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EXPERIMENTAL BASIS FOR THE DESIGN OF MIXER-SEXTLEBS 

FOR THE AMM SOLVENT EXTRACTION PROCESS 

A. D. Ryon and R. S. Lowrie 

ABSTRACT 

The basis for  design of mixer-settlers for  the Amex 
solvent extraction process,which uses long-chain amines 
dissolved i n  a hydrocarbon diluent for  the recovery of 
uranium frm acid sulfate  solutions typical  of those ob- 
tained i n  uranium ore processing was determined by a uni t-  
operations study i n  scale-model uni ts .  

Long-term recycle t e s t s  i n  countercurrent equipment 
demonstrated the s t a b i l i t y  of amines and the general feasi-  
b i l i t y  of the Amex process. 

Wss t ransfer  r a t e s  of uranium for  both extraction and 
stripping are large, and greater than stage efficiency 
was readily obtained. 

The flow capacity of gravity s e t t l e r s  i s  generally 
limited by a dispersion band,-which increases exponentially ' 

with flow ra te .  

The scaleup of s e t t l e r s  i s  based on the constant flow 
r a t e  of dispersed phase per uni t  s e t t l e r  area and constant 
band thickness. The nominal flow capacity ( 5 %  of flooding) 
ranged from 0.4 t o  0.8 gpm/ft2, depending on the type of 
dispersion and amine used. The capacity can be increased 
(fourfold) by using packing wetted by the dispersed phase. 
Wulsion s tabi l ized by s i l i c a  ( the  worst offender) can be 
minimized by controlling the mixing i n  order t o  form solvent- 
continuous dispersions, which a lso  minimizes entrainment of 
solvent i n  the aqueous waste. 

1. SUMMARY . . 

The Amex process for  extraction of uranium fram acid sulfate  solu- 
t ions typical  of those obtained from the acid leaching of uranium ores 
was successfully demonstrated i n  small-scale continuous countercurrent 
equipment showing (1) tha t  repeated recycle of solvent (100 t o  200 
cycles) caused no degradation of amine and tha t  the loss  agreed w i t h  
so lubi l i ty  data; (2) the canparative chemical usage for  different  



stripping methods t o  separate uranium from molybdenum, the only 
impurity readi ly  extracted; (3) steady-state stagewise prof i les  for  
uranium and molybdenum; and (4) tha t  the uranium product puri ty i s  
generally within feed-material specifications.  

The bas is  fo r  the design of mixer-settlers was obtakned by a unit-  
operations study of mixing and phase separation i n  batch and continuous 
flow t e s t s  with single-stage uni ts .  Limited scale-up data were obtained 
t o  demonstrate t h a t  the same scale-up methods developed for  the Dapex 
process could be applied t o  the Amex process. 

The r a t e  of uranium transfer  for  extraction of uranium from sul fa te  
solutions and s tr ipping fram solvent by sodium chloride, ammonium 
n i t r a t e ,  or  sodium carbonate was large. Grpatpr than 9% stage eff i -  
ciency was obtained i n  a 6-in. mixer a t  a parer input of 6 hp per 1000 
ga l  or  greater and at  a residence time of 0.1 min fo r  extraction, and a t  
50 hp per 1000 g a l  and 0.25 min for  stripping with sodium chloride. 

Phase Separation i n  Batch Tests 

The r a t e  of coalescence was  demonstrated t o  be d i rec t ly  dependent 
on the  cross sectional area of the s e t t l e r  and v i r tua l ly  independent of 
the  volume of the dispersion. A survey of s i x  commercial amines showed 
t h a t  the break time varied considerably fo r  d i f ferent  amines and tha t  
the addition of a modifier such as  t r idecyl  alcohol grea t ly  improved the 
r a t e  of phase separation i n  some cases, thereby making the use of most 
amines feasible.  Variations of petroleum-type diluents had only minor 
e f fec t s  on phase separation. Increased temperature decreased break 
time, which was d i rec t ly  proportional t o  the viscosi ty of the solvent. 

Phase- separation t e s t s  with 14 leach-liquor samples received from 
uranium m i l l s  showed w i t h  one exception tha t  organic- continuous d i  sper- 
sions separated i n  l e s s  than 300 sec. However, with .aqueous-continuous 
dispersions, slow phase separation and stable  emulsions were formed i n  
many cases. The d i f f i cu l ty  appeared t o  be dependent on s i l i c a  content 
of the liquor, phase separation being sat isfactory a t  l e s s  than 0.7 g of 
Si02 per l i t e r  and increasing emulsion a t  greater than 1.0 g of Si02 per 
l i t e r .  Two mines,  ~ i ( t r i d e c y 1 )  and S-24 were consistently be t t e r  than 
the others fo r  separation from silica-bearing liquors.  

Continuous Se t t l e r  Tests 

The bas is  for  the design of s e t t l e r s  was based on flow ra te  per 
un i t  cross sect ional  area of the s e t t l e r .  A t  a flow r a t i o  of 114 or 
greater ,  a uniform-band dispersion existed a t  the interface, the thick- 
ness of which increased exponentially with flow ra te .  Nominal flow 
capacity w a s  a r b i t r a r i l y  defined as  the flow r a t e  causing a 5-in. dis-  
persion band. For more d i lu te  dispersions (flow r a t i o s  of 116 or less ,  
which are typica l  of the stripping c i rcui t )  the dispersion band did not 
change much with flow ra te ,  but entrainment of the dispersed phase was 
much more sensi t ive t o  flow ra te ,  increasing u n t i l  flooding occurred 



because all of the dispersed phase was entrained i n  the continuous 
phase. For entrainment-type flooding, the nominal flow was a r b i t r a r i l y  
chosen t o  be one half of flooding. 

Se t t l e r  scale-up t e s t s  i n  6-in. - and 48-in. -dim s e t t l e r s  demon- 
s trated tha t  flow capacity i s  d i rec t ly  dependent on cross sectional 
area. Typical flow capacity of the dispersed phase fo r  extraction was 
0.'( g p m / f t 2  for  aqueous-continuous dispersion a t  an A/O r a t i o  of 411 and 
111 and 0.4 gpm/ft2 for  organic-continuous dispersions. For stripping 
with sodium chloride, the nominal solvent flow capacity was 0.8 $pm/ft2 
for  aqueous-continuous dispersion a t  an A/O r a t i o  of 211 and 111 and 
ranged from 0.8 t o  3.0 gpm/ft2 for  organic-continuous dispersion a t  an . 
A/O r a t i o  of 111 t o  116. 

The flow capacity of a s e t t l e r  can be increased about fourfold by 
the use of packing wetted by the dispersed phase. The additional flow 
i s  nearly proportional t o  the surface area of the packing. 

h u l s i o n  formation caused by s i l i c a  i n  the feed liquor was mini- 
mized or  eliminated ent i re ly  by controlling the mixing i n  order t o  main- 
t a i n  organic-continuous dispersions. The addition of decolorizing 
carbon, which remained suspended i n  the solvent, was also an effect ive 

' 

method of eliminating s i l ica-stabi l ized emulsion, but it caused slow 
phase separation i n  the sodium carbonate stripping c i r cu i t .  

Entrainment was not great enough t o  be economically s ignif icant  
except fo r  solvent losses i n  the waste aqueous raf f ina te .  'Ihe entrain- 
ment for  organic-continuous mixing was  consistently l e s s  than 0.15 gal 
per 1000, but it ranged up t o  6 gal  per 1000 for  aqueous-continuous 
mixing. 'Ihe use of a secondary s e t t l e r  reduced entrainment t o  l e s s  than 
0.2 gal per 1000 a t  a, residence time of 2 hr;  the addition of packing .,; 
increased the efficiency so tha t  only 15 min of residence time was 
required. 

2. INTRODUCTION 

Important variables affecting stage efficiency, primary phase sepa- 
rat ion and entrainment i n  mixer-settlers for  the Amex solvent extraction 
process have been studied t o  provide a basis  fo r  design of plant equip- 
ment. The main emphasis was placed on flowsheets applicable t o  the 
recovery of uranium from sulfuric  acid leach solutions produced i n  some 
uranium ore mil ls  Most of the r e su l t s  have been published i n  monthly 
progress reports.  i - 4  

The approach t o  the problem consisted i n  a un i t  operations study of 
mixing and phase separation i n  a scale-model single-stage mixer-settler 
similar t o  tha t  used for  the engineering study of the Dapex g1rocess.5 
Scale-up relat ions for  mixer-settlers were developed for  the Dapex proc- 
ess  and successfully demonstrated i n  plant equipment. Consequently .only 
a few scale-up t e s t s  were made with the Amex process t o  verif'y t h e i r  
appl icabi l i ty ,  



Because of the number of amines tha t  can be used i n  the process, it 
w a s  not possible t o  obtain complete design data for  each. Consequently, 
detai led s tudies  of mixing and phase separation were made by using a 
secondary amine (Amberlite LA-1) , supported by spot t e s t s  for  the com- 
parison of d i f ferent  amines. The reagents tested t o  some extent were 
the following secondary amines: Amberlite LA-2, Di(tridecy1) and S-24, 
and the following t e r t i a r y  amines: t r i i soocty l ,  Alamine 336, and tri- 
l au ry l  amine ( see Appendix, Table A. 1) . 

Acknowledgments. This report i s  a summary of work done by a number 
of people:, H. F. Bauman, F. L. Daley, R. H. Guymon, J. F. Manneschmidt, 
F. G. Kilpatrick, C. H. Tipton, and K. Ladd. 

nit: ~ ~ l a l y t i c a l  St3YVi.cF.s were performed by the Y-12 section of ORNL 
Analytical Chemistry Division under direction of C. D. Susano. 

3. TYPICAL FLOWSHEEL' OF THE AMEX PROCESS 

The Amex process6-9 for  uranium u t i l i zes  long chain amines d is -  
solved i n  kerosene (usually modified with a long-chain alcohol) t o  
ext rac t  uranium from acid su l fa te  solutions. The uranium can be stripped 

- from the solvent by aqueous solutions of salts such as  chlorides or  
n i t r a t e s  and bases, i . e . ,  sodium carbonate, ammonium carbonate or mag- 
nesium oxide. A number of amines have been tested and shown t o  be appli-  
cable t o  processing uranium ore leach liquors.  Typical equilibrium 
distr ibut ion curves fo r  uranium are shown i n  Fig. 1. 

A typical  flowsheet of the Amex process i s  shown i n  Fig. 2. By 
the  use of proper flow ra t ios  of feed liquor and solvent, essent ial ly  
complete extraction of the uranium i s  obtained i n  3 t o  5 countercurrent 
stages. Uranium loading i n  the solvent i s  usually s e t  a t  80 t o  9% of 
maximum loading which, for  0.1 M amine, i s  3.5 t o  5.5 g of U308 per 
l i t e r ,  depending on the part icular  amine used. 

The uranium i s  stripped from the loaded solvent by aqueous solu- 
t ions  of s a l t s  or bases, usually i n  1 t o  4 countercurrent stages. me 
solvent i s  recycled t o  the extraction c i r cu i t  e i ther  i n  the free base 
form or a salt  form, depending on the stripping agent. When salt s t r ip -  
ping i s  used, provision fo r  regeneration of par t  or a l l  of the solvent 
t o  the free-base form i s  ins ta l led  i n  order t o  remove impurities such as  
molybdenum, which would not be stripped by the s a l t  solution. The ura- 
nium product i s  recovered from the loaded s t r i p  solution by one of sev- 
e r a l  precipi tat ion methods. 

4. LONG-TWM CONTINUOUS COUNTERCURRENT TESTS 

Continuous runs of 100 t o  200 cycles of the organic phase demon- 
s t r a t ed  (1) the steady-state los s  of w i n e  agreed with batch so lubi l i ty  
data  (20 t o  30 ppm of raf f ina te)  ; (2) the comparative chemical consumption 
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Fig. 1. Typical Equilibrium Distribution of Uranium for  0.1 - M 
Amberlite LA-1 Solvent. 

fo r  flowsheets for  l iquors that  contain molybdenum, f'or flawsheets t h a t  
involve sodium chloride stripping with p a r t i a l  and complete regeneration, 
and for  flowsheets tha t  employ sodium carbonate stripping; (3) the 
steady-state stagewise profi les  for  uranium and molybdenum; and (4) t h a t  
the uranium-product analyses are generally within specifications.  

