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Extraction of Uranium from Seawater Using Magnetic 
Adsorbents 

H. YAMASHITA, K. FUJITA, and F. NAKAJIMA 
HlTACHI RESEARCH LABORATORY 
HITACHI LTD., KUJICHO 
HITACHI-SHI 319-12, JAPAN 

Y. OZAWA and T. MURATA 
ENERGY RESEARCH LABORATORY 
HITACHI LTD., MORIYAMACHO 
HITACHI-SHI 316.  JAPAN 

ABSTRACT 

A new p r o c e s s  f o r  t h e  e x t r a c t i o n  of uranium from seawater was 
developed. I n  the p rocess ,  uranium a d s o r p t i o n  is e f f e c t e d  u s i n g  
powdered magnet ic  adso rben t s ;  t h e  a d s o r b e n t s  are t h e n  s e p a r a t e d  
from seawa te r  u s i n g  magnet ic  s e p a r a t i o n  technology. T h i s  p r o c e s s  
i s  s u p e r i o r  t o  a column method u s i n g  a g r a n u l a t e d  hydrous t i t a n i u m  
o x i d e  a d s o r b e r  bed i n  the f o l l o w i n g  ways: (1) a h i g h e r  rate of 
a d s o r p t i o n  i s  r e a l i z e d  because smaller p a r t i c l e s  a r e  used i n  t h e  
uranium a d s o r p t i o n ;  and ( 2 )  b lock ing ,  which i s  i n e v i t a b l e  i n  an 
a d s o r b e r  bed, i s  e l imina ted .  

The composi te  hydrous t i t a n i u m - i r o n  ox ide  as a magnet ic  
a d s o r b e n t  hav ing  h i g h  uranium a d s o r p t i o n  c a p a c i t y  and magnetiza- 
t i o n  can he p repa red  by add ing  u r e a  t o  a mixed s o l u t l o n  of t i t a -  
nium s u l f a t e  and f e r r o u s  s u l f a t e .  Adsorp t ion  and d e s o r p t i o n  of 
uranium and t h e  removal of t h e  a d s o r b e n t  u s i n g  a sma l l - sca l e  uranium 
e x t r a c t i o n  p l a n t  (about  15 m3/d> i s  r e p o r t e d ,  and t h e  f e a s i b i l i t y  
of  uranium e x t r a c t i o n  from seawater by t h i s  p rocess  i s  
demonstrated.  
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INTRODUCTION 

YAMASHITA ET AL. 

S e v e r a l  methods have been proposed t o  recover  uranium from 

seawater ;  t h e s e  i n c l u d e  a d s o r p t i o n  (1 ,2) ,  c o p r e c i p i t a t i o n  ( 3 ) ,  i o n  

f l o t a t i o n  ( 4 ) ,  and s o l v e n t  e x t r a c t i o n  (5) .  O f  t h e s e ,  a d s o r p t i o n  

i s  g e n e r a l l y  regarded as t h e  most f e a s i b l e  technique.  In t h i s  

r e g a r d ,  t h e  use of s l u r r i e s  has  two major advantages over t h e  

o p e r a t i o n  of columns: ( 1 )  h igher  r a t e s  of  a d s o r p t i o n  and desorp- 

t i o n  can be a t t a i n e d  by employiag s m a l l  p a r t i c l e  s i z e  adsorbents ;  

and ( 2 )  t h e  problems a t t e n d i n g  blockage of the  a d s o r p t i o n  column 

are avoided. 

For the  recovery of uranium from seawater ,  however, t h e  

s l u r r y  method ts l i m i t e d  in t h a t  the  u s u a l  methods f o r  s e p a r a t i n g  

t h e  adsorbent  from the  seawater, viz . ,  sed imenta t ion  o r  c e n t r i f u -  

g a t i o n ,  cannot be a p p l i e d  because of t h e  amounts of seawater  which 

must be processed.  To overcame t h i s  l i m i t a t i o n ,  a process  c a l l e d  

" s l u r r y  adsorpt ion-magnet ic  s e p a r a t i o n "  has  been developed ( 6 ) .  

In t h i s  process ,  a magnetic adsorbent  ( 7 )  i s  employed in t h e  

s l u r r y  method, and the  adsorbent  i s  subsequent ly  s e p a r a t e d  from 

t h e  seawater  wi th  a high-gradient  magnetic s e p a r a t o r .  

