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URANIUM RECOVERY FROM LOW-LEVEL AQUEOUS SOURCES 

A. D. K e l m e r s  
H. E. Goel ler  

ABS TRACT 

The aqueous sources  of so luble 'u ran ium were surveyed and 
evaluated i n  terms of the  uranium geochemical cyc le  i n  an e f f o r t  
t o  i d e n t i f y  p o t e n t i a l  unexploi ted resources .  Freshwater sources  
appeared t o  be too  low i n  uranium content  t o  merit cons ide ra t ion ,  
whi le  seawater, a l though very d i l u t e  (%3.3  ppb) , con ta ins  %4 x l o 9  
m e t r i c  tons  of uranium i n  a l l  t h e  world 's  oceans. A l i t e r a t u r e  
review of r ecen t  pub l i ca t ions  and p a t e n t s  concerning uranium 
recovery from seawater w a s  conducted. Considerable experimental  
work is  c u r r e n t l y  under way i n  Japan; less is being done i n  t h e  
European coun t r i e s .  An assessment of t h e  cu r ren t  s ta te  of tech- 
nology is  presented  i n  t h i s  r epor t .  Repeated screening  programs 
have i d e n t i f i e d  hydrous t i t an ium oxide as t h e  most promising candi- 
d a t e  adsorbent .  However, some of i t s  p r o p e r t i e s  such as d i s t r i b u -  
t i o n  c o e f f i c i e n t ,  s e l e c t i v i t y ,  loading,  and poss ib ly  s t a b i l i t y  
appear t o  render  i t s  use  inadequate i n  a p r a c t i c a l  recovery system. 
Also, va r ious  assessments of t h e  energy e f f i c i e n c y  of pumped o r  
t i d a l  power schemes f o r  con tac t ing  t h e  sorbent  and seawater are i n  
major disagreement.  Needed f u t u r e  research  and development t a s k s  
are discussed.  A fundamental sorbent  development program t o  
g r e a t l y  improve sorbent  p r o p e r t i e s  would be requi red  t o  permit 
pract ical  recovery of uranium from seawater. Major unresolved 
engineer ing a s p e c t s  of such recovery systems are a l s o  i d e n t i f i e d  
and discussed.  

1. INTRODUCTION 

This l i t e r a t u r e  review and technology assessment w a s  undertaken t o  

eva lua te  low-level aqueous sources  as p o t e n t i a l  unconventional uranium 

resources  f o r  t h e  f u t u r e .  Known resources  of terrestr ia l  uranium o r e s  

are l i m i t e d  and may c o n s t r a i n  nuc lear  power expansion a t  some f u t u r e  

d a t e ,  depending on t h e  assumed scena r io  and mix of burner and breeder  

r e a c t o r s .  Both f reshwater  and seawater sources  of uranium were con- 

s ide red .  



2 

I n t e r e s t  i n  t h e  recovery of uranium from seawater has  been heightened 
by r ecen t  news releases1Y2 which r e p o r t  t h a t  t he  Metal Mining Agency of 

Japan p l ans  t o  s tar t  a $10.8 m i l l i o n  p r o j e c t  t o  cons t ruc t  a p i l o t  p l a n t  

t h a t  w i l l  p rocess  1500 me t r i c  t ons  of seawater pe r  hour and y i e l d  10 kg 

of uranium each year .  By t h e  year  2000, commercial p l a n t s  w i l l  be a b l e  

t o  recover  1000 metric tons  of uranium pe r  year .  Since t h e  previous 

ORNL assessment of t h e  technology f o r  uranium recovery from seawater 

had not  been e s p e c i a l l y  sanguine,  an up-to-date reassessment seemed 

d e s i r a b l e .  

A survey of bo th  freshwater  and seawater aqueous sources  of uranium 

i n  terms of t h e  uranium geochemical cyc le  and in fe rences  concerning t h e  

i d e n t i t y  of s i g n i f i c a n t  p o t e n t i a l  sources  are given i n  Sect. 2 .  Sec t ion  

3 c o n s i s t s  of a l i t e r a t u r e  review and assessment of t h e  c u r r e n t  s ta te  of 

technology f o r  uranium recovery.  Future  r e sea rch  and development are 

i d e n t i f i e d  i n  Sect. 4 .  

2. SURVEY OF LOW-LEVEL AQUEOUS SOURCES OF URANIUM 

Four b i l l i o n  metric tons  of d i sso lved  uranium, a t  an  average con- 

c e n t r a t i o n  of % 3 . 3  ppbY4 can be found i n  t h e  world’s  oceans.  

t h i s  uranium e n t e r s  t h e  oceans e i t h e r  from e ros ion  o r  weather ing of 

uranium-containing minera ls  on t h e  con t inen t s ;  however, submarine volcanic  

a c t i v i t y  i s  a l s o  r e spons ib l e  f o r  t h e  presence of uranium. 

f r a c t i o n  of t h e  uranium from land-based e r o s i o n a l  sources  a l s o  e n t e r s  

t h e  seas as i n s o l u b l e  uranium i n  t r anspor t ed  sediments,  bu t  t h i s  uranium 

is  not  recoverable  s i n c e  i t  sett les r a p i d l y  t o  t h e  ocean f l o o r .  The 

s o l u b l e  uranium concent ra t ion  i n  t h e  open oceans i s  f a i r l y  cons tan t  

( d i r e c t l y  p ropor t iona l  t o  s a l i n i t y ) ,  bu t  t h e  amount of s o l u b l e  uranium 

(and a l s o  uranium i n  sediments) i n  streams and rivers v a r i e s  over about 

two o rde r s  of magnitude (averaging somewhat iess than  1 ppb): 

a c t i v i t i e s  dur ing  t h i s  cen tury ,  such a s  t h e  use  of uranium-containing 

phosphat ic  f e r t i l i z e r s  and t h e  impoundment of uranium o r e  t a i l i n g s ,  have 

g r e a t l y  a l t e r e d  t h e  n a t u r a l  condi t ions .  

Most of 

A l a r g e  

Man’s 

I n  t h i s  s e c t i o n ,  t h e  geochemical cyc le  of uranium is  f i r s t  reviewed 

i n  o rde r  t o  provide  a guide t o  t h e  n a t u r a l  l o c a t i o n s  where h ighe r  
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. 

concent ra t ions  of aqueous 

Data are then  provided on 

r i v e r s ,  and i n  w e l l  w a t e r  

uranium sources  are more a p t  t o  be found. 

average uranium concent ra t ions  i n  streams, 

and i n  stream and subterranean w a t e r  areas 

wi th  anomalously h igh  concent ra t ions .  

2.1 The Uranium Geochemical Cycle 

The mob i l i t y  of uranium and i t s  occurrence i n  na tu re  can be explained 

t o  a l a r g e  ex ten t  by i t s  geochemical cyc le .5  A geochemical cyc le  f o r  

any chemical element (or  molecular o r  i o n i c  spec ies )  a t tempts  t o  trace 

i t s  pa th  i n  space and t i m e .  The d e s c r i p t i o n  can begin anywhere i n  t h e  

cyc le ,  bu t  t h e  s t a r t i n g  po in t  i s  usua l ly  considered t o  be t h e  t i m e  when 

the  genera t ion  and i n t r u s i o n  (or  ex t rus ion )  of magma from a depth i n  t h e  

l i t h o s p h e r e  o r  mantle forms igneous rock. Other major s t e p s  i n  t h e  cyc le  

inc lude  weathering and t r a n s p o r t  ( a s  s o l u t i o n  o r  sediment) t o  t h e  oceans,  

p r e c i p i t a t i o n  and s e t t l i n g  of t he  element t o  t h e  s e a f l o o r ,  b u r i a l ,  

d iagenes is  and metamorphism, and f i n a l l y  product ion of new magma followed 

by r e i n t r u s i o n  t o  complete t h e  cyc le .  Each subsequent cyc le  may d i f f e r  

i n  some r e s p e c t s  from previous cyc les .  

Ultramafic  rocks,  which c o n s t i t u t e  only ~ 0 . 2 5 %  of a l l  con t inen ta l  

rocks,  are be l ieved  t o  have the  same composition as t h e  e a r t h ' s  mantle - 

t he  l a r g e  r e s e r v o i r  of rock between t h e  e a r t h ' s  c r u s t  and t h e  i ron-  

n i c k e l  core  from which a l l  igneous rocks i n i t i a l l y  o r ig ina t ed .  In  both 

u l t r amaf i c  rocks  and t h e  mantle,  t h e  uranium concent ra t ion  i s  very low, 

averaging only 0.001 ppm ( 1  ppb). In  a l l  o t h e r  types of igneous rocks ,  

t h e  average concent ra t ion  is i n  t h e  range of ~1 t o  5 ppm. 

concent ra t ion  i s  lowest  i n  b a s a l t  (0.9 ppm), which forms t h e  oceanic  

c r u s t  and ~ 1 8 %  of t h e  con t inen ta l  rocks,  and h ighes t  i n  g ranod io r i t e  

Uranium 

(2.3 ppm) and g r a n i t e  (4.7 ppm), which are t h e  main igneous rocks i n  t h e  

c o n t i n e n t a l  c r u s t .  It i s  a l s o  apparent  t h a t  t h e  much higher  concentra- 

t i o n s  of r a d i o a c t i v e  uranium (and of thorium and 4 0 K )  i n  c r u s t a l  rocks 

r e s u l t  i n  a much g r e a t e r  hea t  genera t ion  i n  t h e  c r u s t  than i n  t h e  

mantle.  

Mechanisms ex is t  t h a t  concent ra te  t he  uranium i n  the  mantle 1000- 

t o  5000-fold dur ing  t h e  product ion of magma and subsequent i n t r u s i o n  and 
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s o l i d i f i c a t i o n  of igneous rocks i n  both oceanic  and c o n t i n e n t a l  c r u s t .  

These concent ra t ion  inc reases  r e s u l t  from only p a r t i a l  mel t ing  of mantle 

rocks i n  which t h e  minera ls  with lower mel t ing  temperatures  (mainly 

f e l d s p a r s  h igher  i n  N a y  K ,  S i ,  and A 1  and t o  a lesser e x t e n t  calcium) 

m e l t ,  r ise toward t h e  su r face  as lower d e n s i t y  magma, and l eave  behind 

t h e  unmelted mine ra l s  t h a t  are r i c h e r  i n  i r o n  and magnesium. I n  t h i s  

process ,  uranium s t rong ly  tends t o  fo l low t h e  molten magma phase.  

Magma formation occurs  mainly i n  t h r e e  t e c t o n i c  s e t t i n g s .  I n  t h e  

f i r s t  s e t t i n g ,  b a s a l t i c  oceanic  c r u s t  is  formed by t h e  p a r t i a l  mel t ing  

of mantle rocks  below spreading p l a t e  boundaries a long mid-ocean r i d g e s  

wi th  i n t r u s i o n  of b a s a l t i c  magma i n t o  t h e  boundary zone. 

s e t t i n g  occurs  a t  p l a t e  subduction zones. 

oceanic  c r u s t  plunges slowly back i n t o  t h e  mantle  beneath e i t h e r  o t h e r  

oceanic  c r u s t  o r  a n  ad jacent  c o n t i n e n t a l  c r u s t a l  edge. 

some of t h e  b a s a l t i c  oceanic  c r u s t ,  g r a n i t i c  c o n t i n e n t a l  c r u s t ,  and a 

minor amount of in te rvening  mantle material are p a r t i a l l y  o r  completely 

remelted.  

i s l a n d  arcs and new c o a s t a l  mountains. I n  t h i s  second s e t t i n g ,  t h e  

uranium concen t r a t ion  is  increased  up t o  f i v e  t i m e s  i t s  concent ra t ion  i n  

b a s a l t .  

and/or  temperatures  due t o  f r i c t i o n .  

passage of t e c t o n i c  p l a t e s  over  r e l a t i v e l y  s t a t i o n a r y  "hot spots"  i n  t h e  

mantle ,  where temperatures are h igh  enough t o  p a r t i a l l y  m e l t  t h e  mantle  

and/or  c r u s t .  Typical examples are t h e  Hawaiian I s l a n d s ,  t h e  f lood  

b a s a l t s  of t h e  Columbia River Basin, and t h e  Deccan P la t eau  i n  India .  

The second 

Here, p rev ious ly  formed 

In  t h i s  process ,  

The produced magma rises and i n t r u d e s  t h e  e x i s t i n g  rocks i n  

Magma formation i s  a s s i s t e d  i n  both s e t t i n g s  by t h e  h igh  p res su res  

The t h i r d  s e t t i n g  involves  t h e  

The bulk  of t h e  magma i n  t h e  las t  two s e t t i n g s  can form two d i v e r s e  

igneous rock formations.  I f  s o l i d i f i c a t i o n  occurs  w e l l  below t h e  su r face  

because of lowered p res su res  and temperatures ,  a p l u t o n i c  body o r  pluton* 

i s  formed; however, i f  t h e  i n t r u s i o n  i s  extruded from t h e  su r face ,  l a r g e  

areas are covered by f lood  b a s a l t s ,  r h y o l i t e  f lows,  o r  s i m i l a r  vo lcan ic  

formations.  I n  both cases, t h e  g ross  composition of t h e  r e s u l t i n g  rock 

is  much t h e  same as t h e  magma composition, and most of t h e  uranium from 

t h e  magma i s  p resen t  i n  t h e  l a r g e  formations a t  low concen t r a t ions .  

. 

. 
* 

Inc ludes  va r ious  types of i n t r u s i o n s  such as b a t h o l i t h s  ( t h e  l a r g e s t  
t y p e ) ,  s tocks ,  l a c c o l i t h s ,  l o p o l i t h s ,  e t c .  
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However, f u r t h e r  s i g n i f i c a n t  uranium concent ra t ion  can occur  i n  t h e  l a s t  

f r a c t i o n  of t h e  magma t o  s o l i d i f y  s i n c e  t h e  l a r g e  i o n i c  r ad ius  of uranium 

makes i t  d i f f i c u l t  f o r  uranium i o n s  t o  f i t  i n t o  t h e  l a t t i c e s  of t h e  

common rock-forming and accessory minera ls  i n  t h e  pluton.  Because t h e r e  

is  some d i f f e r e n t i a t i o n  even i n  t h e  p lu ton  i t s e l f ,  c e r t a i n  zones such as 

s y e n i t e s  w i l l  be moderately r i c h e r  i n  uranium than t h e  o r i g i n a l  magma. 

I n  add i t ion ,  t h e  lowest-temperature components r i c h  i n  uranium and o t h e r  

more v o l a t i l e  elements make up t h e  l as t  p a r t  of t h e  magma t h a t  s o l i d i f i e s .  

They are most t i m e s  l oca t ed  i n  t h e  ve ins  i n  c racks  near  t h e  su r face  of 

t h e  p lu ton  and i n  veins, pegmati tes ,  and replacement d e p o s i t s  i n  t h e  

overhead, p r e e x i s t i n g  country rock. Vein formation i n  e x t r u s i v e  igneous 

rocks is  much less pronounced because extruded rocks cool  and s o l i d i f y  

much too r ap id ly .  