In most of the studies for  process f'lowsheet development, counter- 
current t e s t s  of 4 t o  6 h r  duration are suff icient  t o  reach steady s t a t e  
i n  laboratory-scale mixer-settlers. However, because of the short dura- 
t ion  of the runs, it was not possible t o  evaluate the e f fec t  of time and 
repeated recycle of the organic phase on organic losses,  uranium re-  
covery, and product purity.  Conseqirently, three runs were made, one 
with 200 cycles of the organic phase and two runs with 100 cycles; each 
cycle i s  equivalent t o  about one hour of operation i n  a typical  
extraction plant.  
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Fig. 2. Flowsheets for Long-Term Runs. 
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Three flowsheets ( Fig. 2) involving different  uranium-stripping 
c i r cu i t s  were tested. In  each, three stages were used for  uranium 
extraction. In run 1 the uranium was s,tripped with sodium carbonate 
(one s tage) ,  and the uranium was precipitated with sodium hydroxide 
a f t e r  the carbonate was destroyed with su l fur ic  acid. In runs 2 and 3, 
the uranium was stripped with sodium chloride (four stages),  and the 
amine was regenerated with sodium carbonate (one stage),  1% of the 
organic i n  run 2 and 10% i n  run 3. The aqueous feed was synthetic 
leach l iquor,  typical of tha t  resul t ing from the sulfuric  acid leaching . 
of uranium ore. The feeds for  runs 1 and 2 contained low-concentration 
molybdenum ( 0.02 t o  0.05 g of molybdenum per l i t e r )  , and tha t  for  run 3 
contained 0.2 g per l i t e r .  The organic was 0 .1  M Amberlite LA-1 i n  
kerosene diluent (compositions shown i n  Table 1): The flow r a t i o  of 
feed t o  organic was s e t  t o  give uranium loading i n  the organic of about 
8096 of maximum (operating conditions, Table 2) . . 

Table 1. Composition of Entering Streams 

(g / l i t e r  except a s  noted) 

Constituents 
of the Streams Run 1 Run 2 Run3 

Feed liquor 
u ( n )  . 
~ e (  111) 
Al( 111) 
v( 1v) 
v(v> . 
MO( a 

pH 

Organic 
Amine Amberlite LA-1 Amberlite LA-1 Amberlite LA-1 

Conc., - M 0.094 . 0.108 0.105 
Diluent Kerosene . . Kerosene Kerosene 
Modifier None None None 

Chloride St r ip  
NaC1, - M 
H2S04, 

Carbonate St r ip  . . 
Na2C03, M 0.72 1 .0  1 . 0  

4.1 Loss of Organic Phase 
. .  7 

t o t a l  loss  of m i n e  and kerosene was determined by inventories 
a t  the beginning and en8 of each liuil. 111 addition, the ooncont.ration 
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Table 2. Operating Conditions 

Run  time, h r  100 44 45 

No. of cycles of organic 200 100 100 

Flow rates ,  ml/min 
R e d  135 316 316 
Total organic 5 0 105 105 
Chloride stripped organic 0.0 105 105 
Wbonate stripped organic 50 10 
Chloride s t r i p  

1 05 
0.0 16 16 

Carbonate s t r i p  9 0 0.64 6.4 

Ekcess stripping sgent 
Chloride, $ excess 5 0 50 
Carbonate, $ excess 50 10 10 -. 

of amine i n  the organic phase was measured periodically (about 20 
cycles) during the run t o  show the r a t e  of loss  and t o  provide a basis  
f o r  amine additions i n  order t o  restore i t s  concentration t o  0.1 M. 'Ihe 
r esu l t s  (Fig. 3 and Table 3) show t h a t  the volumetric inventory lGss of 
organic was 0.14 t o  0.4'1 gal per 1000 gal of aqueous phase processed. 
Only a small pa r t  of the loss  was by entrainment ' ( 0.07 gal per 1000 gal) ; ' 
the remainder was by spillage, spray, evaporation, e t c .  The t o t a l  
inventory loss  of amine reagent was 31 t o  54 ppm of aqueous phase proc- 
essed. The loss  was consistently higher dur'ing the i n i t i a l  period of 
operation (Fig. 3),  probably because of low-rnolecular-weight amines, 
which had higher so lubi l i ty  i n  the aqueous phase than the major compo- 
nent had. By using the steady-state loss  of amine and correcting fo r  
the fract ion l o s t  w i t h  volumetric loss  of organic phase, the loss  of 
amine was equivalent t o  20 t o  26 ppm of aqueous phase processed. This 
agrees very closely t o  the solubili tyg of the amine i n  the aqueous phase, 
demonstrating t h a t  v i r tua l ly  no degradation occurred upon repeated re-  
cycle of the organic phase (100 t o  200 cycles) i n  the three different  
flowsheets . 
4.2 Uranium Extraction- and Stripping 

Stagewise prof i les  a t  steady s t a t e  st able 4) show t h a t  essent ial ly 
complete extraction ( 0.1% loss) was effected with three countercurrent 
stages. In  run 1, same di f f icul ty  was encountered with the sodium car- 
bonate stripping of uranium due t o  a gradual accumulation of sol ids 
( i ron  and aluminum hydroxide) i n  the s t r i p  s e t t l e r .  The solids inter-  
fered with phase separation, and periodically a suff icient  quantity of 
loaded s t r i p  solution was recycled with the stripped solvent, thereby 
interfer ing with uranium extraction. In runs 2 and 3, where sodium 
chloride stripping was used, phase separation was good and there were no 



Fig. 3. Loss of Amine during Long-Term Runs. 
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d i f f i cu l t i e s .  The loss  of uranium t o  the carbonate regeneration stage 
was only 0.03% i n  run 2, where 1q0 regeneration was used, and 0.3% i n  
run 3, where 10qo regeneration was used. 

Table 3. Organic LOS s 

R u n  1 R u n  2 R u n  3 

Volumetric, ga l  solvent per 1000 ga l  ra f f ina te  
Total by inventory 0.25 0.14 0.47 

By entrainment 0.07 0.07 0.07 
Spray, spi l lage,  e tc . ,  by difference 0.18 0.07 0.40 

Amine, ppm of r a f f ina te  
Total by inventory - - A h  - 

46 3l . -18 54 - - -  - - 
- By -vul~lut! b r f  C- loss - 10 5 

Solubil i ty  losses,  e tc . ,  by difference 36 26 36 

Steady-state soluble and degradation 
loss  (corrected for  volumetric loss)  29 20 24 

Table 4. composition (@;/li ter) a t  Steady State 

R u n  1 R u n  2 R u n  3 
Aq. Org. -- Aqueous - Organic Aqueous Organic 

U U U Mo U Mo U Mo U Mo 

Ektraction 
Feed 1 .2  1.2 0.020 1.1 0.21 

. Stage 1 0.22 0.18 0.0223.4 0.29 0.17 0.05 3.4 0.94 
Stage 2 0.004 0.005 0.014 0.48 0.003 0.02 0.51 0.47 
Stage 3 0.001 < 0.001 0.013 0.037 0.26 < 0.001 0.01 0.01 0.37 

Chloride 
St r ip  

Stage 1 23. 0.061 0.78 21. 0.08 1.1 
Stage 2 6.9 0.044 0.12 7.6 0 . w  0.21 
Stage 3 0.93 0.042 0.042 1.3 0.12 0.063 
Stage 4 0.19 0.0390.0130.28 0.32 0.11 0.0130.93 

Carbonate 
St r ip  

Stage 1 20. 0.13 0.14 2.3 0.002 0.15 0.14 10. 0.005 0.34 

4.3 Molybdenum Extraction and Stripping 
.. . 

The concentration of molybdenum i n  the raf f ina te  was nearly the 
same (0.01 g of molybdenum per l i t e r )  i n  both runs 2 and 3, even though 



the concentration i n  the aqueous feed was 0.02 and 0.2 g of molybdenum 
per l i t e r ,  respectively. As a re su l t ,  i n  run 2, about 65% of the molyb- 
denum i n  the feed went out i n  the raff inate ,  another 15% went out with 
the uranium i n  the chloride s t r ip ,  leaving only 2% i n  the solvent, 
which was removed by the 1@ regeneration with sodium carbonate. The 
steady-state concentration i n  the organic was only 0.3 g of molybdenum 
per l i t e r  which did not interfere with uranium recovery. In run 3 ,  more 
than 9w0 of the molybdenum was recovered i n  the sodium carbonate regen- 
erat ion step, and only 2$ was stripped with the uranium i n  the chloride 
s t r i p  stages. 

4.4 Uranium Product 

The composition of uranium products obtained from each run are 
shown i n  Table 5.. The grade was we3.1 above the 75% U308 minimum speci- 
f icat ion.  The product from carbonate stripping (run 1) met impurity 
specifications, with the exception of vanadium (2.1% V) . The products 
from chloride stripping (runs 2 and 3 )  ontained l e s s  than 1% impurity, 
except for  sulfate .  Calcination tests18 showed tha t  sulfate  can be 
reduced t o  l e s s  than 1% by calcining a t  80o0C instead of a t  60o0C, 
which was used i n  these t e s t s .  

4.5 Chemical Consumption and Costs 

The chemical consumption for  each run i s  shown i n  Table 6. The 
cost of chemicals, including solvent loss ,  stripping, and precipi tat ion 
range from 6 t o  16.5d per pound of U3O8 for the three flowsheets. Most , 

of the difference i n  cost was due t o  the d i f ferent  uranium stripping 
methods used. The lowest cost was obtained with sodium chloride s t r ip -  
ping followed by 1q0 regeneration with sodium carbonate (run 2 ) .  The 
cost was higher with 10% regeneration (run 3) because of the greater 
consumption of sodium carbonate involved with complete regeneration but 
a l so  because of the lower uranium concentration i n  the feed and the 
higher' organic losses.  The highest costs (run 1) were due riot only t o  

Table 5. Composition of U r a n i u m  Product ($) 

Calcined a t  600°C 

Constitutent Run 1 Run 2 Run 3 

U3Oa 90. 8 82.0 87.6 
F~ 0.39 0.30 0.38 
Mo 0.47 0.14 0.26 
v 2.1 < 0.4 0.04 
Al 0.24 0.07 
PO4 1.0 0.76 0.85 
SO4 12.7 6.2 
m a  < 0.05 . < 0.05 
c1 - < 0.05 < 0.05 
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Table 6. Chemical Consumption and Cost per Pound of U3O8 

Run 1 Run 2 Run 3 
(lb) (cents) ( lb)  (cents) ( lb)  (cents) 

Extraction 
Arnine 0.030 2.6 0.023 1.9 0.043 3.7 
Kerosene 0.14 0.3 0.084 0.2- 0.31 0.6 

Stripping 
Sodium chloride 2.1 1.6 ,2.4 1.8 
Sulfuric acid 0.17 Cl. 3 0.20 0.3 
Sogum oarbonatc 3 -6 8.1 0.17 0.3 1.'~ 3 

Precipi tat ion 
Ammonia 6.29 1.y 0.34 1 .g 
Sulfuric acid ,2.6 3 *8 
Sodium hydroxide O.Y( 1.7 

Total Cost 16.5 6.0 12.1 

sodium carbonate consumption fo r  uranium stripping and the su l fur ic  
acid required t o  destroy the carbonate, but a lso because the amount 
of excess sodi'um carbonate used was somewhat greater than required. 
Although each flowsheet was not optimized with respect t o  chemical 
consumption, the r e s u l t s  do demonstrate the re la t ive  costs of each 
flowsheet. 

5 .  MIXING REQUIREDENTS FOR GOOD. STAGE EFFICIENCY 

The mixing requirements fo r  good stage efficiency were measured i n  
standard baffled-tank mixers (6  i n .  i n  diameter, agitated with a f l a t -  
bladed turbine ( ~ i g .  ) Power input was calculated by the method of 
~ushton'l and Laity, = (k/g) p N3D5, i n  which power i s  proportional 
t o  -turbine speed and diameter. Batch t e s t s  were used t o  obtain an 
order of magnitude for. the r a t e  of uranium t ransfer  i n  the extracting 
and stripping steps for  several amines. Continuous-flow t e s t s  fo r  one 
flowsheet were made over a range of mixing power and flow ra te s  t o  
obtain stage efficiency fo r  uranium extraction and stripping. 

