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PROCESSING OF LEACH LIQUORS 
PRODUCED BY NUCLEAR SOLUTION MINING 

Abstract 

It appears that solvent extraction 
rep resen t s the most efficacious way to 
recover copper from leach l iquors p ro 
duced by nuclear solution mining b e 
cause of the chemical proper t ies of the 
sys tem as well as the radiochemis t ry of 
contaminated solutions. A brief review 
of the principles of solvent extract ion is 
given, together with a description of 
commercia l copper chelate ex t rac tan t s . 
The specific extractant that should be 
used will depend on the t empera tu re and 
composition of leach liquor generated and 
to this end guidelines for extractant 
selection a r e included. 

One important consideration with r e 
gard to the chemis t ry of the leach liquor 
is that, at room tempera tu re , the leach 

The successful industrial use of com
merc ia l chelation-type extractants for the 
solvent extraction of copper from dilute 
acidic leach l iquors has stimulated con
siderable interest by the copper industry 
in solvent extraction (SXt technology. The 
success of solvent extraction has ar i sen 
from both economical considerations and 
environmental p r e s s u r e . P r io r to its 
introduction in 1968, the end product from 
the leaching of oxide copper o res and low-

liquor is supersa tura ted with respect to 
gypsum. Study of this phenomenon showed 
that precipitation is slow and takes on the 
o rde r of severa l weeks. An inherent 
advantage of this supersaturat ion is that 
co-precipi ta t ion of radioactive strontium 
is normally induced and, as a resul t , 
th i s nuclide should be removed effectively 
from the aqueous phase before the liquor 
en t e r s the process ing plant. It is ant ic
ipated that other nuclides may behave in 
a s imi la r fashion. Finally, consideration 
is given to the type of nuclear device that 
might be used and the associated p r o c e s s 
ing problems with »ach type. Brief 
attention is paid to engineering aspects of 
the system and how the process might be 
implemented. 

grade overburden generally was limited 
to cement copper, an inferior product 
containing approximately i!5% Cu; quite 
satisfactory, however, to be used as feed 
mater ia l for conventional copper sme l t e r s . 
The ar t of copper cementation, an e lec t ro
chemical reaction between metall ic iron 
and copper (II) ions, was practiced bj' the 
ancients and was reported by Hasile Valen
tine, a medieval alchemist , in the 16th cen
tury . The small copper producer who does 
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not havehis own smel t e r is placed at a se r ious 
dir-advantage, especial ly in recent years 
when trying to marke t cement copper, for 
s m e l t e r capacit ies have been reduced 
significantly because of s t r i c t a i r pollution 
s tandards . Likewise, large producers 
have felt the pinch; indeed, some have 
been forced to shut down intermit tent ly. 

Essentially, solvent extraction p ro 
vides an al ternate hydrometal lurgical 

route and produces a purified, concen
trated aqueous copper sulfate solution, 
for feed to an electrolytic tank house, 
from impure dilute leach liquors produced 
by dump leaching operations (see Fig. 1). 
The organic phase is recycled in a closed 

Alternately, CUSO4 • 5H20 may be r e 
covered from the concentrated solution 
by crystall ization, although this technique 
has yet to be employed industrially. 

Ore 

Processing of copper leoch liquors 

1 
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Fig. 1. P rocess ing of copper leach l iquors . 
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Fig. 2. Schematic representat ion of the solvent extraction for copper recover} .^ 
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circuit and the cathode copper produced 
by electrolysis is 99.95% Cu, almost the 
equivalent of electro-refined copper pro
duced by classical pyrometal lurgical 
operations, in most instances acceptable 
for wire bar. A schematic r ep resen ta 
tion of the SX process , which has been 

2 recommended for processing leach 
liquor generated by nuclear solution min
ing, is sho%vn in Fig. 2. In principle, 
the system opera tes in a closed cycle, 
presenting no pollution or waste disposal 
problems. 

The purpose of this repor t is to review 

SX technology, especially with regard to 
recent developments in copper recovery; 
and to evaluate the possible use of this 
technology for processing leach l iquors 
which might be generated by nuclear solu
tion mining, making recommendations for 
implementation. Specifically, is there 
anything about the leach liquor, such as 
its solution chemist ry or radiocnemistry, 
which prohibits the use of SX p r o c e s s e s ? 
Fur the rmore , if solvent extraction can 
be used, which extractant should be used 
and what s ize of plant will be required to 
effectively p rocess the l iquor? 

Solvent Extraction Chemistry 

Basically, SX sys tems consist of an 
aqueous phase and an organic phase which 
upon contact with each other r e su l t s in 
redistr ibution of the components of each 
phase in an attempt to attain chemical 
equilibrium. The object of the exerc i se 
is to t ry to isolate or separate one com-
nonent from the o thers . In the organic 
phase, three components can fre , jently 
be identified. They a r e : 

C a r r i e r : Inert solvent, typically 
kerosene. 