Uranium i s  p resen t  i n  p lu tons  as in t e rmine ra l - c rys t a l  f i lms  of 

unce r t a in  uranium mineralogy, spa r se ly  as  uranium accessory minerals  

(mainly u r a n i n i t e ,  UO2), and as  o the r  uranium-containing accessory 

minerals  r i c h  i n  r e f r a c t o r y  elements,  p a r t i c u l a r l y  rare e a r t h s ,  Thy T i ,  

Nb, and Z r .  I n  ve ins  and pegmati tes ,  uranium occurs  mainly as u r a n i n i t e  

(UO2), c o f f i n i t e  [ U ( S ~ O L + ) ~ - ~ ( O H ) ~ ~ ] ,  i n  mixed uranium-thorium minerals  

s i n c e  t h e  two elements are isomorphous, and as t h e  accessory minera ls  

(U, Thy T i ,  F e y  and/or  rare e a r t h s )  b ranne r i t e  and dav id i t e .  Su l f ide  

minerals  of F e y  Cu, Pb, Zn, Mo, and Co are f r equen t ly  found i n  uranium- 

r i c h  ve ins .  I n  e x t r u s i v e  igneous rocks (both l a v a s  and p y r o c l a s t i c s ) ,  

cool ing  is  so  r ap id  t h a t  g r a i n  formation i s  gene ra l ly  microscopic o r  

absent  ( g l a s s l i k e  obs id i an ) ,  and t h e  uranium i s  highly d ispersed  a t  low 

concent ra t ions .  

I n  igneous rock formation, uranium is  almost always p re sen t  i n  t h e  

water- insoluble  t e t r a v a l e n t  state. P r i o r  t o  t h e  development of a 

s i g n i f i c a n t  oxygen concent ra t ion  i n  t h e  e a r t h ' s  atmosphere a t  t h e  onse t  

of p l a n t  photosynthes is  1.5 t o  2.0 b i l l i o n  yea r s  ago, weathered uranium- 

conta in ing  minera ls  could not  be oxidized t o  a water-soluble hexavalent  

form and hence remained i n  rock d e t r i t u s .  When such d e t r i t u s  w a s  con- 

cen t r a t ed  by f l u v i a l  p rocesses ,  placer- type depos i t s  were produced i n  

much t h e  same way thorium-containing p l a c e r s  are formed today. 

quartz-pebble-conglomerate uranium d e p o s i t s  of South Afr ica  and Canada, 

The 
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which have been p ro tec t ed  from ox ida t ion  by overburden s i n c e  Precambrian 

t i m e s ,  a re  t y p i c a l  examples of uranium p l a c e r  depos i t s  of anc ien t  age. 

Once t h e  atmosphere achieved i t s  p resen t  oxygen con ten t ,  i t  became 

poss ib l e  t o  ox id i ze  some exposed uranium mine ra l s  t o  t h e  water-soluble  

hexavalent form. 

r i c h  f i lms  i n  p lu tons  and t h e  u r a n i n i t e  and c o f f i n i t e  i n  uranium o r e  

ve ins  and pegmati tes .  Disso lu t ion  i s  s t i l l  much more d i f f i c u l t ,  however, 

f o r  t h e  r e f r a c t o r y  accessory oxide and s i l i ca te  minera ls  a l s o  conta in ing  

rare e a r t h s ,  Th, T i ,  Nb, Z r ,  and U t h a t  are s t i l l  forming p l a c e r  d e p o s i t s  

today. 

This i s  ‘ p a r t i c u l a r l y  t r u e  f o r  t h e  i n t e r g r a n u l a r  uranium- 

So lub i l i zed  uranium i s  bel ieved t o  e x i s t  p r i n c i p a l l y  as t h e  uranyl  

carbonate  ion  UO2(CO3)$-. 

uranium, i t  i s  c a r r i e d  r a p i d l y  by streams and r i v e r s  t o  t h e  oceans. 

Inso luble  uranium i n  stream and r i v e r  sediments a l s o  reaches  t h e  oceans,  

bu t  a t  a much slower ra te .  

Unless i t  is  reduced back t o  t e t r a v a l e n t  

Soluble  uranium i n  underground water t ravels  much s lower than t h a t  

i n  streams. I f  t h e  so lub le  uranium encounters  a chemical ly  reducing 

sediment zone ( r educ tan t s  inc lude  inorganic  H2S, S032’, carbonaceous 

material, and H2S produced by anaerobic  b a c t e r i a ) ,  i t  is  p r e c i p i t a t e d ,  

gene ra l ly  as u r a n i n i t e  (UO2), o r  adsorbed on t h e  organic  materials. I n  

the  presence of o t h e r  so lub le  e lements ,  new secondary minera ls  no t  found 

i n  igneous rocks  can be formed i f  t h e s e  o the r  elements can a l s o  be 

reduced t o  i n s o l u b l e  forms under t h e  same reducing condi t ions .  I ron  i s  

u n i v e r s a l l y  coprec ip i t a t ed  ( a s  p y r i t e ) ,  as are Cu, Mo, Se, and C r ;  

vanadium i s  f r equen t ly  a l s o  coprec ip i t a t ed .  The most common minera ls  of 

t h i s  type  are c a r n o t i t e  (K20*2U203*V205*2H20) and tyuyamunite 

(CaO*UO3*V205*nH20). 

cordant  sandstone uranium depos i t s ,  t h e  main domestic uranium o r e ,  It 

a l s o  l e a d s  t o  lesser amounts of u ran i f e rous  l i g n i t e  d e p o s i t s  (North 

Dakota) and d e p o s i t s  i n  l imestone depress ions  f i l l e d  w i t h  phosphat ic ,  

carbonaceous materials (Cent ra l  Afr ican Republic).  Considerable  s o l u b l e  

uranium i s  a l s o  absorbed on c l ay  minera ls  and carbonaceous materials. 

Soluble  uranium t h a t  reaches t h e  oceans has  a n  average res idence  

This process  l e a d s  t o  formation of t h e  penecon- 

t i m e  i n  s o l u t i o n  of ~ 5 0 0 , 0 0 0  y r . 6  Inso lub le  uranium i n  sediments f a l l s  

. 
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c 

a 

r a t h e r  r a p i d l y  onto  t h e  ocean f l o o r  on the  c o n t i n e n t a l  s h e l f  and i s  

slowly moved t o  t h e  c o n t i n e n t a l  s lopes  by t u r b i d i t y  cu r ren t s .  

uranium is  slowly p r e c i p i t a t e d  by va r ious  organic  and inorganic  processes  

involving reducing condi t ions .  Once p r e c i p i t a t e d ,  t h e  uranium f a l l s  t o  

t h e  sea f loo r  t o  j o i n  t h e  in so lub le  uranium-containing sediments t h a t  

have a l r eady  been deposi ted.  

phosphat ic  sediments der ived  mainly from t h e  ske le tons  of marine species 

t h a t  t ake  up some uranium (as  a s u b s t i t u t e  f o r  calcium) whi le  a l i v e  and 

i n  carbonaceous muds t h a t  reduce so lub le  uranium a t  o r  below t h e  s e a f l o o r .  

Much less uranium i s  p resen t  i n  l imestone and carbonaceous-lean red  

c l a y s  which take  up only small amounts of ~ r a n i u m . ~  

Soluble  

Uranium is  unusual ly  concentrated i n  

Carbonaceous marine shales formed from sea f loo r  muds can con ta in  up 

t o  300 ppm uranium (Sweden) but  gene ra l ly  con ta in  only 4 t o  100 ppm. 

Phosphate depos i t s  throughout t h e  world con ta in  %60 t o  120 ppm uranium.5 

Seafloor  depos i t s  are sometimes l i f t e d  above sea l e v e l  by v e r t i c a l  e a r t h  

movements o r  by changes i n  sea l e v e l  dur ing  g l a c i a l  per iods .  The former 

method l e d  t o  t h e  exposure of uran i fe rous  phosphate depos i t s  i n  F lo r ida  

and t h e  l a t t e r  t o  exposure of material l a i d  down i n  shallow, in land  

c o n t i n e n t a l  seas. Exposure by the  l a t te r  process  may a l s o  be followed 

by u p l i f t  (e.g. , t h e  western phosphate d e p o s i t s ) .  

Sedimentary d e p o s i t s  on c o n t i n e n t a l  she lves  (miogeosynclines) and 

con t inen ta l  s lopes  (eugeosynclines) der ived by e ros ion  of i s l and  a r c  and 

c o n t i n e n t a l  margin mountain ranges can become very t h i c k  ( > l o  - km). The 

g r e a t  p re s su res  involved convert  c l a y  muds t o  sha le ,  sands t o  sandstone, 

e tc . ,  through d iagenes is .  When geosyncl ines  become involved i n  subduc- 

t i o n  zone processes ,  t h e  e n t i r e  geosyncl ine i s  foreshortened and thickened.  

The g r e a t e s t  p re s su re  is  exer ted  on t h e  ou te r  eugeosyncline and lesser 

p res su re  on t h e  rniogeosyncline. A s  a r e s u l t ,  t h e  former eugeosyncline 

. 

is  h ighly  contor ted ,  and t h e  sedimentary rocks are metamorphosed t o  

s c h i s t s  and gne i s ses  (from s h a l e ) ,  marble (from l imes tone) ,  and q u a r t z i t e  

(from sandstone) ; i n  t h i s  process ,  t h e  eugeosyncline i s  converted t o  new 

metamorphic basement and added a s  a new r i m  t o  t h e  con t inen ta l  c r u s t  

(e .g . ,  t h e  e a s t e r n  U.S. Piedmont zone i s  t h e  remanents of a c o a s t a l  

mountain range of which only t h e  Blue Ridge remains).  New minera ls  wi th  
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higher  d e n s i t y  are formed (e.g. ,  ga rne t )  dur ing  t h e  conversion of 

sedimentary rock t o  metamorphic rock. 

the  rock remains t h e  same, but s i g n i f i c a n t  changes may occur  i n  t h e  

composition of i n d i v i d u a l  minerals .  Thus, uranium may change minera l  

form and composition, but t h e  concen t r a t ion  s t a y s  cons tan t .  

The g ross  chemical composition of 

Because of t h e  g r e a t  p re s su res  and temperatures  involved i n  t h e  

co l l apse  of a eugeosyncline,  p a r t i a l  mel t ing  of rock t akes  p l a c e  and 

forms new magma. New i n t r u s i o n s  and e x t r u s i o n s  of igneous rock are then 

produced, which ends t h e  geochemical cyc le .  A s  noted above, c o l l a p s e  of 

t he  miogeosyncline i s  much less v i o l e n t  and r e s u l t s  i n  f o l d  mountains 

a top  t h e  basement complex formed dur ing  an earlier subduct ion event .  

The g ross  composition of rocks found i n  t h e  f o l d  mountains (e .g . ,  t h e  

Appalachians) is  almost i d e n t i c a l  t o  rocks of t h e  former c o n t i n e n t a l  

s h e l f .  

I n  a d d i t i o n  t o  t h e  e ros ion  and d i s s o l u t i o n  of uranium from igneous 

rocks ,  much g r e a t e r  weathering and e ros ion  of sedimentary and metamorphic 

rocks occur worldwide because t h e s e  types of rock are found i n  g r e a t e s t  

abundance a t  o r  near  t h e  e a r t h ' s  su r f ace .  Of these ,  s h a l e  i s  t h e  most 

predominant ( ~ 8 0 %  of a l l  sedimentary rock) and t h e  most e a s i l y  weathered. 

Release of s o l u b l e  uranium from shale w i l l  depend t o  a l a r g e  e x t e n t  

on how t i g h t l y  uranium ions  are adsorbed on t h e  c l ay  minera ls .  

under h ighly  ox id iz ing  condi t ions ,  l i t t l e  release seems l i k e l y ,  and 

uranium i n  s h a l e s  can be expected t o  be c a r r i e d  t o  t h e  ocean mainly as 

undissolved sediments.  The same s i tua t ion . seems  t o  be t r u e  f o r  meta- 

morphic s h i s t s  and gne i s ses ,  t h e  main metamorphic rocks.  

Except 

Although volcanic  t u f f s  (ash)  are of igneous o r i g i n ,  they have many 

of t h e  c h a r a c t e r i s t i c s  of sedimentary rocks.  They weather r e a d i l y  

because of t h e i r  l a r g e  su r face  area and because f a s t  cool ing  and s o l i d i f i -  

c a t i o n  have l e f t  much r e s i d u a l  s t r a i n  i n  t h e  p a r t i c l e s .  Uranium contained 

i n  t u f f s  cannot be adsorbed as r e a d i l y  as t h a t  i n  s h a l e s  and i s  e a s i l y  

s o l u b i l i z e d ,  as witnessed by t h e  f a c t  t h a t  some uranium d e p o s i t s  found 

i n  peneconcordant sandstone were der ived  from uranium contained i n  

weathered t u f f .  Fast-cooled l a v a s  e x i s t  as volcanic  g l a s s  (obs id ian) .  

Since they are uns t ab le ,  w i th  respect t o  a more ordered c r y s t a l l i n e  

state,  they  a l s o  weather r a p i d l y  wi th  s i g n i f i c a n t  release of s o l u b l e  

uranium. 
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F i n a l l y  s i n c e  l imes tones  a d sandstones are l e s  abundant a d 

con ta in  much lower concent ra t ions  of uranium (2.2 and 1 . 7  ppm average) 

than s h a l e ,  they are of only minor consequence as sources  of so lub le  

uranium. However, sandstones conta in ing  s i g n i f i c a n t  amounts of organic  

materials which, as noted above, reduce uranium(V1) t o  produce penecon- 

cordant  dep 'osi ts  are a n  exception. 

2.2 Inferences  from Geochemical Cycle 

The s t e p s  i n  t h e  geochemical cyc le  t h a t  are important t o  the  p re sen t  

s tudy involve only those  s i t u a t i o n s  where uranium is oxidized from 

inso lub le  uranium(1V) t o  so lub le  uranium(V1). A s  noted ear l ier ,  t h e  

most so lub le  minera ls  under oxid iz ing  condi t ions  are u r a n i n i t e  and 

c o f f i n i t e  i n  ve ins  and pegmati tes ,  secondary uranium minera ls  i n  reoxidized 

sandstone depos i t s ,  and most e s p e c i a l l y ,  t h e  uranium of unknown mineralogy 

i n  i n t e r g r a n u l a r  f i l m s  i n  g r a n i t i c  p lu tons  and d ispersed  uranium i n  

volcanic  t u f f s  and obs id ian .  Adsorbed uranium on sha le s  and uranium i n  

complex accessory minera ls  r i c h  i n  rare e a r t h s  U ,  T i ,  Nb, Z r ,  and some- 

t i m e s  Th are much less so lub le .  