Batch Mixing; 

The r a t e  of uranium transfer  for  both extraction and stripping was 
very rapid; l e s s  than 30 sec of mixing time was required t o  reach 97% of 
equilibrium a t  the lowest mixing power tested (2.5 hp per 1000 gal) . 
There w a s  no s ignif icant  difference i n  the r a t e  of extraction fo r  d i f -  
fe rent  amines, two representative of secondary and one of a t e r t i a r y  amine 
 a able 7).  The r a t e  of uranium stripping from loaded solvent was rapid 
when using typical  solutions of sodium chloride, sodium carbonate or  
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DIMENSION RATIOS OF TURBINE 

D:Dp:L:W = 24:16:6:5 

Fig. 4. Baffled-Tank Mixers. 

. T 

ammonium n i t r a t e   a able 8) . The ra t e s  were unaffected b i  excess s t r ip -  
ping agents i n  the range 10 t o  5@ excess sodium chloride or  5 t o  1@ 
excess sodium carbonate. The percentage excess of stripping agents was 
based on the stoichiometric requirements, which for  sodium carbonate 
stripping i s  0.5 mole per mole of mine, plus 3 moles per mole of ura-l 
nium; fo r  sodium chloride or ammonium n i t r a t e  stripping, it i s  indepen- 
dent of uranium concentration, being 1 mole per mole of amine. 

D B 

Table 7. Batch Extraction with Different Amines 

V 

Inches Gallons 

Aqueous Feed: 1.2 g U per l i t e r ,  40 g SO4 per l i t e r ,  pH 1.0 
Phase Ratio: A/O = 411 
Power: 2.5 hp per 1OOO gal 

6 

12 

20 

Percent of Equilibrium 
Mixing Time Mixing Time 

Solvent (10 sec) (30 set) 

2 

4 

6 

0.1 M Amberlite LA-1 96 . 99 
0.1 i? Amberlite LA-1, 376 T D A ~  93 98 
0.1 fi Di(tridecyl), 5% TDA 88 97 
0.1 ?? t r i isooctyl ,  5% TDA 9 98 

%xed tr idecyl  a;Lcohois. 

0.6 

1.2 

2.0 

0.74 

5.9 

27.0 



Table 8. Batch Stripping from 0.1 - M Amberlite LA-1 

Percentage of Equi- 
Power librium Concentration 

$ Excess Input a f t e r  Mixing 
Stripping Agent Agent (hp/lOOO gal) (10 sec) (30 sec) 

1 .0  M NaCl - 

The procedure for  batch measurement consisted of mixing the phases 
a t  constant power and sampling the mixture a t  selected time intervals.  
Samples were dipped out of the mixer without stopping the agi tator .  

. The percentage transferred. a t  each mixing time was calculated from 
analysis of the phases compared t o  equilibrium values obtained by mix- 
ing f o r  an extended time, usually 8 min. 

Continuous-Flow Mixing-Ektraction 

The stage efficiency of the 6-in:-diam mixer was greater than gc$ 
a t  a power input of 6 hp per 1000 ga l  or greater and a t  residence times 
ranging from 0.1 t o  1.5 min ( ~ a b l e s  9 and 10) . Extraction ra t e  in- 
creased with both power input and residence time t o  give nearly 10@ 

Table 9. Summary of Continuous Flow Mixing-Ektraction Data 

Solvent: 0.1 - M Amberlite LA-1 
Aqueous Feed: 1.1 g U per l i t e r  
Phase Ratio: A/O = 3/1 

Total Residence 
Flow Rate Time . Stage Efficiency ($I) 

( a m >  ( min) 0.0 0.8 2.6 6.2 12. 21 .hp/1000 ga l  



. Table 10. Da%a for  Continuous-Flow Mixing Tests - Extracti'on 

Solvent: . 0.1 M Amberlite LA-1 i n  kerosene ' . 

Aqueous: 'synthetic leach liquor,  1.1 g U per l i t e r  . . 

Phase Ratio: A/O = 3/1 

Uranium Murphree 
Turbine Power Conc. i n  Stage . 
Speed . Input , Aqueous . . Efficiency 
( rpm> (hp / lOOO gal) - ( g/ l i  ter) ' . ($1 

Total Flow Rate, 0.5 gpm; Residence Time, .1.5 min 
o - . 0.69 
0.77 0.17 . . 
2.6 '. 0 077 . . 

6.2 ' 0.065 
. 1 2 .  . 0.066 
21 : 0.056 . . 

Total Flow Rate; 2 . m ;  Re~idence Time, 0;37 min' 
0 .  0.67 
0.77 0.34 

. . 2.6 0.14 
6.2 0.087 

12 . 0.067. . : 

21 0.066 
. . 

~ o t a l  Flow Rate, 3 gpm; Residence Time, 0.25 min 
o 0.70 
0.77 0.38 
2.6 0.15 
6.2 0.077 

12 0.066 
21 0.058. 

Total' Flow Rate, 5 gpm; Residence Time, 0.15 m i n  
o o 0.61 . 50 

200 0.77 ' 0.39 70 
300 2.6 0.17 90 
400 6.2 0.13 

/ 12 0.10 
94 

5 00 
6 00 21 0.083 . . 98 

' 9 7  , .  

. . 

Il'otai Flow Rate, '7 gpu; Residence ~ i & ,  0. min 
o o . 0.62 50 
200 0.77 0.42 66 
300 .2.6 0.22 85 
400 6.2 0.11 94 
500 12 ' 0.080 98 
600 -..>-.- .- 21 - 0 . 6 4  99 



stage efficiency. Further evidence of rapid uranium extraction i s  shown 
by the greater-than-&* efficiency obtained with no power input t o  the 
mixer, the energy of the incoming streams being suff icient  t o  cause sig- 
n i f icant  dispersion and extraction. 

Continuous-flow t e s t s  were made i n  a 6- in.-dim mixer with a 3-in. 
flat-bladed 'turbine of the same configuration as  tha t  used i n  batch 
t e s t s  (fig. 4 ) .  The aqueous feed and solvent were metered in to  the 
bottom of the mixer through concentric pipes t o  eliminate premixing of 
the phases. The mixed phases flowed out of the mixer a t  a point 6 in .  
above the bottom, giving an effect ive l iquid volume. of 0.75 gal .  

Stage eff iciency was calculated from analysis of samples of the 
mixed eff luent  taken a t  steady-state conditions of mixing power and flow 
ra te s .  Efficiency was calculated as  Murphree13 efficiency, based on 
uranium concentrations i n  the aqueous phase from the eff luent  sample and 
the equilibrium curve (Fig. 1). The aqueous feed (Table 11) was a syn- 
t h e t i c  solution typical  of leach liquor produced by sulfuric  acid leach- 
ing of uranium ore. The solvent was 0.1 M Amberlite LA-1 i n  kerosene, 
which was scrubbed with a 1@ sodium carbGnate solution and di lu te  sul- 
f u r i c  acid t o  remove readi ly soluble fract ions before use. The extrac- 
t i o n  t e s t s  were made a t  aqueous-to-solvent flow ra t ios  o f  3/1, giving 
a uranium loading i n  the solvent of 3 g of U per l i t e r ,  which i s  about 
8@ of maximum loading fo r  t h i s  part icular  solvent and aqueous feed. 

Table 11. Composition (g / l i t e r )  of Aqueous Feed Sol.ution 

5.3 Continuous-Flow Mixing-Stripping 

The stage efficiency of the 6-in.-diam mixer for  the stripping o f  
uranium with sodium chloride solution i s  luwer than tha t  fo r  extraction 
a t  the same mixing power and residence time. The data i n  Table 12 and 
Fig. 5 show t h a t  9% stage efficiency w a s  obtained, a t  a power input of 
50 hp per 1000 ga l  and a residence time of 0.25 min or more. Extrapola- 
t i o n  of the curves t o  1 0 6  efficiency a t  zero flow ra te  shows tha t  9035 
stage efficiency could be attained a t  20 hp per 1000 ga l  and 2 min 
residence time. Sl ight ly l e s s  than four stages a t  9% efficiency are 
required for  9 8  uranium stripping i n  the typical  flow sheet. 

The stage efficiency of the sodium chloride stripping system was 
determined i n  the same manner as  tha t  described for  extraction, except 
t h a t  Murphree efficiency was based on uranium concentration i n  the 
solvent-phase eff luent  and the stripping equilibrium data. The solvent 
feed w a s  0.1 - M Amberlite LA-1 i n  kerosene9 loaded %nth 3.3 g of uranium 



per l i t e r .  The stripping agent was a 1 .0  M sodium chloride .solution. 
The r a t i o  of aqueous t o  solvent flow ra te  was 116, which provided about 
a 5$ excess of t h e  stoichiometric quantity of sodium chloride'required 
for  stripping. 

Table 12. Continuous Flow - Stripping 

Solvent: 0 .1 M Amberlite LA-1 i n  kerosene, 3.3 g U per l i t e r  
Aqueous : 1 . 0  M - NaCl 
Phase Ratio: A/O = 116 

Turbine 
Uranium, 

Conc. i n  
Murphree 

Stage 
Speed Power Solvent Efficiency 
( rpm) (hp/lOOO gal) ( g / l i  t e r )  ($1 

Total Flow Rate, 1 gpm; Residence Time, 0.75 min 
0 0 2.7 15 

200 0.77 1.7 47 
400 6.2 0.80 81 
600 21 0.75 84 
800 50 0.63 88 

Total Flow Rate, 3 gpm; Residence Time, 0.25 min 
0 0 2.6 24 

200 0.77 2.2 36 
400 6.2 0.90 79 
600 21 0.78 84 
800 50 0.54 92 

Total Flow Rate, 5 gpm; Residence Time, 0.15 min 
o o 2.1 36 

2 00 0.77 1 7 45 
400 6.2 1.1 68 
600 21 0.89 80 

6 . BATCH- PHASE SEPARATION 

Phase separation i s  generally considered t o  be a two-step process, 
consisting of a primary break i n  which the bulk of the dispersion sepa- 
ra tes  by both sedimentation and coalescence i n t o  i t s  component phases, 
followed by a secondary break i n  which droplets of one phase entrained 
i n  the other s e t t l e  out, leaving both phases clear.  The r a t e  of the 
primary break i s  the controlling factor  for  the design and operation of 
gravity-type s e t t l e r s  and may be studied i n  e i ther  batch or continuous- 
flow equipment. Batch tes t ing  was used t o  screen the ef fec t  of variables 
such as  type of dispersion (aqueous continuous or solvent continuous), 
pl~aae r a t io ,  mixing time, mixing power, temperature, chemical composition 
of the phases, e tc . ,  on the r a t e  of primary break. Flow capacity of 
s e t t l e r s  (discussed i n  Sec 7) was then determined as  a function of the 
more important variables . 
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Fig. 5 .  Stage Efficiency fo r  Stripping Uranium with 1 - M Sodium 
Chloride. 

The equipment fu r  batch studies consisted of baffled-tank mixers 
(either 3 i n .  i n  diameter x 3-5/8 in.  i n  depth or 12 in .  i n  diameter x 
12 i n .  i n  depth) a s  shown i n  Fig. 4. To determine the primary break 
time, a dispersion -3 formed by agitazl;ion a t  a power level  suff icient  
t o  yield a uniform dispersion. The break time w a s  the time required 
a f t e r  the agi ta tor  was stopped u n t i l  a sharp interface formed between 
the buUc phases. 

Composition and physical properties of the solvents and synthetic 
aqueous feeds used i n  the test ing program ake shown i n  Table 13. The 
solvents were scrubbed with 10 volumes of sodium carbonate solution 
( 5  wt-vol $) followed by 50 volumes of. d i lu te  su l fur ic  acid ( 5  vol $) t o  
remove readi ly soluble coqonents, thereby making them similar t o  re-  
cycled plant solvent and permitting reproducible resul t s .  The composi- 
t i o n  and important physical properties of a number of actual  plant 
l iquors  are shown i n  Table 14. 