A small-scale p l a n t ,  wi th  a c a p a c i t y  of 15 m3 of seawater per  

day and which u t i l i z e s  the s l u r r y  adsorpt ion-magnet ic  s e p a r a t i o n  

system, has  been c o n s t r u c t e d  and opera ted  a t  the  Sakaide seashore ,  

Kagawa p r e f e c t u r e ,  i n  Japan. The f a c f l i t y  was used t o  e x t r a c t  

314 mg of uranium from 292 m3 of seawater; t h e  o v e r a l l  recovery of 

uranium was 37%. 

Although s e v e r a l  problems remain t o  be so lved ,  t h e  new pro- 

cess has  been found t o  be t e c h n i c a l l y  f e a s i b l e  f o r  uranium e x t r a c -  

t i o n  from seawater .  

SLURRY ADSORPTION-MAGNETIC SEPARATION SYSTEM 

A block diagram of t h e  s l u r r y  adsorpt ion-magnet ic  s e p a r a t i o n  

system f o r  the  e x t r a c t i o n  of uranium from seawater  is shown i n  

Fig. 1. The system i s  d iv ided  i n t o  f o u r  processes :  
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EXTRACTION OF URANIUM FROM SEAWATER 98 9 

(1) Adsorpt ion process  

Xagnet ic  adsorbent  i s  added t o  t h e  a d s o r p t i o n  v e s s e l  con- 

t a i n i n g  seawater. The s l u r r y  i s  kept  s t i r r e d  wi th  a v e r t i c a l  

s t irrer.  I n  t h i s  process ,  t h e  uranium i n  t h e  seawater is  adsorbed 

on t h e  magnetic adsorbent .  

( 2 )  Magnetic s e p a r a t i o n  process  

A f t e r  t h e  a d s o r p t i o n  process ,  t h e  s l u r r y  is t r a n s p o r t e d  t o  and 

passed through a high-gradient  magnetic s e p a r a t o r  (HGMS). Here 

t h e  adsorbent  is t rapped  on a f i l t e r  by t h e  magnetic force .  

( 3 )  Desorpt ion  process  

The adsorbent  t rapped on t h e  f i l t e r  of t h e  HGMS i s  processed,  

and uranium on t h e  adsorbent  is desorbed by a n  e l u e n t ,  such as a 

carbonate  s o l u t i o n .  The c o n c e n t r a t i o n  of uranium i n  t h e  e l u e n t  i s  

s e v e r a l  mi l l ig rams per  l i ter .  The magnetic adsorbent  i s  then 

washed and recyc led  t o  t h e  a d s o r p t i o n  v e s s e l  by removing t h e  

magnetic f i e l d .  

( 4 )  Secondary c o n c e n t r a t i o n  and p u r i f i c a t i o n  process  

It  i s  necessary  t o  i n c r e a s e  t h e  uranium c o n c e n t r a t i o n  and t o  

e l i m i n a t e  i m p u r i t i e s  i n  the e l u e n t .  For t h i s  purpose, an i o n  

exchange method is u s u a l l y  adopted. 

i n  t h e  f i n a l  e l u e n t ,  such as an HC1 s o l u t i o n ,  is 1,000 t o  

3,000 ppm. F i n a l l y ,  a p r e c i p i t a t e  of uranium i s  obta ined  by 

adding a p r e c i p i t a t i n g  agent  i n  t h e  e luent .  

The c o n c e n t r a t i o n  of uranium 

DESIGN OF THE SMALL SCALE PLANT 

A schematic  flow diagram of t h e  small scale p l a n t  is  shown i n  

Fig. 2. The s l u r r y  composed of t h e  magnetic adsorbent  and 

seawater i s  in t roduced  from t h e  a d s o r p t i o n  v e s s e l  i n t o  t h e  HGMS 

through va lves  V3, V5, Vg, V8, and V7 a f t e r  the uranium a d s o r p t i o n  

process  i s  completed. 

a magnetic c o i l  and a packed f i l t e r  i n  the  gap of t h e  yoke. The 

f i l t e r  bed is  composed of a n i c k e l  mesh f i l t e r  (100 mesh) a t  86% 

void volume. The n i c k e l  mesh f i l t e r  is  magnetized by the  e x t e r n a l  

magnetic f i e l d .  

The HGMS i s  comprised of an i r o n  yoke w i t h  

The magnetic adsorbent  i n  t h e  s l u r r y  is t rapped  
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990 YAMASHITA ET AL. 

Sea Water { T H T F  Magnetic Sea Water 

Slurry Method Separation 

Recyc I e 

FIGURE 1. Block diagram of uranium extraction by slurry 
adsorption-magnetic separation. 

