 10 m i n each s t age 

Dis t r ibu t ion of Components , as P e r c e n t a g e of Feed 

Gel Accumula ted in S t r ipped by St r ipped by R e m a i n i n g 
No. 1 Cel l 12N H2S04 2 N N a 2 C 0 3 in S t r ipped 

Solvent 

Sc 3 11 68. 0 18 
Th 60 40 _ 
Y 37 62 0. 4 
Yb 37 62 0 . 4 _ 
E r 40 56 4. 0 _ 
Fe 14 81 5. 0 _ 
A1 21 72 6. 0 1 
Ti 5 32 61. 0 2 

S t r ipp ing d i s t r ibu t ion c u r v e s w e r e plot ted f o r each component f r o m 
a s s a y s of s a m p l e s taken f r o m each phase of each ce l l in the s t r i pp ing s y s t e m 
while ope ra t ing in equ i l ib r ium. F o r 9N H2S04 , r e s u l t s c o n f i r m e d those 
obtained by ba tch t e s t s (Fig . 18 and 19). S t r ipping with 1 2N H2S04 was l e s s 
e f fec t ive than with 9N H2S04 , a l though a g r e a t e r d e g r e e of a t t ack on the 
e x t r a c t gel was obtained. Dis t r ibu t ion c u r v e s w e r e d rawn f o r components 
in HF s t r i pp ing s y s t e m s , but t h e s e a r e not p r e s e n t e d in th i s r e p o r t a s it 
a p p e a r e d unl ike ly that HF would be used in p r e f e r e n c e to the H2S04 and 
NaOH s t r i pp ing s y s t e m . 

A f u r t h e r continuous s t r i pp ing t e s t was m a d e with su lphur i c ac id 
at t h r e e d i f f e ren t concen t ra t ions in a f r a c t i o n a l s t r i pp ing s y s t e m . This 
t e s t , d e s c r i b e d in Sect ion 12. 5 . 4 , u sed a c l e a r solvent e x t r a c t , f r e e f r o m 
gel, a s f eed solut ion, hence no gel accumula t ion p r o b l e m was encoun te red . 

14. DISCUSSION O F SOLVENT EXTRACTION RESULTS 

Of the b a r r e n l iquor components e x t r a c t e d by EHPA solu t ions in 
k e r o s e n e , s cand ium was the m o s t s t rong ly e x t r a c t e d . This fac t could be 
used to p roduce a r e l a t i v e l y h i g h - g r a d e scand ium product by a s i m p l e 
solvent ex t r ac t i on p r o c e s s . R e c o v e r y of t h o r i u m , y t t r i u m , and heavy 
lan than ides ( lu tec ium to ho lmium inclusive) was a l s o shown to be poss ib l e 
by us ing a g r e a t e r p r o p o r t i o n of so lvent . Although Blake and c o - w o r k e r s 8 

d e s c r i b e d the ex t r ac t i on of vanadium with EHPA, th i s component was 
di f f icul t to e x t r a c t f r o m P o r t P i r i e b a r r e n l iquor . A s ign i f ican t r e c o v e r y of 
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vanad ium could be obtained by e x t r a c t i n g with m o r e concen t r a t ed EHPA 
solut ion (e. g. , 0. 5M), r a i s i n g the pH of the l iquor to as high a l eve l as 
p r a c t i c a b l e , and comple te ly r educ ing f e r r i c ions in the l iquor . The 
behav iour of vanadium in continuous ex t r ac t i on t e s t s (Tab les 25 to 28) 
showed that s o m e of th i s component , e x t r a c t e d in the f r e s h solvent s t age , 
was then d i sp laced back into.the. l iquor by m o r e s t rong ly e x t r a c t e d compon-
ie'nts in t roduced in the f r e s h ' l i q u o r s t age . 