Table 13. Physical Properties of Amex Test Solutions 

Viscosity Density 
(centistokes) (g/cc> 

Solution 25" C 50" C 25" C 50°C 

0.12 - M Amberlite LA-1 
i n  kerosene 

0.12 M Amberlite LA-1 - 3 07 1.91 0.82 0.80 
i n  kerosene, modified with 
3 wt-vol $ TDA 

0.10 - M ~ i ( t r i d e c y 1 )  3.14 1.96 0.82 0.80 
amine i n  kerosene, modified 
with 3 wt-vol $ TDA 

0.10 M Alamine 336 i n  kerosene, 2.80 1.79 0.81 0.80 
Godified with 3 wt-vol $ TDA 

Sulfate feed: 1.11 0.71.  -1.08 1.0'7 
70 g / l i t e r   SO^, p~ 1.0 

Chloride s t r ip :  0.97 0 .63 1.04 1.03 
35 g / l i t e r  C1,  9.6 g / l i t e r  
SO4, pH 1 .0  

Carbonate s t r ip :  1.32 0.83 1-09 1.08 
1% (wt-vol) NapC03 

6.1 Batch Phase-Separation Tests with Synthetic Feed 

The general appearance of a dispersion during the primary break 
resembles a three-phase system consisting of a rather  sharply defined 
dispersion b d sandwiched between re la t ive ly  clear  layers of solvent "r: and aqueous .' r15 A t  one of the boundaries the r a t e  of t r ave l  toward 
the f i n a l  interface i s  dependent on sedimentation of the dispersed drops 
and shows l i t t l e  ac t iv i ty .  The other boundary i s  characterized by the 
act ive coalescence of drops with neighboring drops and with the bulk 
phase which they contact. The active or coalescing interface for  an 
aqueous-continuous dispersion i s  a t  the solvent-dispersion boundary, 
while, for  a solvent-continuous dispersion, the coalescing interface i s  
a t  the aqueous-dispersion boundary, as  i l l u s t r a t ed  i n  Fig. 6. 

The s e t t l e r  prof i le  curves of both boundaries fo r  several different  
mine  dispersions are shown for  the 12-in.-dim s e t t l e r  ( ~ i g .  7) . Note 
tha t  the curve for  the active interface i s  l inea r  over most of the 
break, showing tha t  the r a t e  of coalescence i s  v i r tua l ly  independent of 
the dispersion volume. This independence of the r a t e  of coalescence on 
dispersion volume i s  further demonstrated by the prof i le  obtained by 



Table 14. Canposition of Typical Plant Liquors 

Viscosity Density 
U V &b Si02 SO4 (centistokes (glee 

Liquor ( g l l i t e r )  ( g l l i t e r )  ( g l l i t e r )  ( g l l i t e r )  (g / l i te r )  a t  25' C) a t  25 '~)  pH 

K-M lla b 1.05 4 .1 .  0.012 < 0.1 ,110 0.5 
Slime Liqgor 5 - 1  3.8. 0.007 < 0.1 78 1.14 1.08 1.0 
Ship Rock 0.70 0.7 0.003 0.3 . ; 23 1.e 1.02 1.4  
~ i t r o  NO. 6' 1.1 0.76 0.084 0.6 $0 . 1.1 
Section No. 10 0.88 0.1 0.004 0.7 . ; 20 0.94 1.02 1.4 
~ 0 1 1 ~ ~  1-33 0.1 0.04 2.0 31 1.07 1.05 1.6 
Sand Liquor No. 1 - 9  2.2 r 1.0 108 0.4 
Sand Liquor No. 1 *9 2.6 . Z 1 . 0  305 0.3 
sand ~i quor NO. ,19 1.83 2 -3 0.013 r 1.0 log 1.25 1.10' 0.4 
Old Rif e Plant a 2.1 2.9 , 0.004 1.6 31 1.08 1.05 1 .4  
Recycle 0.88 0.1 0.03 1.0 48 1.03 1.04 0.6 
St .  Anthqny 1.11 0.1 < 0.001 2.2 30. 0.97 1-03 0.8 
New Rifle plante 4.0 3 0 1  0.04 2.5 .55 1.10 1.06 0.9 
New Rif le  Plant Plus 300 4; 0 3 -1 0.04 0.4 5 5 0.9 

ppm gelatine 
VCA No. 1 2 ~  0.73 2.2 0.005 4.9 70  0.8 
a Kerr-McGee O i l  Industries, Shiprock, New'Mexico. 
b ~ l i m a x  Uranium C.ompaqy, Grand Junction, Colorado. 
' ~ i t r o  Uranium Company, Sa l t  Lake City, Utah. 
d~ermac Nuclear Compaqy , Golden, Colorado. 

h 

e 
Union Carbide Nuclear Company, Rifle, Colorado. 

f~anadium Corporation of America, Durango, Colorado. ( 
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Fig. 6 .  I l lus t r a t ion  of theS1rypes of Coalescence. 

allowing equal volumes of dispersion t o  separate ' in  2-in.- and 5-112-in.- 
d i m  s e t t l e r s  (FYg. 8). The curves of the active interface not only are 
l inear  over most of the break but are  nearly para l le l ,  indicating tha t  . 
the r a t e s  of coalescence are almost the same. Doubling the volume of 
dispersion i n  the 5-112-in. -d im s e t t l e r  only increased the t o t a l  break..; 
time, and the r a t e  of coalescence remained constant (!Table 15) .  

Table 15. Rate of Coalescence 

Se t t l e r  Dispersion Rate of Coalescence 
Diameter volume (in./min) 

( in .)  ( m l )  Solvent Continuous Aqueous Continuous 

These data indicate that most of the coalescence occurs at  the 
active interface, with l i t t l e  i f  any coalescence occurring within the 
dispersion or  on the s e t t l e r  walls. Therefore, the flow capacity of a 
gravity-type s e t t l e r  i s  mainly dependent on the r a t e  of primary break as 
a function of the area of the active interface; dispersion volume or 
residence time axe or secondary importance. 
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Fig. 7. Batch-Settling Prof i les .  



Fig. 8. Batch Set$..l.dng in T)i f ferent-Size Settlers, Using Amberlite 
LA-1 Modified vs Sulfate Feed. 



w i c a l  Primary Break Times. Although se t t l ing  profi les  have been 
useful for  demonstrating coalescing and sedimentation rates ,  e tc . ,  the 
t o t a l  time f o r  the primary break i s  suff icient  t o  evaluate the gross 
e f f e c t  of the  many variables tested. Typical primary-break times fo r  
three amine solvents with sulfate ,  chloride, and carbonate feeds are 
shown i n  Table 16. Certain general trends are apparent: F i rs t ,  a 
solvent-continuous dispersion breaks slower than a comparable aqueous- 
continuous dispersion; second, a low in ter fac ia l  tension between the 
solvent-feed pa i r  means a longer primary-break time; third,  d i lu te  dis- 
persions break f a s t e r  than dispersions having a 111 phase r a t io .  

Primary Break Times with Different Amines .. Table 17 shows the 
primary-break times obtained with 0.1 M unmodified kerosene. solutions of 
secondary and t e r t i a r y  amines suggestez for  use as reagell-ts i n  the Amex 
process. Aqueous-continuous diagersions genc?ral,!y scpwatad quite faot;  
but  several of the solvent-continuous t e s t s  produced semipermanent dis- 
persions (dispersions which t o ~ k  longer than 5 min t o  break) ind icn t iw  
t h a t  the solvent would have t o  be modified t o  increasb the r a t e  of - 

primary break i f  they were t o  be useful i n  actual processes. 

The Effect of Solvent Modifiers on Primary Break. Several poten- 
t i a l l y  useful reagents formed semipermanent emulsions when mixed 
solvent-contiriuous, prompting a search for  a cheap solvent modifier t o  
increase the r a t e  of primary break.9 A mixed t r idecyl  alcohol was used 
f o r  most t e s t s ,  although almost any re la t ive ly  long-chain al iphat ic  
alcohol could be used. 

As shown i n  Table 18, the addition of 2 t o  5% alcohol great ly de- 
creases the time required for primary break, i n  comc cases 90%. The 
addition of alcohol increased the in te r fac ia l  tension, a.l.though not t o  
the same extent with d i f ferent  amines. 

The Effect of Reagent Concentration on the Primary Break. The par- 
t i c u l a r  requirements of each Amex flowsheet determine the concentration 
of mine  t o  be used i n  the solvent. The ef fec t  of amine concentration 
on the primary break i s  shown i n  Table 19 fo r  two amines. In general 
increasing the amine concentration had l i t t l e  e f fec t  on the primary 
break time of aqueous-continuous dispersion but markedly increased the 
primary break time of organic-continuous dispersion. The maximum break 
time fo r  both amines occurred a t  concentrations ( l e s s  than highest 

- tes ted)  where the in te r fac ia l  tension was lowest. Addition of e i the r  
more tridecanol or  a surfactant such as  Victowet-12 (victor  Chemical 
company) reduced the break time considerably? indicating tha t  solvents 
containing high concentrations of amines probably can be used i n  prac- 
t i c a l  systems. 

Diluent Effect on Primary Break. The data presented i n  Table 20 
show the e f fec t  of several kerosene-type diluents on primary-break 
times. The diluent e f fec t  was quite s m a l l ,  and the cost of any particu- 
lar kerosene de l ivered ,a t  the s i t e  would be the deciding factor i n  the 
choice of a di luent .  



Table 16. Typical Primary-Break Times a t  25OC 

Interfacial  Se t t le r  Prinary-Break Time ( sec) 
Tension Diam Depth Aqueous Continuous Solvent Continuous 

Eolvent-Aqueous System (dynes/cm) (in.) .( in.)  1 la : 1 la :2 
4aqe org q org 'ap'lorg q org 1aq:60rg 

0.1 M Amberlite LA-1 i n  
~ r o s ' e n e  Mod. with 3% TDA 

Sulfate feed 7.4 3 3-5/8 57 84 138 120 
12 3-2 117 220 313 

Chloride feed 9 -8 3 3-5/8 64 77 88 71 
3-2 12 184 201 

Carbonate feed < 1.0 3 3-518 
12 12 

0.1 M ~ ( t r i d e c y l )  amine 
i n  Grosene Mod. with 546 
TRA 

Sulfate feed 10.6 3 3-518 65 95 134 3-27 
12 12 116 224 443 

Chloride feed 11.8 3 3-518 100 130 121 
12 12 169 321 138 

Carbonate feed < 1.0 3 3-5/8 90 308 198 
12 12. 246 loSc( 608 

0.1 M mamine 336 i n  
Kerosene Nod. with 5$ TDA 

Sulfate feed 11.2 3 3-518 45 64 126 95 
144 12 12 90 239 

Chloride feed 14.5 3 3-518 44 83 74 
12 12 83 130 104 

Carbonate feed 6.4 3 3-518 76 60 113 -. 
12 12 185 202 167 



Table 17. Primary-Break Time  fo r  Mf f erent Amine s 

3-in.-diam set t ler ;  2S0C; sulfate feed 

Primary-Break Time ( sec) 
Aqueous Continuous Solvent Continuous 

Amine 4 :1 la : 1 la :l aq org 9 OW 9 o r ~  laq: 2org 

Arnberlite LA-1 60 94 190 166 
A m b e r l i  t e  LA-2 65 106 > 300 > 300 
D i  ( tridecyl) 59 97 > 300 > 300 
6-24 92 rY[l 105 97 
Trilauryl 156 230 > 300 > 300 
Triisooctyl 35 48 72 65 

Table 18. Effect of Tridecyl Alcohol Modifier on Primary-Break Times 

Synthetic sulfate feed; 3-in.-diam. settlers; 25OC 

Interfacia l  Primary-Break Time ( sec) 
Tridecanol Tension Aqueous Continuous Solvent Continuous 

( ~ 0 1  $1 (dy"ez /a )  laq : 1 laq:lorg 1 aq :I. org laq: 2org 

0.1 - M Amberlite LA-1 i n  '~erosene 
o 6.0 60 94 190 166 
1 6.0 59 93 175 . 147 
2 6.4 58 93 160 137 
3 6.6 57 84 138 120 
5 7 -2 56 . 83 132 115 

0.1 - M Amberlite LA-2 i n  Kerosene 
0 

-. 
2.0 65 16 1880 2600 

2 3'04" ' "' ' 60 97 154 118 
3 .-. .-.4.5- 46 65 118 105 
5 6.8 -50 80 108 97 

10 9.1 41 64 90 78 

0.1 M Trilauryl Amine in  Kerosene 
0 7.0 - 156 230 2840 2380 
2 8 3 5 5 115 1520 1280 
3 9 0 76 129 1460 ' 1200 
5 9.8 55 94 2i5 215 
7 10.6 53 85 146 137 



Table 19. EFfect of Amine Concentration on Primary-Break 

Masured i n  3-in. -diam s e t t l e r  j 25'C, 
phase r a t i o  1 aqb lorg; sulfate sys tern 

Solvent Properties Break Time (sec) 
Amine In ter fac ia l  

Concentration Viscosity Density Tension Aq-Cont. Sol.-Cont. 
( g) ( centistokes) (g/cc) (dynes/cm) Dispersion Dispersion 

Alamine 336 i n  3% Tridecanol, Kerosene 
0.54 15.6 0.843 7.0 88 206 
0.28 4.7 0.822 4.8 5 9 > 1800 
0.14 2.8 0.813 5 -7 64 209 . 
0.07 2.4 0.808 10.8 71 100 
0.04 . 2 03 0.86 12.4 72 79 

Amberlite LA-1 i n  6% Tridecanol, Kerosene 
o. g8a 82 .g 0.885 < 1.0 200 > 3000 
0.47 8.2 0.843 < 1.0 111 > 4500 
0.23 3 -6 0.825 3.0 97 330 . 
0.11 2.8 0.816 3 .8 95 117 

0.812 4.6 95 94 0.05 2.5 
2.4 0.809 5 -6 105 94 0.03 

$n 3% tridecanol, not i n  6%. 