Extractant: An organic molecule 
capable of selectively 
reacting with some 
specified component of 
the aqueous phase. 

Modifier: Typically a long chain 
alcohol which aids in 
phase disengagement 
and can prevent forma
tion of a third phase. 
Deleterious effects may 
be real ized in some 

instances, i.e., the r e 
action r a t e may be r e 
duced due to the surface 
activity of the alcohol. 

Also, solvent extract ion sys tems a re 
character ized as to their mode of ex t rac 
tion which can be classified as follows: 

Solvation: Simple solubility effects. 
Certain neutral com
plexes are more soluble 
in an organic solvent 
than they a re in water, 
e .g. , U0 2 (NOg) 2 in 
tributylphosphate (TBP). 

Ion Exchange: An exchange, between 

phases, of e i ther cations 
or anions. Frequently 
this exchange is a p ro 
ton for a metal ion, e .g . , 
UOg extraction by di-
2-ethylhexylphosphoric 
acid. 

Chelation: Similar to ion exchange, 
but distinguished by the 
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ring s t ruc ture formed 
and the fact that co 
ordination positions of 
the metal ion a r e s a t i s 
fied by the extractant 
ra ther than the solvent 
as might be the case in 
an ion exchange mechan
ism; e .g . , Cu e x t r a c 
tion by hydroxyoximes. 

Fur ther , common definitions, or t e rms , 
encountered in solvent extract ion tech
nology a r e extraction coefficient E, or 
distribution coefficient D, and selectivity 
factor. The extract ion coefficient is 
r a r e ly distinguished from the distribution 
coefficient, and the t e r m s a r e used in ter
changeably. However, in a s t r i c t sense , 
the distribution coefficient only considers 
the part i t ion of one spec ies . These t e r m s 
re fe r to the ra t io of concentration of a 
given component in the organic phase to 
the concentration of the same component 
in the aqueous phase . The selectivity 
factor, as the t e rm suggests, is a measu re 
of the selectivity an extractant has for 
one component over another, and is simply 
the ra t io of the respect ive extraction co
efficients. 

A variety of commerc ia l chelating ex-
t ractants is available f o r the extraction 
of copper under the following trade names: 
Lixviy' which is manufactured by General 
Mills, and Kele which is manufactured 
by Ashland Chemical Company. ' In ail 

cases , the stoichiometry of the extraction 
and stripping reaction is as follows: 

® R e g i s t e r e d t rade naii.<js of General 
Mills and Ashland Chemical respect ively . 

'Reference to a company or product 
name does not imply approval or r e c o m 
mendation of the product by the University 
of California or the U. S. Atomic Energy 
Commission to the exclusion of o thers 
that may be suitable. 

C u * + + 2RH R,Cu + 2H (1) 
<s o a 

where RH rep resen t s the extractant mole
cule. The aqueous phase, subscript a, 
may contain significant quantities of iron, 
aluminum, calcium and magnesium, 
besides coppei ; and the composition of 
the organic phase, subscript o, is on the 
o rde r of 10 vol% extractant in a kerosene 
c a r r i e r . In the case of the LIX-copper 
extract ion system, a modifier is not used. 

Basically, the extractants used a re 
oxines and mixtures of hydroxyoximes 
which in the case of General Mills r e 
agents can best be represented by a major 
component, LIX 65N, a phenolic hydroxy-
oxime having the following s t ruc tu re : 

\ 
O 

/ 
O N 

^ " ^ § > 

where R is an alkyl radical , most prob
ably the nonyl group, - ( C H 2 ) 8 C H 3 . 3 

Chelation of the cupric ion occurs between 
the oxygen atom of the hydroxyl group, 
which r e l ea se s its hydrogen, and the 
labile electron pair of the nitrogen atom, 
resul t ing in a stable, unsaturated, s ix-
membered ring s t ruc ture . Two molecules 
a re required to satisfy the valence and 
coordination bonds of the ci 'nric ion, r e 
sulting in an extracted species with a 
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s t ruc ture s imi lar to the following: 
R 6 5 N - + C u + + _ R 6 5 N C u + 

s s s 

N O H 

I /\ /° 
H O N 

(rate-controll ing step) (3) 

In the case of the LIX 64N extract&nt 
(a mixture of LIX 65N and LIX 63, an 
alphatic hydroxyoxime), the r a t e of ex
tract ion appears to be limited by the 
react ion of cupric ion at the interface 
with the phenolic hydroxyoxime. The 
react ion is f i r s t -o rde r with respect to 
the cupric ion concentration, and half-
order with respec t to each of the ex t rac t -
ant molecules. For details, the r e a d e r 

A 

is directed to the work of Atwood. The 
following reaction mechanism has been 
proposed for extraction with LIX 64N: 
R 6 * H + R 6 5 N H * R 6 3 H , +