E x t r a c t i o n condit ions f o r s t a ted r e c o v e r i e s of p a r t i c u l a r 
components (Tab les 19 and 20) w e r e obtained f r o m M c C a b e - T h i e l e c o n s t r u c -
t ions on ex t r ac t i on d i s t r ibu t ion c u r v e s (Fig . 8 to 17). If scandium, w e r e the 
only d e s i r e d produc t , a cons ide rab l e in i t ia l concen t ra t ion could be obtained 
by e x t r a c t i n g at the .h ighes t poss ib l e f l o w - r a t i o of l iquor to solvent (30:1) 
which would p e r m i t good r e c o v e r y of scand ium, but would . l imi t . the e x t r a c t i o n 
of o the r components . An a l t e r n a t i v e method of ach iev ing the s a m e ef fec t 
would be to e x t r a c t with EHPA solut ion at l ower concen t ra t ion (0. 01M) which 
would r e s u l t in a g r e a t e r p r o p o r t i o n of s cand ium in the e x t r a c t load (Fig . 6 
and 7). 

Ful ly loaded e x t r a c t s , both 0. 1M and 0. 01M EHPA, f o r m e d 
insoluble EHPA gel p r e c i p i t a t e s r e q u i r i n g spec i a l t r e a t m e n t . Th i s is 
d i s c u s s e d below. 

The s y s t e m of s e p a r a t i n g components into g roups by f r a c t i o n a l 
ex t r ac t i on with s u c c e s s i v e so lven t s of i n c r e a s i n g EHPA concen t ra t ion was 
c o n s i d e r e d at one s t age . However , t h i s would involve r e p e a t e d t r e a t m e n t , 
t h rough r e p l i c a t e l a r g e e x t r a c t i o n equipment , of l a r g e vo lumes of b a r r e n 
l iquor . It was decided to adopt the p r inc ip l e of e x t r a c t i n g a l l d e s i r e d 
componen t s in one t r e a t m e n t of b a r r e n l iquor . F r a c t i o n a t i o n of components 
could then be m o r e e a s i l y and economica l ly ach ieved in the s m a l l e r equip-
ment of the s t r i pp ing sec t ion . 

In the ex t r ac t i on p r o c e s s , s e p a r a t i o n f a c t o r s of m o r e than 1, 000 
w e r e obtained be tween scand ium and the m a j o r unwanted componen t s , 
f e r r o u s ions and a lumin ium. M a j o r con taminan t s in EHPA e x t r a c t s w e r e 
n o r m a l l y t i t an ium and f e r r i c ions . T h e s e could be l imi t ed in s e v e r a l ways : 

i. Comple te r educ t ion of f e r r i c ions in b a r r e n 
l iquor b e f o r e ex t r ac t i on , the r e s u l t i n g hyd ro ly sa t e 
then be ing s e p a r a t e d , with s o m e l o s s of 
s cand ium and t h o r i u m . 

i i . P a r t i a l reduct ion .of f e r r i c ions to a l eve l jus t 
suf f ic ien t to p reven t h y d r o l y s i s of t i t an ium 
b e f o r e ex t r ac t ion . 

i i i . E x t r a c t i o n f r o m . b a r r e n 1 l iquor , u n t r e a t e d , 
us ing v e r y sho r t contact t i m e s in the e x t r a c -
t i o n . m i x e r s . 

iv. E x t r a c t i o n at su f f i c i en t ly high aqueous to 
solvent f l o w - r a t i o such that s cand ium would 
d i sp lace unwanted componen ts . 
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L o s s of s cand ium in ( i . ) , due to c o - p r e c i p i t a t i o n with the hyd ro ly sa t e , could 
be m i n i m i s e d by e x t r a c t i n g f r o m the r educed l iquor s l u r r y conta in ing 
suspended hyd ro lysa t e (Section 1 3. 4), but the method was not c o n s i d e r e d to 
be sound. The m a i n e f fec t in p r o c e d u r e s ( i i . ) and ( i i i . ) would be to l e s s e n 
ex t r ac t i on of f e r r i c ions , without much e f fec t on t i t an ium ex t r ac t i on . 