Table 20. The Effect of Diluents on Primary-Break Time 

A l l  solvents were 0.1 M i n  Amberlite LA-1 mine; 
run i n  3-in.-di& settlers a t  25OC 

Primary-Break Time ( sec) 
Aqueous Continuous Solvent Continuous 

M luent 4aq:10rg , 'a4: lorg 'aq' 'org 'aq: 2org 

G u l f  kerosene 60 94 190 166 
Sinclair  ( l ight)  44 64 85 108 
Sinclair  (heavy) 52 93 104 

188 
94 

Shell 140 50 68 182 
Napoleurn 47 0 61  92 191 184 
Jet fue l  T-2 50 67 141 141 
Amsco 123-15 62 82 155 146 
Uinta kerosene 59 95 189 180 
Xylene 60 83 73 62 



The Effect of Mixing Power and Time on Primary Break. Data shown 
i n  Table 21 show tha t  neither mixing power (15 t o  75 hp per 1000 gal) 
nor mixing time (10 t o  30 min) has any signif icant  e f fec t  on the primary 
break. This simplifies the design of mixer-settler uni ts  because the 
mixing c r i t e r i a  can be selected t o  opti@ze stage efficiency without 
changing s e t t l e r  capacity. 

Table 21. 'The Effect of f ix ing  and Power Time oil Primary Break 

0.1 - M Atnberlite LA-1 amine (modified) vs sulfate  feed; - 
12-in.-dim mixer; A/O r a t i o  = 1 

'Mixing Power Mixing T i m e  Batch Break Time ( sec) 
~ h P / l 0 0 0  gal) Aqueous- Continuous Solvent- Continuous 

Temperature Effect on Primary Break. Temperature has a marked ef-  
f e c t  on primary break (Fig. 9).  Raising the temperature 30°C (from 1 5 O C  
t o  4 5 O ~ )  approximately halves the primary-break time for  both types of 
dispersion. The break time was d i rec t ly  proportional t o  the viscosi ty 
of the continuous phase, which decreased with increased temperature 
te able 13) . 
6.2 Batch Phase -Separation -. Tests with Plant,  --. =...- Leach ....-...-, Liquor 

Primary-break times for  14 leach Liquors (received from uranium 
mills on the Colorado plateau) vs several amine solvents were determined 
as  a survey of phase-separation troubles' t ha t  might be encountered with 
ac tua l  plant leach liquors.  The data ('!?able 22) show the marked ef fec t  
of type of dispersion and difference i n  mines  on break time. With one 
exception, phase separation was good with organic-continuous dispersions 
a t  phase r a t ios ,  A/O, of 1/1 and 1/2; however, with aqueous-continuous 
dispersions, slow phase separation (break time greater than 300 sec) and 
s table  emulsions were formed when many of the l iquor samples were mixed 
with Amberlite LA-1 mine .  Emulsion formation appeared t o  be a function 
of the concentration of soluble s i l i c a  (not  removable by f i l t r a t i o n  or 
centrifugation) i n  the leach liquor.  No d i f f i cu l ty  was encountered a t  
s i l i c a  concentrations l e s s  than 0.7 g of Si02 per l i t e r .  At'concentra- 
t ions  greater than 1 . 0  g / l i t e r ,  the break time was greater than 300 sec, 
and some stable  emulsion (s table  for  longer than.24 hr) was formed; the 
volume of emulsion generally increased with increased s i l i c a  concentra- 
t ion .  The addition of s i l i c i c  acid t o  synthetic leach solutions (Table 
23) caused s i m i l a r  emulsification, demonstrating tha t  s i l i c a  i s  probably 
the main cause of d i f f i cu l ty  with plant l iquors.  
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Fig. 9. Effect  of Temperature on Primary-Break Time i n  12-in.-dikn 
S e t t l e r  a t  a Phase Ratio of 1/1, 0.1 - M Amberlite LA-1 i n  Kerosene (s ' 
TDA) vs Sulfate Feed. 

The conparative bredr times fo r  d i f f e r en t  amines with both p lan t  
and synthetic l iquors  containing s i l i c a  show t h a t  two amines, = ( t r i decy l )  
and S-24, a re  consis tent ly  be t t e r  than the others ( Tables /22 and 23) . Po 
emulsions were formed with organic-continuous mixing o f ' t h e s e  two amines 
with any of the l iquors  tes ted,  and the amount of emulsion with aqueous- 
continuous mixing was considerably reduced or  prevented al together .  

The screening of plant  leach l iquors  showed t h a t  the majority of the 
l iquors  tes ted  contain emd-sifying agents t h a t  s t ab i l i ze  aqueous-continuous 
dispersions.  Control o f  mixing t o  produce a solvent-continuous dispersion 
i s  a simple method of preventing emulsions. Usually, solvent-continuous 
mixing can be maintained by s t a r t i ng  the  mixer with only solvent present,  
then adding the aque0u.s phase. Care should be taken t o  maintain a t  l e a s t  
5@ solvent i n  the mixer, e i t he r  by es tabl ishing f'lowsheet conditions or by 



Table 22. Primary-Ereak Times of Plant Liquors vs 0.1 _M Solvents i n  3-in. -d im Mixer a t  25OC 

Amberlite LA-1 - in  Amberlite LA-1 i n  D i  ( t r idecyl)  i n  
Si02 Kerosene Kerosene + 3% TDA Kerosene + 5% TDA 
Conc. Aqueous-Cont. Solvent-Cont. Aqueous-Cont. Solvent-Cont.. Aqueous-Cont. Solvent-Cont. 

Plant Liquor ( g l l i t e r )  411 111 1/1 1/2 411 111 1/1 112 411 111 111 112 

K.M. lla < 0.1 76 103 153 158 80 124 2 150 90 
Slime liquor < 0.1 90 127 110 110 73 120 110 99 71 
Shiprocka 0.3 118 74 129 111 130 112 125 120 97 

vitrO 

0.6 95 
Section 1 0.7 174 141 181 153 > 300 150 130 120 > 300 
~e cycle 1.0 > 3 0 0  > 3 O O  245 1 4 5 > 3 0 0  > 3 0 0  175 102 135 
sand liquor 1.7~ 1.0 > 300 315 
Sand liquor 1 8 ~  1.0 > 300 285 
sand liquor 19' 1.0 > 3 0 0  > 3 0 0 > 3 0 0  > 3 0 0 > 3 0 0  > 3 0 0 > 3 0 0  > 3 0 0 > 3 0 0  
Old Rifle plante 1 .6  > 300 > 300 122 8-7 69 
~ o l l y ~  2.0 > 300 184 1 5 0 > 3 0 0  > 3 0 0  1-72 15f. 110 
St .  Anthonya 2.2 > 3 0 0  244 140 1 0 6 > 3 0 0  > 3 0 0  127 105 208 
New Rifle plante 2.5 > 3 0 0  163 
New Rifle + 0.4 115 lo'l 152 216 

gelat in 
VCA No. 12f 4.9 > 300 208 

% e r r - ~ c ~ e e  O i l  Industries, Shiprock, New &,Am.- 
b~l imax  Uranium Company, Grand Junction, Colorado. 
C Vitro Uranium Company, Sal t  Lake Ciky, Utah. 
'~ennac Nuclear Compaay, Golden, Colorado. e Union Carbide Nuclear Compaqv, Rifle , Colorado. 
f~anadillol Corporation of America, Durango, Colorado. 



Table 23. Effect of S i l i ca  on Phase Separation 

Set t le r :  3- x 3-518 in .  
/ 

Organic: 0.1 M amine i n  kerosene 
Aqueous: synthetic leach liquor containing 0.5 g U, 0.5 g v4+ 

2 g ~ e ~ + ,  2 g Al, 75 g ~ 0 ~ ~ '  and s i l i c a  added as  a 
solution of sodium s i l i c a t e  

Phase ra t io :  111 

Break Time ( sec) 
Aqueous-Continuous Solvent-Continuous 

Tridecanol 0.0 g 0.4 g 1.6 g 0.0 g 0.4 g 1.6 g 
Ami ne ($1 ~i02/ i?  sio2/k? sioa/i? sio2/.4 sio2/i? sio2/i? 

S-24 0 
S-24 2 
Amberli t e  LA-1 0 
Amberlite LA-1 2 
Di ( tr idecyl) 0 
Di ( tr idecyl) 5 
mamine 336 3 
Trilauryl 3 

recycle of organic from the s e t t l e r  back t o  the mixer, t o  prevent the 
localized formation of aqueous-continuous dispersion. 

In  cases where s i l i c a  alone i s  the cause emulsion, the s i l i c a  
can be flocculated by the addition of gelat in.  " ~ f t e r  f i l t r a t i o n  or 
se t t l ing  out. of the s i l i c a ,  the aqueous phase can be contacted with 
solvent without d i f f i cu l ty   a able 22) . Flocculating agents tha t  are  . 
normally used t o  aid i n  se t t l ing  ore slimes are not very effect ive fo r  
flocculating s i l i c a .  

During the tes t ing  of plant l iquors it was noted tha t  samples tha t  
contained a s m a l l  amount of insoluble sol ids  separated fa s t e r  than 
Filtered samples a f t e r  mixing with organic. Therefore, a number of 
finely-divided-solid.additions were tested fo r  t h e i r  possible e f fec t  i n  
preventing the formation of s i l i c a  emulsions. Solids such as  Celite, 
kaolin, ore slimes, or decolorizing carbon had a spectacular e f fec t  on 
break time of silica-bearing liquor, resul t ing i n  nearly complete phase 
separation i n  l e s s  than 60 sec., A l l  the sol ids  except carbon collected 
a t  the interface and i n  themselves caused some emulsion; however,only a 
low concentration, 0.1 g / l i t e r ,  was necessary t o  prevent s i l i c a  emulsion 
( ~ i g .  10) . 

&colorizing carbon differed from the other sol id additions i n  tha t  
it remained suspended i n  the  organic phase. Although a concentration of 
5 t o  10  g / l i t e r  was suff icient  t o  prevent s i l i c a  emulsion, it was ob- 
served tha t  the addition of a h g e r  amount of carbon (100 g / l i t e r )  made 
it impossible t o  maintain the aqueous phase continuous even a t  an A/O 



Fig. 10. Effect of Ore Slimes on Break Time and Bmdsion F o m t i o n .  



r a t i o  of 3. This i s  i n  agreement with the generalization tha t  sol ids  
tend t o  s tabi l ize  the type of emulsion i n  which they are wetted by the 
continuous phase. 

7 .  CONTINUOUS-FLOW SETTLW TESTS 

The capacity of continuous-flaw s e t t l e r s  as well a s . the  entrainment 
i n  the solvent and aqueous streams were determined for  typical  extraction 
and stripping c i rcui t s .  A single mixer-settler uni t  (F'ig. 11) was used 
i n  which solvent and aqueous phases of constant composition were re-  
cycled. The mixer was a baffled tank agitated with a flat-blade turbine. 
The s e t t l e r  was a cylindrical tank i n  which the t o t a l  l iquid depth was 
about 30 in.  The interface was controlled near the midpoin-L of the 
s e t t l e r  by a simple gravity leg  on the aqueous discharge. The tempera- 
ture was maintained a t  25OC unless noted otherwise. Physical properties 
of solvent and aqueous solutions tested are shown i n  Table 13. 
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~ i g '  11. Single Mixer-Settler Unit for  Phase Separation Tests. 