A s  a consequence, t h e  h ighes t  n a t u r a l l y  occurr ing  uranium concentra- 

t i o n  i n  f reshwater  sources  w i l l  be der ived from weathering of t h e  rela- 

t i v e l y  small areas of uranium-containing ve ins ,  pegmati tes ,  and sandstone 

o r e  depos i t s .  However, s i n c e  such sources  are small i n  areal  e x t e n t ,  

t h e  t o t a l  uranium contained i n  l o c a l  streams a l s o  w i l l  be  small, and 

concent ra t ions  w i l l  be lowered r a p i d l y  as waters from streams flowing 

through nonuraniferous areas are combined with t h e  uranium-rich streams. 

Since t h e r e  i s  a much higher  t o t a l  uranium content  (but a t  lower 

concent ra t ions)  i n  p lu tons  and vo lcan ic  a sh  depos i t s  of l a r g e r  areal  

ex ten t  than  i n  t h e  v e i n s ,  t h e  streams t r a v e r s i n g  these  more ex tens ive  

areas w i l l  have lower, bu t  more uniform, uranium concent ra t ions  and, 

c o l l e c t i v e l y ,  more t o t a l  uranium than  t h e  r i c h e r  i nd iv idua l  streams i n  

uranium o r e  loca t ions .  Uranium contamination from phosphat ic  f e r t i l i z e r s  

i n  farming reg ions  fo l lows  a s imi l a r  p a t t e r n .  

Erosion i s  much more rap id  i n  mountainous reg ions  and i n  areas wi th  

high r a i n f a l l .  Therefore ,  more uranium w i l l  e x i s t  i n  s o l u t i o n  and i n  
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sediments i n  streams loca ted  i n  areas wi th  e i t h e r  o r  both of t hese  

c h a r a c t e r i s t i c s . ,  

and vege ta t ion  ex tens ive ,  weathering i s  deep and s u r f a c e  concen t r a t ions  

of uranium are low compared t o  s imi l a r  geo log ica l  u n i t s  i n  t h e  West 

where weathering i s  less extens ive .  

I n  t h e  eastern United States where r a i n f a l l  is h igh  

The remainder of t h i s  s e c t i o n  seeks  t o  e s t a b l i s h  average world and 

U.S. cond i t ions  wi th  regard t o  n a t u r a l  e ros ion  and runoff  i n  o rde r  t o  

e s t a b l i s h  average uranium concent ra t ions  and q u a n t i t i e s  a g a i n s t  which 

"enriched" f reshwater  sources  may be compared. 

Only a f r a c t i o n  of t h e  world r a i n f a l l  r e s u l t s  i n  runoff t o  t h e  

oceans s i n c e  (1). a g r e a t  amount of r a i n  f a l l s  back d i r e c t l y  i n t o  t h e  

oceans and (2) much of t h e  r a i n  t h a t  f a l l s  on land i s  reevaporated back 

i n t o  t h e  atmosphere. 

t o  t h e  sea t o t a l s  1.37 x 1 0 l 2  m 3  (or  metric tons)  . 6 9 7  

w a t e r  i n  a l l  r i v e r s 7  i s  $1.165 x 1 0 l 2  m3;  t hus ,  runoff r e t u r n s  t o  t h e  

sea i n  an average t i m e  of 1.12 d; conversely,  f reshwater  i s  recyc led  32 

t i m e s  each yea r ,  on t h e  average. Much l a r g e r  amounts of water are 

present  i n  f reshwater  l a k e s  (125 x 1 0 l 2  m3) and subsurface waters on 

land (8320 x 1 0 l 2  t o n s ) ,  but  t hese  can be l a r g e l y  ignored s i n c e  a l l  l a k e  

waters and t h e  bulk  of subsur face  waters r e e n t e r  r i v e r s  on t h e i r  way t o  

t h e  oceans.  Enontious amounts of f reshwater  are locked up as ice 

(30,000 x 1OI2 m3), bu t  t h e s e  too have been neglec ted .  

1.104 x 1 0 l 2  m3 of water i n  s a l i n e  l a k e s  (e.g. ,  Great S a l t  Lake) and 

in land  seas (e .g . ,  Caspian Sea) a l s o  has  been neglec ted  because i t  i s  

not  r e l even t  t o  t h i s  s tudy;  however, some of t h e s e  waters (and t h e i r  

a s soc ia t ed  b r i n e s )  may be minor uranium sources .  

The annual r e s i d u a l  runoff c a r r i e d  by a l l  r ivers 

The amount of 

F i n a l l y ,  

A second f a c t o r  t h a t  governs t h e  amount of uranium i n  streams 

derived through weathering and e ros ion  i s  t h e  rate of denudation of t h e  

land .  World d a t a  on t h i s  s u b j e c t  are spa r se  and u n r e l i a b l e .  However, 

t h e  USGS has  made very  c a r e f u l  s t u d i e s  f o r  t h e  United States which 

i n d i c a t e  t h a t  t h e  average rate of domestic l and  denudation i s  $0.061 , 

mm/yr.' Based on t h i s  va lue ,  1.1100 m i l l i o n  m e t r i c  tons  of rock i s  

t r anspor t ed  t o  t h e  ocean each year .  Using t h i s  quan t i ty  t o  o b t a i n  a 

world estimate (excluding An ta rc t i ca ) ,  w e  f i n d  t h a t ,  ve ry  roughly,  

21,800 m i l l i o n  metric tons  of rock i s  de l ive red  t o  t h e  oceans annual ly .  

. 

. 
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Since t h e  average uranium concent ra t ion  of a l l  c o n t i n e n t a l  rocks i s  2 .9  

ppm, t h e  t o t a l  uranium e n t e r i n g  t h e  seas annual ly  is  ~ 6 3 , 2 0 0  me t r i c  

tons ,  of which only  ~ 1 0 %  i s  derived from igneous rocks.  

is  d iv ided  by the  t o t a l  quan t i ty  of  water de l ive red  t o  the  sea pe r  year  

(37 x 1 O I 2  m3) , t h e  average uranium concent ra t ion  i n  rivers is  1 . 7  ppb. 

However, most of i t  is  i n  t h e  form of i n s o l u b l e  uranium i n  sediments.  

On t h e  average,  only 26% of t h e  material i n  weathered domestic rock is  

so lub le ;  thus ,  i f  t h i s  same f r a c t i o n a l  va lue  appl ied  t o  uranium, t h e  

average concent ra t ion  of so lub le  uranium i n  a l l  rivers i s  0.44 ppb, and 

t h e  t o t a l  amount of so lub le  uranium de l ive red  t o  t h e  oceans,  worldwide, 

i s  on t h e  o rde r  of 16,400 metric tons ,  of which %5% o r  820 tons  is  i n  

U.S. r i v e r s .  

When t h i s  va lue  

The average res idence  time of uranium i n  t h e  oceans w a s  given 

ear l ier  as %500,000 y r . 6  Using t h e  da t a  der ived  above, a res idence  t i m e  

of 300,000 y r  i s  obta ined  (mass of water i n  t h e  ocean, 1.37 x 1 O I 8  

metric tons ,  x 3.3 x 

i n  r i v e r s ,  37 x 10l2 m t  x 0.44 x lo-’ m t  uranium p e r  m3), which is i n  

f a i r l y  good agreement wi th  Bowen’s va lue .  Bowen a l s o  s ta tes  t h a t  t h e  

percentage r e t e n t i o n  i n  t h e  ocean is  only  0.1% of a l l  uranium i n  igneous 

rock ever  de l ive red  (uranium i n  sedimentary and metamorphic rocks is 

considered t o  be r ecyc led ) .  

above da ta .  

uranium per  mt/annual de l ive ry  of f reshwater  

This  va lue  a l s o  ag rees  f a i r l y  w e l l  wi th  t h e  

Data on river bas in  areas, annual runof f ,  rate of land  denudation, 

and load of d i sso lved  and undissolved materials i n  t h e  major river 

systems of t h e  United States are summarLzed i n  Table 1;79 

and ex ten t  of t h e  va r ious  bas ins  are given on t h e  map i n  Fig.  1. 

Note i n  p a r t i c u l a r  that s e v e r a l  bas ins  c r o s s  i n t e r n a t i o n a l  boundaries.  

This causes  some c o n f l i c t . i n  t h e  d a t a  of Table 1, p a r t i c u l a r l y  f o r  t h e  

S t .  Lawrence, Western Gulf (mainly Rio Grande) , Hudson Bay (mainly Red 

River of t h e  North),  and P a c i f i c  Northwest (mainly Columbia River) 

bas ins  because only  bas in  areas wi th in  the  United States are used. 

t h e  Hudson Bay bas in ,  no problem e x i s t s  because only headwaters are 

involved. For t h e  o t h e r  t h r e e ,  however, t h e r e  i s  some con t r ibu t ion  t o  

flow from Canada (Columbia and Upper S t .  Lawrence) o r  from Mexico (Rio 

Grande); i n ’ t h e  las t  case, t h e  problem i s  minor because t h e  Mexican 

t h e  l o c a t i o n  

For 
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Table 1. Basin areas, annual runoff,  r a t e  o f  denudation, and annual load i n  major danestic r i v e r s  and r i v e r  basins 

Reg I on 

Load Carr ied by r i v e r s b  
Basin area Annual runof f  

Denudation Percent Percent 

h 2 / y r  tonsJyr s o l i d  s o l i d  . 
(103 tu2)a (103 tm2)b (109 m3)a (109 m3)b (cmP ( ~ r n / i o J / ~ r ) b  me t r i c  tons/ 106 me t r i c  as as Major r i v e r  

L w e r  48 s ta tes  
New England 
Hudson4eleware 
Chesapedte 

Nor th A t l a n t i c  
South A t l a n t i c  
Eastern Gul f  

Subtotal 
E. Great Lake- 

St. Laurence 
W. Great Lake 

Tota l  St .  Lawrence 

Tennessee-Cumber land 
oh i o  
Upper M i s s i s s i p p i  
Up per M I  ssour i 
Lower M i  s s a r r i  
Lower M iss i ss ipp i  
Upper Arkansas h Red 
Lower Arkansas h Red 

Total, M iss i ss ipp i -  

Hudson Bay 

Western Gui f 
Co I orado 
Great Basin 
South Paci f IC 

Missour i  

P a d  f IC Northwest 
Tota l  l a t e r  48 

A i  aska 
Yukon 
E i g h t  Other Major Areas 

Other 

To ta l  Alaska 

Su b t  o t  a I 

153 
80 

148 

38 1 
4 40 
282 

722 

122 
2 10 

332 

153 
376 
471 

1186 
161 
166 
39 6 
303 

- 

- 

- 

3212 
155 

883 
668 
5 18 
290 

666 
78TT 

513 
440 

953 
565 

1518 

- 

- 
383 

- 
736 

- 
N S  

- 

3238 
NGC 

829 
637 

303 
NGC 

679 mus 

92.6 
44.2 
70.5 

207.3 
1 52. I 
136.9 

289.0 

55.3 
58. i 

113.4 

81.6 
152.1 
85.7 
33.2 
31.8 
67.7 
15.2 

109.2 

576.5 
6.4 

71.9 
18.0 
13.8 
88.5 

2 19.8 r 

193 
245 

430 
NGC 

- 

I88 

29 1 

- 
NCC 

- 

5 54 
N G ~  

4 2  9 
20.6 

71.5 
N G ~  

3 00 
T4Bz 

61.0 
53.3 
48.3 

56.6 
48.3 

45.7 
27.9 

53.3 
40.6 
18.3 
2.5 

19.8 
40.6 

4. I 
35.6 

.I 7.9 
4. 1 

8 . 1  
2 8  
2 8  

30.5 

33.0 
-2-03 

2 2  6 
55.7 

4.8 

4.0 

N G ~  

5.1 
NCC 

5.3 
16.5 
N G ~  
9.1 

3.8 
33- 

126 

110 

N G ~  

Connecticut 
Hudson 
Susquehanna 

48 54.9 45.1 

b b i  l e  

81 44.3 55.7 

St .  Lawrence 

N G ~  N G ~  N G ~  

132 427 70.9 29.1 M iss i ss ipp i  
N G ~  NCC NGC Ne Red River  

o f  Nor th 
142 118 70.9 29.1 R io  Grande 
440 28 0 94. a 5.2 Colorado 
NCC N G ~  NGC N G  Humboldt 
245 74 85.3 14.7 San Joaquird 

S a c r m n t o  

101 69 
Tiiz W 

43.4 56.6 Columbia 
73x-2-67 

%ata obta ined f r a n  Gerahiy e t  al. Water At las o f  t h e  United States, P o r t  Washington, N.Y. 1973. 

bData obtained f r a n  J. G i I  luby e t  at: P r inc ip les  of Geology, pp. 70-79, Greenen, San Francisco, 1968. 

cNG - no t  given. 

b . , 
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Fig. 1. Location and e x t e n t  of major U.S. river b a s i n s  and 
subbasins (Source: r e f .  9 ) .  
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c o n t r i b u t i o n  t o  flow i s  very small. Note a l s o  that several bas ins  are 

subdivided by do t t ed  l i n e s  (e .g . ,  t h e r e  are e i g h t  subbasins  f o r  t h e  

Miss i s s ipp i  River bas in ) .  

The d a t a  i n  Table 1 show wide variance i n  parameters.  For example, 

u n i t  runoff varies from 2.8 cm/yr f o r  t h e  a r i d  Colorado bas in  and t h e  

Great Basin t o  6 1  cm/yr f o r  t h e  h igh - ra in fa l l  New England area; t h e  ra te  

of land  denudation v a r i e s  from 4 t o  5 cm/103 y r  i n  t h e  e a s t e r n  and 

c e n t r a l  United States t o  16 .5  cm/103 y r  i n  t h e  Colorado bas in ;  and t h e  

f r a c t i o n  of l oad  t h a t  i s  so lub le  i n  river w a t e r  varies from 5% i n  t h e  

Colorado bas in  t o  over 50% i n  t h e  South A t l a n t i c  and Eas te rn  Gulf and 

t h e  Columbia River bas ins .  The Miss i s s ipp i  River ,  t h e  l a r g e s t  U.S. 

r i v e r  and seventh l a r g e s t  i n  t h e  world,* d r a i n s  41% of t h e  area of t h e  

lower 48 s ta tes  and accounts f o r  36% of t h e  flow i n  a l l  conterminous 

r i v e r s .  

Man's a c t i v i t i e s  during t h i s  cen tury  have g r e a t l y  increased  both 

t h e  rate of land e ros ion  and t h e  amount of uranium a v a i l a b l e  t o  be 

de l ive red  t o  t h e  oceans. Land e ros ion  rates are es t imated  t o  have 

almost doubled i n  t h i s  country,  mostly through a g r i c u l t u r a l  a c t i v i t i e s ,  

and t o  have increased  by perhaps 30% worldwide. 