x T h e s e two p r o c e d u r e s w e r e p r e f e r r e d to (i.), be ing s i m p l e r and l e s s l ike ly 
to cause phys ica l d i f f i cu l t i e s . Con f i rma t ion of the t i m e e f fec t on e x t r a c t i o n 
of f e r r i c ions .was shown by the cont inuous t e s t s (Tab les 25 to 28). Much 

- t h e s a m e quant i ty of i r o n was e x t r a c t e d in each s tage , as d is t inc t f r o m the 
behav iour of o ther components whose d i s t r ibu t ion was c lo se . t o equ i l i b r ium 
in each s t age . P r o c e d u r e ( iv . ) would be su i tab le w h e r e s cand ium was the 
only d e s i r e d p roduc t . A ' f u r t h e r method of l imi t ing t i t an ium e x t r a c t i o n by 
r a i s i n g the pH of the l iquor was sugges ted by the r e s u l t s in Table 16. It 
was cons ide red that i n c r e a s i n g hydra t ion of the T i 4 + ion at h ighe r pH l eve l s 
caused th i s r e v e r s a l of t h e o r e t i c a l behav iour , but the u t i l i s a t ion of th i s 
p r o p e r t y in p r a c t i c e would p robab ly not. be f e a s i b l e due to the t endency f o r 
e m u l s i o n f o r m a t i o n with l iquor at pH 2. 5 o r h i g h e r . 

P r o c e d u r e ( iv . ) wouid yield a fu l ly loaded e x t r a c t conta ining 
EHPA gel p r e c i p i t a t e r e f e r r e d to above. T r e a t m e n t of such gel s u s p e n s i o n s , 
to r e cons t i t u t e a c l e a r EHPA solvent phase , r e q u i r e d contac t ing with 
su lphur i c acid of at l e a s t 9N concen t ra t ion (Table 18). F o r 0. 1M EHPA 
e x t r a c t s , t h i s acid s t r i p was a l s o su i tab le f o r r e m o v i n g a l l components 
except scand ium ( i . e . , a pu r i f i c a t i on s t r i p , Tab le 22). However , with 
0. 01M EHPA e x t r a c t s , 9N H2S04 a l s o s t r i pped a l a r g e p r o p o r t i o n of 
s cand ium, thus an acid pu r i f i ca t i on s t r i p was not poss ib l e with the w e a k e r 
so lvent . F o r th i s r e a s o n , a solvent r eagen t concen t r a t ion of 0. 1M EHPA 
was cons ide red as the m i n i m u m which could have p r a c t i c a l appl ica t ion . 
Continuous s t r i pp ing ope ra t ions (Tab les 31 to 34) showed that s t r o n g e r ac id 
than 9N might be r e q u i r e d f o r comple te a t t ack of EHPA gel. However , 
the addi t ion of ch lor ide to the su lphur i c acid was bene f i c i a l , s e r v i n g the 
dual p u r p o s e of a c c e l e r a t i n g a t t ack on EHPA gel and improv ing the s t r i p p i n g 
d i s t r ibu t ion of y t t r i u m , l an than ides , a lumin ium, and i ron . It was 
c o n s i d e r e d that 9N_ H2S04 conta in ing 1 p e r cent NaCl -would be a su i t ab le 
r eagen t f o r acid pu r i f i ca t i on s t r i pp ing of a 0. 1M EHPA e x t r a c t conta in ing 
gel p r e c i p i t a t e . 