Sea water & 

u 
Eluent 

FIGURE 2. Schematic flow diagram of small scale plant. 
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EXTRACTION OF URANIUM FROM SEAWATER 991 

on t h e  s u r f a c e  of t h e  n i c k e l  mesh f i l t e r ,  w h i l e  s eawa te r  p a s s e s  

th rough  t h e  s e p a r a t o r .  The adso rben t  t r apped  on t h e  f i l t e r  i s  

t h e n  washed w i t h  wa te r  through v a l v e s  V12, V10, and V 1 1 .  

Deso rp t ion  of t h e  uranium adsorbed on t h e  adso rben t  is conducted 

by r e c y c l i n g  t h e  e l u e n t  through v a l v e s  V14, V13, V10, and V15. 

A f t e r  d e s o r p t i o n ,  t h e  a d s o r b e n t  i s  washed w i t h  water. When t h e  

magnet ic  f i e l d  is removed from t h e  mesh, t h e  t r apped  adso rben t  i s  

f l u s h e d  out  of t h e  bed w i t h  f r e s h  seawa te r  d i r e c t l y  i n t o  t h e  

a d s o r p t i o n  v e s s e l  through t h e  o p e r a t i o n  of v a l v e s  V2, V6, Vg, V g ,  

and V4. 

i n  t h i s  manner. 

The magnet ic  adso rben t  and t h e  e l u e n t  are used r e p e a t e d l y  

MAGNETIC ADSORBENT 

P r e p a r a t i o n  

The magnet ic  a d s o r b e n t ,  a composite of hydrous t i t a n i u m  and 

i r o n  ox ides ,  w a s  p repa red  u s i n g  a c o p r e c i p i t a t o n  t echn ique .  Urea 

was added t o  a s o l u t i o n  of t i t a n i u m  s u l f a t e  and f e r r o u s  s u l f a t e .  

The s o l u t i o n  was s t i r r e d  f o r  5-6 h a t  95°C t o  decompose t h e  u rea .  

The p r e c i p i t a t e  was t h e n  f i l t e r e d ,  washed w i t h  water, and d r i e d  a t  

room temperature .  The d r i e d  sample was crushed and s i e v e d ,  and a 

p o r t i o n  of 400-600 mesh s e l e c t e d  f o r  use.  

The magnet ic  adso rben t  t h u s  p repa red  was composed of t i t a n i u m  

and i r o n  a t  2 .8  T i f F e  atom r a t i o .  

Uranium a d s o r p t i o n  

The a d s o r p t i o n  i so the rm f o r  t h e  e x t r a c t i o n  of uranium from 

seawa te r  w i t h  t h e  magnet ic  a d s o r b e n t  i s  shown i n  Fig.  3. It w a s  

observed t h a t  t h e  uranium a d s o r p t i o n  f r o n  seawa te r  cou ld  be 

d e s c r i b e d  by a Freundl ich- type isotherm.  

The uranium uptake w a s  found t o  be about  200 p g  pe r  g adsor-  

ben t  a t  t h e  normal c o n c e n t r a t i o n  of uranium i n  seawater (-3 ppb). 

The r ecove ry  of uranium from seawa te r  as a f u n c t i o n  of t i m e  

a t  v a r i o u s  c o n c e n t r a t i o n s  of a d s o r b e n t  i s  p r e s e n t e d  g r a p h i c a l l y  i n  

Fig.  4. Uranium recove ry  i n c r e a s e d  w i t h  c o n c e n t r a t i o n  of t h e  

adso rben t .  A t  adso rben t  c o n c e n t r a t i o n s  above 300 ppm, a d s o r p t i o n  

e q u i l i b r i u m  was a t t a i n e d  w i t h i n  1 h. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



992 YAMASHITA ET AL. 

05 1 3 5 10 
Equilibrium concentration 
of uranium ( ppb ) 

FIGURE 3. Adsorption isotherm of uranium (25'C). 

Concentration ot 
adsorbent 

2 0 4 0 0  ppm j 4 1  : 20 , O  30,o , , 1 
0 150 

OO 1 2 
Time( h 

FIGURE 4.  Variation of uranium recovery with time. 

An adsorption concentration of 400 ppm and a time of 0.5 h 

were chosen for the pilot test. 