The ex tens ive  use  of phosphate f e r t i l i z e r s  from which uranium has 

seldom been removed appears  t o  be  t h e  major cause of increased  uranium 

i n  rivers, p a r t i c u l a r l y  i n  t h e  Mississ ippi-Missouri  system which t r a v e r s e s  

t h e  main domestic farming area. Annual domestic use of phosphate f e r t i l i z e r  

now amounts t o  12.4 m i l l i o n  metric tons  of P ~ O S , ~ O  which corresponds t o  

~ 1 2 4  m i l l i o n  metric tons  of crude phosphate rock ( a t  10% P205) conta in ing  

%80 ppm uranium. This amounts t o  % l O , O O O  metric tons  of uranium i n  

phosphate f e r t i l i z e r s  t h a t  w i l l  be added t o  t h e  s o i l  each yea r .  Of 

course,  t h e  f i g u r e  w i l l  be decreased i f  t h e r e  is  g r e a t e r  by-product 

recovery of uranium. 

so most of t h e  added f e r t i l i z e r  w i l l  e n t e r  rivers as i n s o l u b l e  sediment 

as s o i l  e r o s i o n  proceeds.  

It appears  t h a t  only a small amount i s  s o l u b i l i z e d ,  

Some uranium e n t e r s  rivers i n  phosphate-producing areas as a r e s u l t  

of t h e  e ros ion  of overburden and t a i l i n g s  p i l e s .  The l a t te r  source  

seems t o  be more important s i n c e  only  70 t o  80% of t h e  P205 is  removed 

from crude phosphate rock during b e n e f i c i a t i o n .  The o t h e r  major man- 
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. 

made source of uranium add i t ions  t o  r i v e r s  i s  i n  uranium mining areas. 

Some uranium i s  a v a i l a b l e  from overburden p i l e s  s i n c e  t h e  l e a n e s t  o r e s  

are no t  processed. 

dus t  being blown o f f  t a i l i n g  p i l e s  o r  material f a l l i n g  o f f  t rucks  on 

haul  roads between mines and m i l l s .  

more populated Gulf Coast mining region.  

material should preclude release except  from t h e  occas iona l  bu r s t ing  of 

t a i l i n g s  pond dams. 

should flow t o  t h e  ocean r a t h e r  r ap id ly .  

More i s  a v a i l a b l e  i n  t a i l i n g s  ponds, as  a r e s u l t  of 

This  is a g r e a t e r  problem i n  t h e  

S t r i c t  management of such 

I n  t h i s  event ,  t h e  bulk of any r e l eased  uranium 

2.3 Uranium i n  Freshwater Sources 

Uranium concent ra t ions  have been measured p e r i o d i c a l l y  i n  va r ious  

More r e c e n t l y ,  t h e  AEC r i v e r s  by t h e  USGS and by va r ious  researchers .  

(now DOE) embarked on t h e  Nat ional  Uranium Resource Evaluation (NURE) 

program involv ing  rad iometr ic  areal surveys and ex tens ive  stream and 

stream sediment sampling and uranium a n a l y s i s  e f f o r t s  throughout t h e  

United States;  numerous water w e l l s  w e r e  a l s o  sampled and analyzed. The 

accuracy of da t a  taken dur ing  many of t h e  earlier s t u d i e s  may be ques- 

t i onab le  because t h e  a n a l y t i c a l  techniques used a t  t h a t  t i m e  w e r e  o f t e n  

inadequate f o r  t h e  very  low uranium concent ra t ions  encountered. How- 

ever ,  g r e a t  care has  been taken by NURE t o  produce high-qual i ty  d a t a ,  

and where r e s u l t s  appear susp ic ious ,  one o r  more reana lyses  have been 

conducted. 

Data f o r  average so lub le  uranium concent ra t ions  i n  11 domestic and 

4 fo re ign  r i v e r s  and f o r  Lake Superior ob ta ined  by Ber t ine  e t  a1.I1 

around 1970 are summarized i n  Table 2. The range of concent ra t ions  

varies from <0.01 t o  1.22 ug/L (ppb) and t h e  unweighted average f o r  t h e  

1 7  va lues  is  0.27 ug/L. On a weighted average b a s i s ,  t h e  average uranium 

concent ra t ion  would undoubtedly be much lower because of t h e  low concen- 

t r a t i o n s  i n  t h e  l a r g e s t  r i v e r s  -Amazon, Congo, Miss i s s ipp i ,  and t o  a 

much lesser ex ten t  t h e  Rhone, Po, and Susquehanna, a l l  of which are 

among the  wor ld ' s  50 l a r g e s t  rivers. 

on t h e  average,  are low. 

concent ra t ions  above t h e  world average of 0.44 ppb (developed i n  t h e  

It i s  suspected t h a t  t h e  ana lyses ,  

Only t h r e e  of t h e  rivers have so lub le  uranium 



16 

Tab le  2. Average uranium c o n t e n t  (ug/L) of s e v e r a l  
U.S. and f o r e i g n  r i v e r s  a 

Uranium Average annua l  Rank i n  f low 
Rive r  Sample Locat ion concent  rat  i o n  f low among world 

(ug/L)  ( i o 9  m3/yr or km3) r i v e r s  
--- P P b  --__ 

Domestic 

Klamath 

Brazos 

C o l o r a d 8  

M i s s i s s i p p i  

M i s s i s s i p p i  

Red ' 

Wateree 

E e  1 

Mad 

Russ i an  

Lake Supe r io r  

Susquehanna 

Fore ign  

Amazon 

Congo 

Rhone 

Maipo 

Klamath Glen, C a l i f .  

Hwy 59, Tex. 

Hwy 5 9 ,  Tex. 

Hwy 23, Ak. 

Minneapol is ,  Minn. 

Hwy 2 ,  La. 

Hwy 1 ,  S.C. 

U.S.  Hwy 101, C a l i f .  

Blue Lake, Cal i f .  

Hwy 1 1 6 ,  C a l i f .  

Grosspor t ,  Ont. 

Marietta, Pa. 

Santarem, B r a z i l  

Unknwn 

Pont d 'hvignon, F r  

Puente  Alto,  Ch i l e  

n 

1.22 

1.06 

0.35 

0.31 

0.10 

0.10 

0.07 

0.06 

0.03 

0.03 

0.02 

<0.01 

0.02 

0.12 

0.64 

0.23  

86 

546 

<50 

6700 

1260 

53  

45 

7 

49 

1 

2 

42 

47 

aData ob ta ined  from K. K. B e r t i n e  et a l . ,  "Uranium Determinat ions in Deep-sea Sediments and 
N a t u r a l  Waters Using F i s s i o n  Tracks,  " Geochim. Cosmochim. Acta. E, 641 (1970). 

bNote t h a t  t h i s  is  no t  t h e  l a r g e r  Colorado r i v e r  t h a t  f lows t o  t h e  Gulf of C a l i f o r n i a .  
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l as t  s e c t i o n ) .  A poss ib l e  reason f o r  t he  high va lue  i n  t h e  Klamath 

River is  t h a t  t h e  headwaters d r a i n  a n  area of vo lcanic  ash  through a 

marsh near  Carter Lake, Oregon, an e x t i n c t  vo lcan ic  ca ldera .  The 

uranium content  i n  t h e  Brazos River is  h igh  because t h e  r iver d r a i n s  

ex tens ive  a g r i c u l t u r a l  areas near  Houston and c rosses  t h e  uran i fe rous  

ash-r ich Catahoula formation (near t h e  area sampled), which i s  be l ieved  

t o  be t h e  source of uranium i n  t h e  Gulf Coast o r e  depos i t s .  

River i n  France has  headwater streams near French uranium ve in  depos i t s .  

Except f o r  t h e  Colorado River,  none of t h e  o t h e r  rivers pass  through any 

known u ran i f e rous  areas. 

The Rhone 

Spaulding l 2  r e p o r t s  t h a t  t h e  uranium concent ra t ion  of t h e  Brazos 

River from 1971 t o  1972 a t  Bryan, Texas, va r i ed  from 0.6 t o  2.7 ppb, 

wi th  an  average of 1 .4  ppb ( 2 1  samples);  f low during t h i s  per iod ranged 

from 0.45 t o  21.5 b i l l i o n  m3/yr, bu t  a nega t ive  c o r r e l a t i o n  between flow 

and uranium content  w a s  observed. USGS measurements on t h e  Red River of 

t h e  North a t  Fargo, North Dakota, from 1971 t o  1975 (32 samples)13 

showed a v a r i a t i o n  from <0.4 t o  ~ 4 . 2 5  ppb, w i th  an average of 1.35 ppb; 

flow ranged from 0.2 t o  2.2 b i l l i o n  m3/yr. The high va lues  may r e s u l t  

l a r g e l y  from t h e  leaching  of uranium from phosphat ic  f e r t i l i z e r s  s i n c e  

peak uranium concent ra t ions  are observed dur ing  t h e  p l an t ing  and f e r -  

t i l i z i n g  season. 

Sacket t  and Cook14 r epor t  a ' r a n g e  i n  uranium concent ra t ion  i n  t h e  

Mississ ippi-Missouri  River system of from 0.10 t o  2.39 ppb. They a l s o  

s t a t e  t h a t ,  on t h e  average,  t h e  use  of phosphat ic  f e r t i l i z e r s  con t r ibu te s  

as much as 0 . 3  ppb uranium t o  t h e  runoff .  

Nearly a l l  of t h e  sample concent ra t ions  r epor t ed  thus  f a r  have been 

obtained a t  l o c a t i o n s  near  t he  mouths of t h e  va r ious  r i v e r s .  Since t h e  

i n t e n t  of t h e  NLJRE program w a s  t o  l o c a t e  p o t e n t i a l  uranium o r e  sources ,  

ca re  w a s  taken t o  ob ta in  samples t h a t  had not  been contaminated by man- 

made a c t i v i t i e s .  To do t h i s ,  most samples were obtained from s m a l l  

streams and t r i b u t a r i e s  with dra inage  bas ins  of ~ 4 0  km2 o r  less near  

t h e i r  sources .  

much less than 1 km3/yr. Table 313 gives  t h e  l o c a t i o n  and concent ra t ions  

of some of t h e  h ighes t  uranium content  samples taken t o  d a t e  from streams 

i n  both t h e  conterminous 48 states and Alaska under t h e  NURE program. 

Annual flows from such bas ins  would c e r t a i n l y  be very  



Table 3. Domestic streams wi th  anomalously high uranium content  

a Uranium 
concen t r a t ion  River Basin Numbe r Locat ion  S t a t e  and County 

L a t i t u d e  Longitude (11 g/L 1 

1 46.69 N 111.87 W 
2 39.58 104.84 

3 40.34 104.41 

4 34.98 114.01 

5 28.03 97.45 

6 38.61 99.08 

7 41.61 , 103.02 

8 28.04 97.44 

9 39.02- 101.36 

10 65.39 163.65 

11  66 .OO 159.82 

Montana, L e w i s ,  and Clark 

Colorado, Arapahoe 

Colorado, Adam 

Arizona, Mohave 

Texas, San P a t r i c o  

Kansas, Rush 

Nebraska, M o r r i l l  

Texas, San P a t r i c o  

Kansas, Logan 

Alaska 

Alaska 

400.7 

147.4 

142.6 

139.2 

61.6 

39.3 

33.1 

29.4 

20.4 

14.5 

9.2 

M i s s i s s i p p i  

M i s s i s s i p p i  

M i s s i s s i p p i  

Colorado 

Nueces 

M i s s i s s i p p i  

M i s s i s s i p p i  

Nueces 

M i s s i s s i p p i  

Kobuk 

Yukon 

(Missouri)  

(s. P l a t t e )  

(S. P l a t t e )  

(Kansas ) 

(N. P l a t t e )  

P 
Q, 

(Kansas) 

12 67.42 158.55 Alaska 8.4 Kobuk 

%oes not i n d i c a t e  t h e  a c t u a l  stream from which the sample w a s  obtained. 

1 a 
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A s  shown, only  fou r  samples conta in  over 100 ppb uranium, and only one 

has a very h igh  4 0 0  ppb uranium. 

samples r a p i d l y  f a l l  t o  %20 ppb o r  less. 

of sample 1 i s  unknown; samples 2 and 3 may i n d i c a t e  t h e  presence of new 

uranium ve in  d e p o s i t s  i n  t h e  f r o n t  range of t h e  Rocky Mountains s imi l a r  

t o  the  ones a t  the  Schwartzwalder mine, and samples 5 and 8 are down- 

stream from t h e  Texas sandstone uranium depos i t s .  Most of t h e  stream 

samples have uranium concent ra t ions  t h a t  are one order  of magnitude 

g r e a t e r  than concent ra t ions  i n  t h e  l a r g e r  r i v e r s .  

The concent ra t ions  of t h e  remaining 

The reason f o r  t h e  high va lue  

Table 4 1 3  gives  t h e  h ighes t  uranium concent ra t ions  i n  w e l l  water 

from va r ious  geo log ica l  areas i n  Texas arranged i n  order  of decreasing 

uranium concent ra t ion .  In  a l l  cases, t h e  a n a l y s i s  w a s  t h e  h ighes t  one 

f o r  a group of c l o s e l y  a s soc ia t ed  w e l l s  from a s i n g l e  aqu i f e r .  The 

number of w e l l s  and t h e  mean concent ra t ion  of t h e  group are a l s o  given.  

In  most cases ,  t h e  mean is  only a s m a l l  f r a c t i o n  of t he  h ighes t  value.  

A s  shown, concent ra t ions  i n  the  r i c h e s t  w e l l s  vary from 42 t o  nea r ly  

1900 ppb. Samples 1, 3 ,  4 ,  and 6 are a l l  from t h e  Texas uranium o r e  

d i s t r i c t  i n  Webb, Live Oak, and Bee Counties.  A s  noted above, t h e  

uranium source f o r  t h e  peneconcordant uranium sandstone depos i t s  i s  

be l ieved  t o  be t h e  u ran i f e rous  vo lcan ic  a sh  i n  t h e  Catahoula formation. 

Samples 2 and 8 are probably inf luenced by a sh  sources  i n  t h e  Texas 

Panhandle. Sample 1 2  i s  poss ib ly  a f f e c t e d  by eroded and redepos i ted  

uranium o r i g i n a l l y  der ived  from t h e  Catahoula formation. The source of 

uranium from sample 5 has  not  been determined. 

The remaining samples are from t h e  Big Bend area and have moderate 

peak and r e l a t i v e l y  high group ana lyses .  

r e l a t i v e l y  new f e l s i t i c  vo lcanics  i n  the  Trans-Pecos area t h a t  have not  

been completely d e v i t r i f i e d  and may s t i l l  be l o s i n g  uranium. The sand- 

s tones  i n  t h i s  area have no s u i t a b l e  r educ tan t s  t o  permit formation of 

peneconcordant depos i t s .  More l i k e l y ,  t h e  uranium w i l l  occur i n  ve ins  

of f r a c t u r e  f i l l i n g s  around ca lde ras  such as i n  t h e  Pelia Blanca D i s t r i c t ,  

Mexico, which i s  geo log ica l ly  similar t o  t h e  Big Bend area. 