Flow ra t ios  were varied from 411 t o  111 ( d o )  for  aqueous con- 
tinuous operation and from 111 t o  116 (A/o) for  solvent-continuous 
operation i n  both the extraction and stripping c i r cu i t  t e s t s .  Under 
most of these conditions a d i s t inc t  dispersion band existed a t  the 
interface which, a t  steady s ta te ,  was of uniform thickness over the 
cntdre area of the s e t t l e r .  Steady s t a t e  was usually reached within 20 
min, and the band width was observed for  1 hr. The dispersion band was 



very s tab le  with respect  t o  operating time, 5 hr being the longest 
period observed. The dispersion-band thickness increased exponentially 
with increased flow, without showing a sharp flooding point.  The bes t  
cor re la t ion  of da ta  w a s  obtained by p lo t t ing  dispersion-bacd thickness 
against  the flow r a t e  of the dispersed phase per un i t  s e t t l e r  area.  
This method of cor re la t ion  could not be used fo r  t e s t s  made with solvent- 
continuous dispersion a t  a phase r a t i o  ( A/O) of 1/6 since the dispersion 
band, i f  any, was not flow dependent,and s e t t l e r  capacity was l imited by 
the entrainment of aqueous phase i n  the solvent leaving the s e t t l e r .  
The bes t  cor re la t ion  was obtained by p lo t t ing  entrainment values as  a 
function of solvent flow r a t e .  

The da ta  can be summarized i n  terms of "nominal se t t ler  fl.nw 
c ~ a c 1 , t y .  " '1hi.s w a s  defined f o r  caoea wlsen the df spersion-band thick- 
ness was flow dependent by f i r s t  a r b i t r a r i l y  select ing a dispersion-band 
thickmess of 2 f t  a s  the  flooding point.  'This i s  somewhat Jus t i f i ed  
because a t o t a l  lic1u:i.d depth of 2 f t  i s  u ~ u u l l y  su f f i c i en t  for  simple 
gravi ty- leg control  of the interface.  The nomina.!. flow capacity was 
then chosen t o  be the flow r a t e  a t  a band width o f  5 in . ,  which was 
about ha l f  the flow r a t e  a t  flooding and allows a safety  fac tor  oi" 2 fo r  
design purposes. For cases where s e t t l e r  capacity was determined by 
entrainment values, the nominal flow capacity was then taken a s  half  the 
flooding flow rate,where the entrainment was equivalent t o  the phase 
r a t i o  of the dispersion entering the s e t t l e r .  

7.1 S e t t l e r  Tests-Extraction Circui t  

The sodium su l f a t e  feed had previously been shown t o  have physical 
properties quite similar t o  typ ica l  su l f a t e  m i l l  l iquors  and could be 
expected t o  behave the same way i n  t h e  sptokl.er ttsts ( ~ a b l c o  13 and 14) . 
Accordingly, a s e r i e s  of continuous flow t e s t s  were made a t  phase r a t i o s  
t yp ica l  of those encountered i n  m i l l  pract ice .  'Ihe correlated data 
( ~ i g s .  12 and 13, and Table 24) shows a family of nearly p a r a l l e l  l i n e s .  
Nominal flow capaci t ies ,  as  determined from these p lo t s  f o r  a 5-in. 
dispersion-band width, a re  s ~ m a r i z e d  i n  Table 25. 

Effect  of Solvent. Changing the composition of the solvent e i t h e r  
by the addit ion of a modifier or by the use of a d i f f e r en t  amine (of 
s-me class)  had no apparent e f fec t -  on the nominal flow capacity of se t -  , 

t l e r s  operating with an aqueous-continuous dispersion . Modifying the 
solvent with t r i decy l  alcohol (TDA) increased the nominal aqueous flow 
f o r  a s e t t l e r  operating with the solvent phase continuous from 0.37 t o  
0.68 ga l  ft'2 min-' f o r  a l l  A/O r a t i o s  tes ted .  

Effect of Dispersion Type and phase' Ratio. The nominal solvent 
flow capacity fo r  aqueous-continuous t e s t s  increased from 0.7 t o  0.88 
g a l  f t - 2  min-I a s  the A/O r a t i o  decreased from 4.11 t o  1/1, but the 
nominal aqueous flow remained constant fo r  solvent-continuous t e s t s  as  
A/O r a t i o  decreased from 1/1 t o  112. 
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Fig. 12. Correlation of Data for  Solvent-Continuous Operation of 
Continuous-Flow Set t le rs -Wract ion  Circuit.. 
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Fig. 13. Correlati'on of Data for  Aqueous-Continuous Operation of 
Continuous-Flow Settlers-Ektraction Circuit .  
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Effect of Temperature. Nominal flow ca acity increased from 0.37 
gal ft-2 min-1 at 25'C to 0.92 gal ft-" min-' at 50°C for solvent- 
continuous dispersion using unmodified Amberlite LA-1 solvent. Increased 
temperature would have a similar effect on flow capacity with other sol- 
vents. This agrees with the temperature effect observed in the batch 
break tests, where it was shown that the decrease of primary-break time 
with increased temperature corresponds roughly with the change of vis- 
cosity, which changes with temperature. 

Table 24. Continuous-Flow Settler Data-Extraction Circuit 

Dispersion Thickness (in.) 
Phase Flow Rates Amberlite Amberlite D i  ( tridecyl) Alamine 336 
Ratio (gal ft'" min'l) LA-1 LA-1 + + 5% TDA + 3% TDA 
( A/O) Aqueous Solvent 3% TDA 

6-in.-diam Settler; Aqueous-Continuous Dispersions 
411 0.68 0.17 0.25 

1-35 0.34 1.8 ' 1.0 
1.62 0.41 0.88 
2.70 0.68 3 -8 4.3 4.25 
3.50 0.88 7 0 
3 -78 0 95 , 10.3 
4.00 1.00 23.0 17.75 

6-in. -dim Settler; solvent-Continuous Di~persion ' 
0.17 0.17 0.5 
0.25 0.25 1.0 
0.34 0.34 0.6 0.88 
0.41 0.41 3.8 
0.51 0.51 6.8 
0.63 0.63 27 0, 
0.68 0.68 2.0 , 3.6 3.5 
0.81 0.81 10.8 10.0 
1.08 1.08 6 .6a 20.13 21.0 

112 0.17 0.34 0.4 
0.25 0.50 1*3 
0.34 o .68 2.0 0 9 1.0 
0.51 1.02 12.0 
o ;68 1.36 5.0 
0.74 1.48 11.8 
0 95 1.90 111.. 88 

a Temperature at 50°C; all others, 25OC. 



Table 24 ( Continued) 

Dispersion Thickness (in.) 
Phase Flow Rates . Amberlite Amberlite Di(tridecy1) Alamine 336 
Ratio (gal ft'2 min'l) LA-1 LA-1 + + 5% TDA + 3% TDA 
(A/o) Aqueous Solvent 3% TDA 

48-in.-diam Settler; Aqueous-Continuous Dispersions 
4/1 1.15 0.29 0.6 

2.00 0.5 1 5 
.3 75 0.94 10.0 
5,O 1.25 20,5 

48-in. - d i b  Settler; Solvent-Continuous Dispersions 
1/1 0.17 0.17 0.8 

0.33 0 33 3 03 
0.50 0.50 16.5 

Table 25.. Nominal Flow for Continuous-Flow 
Settlers-Extraction Circuit 

Phase Dispersed Phase Naminal Flow (gp1n/ft2) 
Continuous Ratio, Amberli te Amberli te LA-1 Di ( tridecy-1) 
Pha~e A/O LA-1 + 3yb TDA -1 5% T D ~  ' 

Aqueous 

. Solvent 

48-in. -dim Settler 
Aqueous 4/1 0.70 

1/1 0.88 
Solvent 1/1 0.37 

1/2 0.37 
''Temperature = 50'~ I 



The temperature i n  most uranium-mill solvent extraction c i r cu i t s  
depends on ambient conditions and i s  usually i n  the range 15 t o  50°6. 
Because of the re la t ive ly  large temperature e f fec t  on s e t t l e r  flow 
capacity, s e t t l e r  s ize should be designed for  the minimum temperature 
expected, or f a c i l i t i e s  for  heating t o  the design temperature should be 
provided. 

Se t t l e r  Scaleup. Dispersion thickness a s  a function of flow r a t e  
per uni t  cross sectional area was v i r tua l ly  independent of s e t t l e r  
diameter for  aqueous-continuous dispersion a t  A/O r a t i o s  of 111 and 112. 
Therefore, scaleup can be based on constant flow r a t e  per square foot  
and constant dispersion thickness. (This i s  the same basis  for  scaleup 
as  determined for  the Dapex flowsheet .) 5 The nominal flow capacities 
fl able 25) were the same for 6-in. and 48-in. s e t t l e r s  for  all variations 
of phase r a t i o  and both types of dispersions tested.  Overall, t h i s  rep- 
resents an area scaleup of 64-fold. 

For actual  mil l  design data, flow capacity t e s t s  should be made with 
representative samples of plant solutions because of unknown factors  tha t  
could af fec t  phase separation. The scaleup data indicate tha t  r e l i ab le  
design c r i t e r i a  could be obtained i n  s e t t l e r s  as  small as 6 in .  i n  
diameter, with a concomitant saving i n  time and e f fo r t .  

Entrainment. Solvent entrainment i n  the a.queous phase a f t e r  
primary phase separation was consistently lower when the mixer was 
operated with the solvent phase continuous ( Tables 26 and 27) . Solvent 
entrainment was l e s s  than 0.15 gal  per 1000 ga l  i n  both 6-in. and 48-in. - 
diam s e t t l e r  t e s t s  with solvent-continuous dispersions a t  flow ra te s  up 
t o  flooding and a t  A/O r a t ios  of 111 and 1/2. For a typical  application 
of the Amex process t o  uranium milling plants, the cost of solvent l o s t  
by entrainment a t  t h i s  level  i s  l e s s  than 1& per pound of U3O8 recovered. 6 

In  general, solvent entrainment for  aqueous-continuous dispersions 
increased ~ 5 t h  increasing flow ra tes  and A/O rat ios;  there was some 
evidence, part icular ly i n  the 48-in. - d i m  s e t t l e r ,  t ha t  entrainment was 
lowest with the thickest dispersion bands. Entrainment was about 3 ga l  
per 1000 ga l  for  both 6-in. - and 48-in. -diam s e t t l e r s  a t  the nominal 
flow capacity (0.7 ga l  ft'" min'') . This would add about 154 per pound 
t o  the cost of U3O8 product, justifying the investigation of methods for  
recovering solvent. 

The entrainment of aqueous phase i n  the solvent phase i s  not an 
important economic factor  but i s  of in t e res t  because it can cause con- 
tamination of the product. The highest entrainment of aqueous phase i n  
solvent, obtained with solvent-continuous type dispersions a t  an A/O 
r a t i o  of 112 i n  the 48-in.-diam s e t t l e r  was about 30 gal/lOOO gal.  For 
a typical ins ta l la t ion  where the feed/solvent r a t i o  i s  3.5 t o  1.0, 
entrainment a t  t h i s  leve l  would re su l t  i n  a r a t i o  of each contaminant 
t o  uranium i n  the product of 11120. For average m i l l  l iquors, t h i s  
amount of contamination would be l e s s  than tha t  specified i n  the present 
product specifications although suff icient ly high t o  warrant considera- 
t ion  of a scrub stage or  holdup tank t o  lower the entrainment. 



Table 26. Summary of Entraix&ent Data from m r a c t i o n  
Circuit Tes t s  i n  6-in. -diam Sett ler  

lhtrainment (ga1/1000 gal) 
Fhase Qispersed- Solvent i n  Aqueous Fhase Aqueous i n  Solvent Phase - 
Fhtio Fhase -F low LA-la LA-la 
A/O (gpm/f t2) LA-la Mod. M ( tridecyl)  LA-^& Mod. M ( tridecyl) 

Aqueous -Continuous Dispersion 
0.9 1.4 
1.3 1.6 3.3 2.1 

0 . R  
2.1 2.8 i -6 6.7 1.6 
3.4 6 -7 

1.6 0 9 
1.2 1.2 

Solvent-Continuous Dispersion 
< 0.04 0.4 
< 0.04. 0.7 

< 0.04 < 0.04 0.4 < 0.. 04 
< o,& 4.9 
< 0.04 3-9  
< 0.04 

< 0.04 4.2 
< 0.04 1.0 

< 0.04 0.01 

0 95 < 0.04 5 -6 
a Amberlite LA-1. 