Desorption of uranium 

Desorption of the uranium adsorbed on the magnetic adsorbent 

was accomplished using 40 liters of an eluent containing 0.5 molfL 
NaHCO3 and 0.5 mol/L Na2C03 at 50°C. For this purpose, 365 g 
adsorbent, containing 30 pg U per g adsorbent was employed. The 
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FIGURE 5. Variation of eluting efficiency with time. 

1 ""I 

X I  

95; 0.1 0.2 C 
Slurry v e l o c l t y  ( m l s e c  ) 

3 

FIGURE 7. Effect of slurry velocity on recovery of adsorbent. 
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994 YAMASHITA ET AL. 

e l u e n t  was recycled a t  a €low rate of 1 m3/h through t h e  adsorbent  

t rapped on t h e  f i l t e r  bed of the  HGMS. The v a r i a t i o n  of e l u t i n g  

e f f i c i e n c y  with time i s  presented  i n  Fig. 5 .  The e l u t i n g  e f f i -  

c iency was found t o  be 80% w i t h i n  1 h. 

Magnetic p r o p e r t i e s  

X-ray d i f f r a c t i o n  measurements i n d i c a t e d  t h a t  the  composite 

magnetic adsorbent  was composed of a n a t a s e  (Ti02 .H20) and magne- 

t i t e  (Fe304). The uranium a d s o r p t i o n  c a p a c i t y  depends mainly on 

t h e  hydrous t t t a n i u m  oxide,  whereas the  magnetic s e p a r a t i o n  

depends upon t h e  magnet i te  i n  the  adsorbent .  

The magnetic adsorbent  used i n  t h e  experiments  was f e r r o -  

magnettc; t h e  s a t u r a t e d  magnet iza t ion  was about  5 emdg.  An 

experiment on t h e  recovery of adsorbent  Erom seawater  was con- 

ducted us ing  t h e  HGMS. The adsorbent-seawater  s l u r r y  was passed 

through t h e  packed f i l t e r  bed (30 c m  l e n g t h  and 300 c d  c r o s s  sec- 

t i o n a l  a r e a )  on t h e  HGMS. Recovery of t h e  adsorbent  was d e t e r -  

mined by measuring t h e  t i t a n i u m  content  i n  t h e  s l u r r y  before  and 

a f t e r  magnettc s e p a r a t i o n .  The e f f e c t  of e x t e r n a l  magnetic f i e l d  

i n t e n s i t y  on the  recovery oE t h e  magnetic adsorbent  i s  shown i n  

Fig. 6 ;  recovery i n c r e a s e s  wi th  e x t e r n a l  magnetic f i e l d  i n t e n s i t y .  

It was a l s o  observed t h a t  r e c o v e r i e s  g r e a t e r  than 99% were 

obta ined  a t  magnetic f i e l d  i n t e n s i t t e s  g r e a t e r  than  2 KOe.  

The e f f e c t  of s l u r r y  v e l o c i t y  on the  recovery of the  magnetic 

adsorbent  i s  d e p i c t e d  i n  Fig. 7. Greater than 99% recovery was 

obta ined  a t  s l u r r y  v e l o c i t i e s  less than 0.15 m/sec. Rased upon 

these r e s u l t s ,  a n  e x t e r n a l  n a g n e t i c  f i e l d  i n t e n s i t y  of 3 . 3  KOe and 

a s l u r r y  v e l o c t t y  of 0.1 m/scc were chosen i n  t h e  p i l o t  test. 

E x t r a c t i o n  of Uranium from Seawater 

A s e q u e n t i a l  program of the  e x t r a c t i o n  process  which was con- 

ducted us ing  t h e  small scale p l a n t  i s  shown i n  Fig. 8. Approxi- 

m a t e l y  0.9 m3 of seawater ,  c o n t a i n i n g  400 ppm of adsorbent ,  w a s  

in t roduced i n t o  t h e  a d s o r p t i o n  v e s s e l  a t  a flow rate  of 25 m3/h. 

A f t e r  the  f i r s t  uranium a d s o r p t i o n  (0.5 h ) ,  t h e  s l u r r y  was passed 

through the  HGMS a t  a v e l o c i t y  of 0.1 m/sec. Next, t h e  e x t e r n a l  
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EXTRACTION OF URANIUM FROM SEAWATER 995 

2 min 
Feed of sea water 

Uranium adsoprtion 

Magnetic 
separation 

Dewatering 

Washing 

Uranium desorption 

Dewatering 

FIGURE 8. S e q u e n t i a l  program of e x t r a c t i o n  process .  

magnetic f o r c e  was removed and t h e  t rapped adsorbent  f l u s h e d  from 

t h e  f i l t e r  bed i n t o  t h e  a d s o r p t i o n  v e s s e l  with 0.9 m3 of f r e s h  

seawater  a t  a flow rate of 25 m3/h. 

process  was then s t a r t e d .  This  sequence was repea ted  s i x  times. 