These are inf luenced by 

A l l  of t h e  w e l l s  repor ted  were gene ra l ly  of low water y i e l d  ( < l o  gpm); 

they were e i t h e r  low-yield windmill w e l l s  (1-5 gpm) o r  domestic e lectr ic  

s tock  w e l l s  ( < l o  gpm). 
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Table 4. Texas w e l l  waters wi th  anomalously high uranium content  

Uranium Number of Mean uranium 
Locat ion  concen t r a t ion  w e l l s  i n  concen t r a t ion  

of a l l  wellsa a 
Number L a t i t u d e  Longitude Quadrangle . (ppb) a r e a  

1 

10 

11 

12 

28.17 N 
33.11 

29.06 

29.77 

33.69 

29.07 

29.98 

34.78 

34.78 

29.92 

29.72 

29.88 

98.60 W 
101.94 

97.79 

97.68 

97.68 

98.70 

103.81 

100.58 

103.79 

104.06 

104.06 

94.05 

B e e v i l l e  

Lubbock 

Seguin 

Seguin 

Sherman 

San Antonio 

Emory Peak 

P l a i n v i  e w  

Emory Peak 

P r e s  i do 

Pres i d o  

Houston 

1878 

411.3 

524 

3 10 

298.2 

192.8 

165.1 

106.9 

104.4 

89.6 

60.1 

43.9 

173 

394 

42 

71 

28 5 

60 

55 

292 

40 

14 

33 

37 6 

21.9 

11 .o 
0.1 

0.1 

0.3 

0.1 

4.9 

7.8 

7.0 

6.5 

, 7.1 

0.3 

N 
0 

%he w e l l s  i n  each group of wells are from t h e  same geologic u n i t  and t h e  same aqu i fe r .  
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Well samples from t h e  Rocky Mountain area (Wyoming, Colorado, 

and Wyoming) are  spa r se  because t h e  w a t e r  t a b l e  is  f a r  underground 

because of t h e  s c a r c i t y  of w e l l s .  

2.4 Uranium Recovery from Freshwater Sources 

Utah, 

and 

Although t h e  amount of da t a  provided above i s  l i m i t e d ,  i t  does show 

t h a t  f reshwater  is  a n  un l ike ly  source of commercial uranium. When i t  i s  

r e a l i z e d  t h a t  a t  1 ppb a t  least  1 km3 of water must be processed t o  

o b t a i n  1 metric ton  of uranium, which is  only  0.01% of t h e  cu r ren t  

annual demand, t h e  d i f f i c u l t i e s  involved w i l l  become more apparent .  On 

the  o t h e r  hand, f lows from small streams and w e l l s  w i th  higher  concen- 

t r a t i o n s  are too small t o  be s i g n i f i c a n t .  I n  add i t ion ,  underground 

water i n  t h e  areas of g r e a t e s t  p o t e n t i a l  i s  too  va luable  f o r  a g r i c u l t u r a l  

and o t h e r  uses  t o  be wasted. Flows i n  l a r g e  r i v e r s  could con t r ibu te  a 

s i g n i f i c a n t  f r a c t i o n  of needs i f  e n t i r e  r i v e r s  w e r e  processed. However, 

t h i s  seems t o t a l l y  i n f e a s i b l e .  Therefore,  t h e  remainder of t h e  r epor t  

w i l l  be  devoted t o  a l i t e r a t u r e  review and technology assessment on t h e  

recovery of uranium from seawater. 

3. URANIUM RECOVERY FROM SEAWATER 

The p o s s i b i l i t y  of recovering uranium from seawater has  received 

a t t e n t i o n  over t h e  p a s t  t h r e e  decades. This i n t e r e s t  has  a r i s e n  from 

t h e  f a c t  t h a t  d e s p i t e  t h e  very low uranium concent ra t ion  ( ' ~ 3 . 3  ppbl5) ,  

t h e  enormous volume of a l l  t h e  e a r t h ' s  oceans conta ins  ~4 x l o 9  m e t r i c  

tons  of uranium. This uranium, of course,  i s  a l r eady  i n  so lu t ion ,  and 

it has  been obvious t h a t  i f  a s u i t a b l e  e x t r a c t a n t  o r  sorbent  w a s  avail- 

a b l e ,  t h e  uranium could,  i n  p r i n c i p a l ,  be  r e a d i l y  recovered. 

The publ ished information r epor t ing  r e sea rch  o r  desc r ib ing  engineer ing 

s t u d i e s  r e l a t e d  t o  uranium recovery from seawater is reviewed i n  Sect .  

3.1. The f i r s t  work w a s  conducted i n  Great Bri ta in .  Other European 

coun t r i e s  then became i n t e r e s t e d ,  and most r e c e n t l y ,  an ex tens ive  e f f o r t  

has been undertaken i n  Japan. 

i n  s e v e r a l  fo re ign  coun t r i e s  as of t h e  f a l l  of 1978 is contained i n  

Chapter 1 5  of r e f .  16. 

nology i s  then presented i n  Sect .  3.2. 

A comprehensive review of t h e  a c t i v i t i e s  

An assessment of t h e  cu r ren t  s ta te  of t h e  tech- 
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3.1 L i t e r a t u r e  R e v i e w  

Recently publ ished art icles (1977 and l a t e r )  have been emphasized 

i n  t h i s  l i t e r a t u r e  review. This review w a s  conducted p r imar i ly  by 

searching  Chemical Abstracts, vo l s .  86 (1977) through 92 (1980). Much 

of t h e  earlier work has been w e l l  covered i n  s e v e r a l  summary ar t ic les  

and reviews; t hus ,  i n  compiling t h i s  r e p o r t ,  no a t tempt  has  been made t o  

l i s t  a l l  t h e  earlier r e fe rences .  Numerous Japanese p a t e n t s  have r e c e n t l y  

been i s sued ,  and t h e s e  p a t e n t s  are l i s t e d  sepa ra t e ly  i n  t h e  Appendix. 

3.1.1. Recent review articles 

Severa l  review a r t ic les  have appeared s i n c e  1977 t h a t  summarize t h e  

state of development of methods f o r  t h e  recovery of uranium from sea- 

water and inc lude  r e fe rences  t o  much of t h e  earlier work. Three ar t ic les  

have appeared i n  Japanese j o u r n a l s  7-1 

t i o n s .  20,21 

funding. 2 2 9 2 3  

p r i o r  t o  ~ 1 9 7 7  t o  1978 and prec lude  t h e  need t o  perform another  independent 

l i t e r a t u r e  review f o r  t h e  yea r s  p r i o r  t o  1977. 

and two i n  German publ ica-  

An ex tens ive  bibl iography w a s  publ ished i n  1979 under DOE 

These l i s t  and d i s c u s s  e s s e n t i a l l y  a l l  t h e  p e r t i n e n t  work 

3.1.2. Work i n  t h e  United Kingdom 

The United Kingdom sponsored an active program from t h e  l a te  1950s 

t o  %1970. 

Screening s t u d i e s  inves t iga t ed  many poss ib l e  so rben t s  and i d e n t i f i e d  

hydrous t i t an ium oxide ( t i t a n i c  a c i d )  as having t h e  b e s t  combination of 

p r o p e r t i e s .  

t i d a l  bas in  and pumped schemes w a s  performed. 

t h e  energy consumed i n  pumping seawater through an adsorbent  bed could 

use  up a s i g n i f i c a n t  f r a c t i o n  of t h e  energy a v a i l a b l e  from t h e  uranium 

a f t e r  i t  i s  recovered and used i n  nuc lear  power p l a n t s ;  t hus ,  design 

emphasis w a s  placed on a t i d a l  bas in  concept.  

f a c i l i t y  t o  supply 10,000 tons  of uranium pe r  year would enc lose  777- 

1034 square k i lometers  (300-400 square mi l e s )  o'f ocean. Work i n  t h e  

United Kingdom w a s  e s s e n t i a l l y  terminated i n  t h e  e a r l y  1970s when i t  w a s  

ca l cu la t ed  t h a t  t h e  combined flow of a l l  t h e  water through t h e  S t r a i t s  

This  work i s  descr ibed  i n  a r e c e n t  sununary ar t ic le .% 

An engineer ing  a n a l y s i s  of t h e  energy requirements  f o r  both 

This  a n a l y s i s  showed t h a t  

I t  w a s  es t imated  t h a t  a 
, 

. 
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of Dover and t h e  I r i s h  Sea con ta ins  <10,000 tons  of uranium pe r  year .  

These f ind ings  emphasized t h e  need of s i t i n g  a recovery p l a n t  i n  o r  

ad jacent  t o  a s t rong  ocean cu r ren t  where f r e s h  seawater would be cont in-  

u a l l y  suppl ied  and p l a n t  e f f l u e n t  removed by t h e  cu r ren t .  

r ecen t  B r i t i s h  pub l i ca t ion  on t h e  use  of hydrated t i t an ium oxide w a s  

i d e n t i f i e d  . 

Only one 

3.1.3. Work i n  t h e  United States  

L i t t l e  experimental  e f f o r t  has  been given t o  t h e  s tudy of uranium 

This undoubtedly r e s u l t s  recovery from seawater i n  t h e  United S t a t e s .  

from t h e  r e l a t i v e l y  p l e n t i f u l  uranium resources  i n  the  western i n t e r -  

mountain reg ion  of t h e  United States.  Uranium i s  a l s o  recovered as a 

by-product dur ing  phosphoric a c i d  product ion i n  t h i s  country.  

I n  1966, t h e  B r i t i s h  technology w a s  reviewed a t  OWL, and the  

f ind ings  were re i ssued  as  a r epor t  i n  1974. 

questioned t h e  ve ry  o p t i m i s t i c  design parameters employed i n  t h e  e a r l y  

B r i t i s h  cos t  estimates. By using what w e r e  considered t o  be more r e a l i s t i c  

va lues  (but s t i l l  o p t i m i s t i c )  f o r  uranium recovery and t i t an ium oxide 

sorbent  l o s s e s ,  much h igher  cos t  estimates f o r  uranium recovery w e r e  

ca l cu la t ed .  

This r e p o r t  s e r i o u s l y  

Recently,  an  ex tens ive  s tudy of t h e  s i t i n g  and design of a uranium 

recovery p l a n t  w a s  funded by t h e  DOE Grand Junct ion  Off ice .16* 2 2 y 2 3 :  26  

The design work w a s  p r imar i ly  c a r r i e d  out  by Exxon Nuclear and Vi t ro  

Engineering, while  t h e  s i t e  l o c a t i o n  and oceanographic a s p e c t s  w e r e  

covered by Oregon S t a t e  Universi ty .  The s tudy concluded t h a t :  

1. Uranium i s  held i n  s o l u t i o n  i n  t h e  ocean as uranyl  carbonate  anions.  

2.  It i s  he ld  i n  s o l u t i o n  f o r  long per iods  compared t o  t h e  c i r c u l a t i o n  

and mixing t i m e s  of t h e  ocean depths .  

3. The concent ra t ion  i s  %3.3 ppb uranium, equiva len t  t o  a t o t a l  of 

4.5 x l o 9  metric tons ;  however, only ~ 0 . 1 6  x l o 9  metric tons  i s  i n  

t h e  upper 100 meters ( the  well-mixed s u r f a c e  l a y e r  of t h e  oceans) 

and should be considered a c c e s s i b l e  f o r  recovery.  

Freshwater r i v e r s  and streams c a r r y  too l i t t l e  uranium t o  be 4 .  
considered p r a c t i c a l  sources;  t h e . e n t i r e  flow of a l l  t h e  r i v e r s  i n  

t h e  world con ta ins  only 9000 tons  of uranium pe r  year .  
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1 2 .  

The only  U.S. s i t e  wi th  a t i d a l  range favorable  t o  a t i d a l  bas in  

(non-pumped) scheme i s  Cook I n l e t ,  Alaska. However, t h e  low w a t e r  

temperature  of t h i s  s i t e  would adverse ly  a f f e c t  t h e  hydrous t i t an ium 

oxide sorbent  p r o p e r t i e s ,  and r eg iona l  c i r c u l a t i o n  p a t t e r n s  of t h e  

water would cause cons iderable  back-mixing of p l a n t  e f f l u e n t  wi th  

i n f l u e n t  . 
A c o a s t a l  s i t e  i n  Puer to  Rico c l o s e  t o  t h e  A n t i l l e s  Current w a s  

considered t h e  most favorable  s i t e  f o r  a pumped seawater p l a n t .  

The known so rben t s  f o r  e x t r a c t i n g  uranium from seawater were 

compared, and hydrous t i t an ium oxide w a s  i d e n t i f i e d  as t h e  most 

promising. 

A chemical process  w a s  s e l e c t e d  and f lowsheet  c r i te r ia  were assumed 

f o r  a 500-ton U308/yr p l a n t .  

Design and c o s t  estimates were completed f o r  a continuous f lu idzed-  

bed recovery f a c i l i t y .  The c a p i t a l  c o s t s  w e r e  $6.2 b i l l i o n  i n  1978 

d o l l a r s .  

An annual  l a b o r  f o r c e  of 700 w a s  p ro j ec t ed  f o r  t h e  f a c i l i t y  a t  an 

annual  c o s t  of $12.5 mi l l i on .  

For a p l a n t  b u i l t  by 1995, t h e  cos t  of e x t r a c t i n g  uranium from 

seawater ranged from $2100 t o  $3600 pe r  pound of U 3 O 8 ,  depending on 

t h e  c r i t e r i a  s e l e c t e d .  

Key chemical process  parameters t h a t  had t o  be  es t imated  due t o  

l a c k  of experimental  da t a  included sorbent  loading capac i ty ,  

k i n e t i c s ,  l o s s e s  due t o  mechanical a t t r i b u t i o n  and s o l u b i l i t y ,  etc.  

Since t h e  process  i s  very c a p i t a l  i n t e n s i v e ,  t h e  c o s t s  are very  

s e n s i t i v e  t o  t h e  va lues  s e l e c t e d  f o r  some of t h e s e  parameters.  Key 

f a c t o r s  t h a t  need f u r t h e r  s tudy were i d e n t i f i e d .  

Another DOE-funded engineer ing eva lua t ion  has  r e c e n t l y  been completed 

a t  t h e  Massachusetts I n s t i t u t e  of T e ~ h n o l o g y . ~ ~  

developed t o  s imula t e  engineer ing performance and provide an economic 

a n a l y s i s .  A v a r i e t y  of conceptual des ign  systems were considered t h a t  

employed a hypo the t i ca l  adsorbent  of hydrous t i t an ium oxide coated on 

p a r t i c l e s  o r  on tubes.  The equi l ibr ium isotherm and d i f f u s i o n  cons t an t  

f o r  t h e  uranyl  ion-hydrous t i t an ium oxide system were c a l c u l a t e d  s i n c e  

A computer program w a s  

. 
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. 

they w e r e  no t  experimental ly  a v a i l a b l e .  The c o s t s  ob ta ined  w e r e  almost 

one order  of magnitude lower than  those  ca l cu la t ed  by Exxon.16 

concluded t h a t  minimum expected c o s t s  of uranium recovered from seawater 

would be no lower than $316/lb U308 i n  1979 d o l l a r s  f o r  s ta te -of - the-ar t  

adsorber  material. It a l s o  w a s  ca l cu la t ed  t h a t  i f  t h e  seawater were 

pumped higher  than a l e f t  head, more energy would be consumed i n  pumping 

than would be a v a i l a b l e  from the  uranium. 

o b j e c t i v e s  t o  reduce c o s t s  were i d e n t i f i e d .  