 + R 6 5 N " O O 2, S 
S 

(2) 

where 

[ R B 3 H 2

+ 1 , [ R 6 5 N - 1 

R 6 5 N C u s

+

 + R 6 5 N H S * R | 5 N C U O + H+ (4, 

R 6 3 < * R 6 3 H + H+ 2 s a s 
(5) 

The suite of chelating extractants 
available a r e such that any leach liquor 
containing from 1 to 60 gpl of Cu can be 
p rocessed . Such flexibility i s achieved 
by s t ruc tura l modifications of the hydroxy
oxime s which in effect changes the pK of 
the exchangeable hydrogen atom and con-

3 
sequently a l t e r s the extract ion response . 
It i s recor.;rnended, as a rule of thumb, 
that for leach l iquors containing >6-8 gpl 
Cu and in excess of 15 gpl acid that the 
LIX 70 s e r i e s of extractants be used, 
which cost about $3.00/lb. For more 
dilute solutions, the LIX 60 s e r i e s of 
extractants should be used — the most 
popular being LIX 64N. This s e r i e s of 
reagents costs approximately $2.5C/lb. 
The s t ructura l difference between the two 
s e r i e s of extractants appears to be chlor-
ination of the a romat ic r ing of the LIX 70 
se r i e s which delocalizes the electrons on 
the hydroxyl oxygen and lowers the pK 
value of the extractant . 

Copper Solvent Extraction Practice 

Because of the high specificity these 
extractants have for copper, the number 
of theoretical extraction s tages a r e mini
mal (3 or 4), and coupled with the large 
volume flow ra tes , the mixe r - se t t l e r 
reactor , shown in Fig. 3, is favored 

above other liquid-liquid extraction r e 
actors-

At the present time, two plants are suc
cessfully ustngthis new technology. They 
are Ranchers Exploration's Bluebird 
operation at Miami, Arizona which 
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Fig. 3 . Single-stage mixer se t t l e r with provision for recyc le . 

Table 1. Comparison of the leaching-solvent extraction circui t at Bluebird and Bagdad. 0 

Bluebird Bagdad 

Leach liquor 
Flowrate (gpm) 
Copper (gpl) 
Number of ez 'vaction s tages 
Acid (gpl) 

1000 
3.0 
3.0 
3.8 

3000 
1.3 
4.U 

Raffinate (recycled for leaching) 
Copper (gpl) 
Acid (gpl) 
Solvent loss 

0.3 
2.8 

0.13 

Loaded organic 
Flowi ate (gpm) 
Copper (g^l) 
Extractant 'vol %) 

2000 
1.37 

7% LIX 64N (kerosene) 
--

Strip solution (spent electrolyte) 
Acid (gpl) 
Copper (gpl) 
Number of stripping s tages 

100 
30 

2.0 
25 

3.0 

Electrolyte feed 
Copper (gpl) 34 50 

p roces se s 1000 gpm and produces 16 tpd 
of copper; and Bagdad Copper 's facility at 
Bagdad, Arizona which p rocesses 3000 gpm 
and produces 23 tpd of copper. Another 
plant, the la rges t yet (14,000 gpm). is 
being constructed for N'Changa Consoli

dated in Chingola, Zambia. The two 
operating plants p rocess a leach liquor 
generated by dump leac'iing techniques. 
Charac te r i s t i cs of their leaching-solvent 
extract ion ci rcui ts a r e compared in 
Table l . 5 , 6 



Table 2. Operating cost data ic r a SX-electrov/inning plant which produces 30,000 tons 
of Cu per annum from a leach so-utior. containing 2 gpl Cu.° 

Item 

Power (lf/kWh) 
Organic solvent (assuming flotation unit) 
Sulfuric acid 

Utilities (steam, H„0, etc.) 
Maintenance 
Labor 

Total 

Cost (dollars per ton of Cu) 

29.00 
6.00 

9.50 to 20.00, depending on 
leach operation 

2.00 co 5.00 

2.00 to 5.00 

24.00 

S72.60 to $98.00 

As would be expected, the capital cost 
of a SX plant depends both on the copper 
production ra te and or. the flowrate of 
leach liquor. The variation in capital 
ccst of a typical solvent extraction plant 
containing three extraction stages and two 
stripping stages as a function of leach 
liquor flowrate for a phase ra t io of unity 
can be approximated by the fullowing 
formula: 

Investment cost ( ¥ ) 0 ' 7 3 x 3-s5 

X 10 dollars 

where FR is the flowrate of the leach 
liquor in units of 1000 gpm. 

(6) 

With regard to operating costs. Table r 

presen ts anticipated costs for both solve 
extraction and electrowir_ning facilities r 
a plant producing 30,0C0 tons of copper 
annually from a leach liquor containing 

o 
2 gpl of copper. These operating costs 
a re est imated to be from 27% to 51% bel w 
those of the ieaching-cementation appr< ich 
A major concern of most com^ uiies i 
solvent loss which, without a flotatio 
unit, can vary between 0.2 gal solvex.t 
per 1000 gal of aqueous t reated to 0.1 gal 
per 1000 gal, and corresponds to a cost 
of from 1 to 2 cents per pound of copper 
processed . In this regard, the projected 
organic solvent cost in Tabl ; 2 may be 
quite opt imist ic . 