In continuous m u l t i - s t a g e c o u n t e r - c u r r e n t ope ra t ions , any bui ld-
up of gel p r e c i p i t a t e in the ex t r ac t i on sec t ion was s u c c e s s f u l l y p r e v e n t e d 
by modi fy ing the solvent o v e r f l o w , so that outgoing solvent e x t r a c t was 
d rawn f r o m well below the s u r f a c e of the solvent in the s e t t l e r . However , 
the suspended gel en t e r i ng the ac id s t r i pp ing s ec t i on was not a t t acked as 
expec ted and accumula t ed in the s e t t l e r of the f i r s t acid s t r i pp ing ce l l . In 
addi t ion to us ing s t r o n g e r acid conta in ing ch lo r ide a s ment ioned above, 
t h i s d i f f icu l ty could be p a r t l y o v e r c o m e by di lut ing the ful ly loaded e x t r a c t 
with f r e s h h y d r o g e n - f o r m solvent b e f o r e en t e r ing the s t r i pp ing sec t ion . 
It was shown (Section 12. 2. 6) that EHPA gel p r e c i p i t a t e s would g radua l ly 
d i s so lve in e x c e s s f r e e EHPA solut ion. 

Despi te in i t ia l d i f f i cu l t i e s in obtaining a c l e a r s t r i pped solvent 
phase , s t r i pp ing with NaOH solut ion p roved to be e f fec t ive f o r f ina l r e c o v e r y 
of s cand ium as hydroxide . Long contact t i m e s of 30 minu t e s o r m o r e and 
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NaOH- concen t r a t ions of 2N to 3N gave the m o s t e f f ic ien t s t r ipp ing . 
S t r ipped solvent , containing EHPA in s o d i u m - f o r m , could be r e - c y c l e d 
d i r e c t l y to the ex t r ac t i on sec t ion if d e s i r e d , o r conver t ed to hyd rogen -
f o r m by s e p a r a t e acid t r e a t m e n t . 

The only ac id s t r i p r eagen t which r e m o v e d . s c a n d i u m e f f ec t ive ly 
f r o m 0. 1M_ EHPA ex t r ac t was s t r o n g h y d r o f l u o r i c acid (ION). Di f f i cu l t i e s 
of handl ing and of r e c o v e r i n g s cand ium f r o m the f luor ide so lu t ion .were 
such that a lka l ine s t r i pp ing was p r e f e r r e d . 

L o s s e s of EHPA and nonanol to the aqueous so lu t ions could not be 
m e a s u r e d in s m a l l - s c a l e t e s t s . A s m a l l l o s s of EHPA to a lka l ine s t r i pp ing 
so lu t ions was expected , but th i s was known to d e c r e a s e with i n c r e a s i n g 
concent ra t ion .of a lka l i . Blake , Brown, and Coleman 8 d e t e r m i n e d the 
so lubi l i ty of EHPA as 300-ppm in 0. 5M NaOH and only 7 ppm. in 2. 5M NaOH. 
E n t r a i n m e n t in the r a f f i n a t e would p robab ly be the m o s t s ign i f ican t l o s s , 
and th i s could be d e t e r m i n e d only be continuous ope ra t ion on a l a r g e r s c a l e 
fo r a su i tab le pe r iod . 

15. CONCLUSIONS ON SOLVENT EXTRACTION 

15.1 G e n e r a l 

Solvent e x t r a c t i o n f r o m P o r t P i r i e b a r r e n l iquor , u s ing EHPA 
solut ion in ke rosene , , has been shown to be a f e a s i b l e p r o c e s s f o r r e c o v e r y 
of s cand ium alone o r , a l t e rna t i ve ly , s cand ium plus t h o r i u m , y t t r i u m , and 
heavy l an than ides . The only p r e - t r e a t m e n t of l iquor r e q u i r e d is p a r t i a l o r 
comple te r educ t ion of f e r r i c ions by contac t ing the l iquor with m e t a l l i c 
i ron . . Condit ions f o r e x t r a c t i o n and s t r ipping , , and s t r e n g t h s of r e a g e n t s , 
can be chosen to ach ieve v a r i o u s s e p a r a t i o n s , r e s u l t i n g in s e v e r a l t ypes 
of p r o d u c t s . Out l ines of the two m a i n sugges t ed p r o c e s s e s a r e given below: 

15 .2 P o s s i b l e Solvent E x t r a c t i o n P r o c e s s e s 

1 5 . 2 . 1 Scandium P r o d u c t i o n , 

F i g u r e 21 shows a s imp l i f i ed f l o w - d i a g r a m f o r a p roposed 
scand ium r e c o v e r y p r o c e s s . Main s t eps in t h i s p r o c e s s would be: 

1. Reduction.of f e r r i c ions in b a r r e n . l i q u o r to a s 
low a level a s pos s ib l e without caus ing t i t an ium 
to p r e c i p i t a t e . Concen t ra t ion of f e r r i c ions 
would be r e d u c e d . f r o m a p p r o x i m a t e l y 4 g r a m s 
p e r l i t r e to 0. 5 g r a m s p e r l i t r e . 