It w a s  

Research and development 

3.1.4. Work i n  European coun t r i e s  

Based on t h e  number of recent pub l i ca t ions ,  t h e  most a c t i v e  e f f o r t  

i n  Europe is  being c a r r i e d  out  i n  Germany. 

been t o  cons ider  va r ious  adsorbents  i n  a n  at tempt  t o  i d e n t i f y  o r  develop 

one with s u i t a b l e  p rope r t i e s .  Three scoping s t u d i e s  have been publ ished 

t h a t  compare t i d a l  and serial  column methods, consider  va r ious  organic ,  

inorganic ,  and b i o l o g i c a l  sorbents ,  and consider  t h e  design of a t e c h n i c a l  

i n s t a l l a t i o n  and t h e  energy balance.  2 8 - 3 0  

o the r  than hydrous t i t an ium oxide are being t e s t e d .  They inc lude  organic  

ion  exchangers,  31 s i l i c a  g e l ,  3 2  brown coa l ,  

Pa t en t s  covering t h e s e  and o the r  so rben t s  have r e c e n t l y  appeared which 

are based on work done a t  German i n s t a l l a t i o n s .  The materials covered 

inc lude  magnetic adsorbents ,  36 s i l i c a  ge l ,  3 7  l i g n i t e ,  3 8  p e a t ,  39  micro- 

organisms:0 and s p e c i a l  sh ips  t o  s a i l  about t h e  oceans contac t ing  t h e  

adsorber  i n  t h e  sh ip  wi th  t h e  seawater.41 

The present  approach has  

Varkous types of adsorbents  

and c e l l u l o s e  exchangers. 34 9 3 5  

References t o  only  t h r e e  recent  Sovie t  Union pub l i ca t ions  w e r e  

These consider  t h e  recovery of uranium from 232U- ident i f ied. '  2-+4 

l abe led  seawater by so rben t s  such as s i l i ca ,  hydrated i r o n  oxides  wi th  

c o l l e c t o r s  such as stearic a c i d ,  o r  ampholytes such as Stearox 6 .  

Coextract ion of uranium and copper w a s  considered i n  one case. 

of t hese  ar t ic les ,  t h e  pH of t h e  seawater was changed by t h e  a d d i t i o n  of 

a c i d  t o  increase uranium recovery.  

In  two 

A r ecen t  French publication'  desc r ibes  t h e  exchange r e a c t i o n s  t h a t  

t ake  p l ace  when U02(C03)34'  is adsorbed by t i t an ium oxide.  

pub l i ca t ion ,  t h e  au tho r s  propose t h a t  t he  uranyl  moiety i s  r e t a i n e d  on 

In  t h i s  
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t i tan ium oxide surrounded by two C 0 3 2 -  and two E T i O -  l i gands .  

r e t e n t i o n  equ i l ib r ium is  given as 

The 

2 I T i O H  + 4 Z T i O N a  + 3U03(CO3)3Na4 2 3(X”l’0)2U02(C03)2Nq i- 

2H+ + 3C032- + 4Na + . 

They po in t  ou t  t h a t  t h e i r  f i nd ings  are not  i n  agreement wi th  earlier 

B r i t i s h  o r  r e c e n t  Japanese work. 

3.1.5. Work i n  Japan 

Over t h e  l as t  s e v e r a l  yea r s ,  an ex tens ive  e f f o r t  i n  uranium recovery 

has  been t ak ing  p l a c e  i n  Japan; t h i s  may r e s u l t  from t h e  almost complete 

absence of domestic convent ional  uranium resources  i n  Japan. Severa l  

research  groups have i ssued  a s u b s t a n t i a l  number of papers ,  and numerous 

pa t en t s  have been i ssued  ( see  Appendix). A wide v a r i e t y  of sorbents  are 

being considered,  a l though much of t h e  work d e a l s  with t i t an ium oxide.  

Three p u b l i c a t i o n s  from t h e  Hi t ach i  Research Laboratory4 6-4 * were 

t h e  f i r s t  t o  quan t i fy  some important process  parameters  f o r  t h e  recovery 

of uranium from seawater wi th  hydrous titanium oxide.  The k i n e t i c s  of 

adsorp t ion  w a s  s tud ied  and c o r r e l a t e d  wi th  su r face  p r o p e r t i e s  of hydrous 

t i t an ium oxide c r y s t a l l i t e s .  

ion  w a s  determined t o  be  

The mechanism of s o r p t i o n  of t h e  [U02(C03) 314- 

. 

TiO(OH)2 + [U02(C03)3]4- -+ T i 0 3 0 U 0 2  + 2HC032- + C032’ . 
The competi t ive adsorp t ion  of  [U02 (OH) 31- w a s  a l s o  considered.  

e f fec t  of o t h e r  i ons  d isso lved  i n  seawater w a s  measured and w a s  found t o  

reduce t h e  uranium uptake by a f a c t o r  of 10. The depos i t i on  of calcium 

carbonate  (CaC03) from seawater onto t h e  hydrous t i t an ium oxide w a s  

p r imar i ly  r e spons ib l e  f o r  depressing t h e  uranium uptake, a l though 

magnesium a l s o  was found t o  have a nega t ive  e f f e c t .  

The 

Another group of i n v e s t i g a t o r s  a t  Tohoku Univers i ty ,  Department of 

Nuclear Engineering, has  been s tudying  ‘hydrous t i t an ium oxide -4  9-52 

A l t e rna te  means of syn thes i z ing  t h e  exchanger were t e s t e d .  Repeated 

aging and washing were found t o  be ind ispensable  i n  ob ta in ing  reproducib le  

r e s u l t s  and high exchange capac i ty .  ’ The s to ich iometry  of c a t i o n  exchange 

. 
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and cid-base pro e r t i e  of t he  exchanger w e r e  examined. It w a s  con- 

cluded t h a t  hydrous t i t an ium oxide i s  a four - func t iona l ,  weakly a c i d i c  

c a t i o n  exchanger. The e f f e c t s  of r a d i a t i o n  and hea t  t reatment  on t h e  

p r o p e r t i e s  of t h e  exchanger were s tud ied ,  and a s t r u c t u r a l  formula of 

t he  exchanger w a s  suggested based on ion-exchange capac i ty ,  thermal 

decomposition curves and x-ray d i f f r a c t i o n ,  and i n f r a r e d  s p e c t r a  da t a .  

It w a s  found t h a t  a f t e r  being allowed t o  s tand  i n  a i r  a t  room temperature 

f o r  t h r e e  t o  s i x  months, t h e  exchanger showed an abrupt  decrease i n  ion  

exchange capac i ty .  

t h e  most a c i d i c  hydroxyl groups by a dehydration-condensation-type r eac t ion .  

This w a s  a t t r i b u t e d  t o  p r e f e r e n t i a l  d e s t r u c t i o n  of 

Two o t h e r  groups have been. s tudying composite adsorbents  f o r  uranium 

from seawater, t h e  o b j e c t i v e  being t o  combine t h e  favorable  p r o p e r t i e s  

of s e v e r a l  materials i n t o  one material. The Government I n d u s t r i a l  

Research I n s t i t u t e  a t  Takamatsu f i r s t  s tud ied  alumina-activated car- 

bon. 5 3 - 5 6  

recovery from seawater were s tudied ;  Freundl ich ' s  r e l a t i o n s h i p  w a s  

observed. Adsorption w a s  temperature and pH dependent. The alumina 

coa t ing  w a s  shown t o  be baye r i t e  when t h e  adsorbent  w a s  prepared a t  low 

temperatures and pseudoboehmite a t  higher  temperatures.  Heating t h e  

adsorbent  t o  250°C increased  t h e  uranium a d s o r p t i v i t y ,  

s h i f t e d  t h e i r  a t t e n t i o n  t o  z inc-act ivated carbon composite adsorbent .  5 7 y  58 

The product w a s  shown by x-ray d i f f r a c t i o n  and thermogravirnetric techniques 

t o  be coated wi th  b a s i c  z inc  carbonate ,  ZnCO3-3Zn(OH)2-2H2OY and t h e  

composite adsorbent  displayed uranium adsorp t ion  p r o p e r t i e s  s imi la r  t o  

pure b a s i c  z i n c  carbonate.  

increased  when t h e  sorbent  w a s  g ranula ted  with polyvinyl  a lcohol .  I n  

a d d i t i o n ,  t h e  amount of uranium accumulated w a s  d i r e c t l y  p ropor t iona l  t o  

t h e  geometric su r face  area of t h e  adsorbent  granule .  Most r e c e n t l y ,  

t h i s  r e sea rch  group has been s tudying t i tanium-act ivated carbon. 5 9  3 6  

The a d s o r p t i v i t y  of seawater c o n s t i t u e n t s  w a s  evaluated,  and t h e  o rde r  

w a s  as fol lows:  a l k a l i  metals, halogens,  and s u l f u r  < boron and a l k a l i n e -  

e a r t h  metals.< phosphorus and a r s e n i c  < t r a n s i t i o n  metals and uranium. 
v i n y l  a l c a h o l  w a s  t e s t e d  as a binder .  

showed t h a t  t h e  amount of uranium adsorbed decreased wi th  a n  inc reas ing  

number of cyc les .  

The p r o p e r t i e s  o f ,  t h e  adsorbent and i t s  capac i ty  f o r  uranium 

The group then 

. 
It w a s  found t h a t  t h e  s t r e n g t h  of t he  p a r t i c l e s  

poly- 

Cycl ic  adsorpt ion-desorpt ion tests 
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A re sea rch  group a t  t h e  Hi t ach i  Research Laboratory has  a l s o  been 

s tudying composite adsorbents ,  s p e c i f i c a l l y  mixtures  of t i tanium(1V)- 

i r o n ( I 1 )  ox ides .61 ,62  The composite hydrous oxide w a s  found t o  be 

composed mainly of r e l a t i v e l y  s m a l l  p a r t i c l e s  of ana ta se  and l a r g e  

p a r t i c l e s  of magnet i te .  

mean pore s i z e  and t h e  number of su r face  OH groups. 

adsorbents  are magnetic, and a hydrous oxide adsorbent  of  400-625 mesh 

p a r t i c l e  s i z e  w a s  magnet ical ly  recovered w i t h  99% e f f i c i e n c y  a f t e r  

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

con tac t  of t h e  adsorbent  w i th  seawater w a s  d i scussed .  

Uranium adso rp t ion  capac i ty  w a s  r e l a t e d  t o  t h e  

These composite 

A group a t  t h e  Okayama College of Science,  Department of Chemistry 

and Nuclear Engineering, has  been s tudying va r ious  o t h e r  e x t r a c t a n t s .  

Polyacrylamide g e l s  conta in ing  metal hydroxides were i n v e s t i g a t e d ,  13 3-6 

and f a c t o r s  a f f e c t i n g  t h e  performance of t h e  adsorber  were examined. Of 

t h e  metals t e s t e d ,  on ly  t i t an ium hydroxide w a s  u s e f u l  f o r  t h e  e x t r a c t i o n  

of uranium from seawater. Absorption performance w a s  n o t  a f f e c t e d  by 

the  degree of polyacrylamide c ross - l ink ing ,  bu t  w a s  in f luenced  by any 

a l t e r a t i o n s  i n  t i t an ium hydroxide. In  o t h e r  tests, e l e c t r o l y s i s  w i th  a 

platinum anode and a s t a i n l e s s  steel cathode w a s  used t o  concen t r a t e  ' the  

uranium i n  a Mg(OH)2 p r e c i p i t a t e  formed a t  t h e  i n t e r f a c e  of a seawater- 

i s o b u t y l  a l coho l  mixture .66 

recovered. 

The uranium w a s  r epor t ed  t o  be  completely 

The use  of b i o l o g i c a l  systems t o  recover  uranium from seawater is  

being inves t iga t ed  by a group a t  Miyazaki Medical College,  Department of 

The uptake of uranium by va r ious  marine microalgae w a s  

given as fol lows:  synechococcus > chlamydomonas >> c h l o r e l l a  > 

d u n a l i e l l a  > platymonas > c a l o t h r i x  > porphyridium. Natura l  polymers 

such as c h i t i n ,  ch i to san ,  c e l l u l o s e ,  and s t a r c h  were a l s o  eva lua ted ,  as  

w a s  a titanium(Iv)-polysaccharide xantha te .  

Severa l  o t h e r  r e c e n t  papers  were noted. In  work a t  Asahi Chemical 

Indus t ry ,  i t  w a s  shown t h a t  foam c o l l e c t e d  a t  t h e  seashore w a s  t e n  t i m e s  

more concent ra ted  i n  uranium than  normal seawater, and beach sand w a s  

enr iched 1 0  t o  100 times over  o t h e r  sand.70 

w a s  i n v e s t i g a t e d  a t  Kumanoto U n i v e r s i t y Y 7 l  and uranium recovery by a 

polymer-bound macrocyclic hexaketone w a s  t e s t e d  a t  Kyoto Univers i ty .  72 

The use  of c h e l a t i n g  res ins  
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The a p p l i c a t i o n  of t h e  e x i s t i n g  technology t o  t h e  recovery of 

uranium from seawater w a s  discussed i n  two r e c e n t  a r t i c l e s .  7 3 9  74 

3.1.6. Work i n  o t h e r  coun t r i e s  

The r e s u l t s  of y e t  another  screening program t o  eva lua te  adsorbents  

t o  scavenge uranium from seawater were r epor t ed  i n  a n  a r t ic le  from 

India .75  

b e s t  p r o p e r t i e s  - r ap id  pickup and good recovery.  

People 's  Republic of China on t h e  mechanism of uranium adsorp t ion  on 

t i t an ium hydroxide w a s  a l s o  noted. 76 

Hydrated t i t an ium oxide w a s  aga in  i d e n t i f i e d  as  having the  

An a r t ic le  from t h e  

3 . 2  Assessment of t he  Current State of Technology 

Despi te  t h r e e  decades of e f f o r t ,  t h e  cu r ren t  technology f o r  t h e  

recovery of uranium from seawater can only be  descr ibed as p r imi t ive .  

Much of t h e  e f f o r t  has  gone i n t o  empir ica l  experimental  screening 

s t u d i e s  t o  eva lua te  poss ib l e  e x i s t i n g  adsorbents  o r  i n t o  c a l c u l a t i n g  

engineer ing c o s t  estimates. 

development e f f o r t s  t h a t  would e s t a b l i s h  f i r m  process  parameters has  

been repor ted .  