Leach Liquor from a Nuclear Chimney 

From both theoreti . predictions and 
experimental observation, the leach 
liquor generated at the pilot plant is in 
equilibrium with hematite, Fe„0„ , and 
anhydrite, CaSO.. The hematite forms 
as a resul t of pyrite and chalcopyrite 
oxidation and subsequent hydrolysis of 

fer r ic iron. The anhydrite, forms d\ e 
to the reaction of sulf i te ions, also a 
product of the s u l f i d e oxidation, with 
calcium ions, which a r e re leased in 
acid solution from the decomposition 
of calcium minerals present in the 
rock. 
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Solubility of calcium sulfate in 
water as a function of t empera 
ture . 9 

In saturated, aqueous sys tems , ca l 
cium sulfate prec ip i ta tes as anhydrite 
(CaSO.) at t empera tu res exceeding 42°C. 
However, below this t empera ture the 
dihydrate, gypsum (CaSO. • 2HoO), is 
the stable form. The transi t ion is a c 
companied by a significant change of 
solubility in water, as shown in Fig. 4. 
As is commonly reported, the solubility 
inc reases as the t empera ture is lowered, 
'n this regard, it was, at f i rs t glance, 
surpr is ing to find that analytical samples, 
taken from the pilot plant leach liquor 
(90°C), precipitated gypsum on aging for 
extended periods of t ime at ambient tem
pe ra tu r e . A c loser look at the system, 
however, revea ls that at the high ionic 
s t rengths (=1.0 M) and the high sulfate 
ion concentrations approaching 25 gpl 
encountered in the leach liquor, the tem
pera tu re coefficient of solubility is in
ver ted, i . e . , the solubility of calcium 
sulfate dec reases with a decrease in tem

pera tu re . F '£ure 5 shows calcium sulfate 
solubility data taken from the l i t e ra tu re^ 
in the presence of various soluble sulfates 
at a sulfate concentration of 25 gpl. Also 
included a re the analyses of pilot plant 
liquor, sample 1-1-32, when sampled at 
90°C (11/8/71) and after storage at room 
tempera ture (6/23/72). Notice that the 
solubility of calcium sulfate in the leach 
liquor samples conforms quite well with 
data from the l i t e ra tu re , and accounts 
for the observed phenomenon. 

A m o r e important p r ^ m a t i c considera
tion is : does this pben . nenon present 
engineering problems in subsequent unit 
operat ions such as in a heat exchanger, 
filter p r e s s , or extract ion c i rcui t? The 
precipitat ion react /on is slow. Labora
tory studies showed that precipitat ion 
occurs in about 2 weeks at 50°C, whereas 
at 25°C precipitat ion was not observed in 

u. / 1 I I I i I 1 I 

Transition 
temperature .. 

Sulfate 
0.6 concentration 25 gpl 

1-1-32 

Cu 

11/8/71 x 

J& 
• K ^ - " ' 

0.5 ~ 1-1-32 No ^ ^ # 

x 6 /23 /72 " L ^ ^ Na 
• J * " O 

^ Mg 

0.4 
Mg 

0.3 1 1 1 1 1 1 1 

(_> 

20 30 40 50 60 70 80 90 100 

Temperature — °C 

Fig. 5. Solubility of calcium sulfate in 
aqueous solutions containing 
25 gpl sulfate as a function of 
t empera tu re . 



the same time interval. Inferences from 
these resu l t s sug^ st that the reaction 
may be slow enough to present minimal 
problems in subsequent operations. How
ever, it is recognized that precipitation 
from supersaturated solutions is strongly 
dependent on nucleation phenomena, and 
it may be that problems could a r i s e . 
For example, the vigorous contact with 
the organic phase in a mixer may provide 
the necesss.-y nucleation s i tes to enhance 
the r a t e of precipitation. Initial labora
tory shake-out t e s t s with pi l r t plant leach 
liquor samples and LIX 64N indicated that 
although a small amount of precipitation 
had occurred at the interface, there was 
no problem with phase disengagemsnt. 

It is encouraging to note that strong 
evidence exists which indicates that for
mation of these sal ts , anhydrite in pa r t i c 
ular, may provide an effective mechanism 
(co-precipitation) for removal of radio
nuclides present in the leach liquor. A 
case in point is the behavior of s t ront ium. 
In pre l iminary experiments by Sisson, 
precipitat ion of anhydrite from a synthetic 
leach solution, spiked with radioactive 
strontium and in the presence of San 
Manuel ore fragments, resu l t s in a s t r r . : 
tium removal which reduces the ac t ' . i ty 
two to three o rde r s of magnitude below 
the original activity. Such resu l t s a re 
not unexpected in that co-precipitation is 
enhanced when the ca r r i e r , or substra te , 
contains a like cation and when the s u r 
face is of opposite charge to that of the 
t r ace r . Precipitat ion of anhydrite from 
high sulfate solution meets both these 
requi rements . Further , it is anticipated 
that other radionuclides may be effectively 
gathered in this fashion. For example, 
it would not be unreasonalv, to expect 

hematite to act as an effective c a r r i e r for 
ruthenium. 