2. E x t r a c t i o n f r o m reduced b a r r e n . l i q u o r with 
0. 1M EHPA in k e r o s e n e conta ining 2 p e r cent 
nonanol . T h r e e c o u n t e r - c u r r e n t s t ages , , each 
with a -contac t t i m e of 30 seconds or s h o r t e r , 
and a flow r a t i o of 30. aqueous to 1 o rgan ic , 
would e x t r a c t e s s e n t i a l l y a l l of the scand ium. 
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Other e x t r a c t a b l e components would be only 
p a r t l y r e c o v e r e d . M a j o r con taminan t s in the 
e x t r a c t would be i r o n and t i t an ium. 

3. Dilution of the e x t r a c t with an equal volume of 
h y d r o g e n - f o r m solvent to a s s i s t in d i s so lv ing 
the gel p r e c i p i t a t e . 

4. P u r i f i c a t i o n of the e x t r a c t by s t r i pp ing with 9N 
or s t r o n g e r H2S04 conta ining 1 p e r cent NaCl . 
Five or m o r e c o u n t e r - c u r r e n t s t a g e s , with a 
f l o w - r a t i o of 3 o rgan ic to 1 aqueous and a 
contact t i m e of 5 m inu t e s in each s tage , would 
s t r i p e s s e n t i a l l y a l l components except 
s cand ium and p a r t of the t i t an ium. 

5. S t r ipping of s cand ium with 2N NaOH solut ion. 
S e v e r a l m i x e r s in c a s c a d e , fol lowed by one 
s e p a r a t o r , would prov ide the n e c e s s a r y 
length of t i m e of contac t . C l e a r s t r i pped 
solvent would be r e - c y c l e d to the ex t r ac t i on 
sec t ion via an ac id i f i ca t ion sec t ion (to 
p rov ide h y d r o g e n - f o r m EHPA f o r e x t r a c t 
dilution). 

6. R e c o v e r y of hydroxide product by cen t r i fug ing 
o r f i l t e r i n g the caus t i c soda s l u r r y f r o m the 
s t r i pp ing sec t ion . C l e a r NaOH solut ion could 
be made up to volume and s t r e n g t h and r e -
cycled . F i l t e r e d scand ium hydroxide would 
p robab ly r e q u i r e f u r t h e r t r e a t m e n t b e f o r e 
dry ing and igni t ion a s a s cand ium oxide p roduc t . 

15.2.2 Scandium, T h o r i u m , Y t t r i u m , and Heavy Lanthanide P r o d u c t i o n 

R e c o v e r y of t h e s e components could be ach ieved by a s i m i l a r 
p r o c e s s to that f o r scand ium alone, with the fol lowing mod i f i ca t ions : 

1. Comple te r educ t ion of f e r r i c ions in b a r r e n l iquor . 
This would r e s u l t in f o r m a t i o n of a t i t an ium hydro ly -
s a t e . 