L i t t l e  work desc r ib ing  comprehensive process  

Several engineer ing design and cos t  estimate s t u d i e s  of uranium 

recovery from seawater using hydrous t i t an ium oxide have been completed 

i n  t h e  l as t  two decades. Since t h e  r e s u l t s  of comprehensive process  

development e f f o r t s  have not  been publ ished and va lues  have not  been 

e s t ab l i shed  f o r  many of t h e  key process  parameters ,  t hese  engineer ing 

s t u d i e s  can be no more accu ra t e  than t h e  assumed va lues  f o r  t h e  process  

parameters.  Also, a complete process  flowsheet has  never been repor ted  

based on a c t u a l  tests. It i s  no t  s u r p r i s i n g  then  t h a t  estimates f o r  t h e  

cos t  of uranium product ion vary  by more than one order  of magnitude. 

Furthermore, estimates of t h e  energy e f f i c i e n c y  of uranium recovery show 

a s imilar  v a r i a t i o n .  

t h e  seawater has  t o  be pumped more than  10  f t  i n  he igh t ,  more energy i s  

consumed i n  pumping than could be generated by t h e  uranium i n  a t y p i c a l  

LWR, assuming no o t h e r  energy requirements i n  t h e  recovery process  and 

The most r ecen t  energy a n a l y s i s 2 7  s ta tes  t h a t  i f  
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t. 

100% uranium recovery.  Hence, a l l  publ ished va lues  of c o s t s  and energy 

e f f i c i e n c y  probably should be  viewed w i t h  hea l thy  scept ic i sm.  

The concen t r a t ion  of uranium i n  seawater is a t  least  t h r e e  o r d e r s  

of magnitude more d i l u t e  than  t h a t  i n  any commercial p rocess  f o r  t h e  

economic recovery of any metal. This  f a c t  t h e r e f o r e  p l a c e s  extreme 

requirements on t h e  p r o p e r t i e s  of t h e  adsorbent  s e l e c t e d  f o r  uranium 

recovery from seawater. The p r o p e r t i e s  of a success fu l  e x t r a c t a n t  f o r  

economic recovery of uranium from seawater can be cha rac t e r i zed  i n  

genera l  terms, as l i s t e d  below. The uranium absorbent  i s  q u a l i t a t i v e l y  

compared wi th  t h e  s t a t e  of development of hydrous t i t an ium oxide.  

Hydrous t i t an ium oxide w a s  s e l e c t e d  f o r  t h i s  comparison s i n c e  screening  

tests conducted over t h r e e  decades i n  s e v e r a l  d i f f e r e n t  c o u n t r i e s  have 

repea ted ly  i d e n t i f i e d  i t  as being t h e  b e s t .  A success fu l  e x t r a c t a n t  

must have t h e  fol lowing c h a r a c t e r i s t i c s :  

1. Very high d i s t r i b u t i o n  c o e f f i c i e n t ,  s i n c e  uranium i s  so d i l u t e  i n  

seawater. To o b t a i n  reasonable  adsorbent  loading levels,  d i s t r i -  

bu t ion  c o e f f i c i e n t s  of l o 6  t o  l o 8  would be needed. 

e x t r a c t a n t s  f o r  any metal from any s o l u t i o n  have d i s t r i b u t i o n  

c o e f f i c i e n t s  t h i s  high. The b e s t  p r a c t i c a l  l i q u i d  e x t r a c t a n t s  have 

demonstrated d i s t r i b u t i o n  c o e f f i c i e n t s  of %lo5,  whi le  d i s t r i b u t i o n  

c o e f f i c i e n t s  f o r  s o l i d  ion  exchangers are more t y p i c a l l y  l o 3  t o  

l o 4 .  
w a t e r  w a s  g iven i n  r e f .  48 as 2 x l o 4 .  

No  known 

The va lue  f o r  hydrous t i t an ium oxide f o r  uranium from sea- 

2 .  A very  high s e l e c t i v i t y ,  s i n c e  seawater con ta ins  many o t h e r  i o n s  a t  

much higher  concent ra t ions .  

on hydrous t i t an ium oxide compared t o  s y n t h e t i c  uranium s o l u t i o n s  

i s  repor ted  t o  be one order  of magnitude less due t o  calcium car-  

bonate  e ~ t r a c t i o n . ~  Thus, loaded hydrous t i t an ium oxide may 

con ta in  200 t i m e s  as much calcium and magnesium as uranium.18 

A high  loading  so t h a t  s i g n i f i c a n t  q u a n t i t i e s  of uranium can be 

recovered on a s m a l l  volume of sorbent .  The repor ted  concent ra t ion  

of uranium on loaded hydrous t i t an ium oxide i s  only i n  t h e  range 

100 t o  1000 ppm due t o  t h e  combination of t h e  d i s t r i b u t i o n  c o e f f i c i e n t  

and s e l e c t i v i t y  c h a r a c t e r i s t i c s .  Thus, f u r t h e r  concent ra t ion  and 

The adsorp t ion  of uranium from seawater 

3 .  
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. 

p u r i f i c a t i o n  s t e p s  must be employed a f t e r  t h e  uranium has been 

adsorbed onto t h e  hydrous t i t an ium oxide.  

have never been c l e a r l y  def ined  experimental ly ,  and no s i g n i f i c a n t  

samples of p u r i f i e d  uranium prepared from seawater have been repor ted .  

These a d d i t i o n a l  s t e p s  

4 .  Rapid loading  k i n e t i c s  i n  o rde r  t o  minimize contac t  times. This  i s  

very  important i n  a seawater scheme because of t h e  very l a r g e  

volumes of water involved. 

times of 1 t o  2 h f o r  hydrous t i t an ium oxide wi th  seawater i n  o rde r  

t o  a t t a i n  equi l ibr ium. 

would g r e a t l y  i n c r e a s e  t h e  s i z e  of any proposed i n s t a l l a t i o n ;  

conversely,  shortened contac t  times would decrease  o v e r a l l  recovery 

e f f i c i e n c y .  

Recent k i n e t i c  da ta45  show contac t  

Such long t i m e s  are h ighly  undes i rab le  and 

5. Rapid e l u t i o n  k i n e t i c s .  The e luan t  should i d e a l l y  be d i f f e r e n t  

from t h e  e x t r a c t i o n  medium so t h a t  a second p u r i f i c a t i o n  s t e p  can 

employ a d i f f e r e n t  technique. Unfortunately,  only concentrated 

carbonate  o r  bicarbonate  s o l u t i o n s  have proven e f f e c t i v e  f o r  s t r i p -  

ping uranium from hydrous t i t an ium oxide without des t roying  t h e  

adsorbent .  Thus, t h e  uranium i n  t h e  e luate  s t i l l  i s  very d i l u t e  i n  

a concentrated carbonate so lu t ion ,  and a d i f f i c u l t  second p u r i f i c a -  

t i o n  s t e p  must be undertaken. 

experimental ly .  

slow, and extended contac t  times were requi red .  17* l 8  

This second s t e p  has  never been def ined 

E lu t ion  k i n e t i c s  a l s o  are repor ted  t o  be very  

6 .  Very low l o s s e s  of t h e  e x t r a c t a n t  f o r  favorable  process  economics 

and t o  avoid contamination of t h e  ocean. Data on t h e  phys ica l  

s t a b i l i t y  of hydrous t i t an ium oxide and l o s s e s  during con tac t ing  

due t o  a t t r i t i o n  o r  s o l u b i l i t y  are fragmentary but  suggest t h a t  

l o s s e s  may be very  s i g n i f i c a n t  economically. Furthermore, s i n c e  

uranium i s  sorbed only  on t h e  su r face  of t h e  p a r t i c l e s ,  any su r face  

l o s s  as d ispersed  f i n e s  a l s o  would r ep resen t  a p r e f e r e n t i a l  uranium 

l o s s .  

Low c o s t ,  s i n c e  very  l a r g e  volumes would be requi red  i n  any recovery 

scheme t o  con tac t  t h e  l a r g e  volumes of seawater. The l o s s e s  must 

a l s o  be extremely low t o  minimize c o s t s .  

f o r  t hese  a s p e c t s  of  hydrous t i t an ium oxide.  

7. 

Few repor ted  va lues  e x i s t  
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Most hydrous metal oxide p r e c i p i t a t e s  have an i n d e f i n i t e  o r  ge l -  

l i k e  s t r u c t u r e  and are composed of a v a r i e t y  of bonds and cross- l inkages.  

They may have s e v e r a l  types of su r face  oxide and hydroxide groups. 

Thus, chemical p r o p e r t i e s  such as ion  adsorp t ion  can vary  d rama t i ca l ly ,  

depending on t h e  p repa ra t ion  and h i s t o r y  of t h e  sample .  Hydrous t i t an ium 

oxide seems t o  be no except ion.  
r a t h e r  d i f f e r e n t  exchange p r o p e r t i e s  and s t a b i l i t i e s  f o r  hydrous t i t an ium 

oxide as w e l l  as d i f f e r e n t  equat ions  f o r  t h e  exchange r eac t ion .  This  

Numerous research  groups have r epor t ed  

undoubtedly r e s u l t s  from d i f f e r e n c e s  i n  t h e  p repa ra t ion  and t reatment  of 

t he  samples. This s i t u a t i o n  complicates  a t t empt s  t o  q u a n t i t a t i v e l y  

compare work by d i f f e r e n t  research  groups. 

4 .  NEEDED FUTURE RESEARCH AND DEVELOPMENT 

The d i scuss ion  i n  t h i s  s e c t i o n  i s  l i m i t e d  t o  uranium recovery from 

seawater s i n c e  no s i g n i f i c a n t  f reshwater  sources  were i d e n t i f i e d .  

4 .1  Chemical Development 

Every technologica l  assessment o r  engineer ing a n a l y s i s  concerning 

t h e  recovery of uranium from seawater has i d e n t i f i e d  inadequate  adsorbent  

c h a r a c t e r i s t i c s  as l i m i t i n g  t h e  a p p l i c a t i o n  of t h e  concept.  Research 

and development t o  improve t h e  adsorbent  has  been recommended i n  many 

previous r e p o r t s .  Although ex tens ive  screening  programs c a r r i e d  ou t  

over two decades i n  s e v e r a l  coun t r i e s  have r epea ted ly  i d e n t i f i e d  hydrous 

t i t an ium oxide as t h e  bes t  adsorbent  material a v a i l a b l e ,  i t  s t i l l  f a l l s  

f a r  s h o r t  of t h e  necessary  adsorbent  p r o p e r t i e s  (see Sec t .  3 . 2 ) .  

S i g n i f i c a n t  f u t u r e  progress  i n  developing g r e a t l y  improved adsorbents  

can probably only  be achieved through a long-term fundamental chemistry 

r e sea rch  program. A multi-year e f f o r t  involv ing  several people  could be 

requi red  t o  develop a v i a b l e  experimental  approach. E s s e n t i a l l y ,  s ig -  

n i f i c a n t  breakthroughs t o  new l e v e l s  of understanding of adso rp t ion  

and/or  ion  exchange technology w i l l  be r equ i r ed  i n  what i s  a r e l a t i v e l y  

mature technologica l  area. 
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The r e sea rch  program should be comprised of t h e  fol lowing elements:  

1. Information exchange - t h e  l i t e r a t u r e  review (Sect .  3.1) revealed 

t h a t  a t  lease s i x  t o  t e n  l a b o r a t o r i e s ,  p r imar i ly  i n  Japan but  a l s o  i n  

Germany, have on-going research  e f f o r t s  t o  develop and apply adsorbents  

f o r  uranium recovery from seawater. It would be h ighly  d e s i r a b l e  t o  
e s t a b l i s h  an information exchange mechanism wi th  these  l a b o r a t o r i e s .  

2 .  Soluble  spec ie s  i d e n t i f i c a t i o n  - a d d i t i o n a l  information i s  

needed t o  a c t u a l l y  i d e n t i f y  the  uranium spec ie s  i n  seawater; UO,(CO,) 34- 

has  been assumed t o  be t h e  form, based on known s t a b i l i t y  cons t an t s .  

3. Fundamental s o r p t i o n  s t u d i e s  - The f a c t o r s  c o n t r o l l i n g  an ion ic  

adsorp t ion  o r  i on  exchange of metal carbonate  should be i d e n t i f i e d  and 

quan t i f i ed  so as t o  maximize t h e  d i s t r i b u t i o n  c o e f f i c i e n t  r e j e c t i o n  of 

o t h e r  carbonates  and sorpt ion-desorpt ion k i n e t i c s .  Few metals form 

so lub le  carbonate  an ion ic  complexes, and only  l imi t ed  e x i s t i n g  e x t r a c t i o n  

technology i s  a v a i l a b l e  t o  guide t h i s  work. 

systems involve  a c i d i c  systems where uranyl  c a t i o n s ,  u ranyl  s u l f a t e ,  o r  

n i t r a t e  complexes are ex t r ac t ed  o r  adsorbed; t hus ,  t hese  experiences  are 

Most uranium recovery 

not  app l i cab le  t o  seawater recovery systems. Carbonate leaching  of some 

uranium o r e s  followed by anion exchange has  been employed. Work of t h i s  

na tu re  would o f f e r  guidance f o r  t h e  development of advanced sorbents .  

4 .  New sorbent  development -Using  t h e  fundamental information 

acqui red ,  sorbents  f o r  uranium from seawater should be prepared i n  

developmental q u a n t i t i e s  and evaluated i n  experiments at an  ocean f a c i l i t y  

so t h a t  p r a c t i c a l  a s p e c t s  such as fou l ing  due t o  marine growth o r  mineral  

depos i t ion  can be eva lua ted  as w e l l  as s o r p t i o n  p rope r t i e s .  

4.2 Engineering S tudies  

Obviously, un le s s  t h e  recovery p l a n t  can d e l i v e r  a s u b s t a n t i a l  

energy ga in ,  t h e  e n t i r e  concept of uranium recovery from seawater is  

inva l id .  

recovery from seawater should be c a r r i e d  ou t .  

shown a wide v a r i a t i o n .  

t h e  t r u l y  enormous volume of seawater a s soc ia t ed  wi th  any p r a c t i c a l -  

s i zed  recovery p l a n t ,  such an  a n a l y s i s  could probably be made i n i t i a l l y  

A c r i t i c a l  a n a l y s i s  of t h e  energy e f f i c i e n c y  of uranium 

Previous estimates have 

Since most of t h e  energy i s  involved i n  handling 
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using a g e n e r i c a l l y  def ined  sorbent  candidate .  The r e s u l t s  of some 

previous ly  publ ished ana lyses  have seemed t o  prec lude  pumped schemes 

because of t h e  pumping power requi red .  Other s t u d i e s  have e l imina ted  

t i d a l  bas in  schemes due t o  t h e  l a c k  of s u i t a b l e  sites and eco log ica l  

d i s turbances  as w e l l  as t h e  s i z e  of c i v i l  works involved. The r e s u l t s  

of such energy e f f i c i e n c y  a n a l y s i s  could be  used t o  he lp  e s t a b l i s h  

minimum adsorbent  cr i ter ia  f o r  t h e  adsorbent  development work. It has  

been es t imated27 t h a t  a convent ional  LWR r e a c t o r  r e q u i r e s  an annual  

replacement of 200 tons  of uranium; Thus, a 10,000-metric t on /y r  

uranium-from-seawater p l a n t  would r e f u e l  50 LWRs annual ly .  A t  100% 

uranium recovery e f f i c i e n c y ,  an  ocean stream equiva len t  t o  25 t i m e s  t h e  

annual Miss i s s ipp i  River f low would have t o  be processed t o  recover  

10,000 metric tons /y r .  

mental engineer ing ques t ions :  

through adsorbent  beds and re turned  t o  t h e  sea i n  a manner such t h a t  no 

back-mixing wi th  p l a n t  i n f l u e n t  occurs  and s t i l l  achieve an a t t r a c t i v e  

o v e r a l l  p o s i t i v e  energy balance? Can any s o r t  of non-pumped ( t i d a l  

f low, e t c . )  scheme o f f e r  a more a t t r a c t i v e  energy balance a f t e r  con- 

s i d e r a t i o n  of t h e  c i v i l  engineer ing works necessary  t o  conf ine  t h i s  

non-pumped flow? A gener ic  engineer ing examination of t h e s e  and r e l a t e d  

ques t ions  could o f f e r  cons iderable  guidance t o  cons ider ing  t h e  p r a c t i c a l  

a s p e c t s  of uranium recovery from seawater. 