A f t e r  t h e  a d s o r p t i o n  process ,  t h e  d e s o r p t i o n  process  was conducted 

over  a 1 h per iod  by r e c y c l i n g  40 l i t e r s  of e l u e n t  a t  50°C t o  t h e  

adsorbent  t h a t  was t rapped  i n  t h e  HGMS. A u n i t  c y c l e  was 

comprised of s i x  a d s o r p t i o n  processes  and one desorp t ion  process .  

The second uranium a d s o r p t i o n  

The v a r i a t i o n  of uranium c o n c e n t r a t i o n  i n  t h e  e l u e n t  w i t h  t h e  

number of d e s o r p t i o n  c y c l e s  i s  presented  i n  Fig. 9. The con- 

c e n t r a t i o n  of uranium i n  t h e  e l u e n t  increased  almost l i n e a r l y  i n  

t h e  1st-3rd cyc les .  However, t h e  i n c r e a s e  i n  the  uranium con- 

c e n t r a t i o n  gradual ly  d e c l i n e d ,  and no a d d i t i o n a l  desorp t ion  

occurred dur ing  t h e  7 t h  and 8 t h  cyc les .  A f t e r  t h e  8 t h  c y c l e  of 

t h e  desorp t ion  process  us ing  No. 1 e l u e n t ,  t h e  adsorbent  was pro- 

cessed  a g a i n  by a new e l u e n t  (No. 2 ) .  The uranium cont inued t o  be 

e l u t e d  by us ing  t h e  new e l u e n t .  S i m i l a r  curves  were obta ined  w i t h  

t h e  No. 2 and 3 e l u e n t s .  It was a l s o  noted t h a t  a uranium con- 

c e n t r a t i o n  exceeding 1 ppm w a s  not a t t a i n e d .  
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- 
k l  Eluent No 

Number of desorption cycles ( - 

FIGURE 9. Variation of uranium concentration in eluent with 
number of desorption cycles. 

(Eluent) 

FIGURE 10. Schematic flow diagram of secondary concentration. 

From a fundamental study of the desorption process, a distri- 

bution coefficient (Kd) of uranium in NaHC03-Na2COg solution was 

found to be 1.2 (Kd = C1/Cs, where C1 is the uranium concentration 

in the solution in pg/cc and C, the concentration on the adsorbent 

in ug/g). Cl is calculated to be 36 ppm when Cs is 30 ug/g at 
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equi l ibr ium.  Thus t h e  exper imenta l  va lue  obta ined  i n  t h e  t e s t  i s  

extremely low compared wt ih  t h e  c a l c u l a t e d  value. Reasons f o r  t h e  

d iscrepancy  are not  clear a t  t h e  p r e s e n t  t i m e ,  but  one cause may 

be an i n c r e a s e  i n  organic  materials i n  t h e  e l u e n t .  However, t h e  

e f C e c t  of o r g a n i c  compounds on uranium d e s o r p t i o n  remains t o  be 

i n v e s t i g a t e d .  

Secondary c o n c e n t r a t i o n  and p u r i f i c a t i o n  of t h e  e l u e n t  was 

performed us ing  the method shown schemat ica l ly  i n  Fig. 10. The 

procedure c o n s i s t e d  mainly of two s t e p s ,  an ion  exchange and che- 

l a t e  adsorp t ion .  

As a r e s u l t ,  a s o l u t i o n  c o n t a i n i n g  uranium a t  1,300 ppm was 

obtained.  F i n a l l y ,  aqueous ammonia w a s  added t o  t h e  s o l u t i o n  and 

a yel low cake of uranium w a s  obtained.  

In t h e  uranium e x t r a c t i o n  experiment ,  seventy- three c y c l e s  of 

t h e  adsorp t ion-desorp t ion  process  were performed. The recovery of 

uranium i n  t h e  adsorp t ion-desorp t ion  process  was found t o  be 42%,  

and i n  t h e  secondary c o n c e n t r a t i o n  process ,  88%. 

In a l l ,  314 mg of uranium (408 mg as ammonium d i u r a n a t e )  were 

e x t r a c t e d  from 292 m3 of seawater. 

nium w a s  37X. 

The o v e r a l l  recovery of ura- 
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