2. E x t r a c t i o n f r o m reduced l iquor with hyd ro ly sa t e 
in suspens ion . T h r e e s t a g e s , a s above, but 
with a flow r a t i o of 1 o rgan ic to 1 aqueous , would 
comple te ly e x t r a c t s cand ium, t h o r i u m , y t t r i u m , 
and lan than ides h e a v i e r than ho lmium. 
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3. F r a c t i o n a l ac id s t r ipp ing . S e v e r a l d i f f e r en t 
p roduc t s containing y t t r i u m , t h o r i u m , and heavy 
lan than ides could be r e c o v e r e d by f r a c t i o n a l 
s t r ipp ing with su lphu r i c acid of s e v e r a l d i f f e r en t 
s t r e n g t h s (Section 12. 5. 4), or by comple te 
s t r i pp ing of t h e s e components with s t r o n g su l -
phur i c ac id fol lowed by. f r a c t i o n a l . r e - e x t r a c t i o n 
of the loaded s t r i p so lu t ion . to s e p a r a t e the va r ious 
p roduc t s . O the r f r a c t i o n a l s t r i pp ing s y s t e m s , 
us ing r e a g e n t s such a s oxal ic ac id and h y d r o -
f l u o r i c acid , could a l s o be c o n s i d e r e d h e r e . 
Scandium produc t would be r e c o v e r e d by f ina l 
a lka l ine s t r i pp ing as in the p r o c e s s f o r s cand ium 
alone. 
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FIGURE 1: PRECIPITATION AS HYDROXIDES 
P o r t P i r i e B a r r e n L iquor 



FIGURE 2: LEACHING O F IGNITED P R E C I P I T A T E S WITH. 0. 05MHC1 AT 20°C 
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FIGURE 3". LEACHING O F IGNITED P R E C I P I T A T E S WITH 1JV1 HC1 AT 
BOILING T E M P E R A T U R E 



GENERAL DISSOCIATION 
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FIGURE 4: POSTULATED EXTRACTION MECHANISM WITH EHPA 
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FIGURE 5: E F F E C T O F CONCENTRATION OF EHPA ON 
EXTRACTION OF COMPONENTS 
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FIGURE 6: 
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FIGURE 7: EXTRACTION WITH 0. 01M EHPA - E F F E C T OF 
VOLUME RATIO ON EXTRACT COMPOSITION 



FIGURE 8: SCANDIUM DISTRIBUTION CURVE -
EXTRACTION WITH 0. 01M EHPA 
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FIGURE 9: SCANDIUM DISTRIBUTION CURVE -
EXTRACTION WITH 0. 01M EHPA 



FIGURE 10: THORIUM DISTRIBUTION CURVE 
EXTRACTION WITH 0. 1M EHPA 
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FIGURE 11: DISTRIBUTION CURVES FOR EXTRACTION O F 
F e 3 + WITH EHPA 
B a r r e n L iquor containing 4 g / l F e 3 + 
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FIGURE 12: TITANIUM DISTRIBUTION CURVES -
EXTRACTION WITH 0. 1M EHPA 
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FIGURE 13: TITANIUM DISTRIBUTION CURVE -
EXTRACTION WITH 0. 2M EHPA 
B a r r e n L iquor conta in ing 4 g / l F e 3 + 
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FIGURE 14: YTTRIUM DISTRIBUTION CURVE -
EXTRACTION WITH 0. 1M EHPA 
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FIGURE 15: YTTERBIUM DISTRIBUTION-CURVE -
EXTRACTION WITH 0. 1M EHPA 
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FIGURE 16: ERBIUM DISTRIBUTION CURVE _ 
EXTRACTION WITH 0 .1M EHPA 
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FIGURE 17: HOLMIUM DISTRIBUTION CURVE -
EXTRACTION WITH 0 .1M EHPA 



FIGURE 18: DISTRIBUTION CURVES FOR Sc, Ti , F e AND Y b - -
STRIPPING WITH 9N H2S04 FROM 0. l.M EHPA 
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FIGURE 19: DISTRIBUTION CURVES FOR E r , Y, AND Th 
STRIPPING WITH 9N H2S04 FROM 0. 1M EHPA 
EXTRACT 



FIGURE 20: SMALL M I X E R - S E T T L E R S 
2-Stage c o u n t e r - c u r r e n t ex t r ac t i on 
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FIGURE 21: PROPOSED F L O W - S H E E T FOR SCANDIUM PRODUCTION 
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