As mentioned previously, one mat ter 
of concern in process ing the leach liquor 
produced by nuclear solution mining is 
the possible radioactivity resul t ing from 
the dissolution of radionuclides in the 
leach l iquor. At ORNL, in 1971, the 
distribution and activity of radionuclides 
were est imated for a 50-kt device (90% 

o 
fission), After 300 days, t r i t ium was 
predicted to be most abundant in the leach 
liquor, with significant amounts of Ru. 
Es t imates from this study, presented in 
Table 3, were based on r a t h e r cursory 
study of the ra te of dissolution of radio
nuclides from chimney rubble and glass 
and do not accurately represen t antici
pated leaching conditions now being con
sidered. In par t icu lar , react ion t imes 
were relat ively shor t—on the o rde r of 
16 hr — and the dissolution react ion was 
studied at 1 a tm. Present ly , the antici
pated leaching p roces s will take several 
yea r s at high oxygen p r e s s u r e s and tem
pera tu res of approximately 100°C. To 
what extent these new leaching conditions 
will a l te r the es t imated radionuclide con
centrat ions in the leach liquor a r e unknown 

at the present t ime. However, exper i -
12 ments a r e in p rog re s s to this end. 

Extract ion of copper from synthetic 
leach liquors has been studied both in 
batch tes ts and in a continuous exper i 
ment in which the copper was stripped 
and electrolyzed in a small electrolytic 

2 
cell. Extraction coefficients for radio
nuclides that might be present in the leach 
liquor were determined with two different 
extractants , LIX 64 and Kelex 100. The 
resu l t s obtained with LIX 64 a re shown as 
a function of pH in Fig. 6. Notice that 
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Table 3. Est imated concentrations of radionuclides in circulating leach liquor for a 
50-kt device (10% fission, 90% fusion). 2 

Assumptions: (1) No migration of radionuclides from the chimney. 

(2) Leaching at 300 days after the shot. 
(3) Uniform distribution of the dissolved radionuclides in 45 mill ion gallons of 

circulating leach liquor. 

Isotope 
Estimated percent 

dissolution 

Concentration in 
[each liquor 

(u.Ci/ml) 

9 6 Z r - 9 5 N b 0.01 - 1 6 x 1 0 " 6 - 6 x 10~ 4 

1 4 4 C e 0.01 - 1 5 x 1 0 " 6 - 5 x 10~ 4 

141,-Ce 0.1 - 2 2 x 1 0 ~ 6 - S x 10 " 5 

, 0 6 R u 0.1 - 2 6 x 1 0 " 5 -9x 1 0 " 4 

1 0 3 R u 0.1 - 2 4 x 1 0 " 6 - 7 x 10 " 5 

, 3 7 C s 0.1 - 2 7 x l 0 " 6 - 1 x 1 0 " 4 

, ? ' S b 0.1 - 2 3 x l 0 ~ 6 - 5 x l 0 " 5 

9 0 S r 0.5 - 5 1 x 10 " 5 - 1 x 1 0 " 4 

8 9 S r 0.5 - 5 3 x 1 0 " 5 - 3 x 10 " 4 

9 1 y 0.5 - 5 5 x 10 " 5 - 5 x 1 0 " 4 

M 7 P m 0.001 - 0 . 1 1 x 1 0 " 7 - 1 x 10 " 5 

100 

most of the radionuclides have ra ther 
low extraction coefficients compared to 
that of Cu. Ruthenium-106, a significant 
contaminant of Cu in the cementation 
p rocess , as well as t r i t ium have ex t rac 
tion coefficients of <0.005. Fortunately, 
the three radionuclides with significant 

95 95 
extraction coefficients Z r — Nb, 
110 59 

Ag, and Fe — a re expected to be 
present at r a the r low concentrations in 
the leach liquor, thus minimizing poten
tial radiation haza rds . The extraction 
coefficients were determined for a 5-min 
react ion t ime. Noticeably absent in these 
experiments were uranium and plutonium 
of which the la t te r may be worthy of con
siderat ion, especial ly if a fission nuclear 
explosive containing plutonium were 
used to create the chimney. 