Table 27. Summary of Ehtrainment Data from Extraction 
Circuit %sts i.n 48-in.-diam Settler 

Dispersed 
mase Phase 
Ratio Flow Rate Ehtrainment (ga1/1000 gal) 
A/O (@m/ft2) Solvent in Aqueous Aqueous in Solvent 

Aqueous-Continuous Dispersion 
4/1 0.29 2.2 . 9.8 

0.5 3 -2 13.3 
0.94 3 02 15.0 
1.25 17.0 

Solvenk-Continuow Dispersion 
ill 0.17 0.10 1.4 

0.33 0.13 5 -3 
0.50 < 0.04 5.3 

7.2 Settler Tests-Sodium Chloride Stripping Circuit . 

Flow capacity of the settlers were measured for aqueous-continuous 
dispersions at phase ratios (A/o) of 211 and 111 and for solvent- 
continuous dispersion at A/O ratios of 111, 112, and 1/6. The phase 
ratio of 116 is typical for most flowsheets; the other conditions pro- 
vide a broader base for design,showing the effect of aqueous recycle on 
flow capacity and entrainment. The data (Table 28) are correlated in 
Figs. 14-16. The nominal flow capacities determined f'rom these plots 
are summarized in Table 29. 

Effect of Solvent. Changing the composition of the solvent either 
by addition of a modifier (tridecyl alcohol) or by use of a different 
amine had no apparent effect on the nominal flow capacity of settlers 
with either aqueous-continuous dispersion at phase ratios of 211 and 111 
or solvent-continuous dispersions at phase ratios (A/o) of 1/1 and 1/2. 
The nominal flow capacity with Di (tridecyl) amine was about 1.5 times 
greater than either Amberlite LA-1 or LA-1 modified for solvent-continuous 
dispersions at 116 phase ratio. 



Table 28. Summary of Continuous-Flow Test Data-Sodium 
Chloride Stripping Circuit  

Phase Flow Rates Dispersion Band Width (in.)  
Ratio (gal rnin-' ft-2) LA-la LA-ld D i  ( tri de cyl) 

A/O Solvent Aqueous Unmod . Mod. Amine 

Aqueous-Continuous Dispersions 
0.66 0.8 0.4 
1.36 
1.74 5 -3 
I..% 9.5 8.0 
2.68 

Solvent-Continuous Dispersions 
0.27 0.27 0.8 0.8 
0.34 0.34 0.9 
0.68 0.68 5.8 4.9 4.5 
0.87 0.87 13 -3 10.3 
1.35 1-35 23.0 

a Amberlite LA-1 

m f e c t  of Dispersion Type .and Phase Ratio. The nominal solvent- 
flow capacity remained unchanged a t  0.8 gpm/ft2 for  aqueous-continuous 
dispersions a t  phase r a t i o s  of 211 .and 111, and, for  solvent-continuous 
di,spersion it was 0.7 a t  111, 1.4 a t  112, and 3 gpm/ft2 a t  116, using 
,Di(tridecyl) amine. Because the solvent flow capacity i s  reduced by 
aqueous .recycle, the main advantage of recycle i s  reduced entrainment. 

Effect of Temperature. A ser ies  of t e s t s  were carried out a t  a 111 
phase r a t i o  t o  determine the e f fec t  of temperature on flow capacity. 
The data  (Table 30) were correlated i n  the usual manner (Figs. 17 and 
18) and the nominal flow for  a 5-in. dispersion band read from the plots .  
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Fig. 15. Correlation of Data for  Solvent-Continuous Operation of 
Continuous-Flow Settlers-Sodium Chloride Stripping Circuit .  
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Fig. 16. Aqueous f i t ra iment  a t  A/O Phase Ratio of 116-sodium 
Chloride Stripping Circuit. 



'Table 29. Nominal Solvent Flow for  Continuous-Flow 
Settler-Sodium Chloride Stripping Circuit  

Nominal Flow (gal  min'l ft'2) 
Continuous Phase Ratio LA-1 

Phase A/O LA-1 Mod. Di ( t r ide  cyl) 

Aqueous 211 0.8 0.8 
111 0.8 0.8 

Solvent 111 . 0.7 0 7 0.7 
1/2 1.4;  
1/6 2.0 2.0 3 0 

Increasing the temperature from 15 t o  50°C approximately doubled the 
capacity of the s e t t l e r  fo r  both aqueous- or  solvent-continuous operation 
( ~ i g .  19) .  

htrainment .  The type of dispersion formed during mixing had a sig- 
n i f i can t  e f fec t  on the amount of solvent entrained i n  the aqueous phase 
a f t e r  the primary phase separation  a able 31). The entrainment was con- 
s i s t e n t l y  : 0.04 ga l  per 1000 ga l  fo r  solvent-continuous mixing at  flow 
r a t e s  up t o  flooding and a t  phase r a t i o s  from 1/1 t o  1/6 ( ~ 1 0 ) .  Entrain- 
ment was  a l so  low (< 0.04 gal per 1000 gal) for  aqueous-continuous mixing 
a t  a 1/1 phase r a t i o  but increased t o  0.6 ga l  per 1000 ga l  a t  flooding 
f o r  a 211 phase-ratio t e s t  with Di(tridecy1) amine. Assuming t ha t  the 
entrainment a t  the nominal flow would be approximately half tha t  value, 
the  cost of solvent l o s t  i n  the aqueous would be about lq! per pound of 
U3O8 product. 

Entrainment of the aqueous phase in  the solvent depends more on the 
phase r a t i o  and the flow ra te .  The higher the flow r a t e  and the more 
d i lu te  the dispersion (i .e., the smaller the r a t i o  of dispersed phase t o  
continuous phase), the hfgher the amount of dispersed phase entrained i n  
the continuous phase. This i s  especially noticeable i n  the solvent- 
continuous 116 ( A/O) phase-ratio t e s t  where the dispersion band i s  
essent ia l ly  unchanged by increasing the P l o w ~ a t e  and flooding is speci- 
f i ed  as  tha t  flow r a t e  where the entrainment value equals the phase 
r a t i o  (about 140 ga l  per 1000 gal) . Entrainment at the nominal flow 
capacity of the s e t t l e r  was about 10 ga l  per 1000 ga l  for  Amberlite LA-1 
and LA-1 modified solvent, and about 30 ga l  per 1000 ga l  fo r  D i  ( tr idecyl) 
solvent, which was low enough t o  avoid loss  of stage efficiency due t o  
back mixing of aqueous. Further, the loss  of sodium chloride entrained 
i n  the solvent was not s ignif icant .  

Entrainment can be reduced signif icant ly by intrastage recycle of 
the aqueous phase so as t o  operate a t  a phase r a t i o  of 111 or 112 (A/o) 
 a able 31). Higher operating temperature of the s e t t l e r  w i l l  a l so  lower 
the entrainment. Increasing the temperature f r m  25 t o  50°C while hold- 
ing flow r a t e  constant reduced the entrainment of aqueous i n  solvent - 4% a t  1.6 gpm/ft2 and 75% a.t 5.7 gpm/f t2 (   able 32) . 



Table 30. Summary of Continuous-Flow Test Data, 
Showing the Effect of Temperature 

Sodium Chloride Stripping Circuit-Di ( t r idecyl)  .&nine 
Phase r a t i o  = 1/1 

Solvent Band Width 
Flow (in.) 

Temerature Rate Aqueous Organic - 
("C) ( gpm/f t2) c o i t  inuous continuous 

7.3 Se t t l e r  Tests-Sodium Carbonate Stripping Circuit  

Flow capacity of the 6-in.-dim s e t t l e r  was measured fo r  solvent- 
continuous dispersions a t  A/O r a t i o s  of 1/1 and 1/6, the l a t t e r  phase 
r a t i o  being typica l  fo r  most flowsheets. The data are summarized i n  
Tables 33 and 34 and i n  Fig. 20. 

Effect of Amine. Changing the composition of the solvent by using 
a different  amine had a profound e f fec t  on the flow capacity of s e t t l e r s  
operated with solvent-continuous dispersion. The nominal flow capacity 
of the 6-in.-diam s e t t l e r  a t  an A/O r a t i o  of 111 and 116 using Alamine 
336 was about twice t h a t  obtained with e i the r  modified or unmodified 
Amberlite LA-1 amine. This i s  probably due t o  the f a c t  t ha t  the in t e r -  
f a c i a l  tension i s  about one order of magnitude higher for  Alamine than 
fo r  LA-1 ( Table 1.6), and, the higher the in t e r f ac ia l  tension value, the 
f a s t e r  the dispersion breaks. 
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Fig. 19. Effect of Temperature on Nominal Flow Capacity of 
Continuous-Flow Settler-Sodium Chloride Stripping Circuit a t  Phase 
Ratio of 111 ~ i ( t r i d e c y 1 )  Amine . 

Effect of Phase Ratio. me' nominal solvent flow capacity of set-  
t l e r s  operated with solvent-continuous dispersion i s  approximately 
doubled as  the A/o,ratio i s  decreased from 111 t o  116. 

Effect of Temperature. Increasing the temperature. f'rom 25 t o  4 5 ' ~  
increased the nominal flow capacity of the s e t t l e r  operating with solvent- 
continuous dispersion a t  an A/O r a t i o  of 116 from 1.7 t o  2.2 gpm/ft2. 

Ihtrainment. I n  all t e s t s ,  the amount of solvent l o s t  i n  the aqueous 
phase a t  the nominal flow capacity of the s e t t l e r  was l e s s  than 0.3 gal 
per 1000 ga l  and would have an insignificant e f fec t  on the cost per pound 
of uranium product. 



Table 31. Summary of Entrainment Data-Sodium 
Chloride Stripping Circuit 

Flow Rate Ehtrainment (gal per 1000 gal) 
Phase (gal mino' Solvent i n  Aqueous Aqueous i n  Solvent 
Ratio ft-2) LA-1 M- LA-1 D i -  

A/O Org. Aq. LA-1 Mod. (tridecyl) LA-1 Mod. (tridecyl) 

Aqueous-Continuous Dispersion 
2/1 0.34 0.68 0.08 0.12 < o . q  <o.W 

0.68 1.36 0.08 0.35 
0.87 i .74, 0. le; ~0.07 
0.93 1.86 0.06 0.10 (1-35 10.07 
1.34 2.68 0.60 11.2 

Solvent-Continuous Dispersion 
1/1 0.27 0.27 ~ 0 . 0 4  <o.& <O.W 0.2 

0.34 0.34 <o.& 0.07 
0.68 0.68 <o.& <o.& <o.& 0.14 1.1 < o . q  
0.87 0.87 ~ 0 . 0 4  <o.& 0.07 1.1 
1.35 1.35 <o.& <O.W 

Entrainment of aqueous phase i n  solvent phase depends on phase rat io,  
flow, rate,  and i n  some measure on the amine. In  general, the higher the 
flow ra te  and the more di lute the dispersion ( that  i s  t o  say, the smaller 
the r a t i o  of dispersed t o  continuous phase) ., the higher - the entrainment 
level.  htrainment a t  the ncaninal flow of the s e t t l e r  a t  an A/O ra t io  of 
1/6 was about 30 gal  per 1000 gal  for Arnberlite LA-1 modified ard unmodi- I 

f ied solvents and l e s s  than 10 gal  per 1000 gal  for  the Alamine 336 



Tabl-e 32. Effect of Temperature on Entrainment of Aqueous i n  
Solvent a t  1/6 A/O Phase Ratio-Sodium Chloride Stripping Circuit  

Solvent Flow Rate. Temp. Ehtrainment, Aqueous i n  Solvent 
(ga l  min-' f te2)  ("C> (ga l  per 1000 gal) 

solvent. These levels  a.re not suf f ic ien t ly  high t o  lower the efficiency 
by baclanixing, and the loss  of sodium carbonate would not be excessive. 
Recycling the aqueous t o  operate a t  a 1/1 phase r a t i o  reduced the amount 
of entrainment but a l so  reduced the s e t t l e r  capacity. Increasing the 
temperature increased the flow capacity of the s e t t l e r  but a l so  in- 
creased the amount of aqueous phase i n  the solvent phase about 25%. 