) 
This s c a l e  of ope ra t ion  raises c e r t a i n  funda- 

Can a flow of t h i s  magnitude be pumped 
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7 . .  APPENDIX: 

3 

I . 

RECENT JAPANESE PATENTS (KOKAI) SPECIFICALLY PERTAINING TO 
URANIUM RECOVERY FROM SEAWATER 

These p a t e n t  r e fe rences  were loca ted  by searching  Chemical Abstracts, 
Vols. 86 (1977) through 92 (1980). The t i t l e s ,  pa t en t  numbers, and a 
b r i e f  d e s c r i p t i o n  are given along with t h e  Chemical Abstracts r e fe rence  
number. They are l i s t e d  chronologica l ly  by pa ten t  number. 

Fibrous Adsorbent, Kokai 76-99,696; polymer conta in ing  a r s o n i c  
a c i d  and s u b s t i t u t e d  aromatic a c i d ;  Chem. Abs t r .  87 ,  28,830 (1977). - 

Recovery of Uranium from Sea Water, Kokai 76-149,815; assemblies of 
adsorber  i n  a bank o r  n e t  i s  moved coun te rcu r ren t ly  i n  seawater; 
Chem. Abstr .  - 86, 143,563.(1977).  

Collection. of .Uranium from Sea Water, Kokai 76-151,614; absorber  cha ins  
are hung wi th  a rope  from r a f t s ;  Chem. Abstr .  - 86, 143,588 (1977). 

Uranium from Sea Water, Kokai 77-9,614; absorber  u n i t s  are hung from a 
r a f t  and pos i t ioned  by a t  least one buoy; Chem. Abstr .  - 86, 143,571 
(1977). 

Uranium.Adsorption from Sea Water, Kokai 77-29,479; porous polyvinyl  
a c e t a t e  shee t  i s  impregnated wi th  t i t a n i c  ac id ;  Chem. Abstr .  - 87, 71,467 
(1977). 

HeavpMetaZ Adsorbent, Kokai 77-29,480; f i n e  pore material i s  t r e a t e d  
wi th  t i t a n i c  a c i d ;  Chem. Abstr. - 87 ,  70,377 (1977). 

Uranium Adsorbents, Kokai 77-29,489; so rben t s  c o n s i s t  of hydro lyza te  of 
t i t an ium t e t r a c h l o r i d e  on a s o l i d  support  composed of oxides,  s u l f a t e s ,  
phosphates, o r  s i l i c a t e s ;  Chem. Abstr .  - 87, 71,468 (1977). 

Uranium Adsorbent, Kokai 77-28,490; adsorbent c o n s i s t s  of crushed mix- 
t u r e  of inorganic  support  and t i t an ium compound; Chem. Abstr. - 8 7 ,  
71,469 (1977). 

Heavy-Metal Ion Adsorbent, .Kokai 77-28,593; r e s i n  i s  obtained by 
condensation of a romat ic  carbonyl compound and carboxyl ic  a c i d  
hydrazide; Chem. Abstr. - 87, 73,023 (1977). 

Heavy-Metal Adsorbing Agent, Kokai 77-29,890; qu ina ld i c  a c i d  deriva- 
t i v e  and formaldehyde are polymerized t o  form adsorbent ;  Chem. Abstr .  
- 87, 104,929 (1977). 

Uranium from Sea Water, Kokai 77-37,506; adsorbers  are f l o a t e d  on 
seawater surrounded by a fence; Chem. Abstr .  - 87, 9234 (1977). 
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Separation of Uranium, Kokai 77-104,408; uranium is  adsorbed on 
cement; Chem. Abs t r .  - 88, 10,259 (1978). 

Uranium Compound Adsorbent, Kokai 77-114,486; c o t t o n  d i s so lved  i n  
concent ra ted  phosphoric a c i d  and t i t an ium t e t r a c h l o r i d e  i s  added t o  
form p r e c i p i t a t e ;  Chem. Abstr .  - 88, 77,168 (1978). 

Uranium Collector, Kokai 77-114,510; absorbent is  composed of phenol- 
formaldehyde r e s i n  conta in ing  phosphoric a c i d  groups; Chem. Abs t r .  - 88, 
10,274 (1978). 

Uranium Collector, Kokai 77-114,511; a c a t i o n  exchange r e s i n  is  coated 
' with  hydroxides o r  carbonates  of metals; Chem. Abstr .  - 88, 10,275 (1978). 

Porous Adsorbent for Uranium Compound Adsorption, Kokai 77-114,580; 
v i n y l  monomer con ta ins  hydroph i l i c  groups c ross - l inked  t o  another  
v i n y l  monomer; Chem. Abstr. - 88, 77,167 (1978). 

Uranium Adsorbents , Kokai 7 7-114 , 586 ; f iberou's product is  formed by 
con tac t ing  a polymer adsorbent so lven t  and a coagula t ing  s o l u t i o n  a t  
h igh  shea r ;  Chem. Abstr .  - 88, 124,499 (1978). 

Uranium Adsorbents, Kokai 77-114,587; t i t a n i c  a c i d  is  bonded t o  
inorganic  porous material; Chem. Abstr .  - 88, 124,500 (1978). 

Uraniwn Adsorbents, Kokai 77-114,588; swe l l ing  polymer i s  s a t u r a t e d  
wi th  t i t a n y l  s u l f a t e  s o l u t i o n  and then  n e u t r a l i z e d ;  Chem. Abstr .  88, 
124,501 (1978). 

Collection of Uranium i n  Sea Water, Kokai 77-135,814. Foam on sea- 
water i s  suc t ioned  and c o l l e c t e d .  Foam i s  repor t ed  t o  be t e n  t i m e s  
more concent ra ted  i n  uranium than bulk  seawater. 
64,623 (1978). 

Heavy-Metal Ion Adsorbent, Kokai 77-156,793; t i t a n i c  a c i d  hydrosol  on 
porous polyvinyl  a l coho l  o r  a c t i v a t e d  carbon was used; Chem. Abstr .  - 88, 
123,259 (1978). 

Chem. Abs t r .  - 88, 

Uranium Collection from Sea Water by Adsorption, Kokai 78-5,090; 
uranium i s  adsorbed on a magnetic adsorbent  c o n s i s t i n g  of sphe res  
of magnetic i r o n  oxide core  and t i t a n i c  a c i d  adso rba te  e x t e r i o r ;  
Chem. Abs t r .  - 89, 92,027 (1978). 

Heavy-Metal Adsorbents, Kokai 78-5,091; a porous s u b s t r a t e  impregnated 
w i t h . t i t a n i c  a c i d  i s  used; Chem. Abstr. - 89, 93,026 (1978). 

Heavy-Metal Adsorbents, Kokai 78-23,889; adsorbent is  prepared by 
coupling d i azo t i zed  aminostyrene copolymers; Chem. Abstr .  - 89, 114,559 
(1978). 

Heauy-Metal Adsorbent, Kokai 78-23,890; a polyaminostyrene copolymer 

. 
i s  d i a z o t i z e d  and then  coupled wi th  benzamide; Chem. Abstr .  - 89, 114,560 
(1978). 
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Heavy-Metal Adsorbents, Kokai 78-23,891; a polyaminostyrene copolymer 
i s  d i azo t i zed  and coupled wi th  a ca techol  d e r i v a t i v e ;  Chem. A b s t r .  
- 89, 93,062 (1978). 

Heavy-Metal Adsorbents, Kokai 78-27,690; chloromethylated o r  chloro- 
su l fona ted  s t y r e n e  copolymers are t r e a t e d  w i t h  benzamide; Chem. Abstr .  
- 89, 203,971 (1978). 

, 

Heavy-Metal Adsorbents, Kokai 78-27,692; adsorbent  is  prepared by 
polycondensation.of benzoic a c i d  amide d e r i v a t i v e s  wi th  formaldehyde; 
Chem. Abstr .  - 89, 203,970 (1978). 

Heavy-Metal Adsorbents, Kokai, 78-28,690; a chloromethylated o r  
ch lorosul fona ted  polystyrene is  reac t ed  wi th  a ca techol  d e r i v a t i v e ;  
Chem. Abstr .  - 89, 114,566 (1978). 

. Heavy-Metal Adsorbents, Kokai 78-29,393; absorbent  is  prepared by 
polycondensation of 4-hydroxybenzoimidazole o r  d e r i v a t i v e s  wi th  
formaldehyde; Chem. Abstr .  - 89, 203,957 (1978). 

Uranium Adsorbents, Kokai 78-63,289; a m e t a l  hydroxide is adsorbed 
on porous a c t i v a t e d  carbon beads prepared by carboniza t ion  of porous 
s p h e r i c a l  o rganic  polymers; Chem. Abstr .  - 90, 26,854 (1979). 

Uranium Adsorbents, Kokai 78-104,586; micropowdered t i t a n i c  a c i d ,  
galena,  b a s i c  z i n c  carbonate ,  and a n  organic  binder  are extruded t o  
form a,column; Chem. Abstr. - 89, 201,049 (1978). 

Uranium Extraction from Sea Water, Kokai 78-115,601; magnetic adsorbent  
i s  contacted wi th , seawater ;  Chem. Abstr .  - 90, 58,758 (1979). 

Chelating Resins and Fibers for  Recovery of Uranium from Sea Water, 
Kokai 78-126,088; r e s i n s  with n i t r i t e  groups are t r e a t e d  wi th  hydro- 
oxylamine; Chem. Abstr .  - 90, 88,278 (1979). 

Uranium Leaching f r o m  Seashore Sand, Kokai 79-28,702; sand i s  leached 
with  hydrochlor ic  a c i d ;  Chem. Abstr .  - 91, 77,264 (1979). 

Magnetic Composite Uraniq Adsorbent, Kokai 79-42,387; t i t an ium s u l f a t e  
i s  p r e c i p i t a t e d  on magnet i te  o r  f e r r i t e  p a r t i c l e s ,  and the  adsorbent  
i s  magnet ical ly  separa ted  from seawater; Chem. Abs t r .  - 91, 77,376 (1979). 

Recovery of Uranium i n  Sea Water, Kokai 79-61,018; t i t a n i c  ac id  i s  
used i n  foam f l o t a t i o n  of uranium from seawater; Chem. Abstr ,  91, 
77,392 (1979). 

Concentration o f  Uranium i n  Water by Selective Adsorption, Kokai 
79-67,509; c a t i o n  exchange o r  c h e l a t e  r e s i n  loaded wi th  i r o n  o r  
t i t an ium is  used; Chem. Abstr .  - 91, 94,866 (1979). 
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i ,  

Recoveq of Uranium i n  Sea Water, Kokai 79-79,111; calcium and/or  
carbonate  ions  are f i r s t  removed from seawater, and then  uranium i s  
adsorbed on hydrated t i t an ium oxide;  Chem. Abstr .  - 91, 126,680 (1979). 

Concentration of Uranium, Kokai 79-87,622; f i l amen t s  having qua ternary  
ammonium and/or pyridyl- type ion  exchange groups are used; Chem. Abstr .  
- 91, 196,748 (1979). 

Uti l i za t ion  of Sea Water as Uranium Source, Kokai 79-107,819; 
adsorbents  are added t o  t h e  r e s e r v o i r  of a power p l a n t  and f i l t e r e d  
ou t  dur ing  d ischarge  of r e s e r v o i r ;  Chem. Abstr .  - 92, 97,329 (1980). 

Titanic Acid System Uranium Adsorbent; Kokai 79-119,314; t i t an ium and 
i r o n  s o l u t i o n s  are hydrolyzed t o  form a p e l l e t i z e d  adsorbent ;  Chem. 
Abstr .  - 92, 43,899 (1980). 

Regeneration of Uranium Adsorbent, Kokai 79-124,883; d e t e r i o r a t e d  
t i t a n i c  a c i d  adsorbent  is t r e a t e d  wi th  hydrochlor ic  a c i d  and then 
ammonium compound t o  remove calcium and magnesium compounds; Chem. 
Abstr .  - 92, 62,460 (1980). 

Titanic A c i d  as Uranium Adsorbent, Kokai 79-124,900; t i t an ium s o l u t i o n  
i n  t h e  presence o r  absence of i r o n  is n e u t r a l i z e d  t o  form as adsorbent ;  
Chem. Abstr .  - 92, 96,263 (1980). 

Recovery of Uranium from Sea Water, Kokai 79-125,112; powdered hydrated 
t i t an ium oxide magnetic adsorbent  i s  packed ' in to  tubes;  Chem. Abstr .  
- 92, 114,188 (1980). 

Magnetic Uranium Adsorbent, Kokai 79-128,994; a n  i r o n  sal t  and an 
aluminum sal t  were neu t r a l i zed  t o  form an adsorbent ;  Chem. Abstr .  - 92, 
47,810 (1980). 

Cotrrposi he Adsorbent f o r  Becozvry of C1?aniwn from Sen Water, Kokai 
79-133,487; a c t i v a t e d  carbon i s  mixed w i t h  a lka l ine -ea r th  phosphate;  
Chem. Abstr .  - 92, 114,194 (1980). 

Recovery of Uranium Adsorbent i n  Sea Water, Kokai 79-135,686; co- 
p r e c i p i t a t e d  adsorbent  is  separa ted  magnet ica l ly ;  Chem. Abstr .  x, 
62,475 (1980). 

Collection of Uranium i n  Sea Water i n  an Electric Plant,  Kokai 
79-137,415; magnetic adsorbent  is  added t o  r e s e r v o i r  and c o l l e c t e d  
magnet ical ly;  Chem. Abstr .  - 92, 114,202 (1980). 

i 

Collection of Uranium i n  Sea Water by Tide Level, Kokai 79-137,414; 
magnetic adsorbent  i s  contac ted  a t  lock  g a t e  of r e s e r v o i r  and i s  
c o l l e c t e d  magnet ical ly;  Chem. Abstr .  - 92, 114,203 (1980). . 
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