Results from the continuous SX-
electrowinning circuit were encouraging 
in that the electrolyt ic Cu produced had a 
very low-level radioactivity (1 X 10 uCi/g) 
which was due to Ru and could only be 
detected on a special high-sensitivity, 
low-counting instrument. By way of com
parison, in the cementation system Ru 
contamination of cement Cu reached a 
level of 0.1 uCi/g. The final electrolyte 
contained 0.005 fjCi/l of 9 5 Z r - 9 5 N b and 
0.01 A/Ci/1 of Ru. In view of the low 
extraction coefficient of Ru, it appears 
that the t ransfer mechanism is probably 
aqueous phase entrainment, ra ther than 
an exchange reaction. If Ru is t r ans 
fer red (which is unlikely), centrifuga-
tion of the loaded organic phase might 
be necessary . 
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Co, Zn, ond be 
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1.2 1.6 2.0 2.4 
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Fig. 6. Extraction coefficients of selected 
radionuclides as a function o! pK 
with LIX 6 4 . 2 

To adequately a s s e s s the concentration 
of radionuclides which might be expected 
in leach liquor generated by nuclear solu
tion mining, the extraction of Zr and Ru 
should be studied in further detail. It 
may be that their extraction coefficients 
can be 'owered by a sulfate complexation 
reaction in the stripping section or in the 
electrolytic cell . Fur ther advantage can 
be real ized by operating the SX system 
close to maximum loading with respect to 
Cu which should minimize the extraction 
of unwanted radionuclides. 

If a fusion explosive were used, per
sonnel exposure to tri t ium should be con
sidered. The major concern would ar i se 

from ingestion and inhalation of tritium 
from either the gaseous or aqueous phase. 
The extraction plant can he adoquyteiy 
vented and controlled. However, the 
tank house presen ts p ' '»blrms in thai a 
mist o r spray is generated due to the 
anodic reaction and the temperature of 
the electrolyte, Fur the rmore , the finished 
cathodes must be removed periodically 
which presen ts some problems if one were 
to try to enclose the sys tem. In this r e 
gard, it is ra ther apparent that more-
information on the rate of t r i t ium ex
change is required. Transfer of tr i t ium 
to the electrolyte can be achieved by 
three t ransfer mechanisms: 

1. Mechanical entrainment in the sol
vent. 

2. Solubility of aqueous phase in [In
solvent. 

3. Exchange reaction with hydrogen 
atoms of the organic phase. 

Mechanisms I and 2 would be ra ther 
rapid, but can be minimized and may be 
of l i t t le consequence. For example, the 
Oak Ridge report indicated the distr ibu
tion coefficient of tri t ium was <0.005 for 
a 5-min reaction time. Knowledge of the 
rate at which mechar ism 3 occurs is im
portant to determif. - to what extent the 
tank house electrolyte will be contaminated 
with tr i t ium. 

On the other hand, if a fission explo
sive containing plutonium were used to 
c rea te the chimney, the extract ion r e 
sponse of this radionuclide should be 
examined besides those a l ready mentioned. 
The Oak Ridge study did not address itself 
to this radionuclide nor to its extraction 
response with commercial Cu chelate ex-
t rac tants . Its extraction response might 
be anticipated based on solution chemistry 
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c o n s i d e r a t i o n s a n d i t s b e h a v i o r in o t h e r SX 

s y s t e m s . A s s u m i n g (bat Pu i s r e l e a s e d 

t o .solut ion ant) i s no t r e m o v e d f r o m (lie 

l e a c h l i q u o r l>y a d s o r p t i o n o r c o -

p r e c i p i t a t i o n , it s h o u l d h e p i c s e n t in the 

*-J .state c o m p l e x e d t o a l a r g e e x t e n t by 

the .sulfate l l g a n d , ' a s s h o w n b y E q s . ("), 

(G) and (9) . if (VI) w e r e s t a b l e , w h i c h 

s e e m s to b e of l ow p r o b a b i l i t y , s u l f a t e 

c o m p l e x a t i o u t e n d e n c y would b e a p p r o x i 

m a t e l y e q u i v a l e n t . 

J ' I I ii.SU = Pu,SO,~ l i 

K c » 9.45 

Pit * 2HSOJ - ! ' u ( . S ^ 4 ) , ( a q ) ' 2 I i ' 

K c . •• 2 0 . 0 

P u " * ' 3!iSO_j = P u l S O . j ) 3 " ~ > 3H* 

K c = 125.0 

(7) 

( 0 ) 

(9) 

O.SM a c i d and 0 to 0.2JU s u l f a t e . So lu 
t i o n s w o r e HCIO4 and H2KO.J c o n t a i n i n g a 
v a r y i n g a m o u n t of .sulfate . 

In e s s e n c e , l'u.SO " i s [he p r i n c i p a l 

s p e c i e s be low 0.03JU s u l f a t e . P u t S O , >,,(»q) 

i s p r e d o m i n a n t at s u l f a t e c o n c e n t r a t i o n s 

of 0 .2 M, a b o v e w h i c h t h e a n i o n i c s p e c i e s 

b e c o m e s s i g n i f i c a n t . In t e r m s of i h c l e a c h 

l i q u o r g e n e r a t e d f r o m p i lo t p l an t s t u d i e s 

of L e w i s a n d B r a u n , it would be a n t i c i 

p a t e d t h a t t h e i n i t i a l s u l f a t e c o n c e n t r a t i o n 

a ' t h e t i m e p r o c e s s i n g b e g i n s would h e at 

l e a s t 0.1JU w h e r e the f i r s t s u l f a t e c o m p l e x 

would p r e d o m i n a t e , and would i n c r e a s e 

w i t h t i m e to , p e r h a p s , 0.:ijU w h e r e the 

c o n c e n t r a t i o n of the a n i o n i c c o m p l e x 

wou ld b e s i g n i f i c a n t . 