7.4 Packed Se t t l e r  

One method of increasing the flow capacity of a gravity s e t t l e r  i s  
t o  f i l l  it with packing tha t  i s  wetted by the dispersed phase, thereby 
increasing the area available for  coalescence. The flow capacity of a 
6-in.-diam x 48-in.-hi@1 s e t t l e r  was increased approximately fourfold 
when packed with 112-in. ceramic Berl saddles for  organic-continuous ; 

dispersions but was v i r tua l ly  unchanged for  aqueous-continuous  a able 
35). The depth of dispersion increased exponentially with flow ra te ,  
with a lower slope i n  the packed s e t t l e r  than i n  the unpacked (Fig. 21) 

The additional aqueous flow capacity due t o  the packing was cal-  
culated by subtracting the flow capacity of the s e t t l e r  without packing 
from the t o t a l  a t  the same dispersion-band thickness. The net increase 
i n  aqueous flow varied from 0 . 0 6  t o  0.014 ga l  min-' f t -2  of surface 
area of packing i n  the dispersion band over the whole range of flow r a t e  
(0 .1  t o  1 .0  gpm) and ~Tispersion-band thickness (2  t o  37 in . )  . 
7.5 Fhulsion Formation by S i l i ca  i n  Continuous Countercurrent Tests 

Batch phase-separation t e s t s  with s i l i c a  l iquors  showed t h a t  
organic-continuous mixing, addition of ore slimes, or addition of de- 
colorizing carbon s ignif icant ly reduced the break time and the mount 
of s table  emulsion. &ch method was evaluated by continuous counter- 
current t e s t s  i n  bench-scale mixer-settler equipment s i m i l a r  t o  t h a t  
used i n  the long-term runs (Sec 4) .  (The uranium was extracted with 
0.1 M Amberlite LA-1 i n  kerosene and stripped with 1 M NaC4 using three 
staggs i n  each c i r cu i t  .) The feed liquor contained 4-g of Si02 per 
l i t e r ,  i n  addition t o  the usual ionic constituents.  Aqueous-continuous 
mixing of t h i s  feed with the solvent resulted i n  complete emulsification, 
with very l i t t l e  separation in 24 hr. 
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Table 33.  Summary of Continuous-Flow Se t t l e r  Test Data-Sodium 
Carbonate Stripping Circuit  

Entrainment (ga l  per 1000 gal)  
Phase Flow Rate Band Width ( in . )  Solvent i n  Aqueous Aqueous i n  Solvent 
Ratio (ga l  ruin'' ft'2) LA-L Alamine LA-1 Alamine LA-1 Alamine 

A/O Solvent Aqueous LA-1 Mod. 336 LA-1 Mod. 336 LA-1 Mod. 336 



Table 34. Nominal Flow Rates for  Continuous-Flow 
Settler-Sodium Carbonate Stripping 

Phase - 

Ratio Temp. Solvent Flow Rate (ga l  min'l f t-2) 
A/O ( "C> LA-1 LA-1 M O ~ .  mamine 336 

Table 35. Flow Capacity of 6- in.-diamset t ler  Packed 
with Berl Saddles _ _ .  -I. - _ _ - _  I_ - ._ _ - _  _. _ _ - _  --- - - _ -  - -- - --- - -- 

Organic Phase: 0.1 M Arnberlite LA-1 fn  kerosene 
Aqueous Phase: sodium sul fa te  solution: 70 g soe/ l i ter ,  pH 1 .0  

Dispersion- Surf ace Areaa Additional ~ ~ u e o u s ~  
Phase Aqueous Band of 'Saddles . Flow Rate due t o  
Ratio Flow Rate Thickness i n  Band Packing 

A/O ( a m )  ( in . )  ( ft2> (gal  niin" ft'2 of packing) 

Organic-Continuous 
1/2 0.10 2 4 

0.25 8 20 
0.50 24 59 

0.007 
0. oog 
0.006 

0.014 
0.013 
0. oog 
,o. oog 

Aqueous - Continuous 
1/1 0.25 12 29 < 0.001 

0.50 28 69 0 . 0 ~  

a 
Surface area of 1/2-in. Berl saddles estimated t o  be 150 ft2/ft3.  

b ~ e e  ~ i i s .  12 and 13 for  flow r a t e  i n  unpacked s e t t l e r .  



AQUEOUS FLOW RATE (gprn) 

Fig. 21. Effect of Berl-Saddle Packing on Flow Capacity of 6-in.- 
diam Set t le r ,  with Organic-Continuous Dispersions. 

Organic-continuous countercurrent t e s t s  showed tha t  some emulsion 
accumulated a t  the interface i n  the s e t t l e r s .  After about 15 hr of 
operation, during which about 50 ga l  of s i l i c a  feed l iquor was processed, 
the accumulated emulsion was collected, measured,and centrifuged t o  
obtain the volume percentage of trapped organic l iqu id .  The r e su l t s  are 
shown i n  Table 36. 

Organic-continuous mixing resul ted i n  an accumulation of emulsion 
equivalent t o  1.4 vol $ of the feed when organic was recycled t o  give an 
A/O r a t i o  of 1/3 i n  the mixer, compared with 4.7% without recycle ( A/O 
of 3/1) . The emulsion, which was aqueous continuous, although predomi- 
nantly organic (TO$) , probably was formed because of localized aqueous- 
continuous mixing, par t icular ly a t  the feed i n l e t s  t o  the mixers. Mixing 
a+, n 3.nw .A/O rn,tio, which wq6 at.ta.i.ned. by organic recycle, reduced the 
probabili ty of loca l  inversion t o  aqueous continuous, thereby decreasing 
the volume of emulsion formed. 



Table 36. Ehilsion Formation in Continuous-Flow Tests 
with Silica-Containing Liquor 

Aqueous Feed: Synthetic leach liquor containing 4 g Si02 per liter 
Organic: 0.1 - M Amberlite LA-1 in kerosene 

~elative~ 
Mixing Conditions . RuulsionC Organic in Flow 
Continuous Formed bulsion' Capacity 

Additive Phase A/O (vol $ of feed) (vol $) ( $1 

None o'-g 1/3 1.11 72 23 
None @8 311 4.7 71- 50 
etrrbona 311 0 0 5 0 
slimeb Org 113 0.8 27 75 
slimeb ' ~q 311 1.3 18 100 

%colorizing carbon ( -200 mesh) concentration was 10 g per liter of 
solvent. 

slime (-200 mesh) concentration was 0.5 g/liter. 
C Rnulsion accumulation in settlers after an average of 15 hr 

operation. 

d~ased on flow capacity for nonsilica-bearing liquor with organic 
phase dispersed. 

Addition of decolorizing carbon (10 g per liter of solvent) resulted 
in no emulsion formation even without organic recycle. The test, was con- 
tinued for about 20 cycles of the solvent, without any measurable loss of 
carbon from the solvent or any apparent loss of its effectiveness in pre- 
venting emulsification. However, a serious fault with carbon addition was 
discovered in subsequent testing with sodium carbonate regeneration of the 
solvent. The carbon stabilized an organic-continuous dispersion that 
separately slowly and frequently resulted in coagulation of the carbon, 
which settled out at the interface. Attempts to avoid the difficulty were 
not successful; consequently, regeneration, which at least in part is 
usually required, could not be done directly on solvent that contained 
carbon. Another minor problem with carbon is that it does settle out of 
the solvent on standing, which would complicate solvent storage and 
start-up.procedure after several hours of shutdown. 

Addition of ore slime (0.5 g per liter of feed) had virtually no 
effect on the quantity of emulsion formed dth organic-continuous mixing. 
But, it did permit operation with aqueous-continuous mixing, resulting 
in an accumulation of emulsion equivalent to 1.3$ of the feed, as compared, 
to complete emulsification without the presence of slimes. ,Virtually all 
of the slimes accumulated at the interface and eventually flowed out with 

. the raffinate. 



7.6 Secondm Set t le r  for  Recovem of Ehtrained Solvent 

For aqueous-continuous mixing, the amount of solvent entrained i n  
the aqueous phase a f t e r  primary phase separation ranged up t o  6 ga l  of 
solvent per 1000 ga l  of aqueous, which i s  not important as  f a r  as back- 
mixing i s  concerned but which would re su l t  i n  a significant los s  of 
solvent i n  the raf f ina te .  A secondary s e t t l e r  of the type used by the 
petroleum industry t o  remove o i l  from waste water decreased solvent en- 
trainment t o  l e s s  than 0.2 gal  per 1000 gal a t  an aqueous residence time 
of 2 h r   a able 37) ; the use of packing increased the s e t t l e r  'eff iciency 
so tha t  l e s s  than 15 min of residence time was required. Organic-wetted 

Table 37. Recovery of Ehtrained Solvent i n  Aqueous 
by Use of a Secondary Se t t l e r  

Aqueous Phase: Sodim sulfate  solution: 70 g so4/ l i ter ,  .pH 1.0 
Solvent : 0.1 - M Amberlite LA-1 i n  kerosene, no modifier 

Aq. Flow Rate Res . Solvent Entrainment, gal/1000 gal of Aq. 
r C Linear Time Entering No Tellerettesa Berl SaddlesD F i l t e  - 

(gpm) ft/min (min) S-bream- Packing 2 f t 3  2 f t 3  4 f t 3  Cloth . 

0.16 0.03 180 0.25 < 0.04 
0.27 0.05 110 0.40 0.16 
0.50 0.0g 60 0.50 0.27 0.10 
1.0 0.18 30 1.0 0.40 0.15 o.oy 0.04 
2.0 0.36 15 1 5 0.60 0.31 0.15 0 . q  0.04 
4.0 0.72 7.5 -6.0 1 5 0.48 0.36 0.22 0.13 

&Polyethylene tower packing ( surface area, 75 ft2/ft3) , Harshaw 
Chemical Co . 

bl/2 in .  ceramic Berl saddles (surface area, 150 ft2/ft3) . 
C Four sheets of Fiberglas cloth (Code ~ 4 1 ~ 4 0 ,  Owens-Corning Fiber- 

glas Co.) mounted i n  ve r t i ca l  plane across the s e t t l e r .  

packing (polyethylene ' Tellerettes) and aqueous wetted ( ceramic Berl 
saddles) werk equally effective,  based on specific surf ace area; further- 
more, entrainment was l inear ly  dependent on flow r a t e  per square f e e t  of 
packing surface (F'ig. 22) . The use of F'iberglas cloth as  a coalescing 
medium was more effect ive than packing i n  reducing entr'ainment but would 
be more limited i n  application because of possible blinding of the cloth 
by sol ids  i n  the raf f ina te .  

The aqueous feed t o  the secondary s e t t l e r  was obtained by operating 
a single mixer-settler unit a t  an A/O r a t i o  of 411, with the aqueous 
phase continuous i n  the mixer. The secondary s e t t l e r  was a rectangular 
box (Fig. 23) with a se t t l ing  section 4 x 1 x 1.5 f t  high ( l iquid depth 
was 1 f t )  . The aqueous entered through a flow distr ibutor  t o  reduce 
tw.,ulence in tho aottling section, 
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Fig. 22. Effect  of Surface Area of Packing on Solvent Entrainment 
from Secondary S e t t l e r .  
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Plan 

Fig. 23. American Petroleum Institute Type Secondary Settler. 
(A) Film Rupture Chamber; (B) Distribution Box and Adjustable Weir; 
(c) Filter Frame; (D) Sample Point. 

APPENDIX A 

Table A-1. Identification of Amines 

Equivalent 
Amine Type Weight Source 

Amperlite LA-1 Secondary 350 Rohrn and Haas Co., Philadelphia 
Amberlite LA-2 Secondary , 365 Rohm and Haas Co., Philadelphia 
M ( tridecyl) Secondary 380 Union Carbide Chemicals Co., 

New York 
S-24 Secondary 350 Union Carbide Chemicals Co., 

New York 
~ r i i  sooctyl Tertiary 350 Union Carbide Chemicals Co., 

New York 
Alamine 336 Tertiary 410 . General Mills, Inc. 

Kankakee, 111. 
Trilauryl T e r t l a r y  520 Archer-Daniels-Midland Co., 

Minneapolis I 

-----, - 
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