T h e o x i d a t i o n s t a t e a s wvll a s the 

p r e s e n c e o r a b s e n c e of a c o m p t e s i n g 

l i g a n d a r e i m p o r t a n t in p r e d i c t i n g t h e 

e x t r a c t i o n b e h a v i o r of P u . As would he 

e x p e c t e d , f o r m o s t c a t i o n i c and n e u t r a l 

exCraclar . l . s , Pu e x t r a c t i o n d e c r e a s e s 

w i t h i n c r e a s e s in s u l f a t e ion c o n c e n t ! . i t ion, 

5S s h o w n in T a b l e -1. A l t h o u g h e x c e p t i o n s 

c a n be found, a s a r u l e of t h u m b , P u (Vl> 

d o e s not e x t r a c t a s wel l a s Pu (IV). 

It i s d i f f icul t to s p e c u l a t e on t h e Pu 

e x t r a c t i o n b e h a v i o r f o r h y c l r o x v o s i m e s , 

b e c a u s e e v e n wi th a givvn group of e x t r a c -

t a n t s s t r u c t u r a l v a r i a t i o n c a n c h a u y e t h e 

T a b l e 4 . S e l e c t e d p l u t o n t u m e x t r a c t i o n s y s t e m s . 

E s t r a c t a n t A q u e o u s p h a s e O b s e r v a t i o n ! . 

T B P ( n e u t r a l ) 

D 2 E H P A ( c a t i o n i c ) 

T O P O ( n e u t r a l ) 

TVi\ ( c a t i o n i c - c h e l a t i o n ) 

0.5ftl H v S O j E x t r a c t i o n coe f f i c i en t d e 
c r e a s e d by a f a c t o r of 10 o r 
m o r e when c o m p a r e d to r e 
s u l t s in the a b s e n c t of s u l 
f u r i c a c i d . 

M u c h l e s s c o m p l e t e in the 
p r e s e n c e of s u l f u r i c a c id . 

3 .0M H2-S0 4 

0.5M UiSOi * 2 . 5M 
( M ! j ) 2 S O . , 

0 .75M HNO3 
0 .63SM HNO3 > 0.5JW Na z SO_j 

1; :;o 
n 0.1 

D 0.5 1 
n O.OJIJ 



extraction response by o rders of magni
tude. In the case of chelation exchange 
with the onol form of 1,3-diketones, 
branching between the carbonyl groups, 
e.g., methylacetyltrifluoroacetone,* com
pletely inhibits Pu extraction; whereas in 
the absence of branching, large extraction 
coefficients can be real ized. In this r e 
gard, it is possible that Pu (IV) may be 

°, °, 9, O H 

H 3 C - C - C H - C - C F 3 * H 3 C - C - C = C - C F 3 

CH 3 CH3 
Keto Enol 

extracted to a significant oxtent, and ex
per iments to determine the extraction 

14 response have been designed. 
In a manner s imi lar to that used in the 

Oak Ridge report , Cohen has est imated 
the distribution of radionuclides in a leach 
l iquor which might resu l t if an all-fission 
nuclear explosive were used to crea te the 
chimney. For this case, the hazard e s 
t imates were presented in t e rms of t ime 
and the volume (demand volume) neces 
sa ry to dilute to drinking water s tandards . 
Tri t ium does not exist in significant 

90 amounts, but significant amounts of Sr, 
Cs, and Ru »night be anticipated. 

Engineering Considerations 

On the basis of the anticipated leaching 
conditions in a nuclear chimney and the 
leach liquor derived therefrom, recovery 
of Cu by a SX-electrowinning circui t seems 
to be a viable p r o c e s s . Specific a reas of 
concern but not necessar i ly bonafide prob
l ems a r e : 

1. Precipitat ion of gypsum in the ex
traction circui t . 

2. Radionuclides that might be present 
in the leach liquor. 

3. '''vpe of cxtractant and extraction 
onditions. 

<. Integration of the leaching-extraction 
c i rcui ts . 

The first two mat te r s have been dis
cussed extensively in the previous section. 
Essentially, precipitation problems should 
be minimal in that the reaction appears to 
be ra ther slow. The leach liquor will be 
filtered to remove fine par t iculates before 
entering the SX circuit . Fur the rmore , 
the extraction circui t should be equipped 

with a flotation unit which will pi t only 
curtai l solvent l o s se s but a l so keep the 
system free of part iculate mate r ia l . 

The second area of concern, radio
nuclides, may only be imaginary in the 
case Ci heavy met^l radionuclides, in that 
they may never reach the process ing plant 
due to: 

(1) solubility l imitat ions, 
(2) adsorption on chimney rubble, and 
(3) co-precipitat ion. 
Even if they were to have significant 

solubility in the leach liquor, the ex t rac 
tion response of the radionuclides in a 
hydroxyoxime extraction circuit is poor 
and they should be rejected from further 
process s t r e a m s . In the event a fusion 
explosive were used, adequate ventilation 
and safety precautions must be maintained 
to prevent inhalation and ingestion of 
t r i t ium. 

With regard to the type of extractant 
and extraction conditions, on the basis of 
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pilot plant analyses , previous experience, 
and General Mills data, it would be most 
advantageous to operate the extraction 
circui t between 40° and 50°C using the 
LIX 65N extractant . At these t empera 
tu re s , the kinetics of extraction with the 
phenolic oxime become fast enough that 
the aliphatic component need not be added. 
Also, the ra te of phase disengagement is 
enhanced and this is an important consid
erat ion when determining the se t t le r s ize . 
However, above 50°C the ra te of degrada
tion of extractant becomes significant, 
and it is doubtful that solvent losses could 
be tolerated. If for some reason the c i r 
cuit were to be operated at amMeni tem
pera tu res , LIX 64 N would be used. In 
ei ther case, the ext ract ion-s t r ipping c i r 
cuit would be s imi la r to those at Bluebird 
and Bagdad. If the acidity of the leach 
Uquor were to exceed 15 gpl, the LIX 70 
s e r i e s of ext rac tants should be considered. 

With regard to item 4 above, integra
tion of the leaching system with the r e 
covery plant, it is difficult to design the 
system without accurate knowledge of the 
ra te at which Cu will be re leased from a 
given chimney, or set of chimneys. Many 
models have been suggested, based on the 
experimental data collected at L L L . 1 1 * 1 6 , 1 7 

One convenient functional form (strictly 
empir ical ) of the r a t e expression which 
seems to fit many ore- leaching react ions, 
both oxide and sulfide, is a pseudo, f i rs t-
order ra te law which was first used by 

18 Taylor and Whelan to descr ibe ore 
leaching. 

The expression is as follows: 

a is the fraction reacted. 
k is ihe ra te constant (t units), and 
t is t ime (t units). 

A plot of the pilot plant data, for p r e s 
su re leaching of San Manuel o re . Run 1, 
is shown in Fig. 7. After the initial 
deviation, the data fit the above relation 
well, as do data from other bench scale 
exper iments . The ra te constant is 
6.7 X 10 , which of course will be de
pendent to a g rea t e r or l e s s e r extent on 
pH, t empera ture , oxygen p re s su re , pa r 
t ic le s ize, and ore type. 

As an example of how a set of chimneys 
would be interfaced to process ing facili
t ies , consider a mass balance on the 
sys tem in t e r m s of mt . The change in 
Cu concentration with t ime, assuming 
complete removal of Cu by the SX system, 
would be 

^£ V 
dt ch r a t e of dissolution of Cu 

from the o r e . (11) 

If, for mathematical convenience, we 
assume the validity of the empir ical r e l a 
tion mentioned previously, and neglect 
the initial deviation which is to say at 

Pilot plant run 1 
San Manuel ore — 

90 °C, 400 psi 0 2 

100 200 300 

Time — days 

400 

ln(l - a) - k t 

where 

(10) Fig. 7. Pseudo, f i r s t -o rde r ra te plot of the 
dissolution of copper from San 
Manuel o re . Pilot Plant Run 1, 
90°C, 400 psi 0 2 . 
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t = 0, approximately 5% of the ore has 
reacted, the mass balance on the system 
would be: 

3? V ch ' M C u k e " k t - c%x (12) 

where 

where 

Cu concentration at t ime, 
KnvC"3) 
initial Cu concentration when 
the liquor is first processed 
<m*~3> 

V , - volume of liquor in the 
chimneys, £ 

c - concentration of Cu in the 
„-3 chimney, m£ 

M - - mass of Cu initially in the 
rubblized ore, m 

k - r a t e constant, t 
Q g x - volume flow ra te of liquor to 

to the SX plant, i ' V 1 

Assuming perfect mixing, the solution to 
the differential equation i s : 

r s^~\ 
- c x p l - k t ) 

( ' - * ) 

and 

Q, 

(13) 

SX 1 T-;— = —, or the rec iproca l of the 
ch T effective res idence t ime 

T in the set of chimneys. 

As one method of interfacing the leach 
liquor from a set of chimneys with the 
surface plant, the leach liquor could be 
processed until the requ i rements of the 
process ing plant were no longer met. At 
this t ime another set would be processed, 
returning to the original chimney set at 
some la ter t ime, depending upon the ra te 
of production, leaching ra te constant and 
the number of chimneys per set . 
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