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SEPARATION SCIENCE AND TECHNOLOGY, 28(1-3), pp. 59-79 (1993) 

H Eccles and A Rushton 
British Nuclear Fuels plc 

springfields works 
SalwicJc, Preston, PR4 Om 

lancashire, UK 

ABsmMT 

Several separative technologies for the remwal of thorium 
istopes fram a waste nitric acid raffinate have been evaluated. 
%e implications of interfering ions and the efficiency of 
thorium recovery are described. 

A caqxrison of the various techniques studied is 

i. secondarywaste. 
ii. scale-up. 
iii. 

reported with particular reference to: 

overall kst practical enviromtal option. 

In the prcduction of nuclear fuels by BNFL at their 
springfields Works, several sequential processes are necessary to 
wnvert uranium ore wncentrates (VoCs) to reactor fuel. In one 
of these processes the uranium, as uranyl nitrate, is separated 
frcnn impurities present in the m. Generally, the major 
impurities are the alkali and alkaline earth metals, aluminium, 
some first and sec~rxi rcw transition metals, non-uranic 
radionuclides and various anionic species such as fluorides and 
sulphates. The cations and uranium present in the uoo; 

59 

Copyright 0 1992 by Marcel Dekker, Inc. 

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



60 ECCLES AND RUSHTON 

are liberated, predcaninantly as their nitrates, during the 
dissolution stage prior to purification of the uranyl nitrate 
liquor. The latter is achieved using a solvent extraction 
procedure which, in addition to producing a pure uranyl nitrate 
solution which is subsequently converted to other manic 
ccanpounds, discards an acidic raffinate rich in nitric acid lxlt 
contaminated with the aforementioned impurities. 
nuclides present in this raffinate, in addition to trace 
quantities of uranium, are naturally occurring thorium 232 and 
the uranium daughters thorium 230, thorium 234 and protactiun 
234. 

The radic- 

Although the radioactive environmental hpc t  from these is 
mall and discharyes are well within existing site authorisa- 
tions, it was judged prudent same ten years ago to identify 
processes for their removal frcan raffinate in the event of more 
stringent legislation being imposed in future years. 

The work described in this paper relates to the r-1 of 
radionuclides, specifically the thorium isotopes, fran the aqueous 
raffinate. Several techniques, m l y :  

i. precipitation and selective precipitation 
ii. ion exchange 
iii. bicsorption 
iv. solvent extraction 

were evaluated and one in particular, solvent extraction, w a s  
developed to pilot-plant scale. 

The data reported in this paper w a s  collected over a ten 
year period and consequently the ccsnposition of raffinate samples 
used in the numerous investigations varied significantly. with 
few exceptions, simultaneous and/or parallel comparative studies 
did not occur and therefore strict comparisons of the five 
techniques is not advisable h t  general trends can be formulated. 
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REMOVAL OF THORIUM FROM ACIDIC WASTE LIQUOR 61 

Hawever, the mre efficient ard  effective techniques overall can 
be selected. 
At the outset a process specification was formulated against 
which the five candidate techniques could be judged. Same of the 
mjor technical criteria of this specification are: 

i. The process should be versatile and capable of 
amomnodating significant variations in the raffinate 
composition and volumetric arising. 
The thorium isotops should be finally presented in a 
solid form. 
mi&. 

iii. The overall environmental impact to both process 
operatives and general public should be minimised. 

ii. 
The quantity of this solid should be mini- 

The studies associated with each of the candidate 
techniqyes generally follmd a cammon pattern, namely: 
i. Initial sooping studies to select the best precipitant, 

ion exchanger, biosorbent, extractant. 
Experiments to measure the selectivity of the pre- 
cipitant, ion exchanger etc for thorium isotopes. 

ii. 

iii. The measurement of the thorium capacity of the ion 

iv. 
exchanger, biosorbent , extractant. 
The recovery of thorira from the loaded ion exchanger, 
bicsorbent, extractant. 

The raffinate is discarded from a solvent extxaction circuit 
which employs trhtyl phosphate dissolved in odourless k e r m e  
as the solvent phase. Generally, a t  4.5m3 of raffinate is 
generated for each tonne of uranium (as UOC) refined. A refinery 
with an annual throughput of 5,OOOt U would discard nearly 
23,OOOm pa and therefore a thorium rmval process capable of 
treating approximately 3.5m /hr is required. 

3 

3 

A typical ccsnposition of raffhte is reported in Table 1. 
Mitionally, the observed ranges of the major constituents are 
recorded. 
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62 ECCLES AND RUSHTON 

El-t 

Nitrate 
suw=te 
Fluoride 
sodium 
potassium 
Magnesium 
calcium 
Aluminium 
Iron 
'Ihorium 
uranium 

llABIE1 

COMPOSITICN OF RAFFINATE 

canposition 

mica1 Range 

-12og/l 80 - 20Og/l 
%I1 2 - 13g/l 
2g/l 0.02 - 4g/l 

5oopp 200 - 200opp 
3 o o p p  100 - l 0 O o p p  
40- 30 - 450opPm 
60- 150 - 2lOOprSn 
7oopPn 200 - 400Oppm 

250 - 30- 
10 - 2 5 0 m  

80opPn 
8 0 o p p  
5 P  1 -  2opp-n 

Free nitric acid -6ogI4 50 - 17Og/l 
a activity O.O34GBq/9 
p/f activity 5.23 GBq/m 

~ 0 t h  at  art^ p/y' activities arise f m  naturally occurring 

radionuclides and therefore would normally present few 
occupational hygiene problems. On concentration, hwever, dose 
(radiation) uptake to process operatives needs careful 
consideration. 

A variety of precipitants, ion exchange resins, bicnnasses 
and liquid extractants were initially studied. 
1. Precipitation 

The precipitants were: 
a. General neutralising type reagents such as sodium 

hydroxide and lime (essentially hydrated calcium oxide). 
Oxalic acid, phosphoric acid and fluoride ion. b. 

'Ihe thorium remoMl efficiencies of these reagents from plant 
raffinate are presented in Table 2. 
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REMOVAL OF THORIUM FROM ACIDIC WASTE LIQUOR 63 

Precipitant % m v a l  of Thorium 

sodium hydroxide >99 
Lime > 99 
Owlic acid 37 
Phosphoric acid < 1  
Fluoride ions 91 

Precipitation conditions: 
For sodium hydroxide and l h  final pH 9.0. 

For the remainder, the thoriam to precipitant ratio (mole/ 
mole) 

w a s  1 : > 1,000. 
2. Ion Exchanqe 

The chelate ion exchange resin Euolite ES467 which 
contains amino phasphonic acid groups attached to the 
polystyrene matrix, was selected in preference to four other 
conrmercially available cation exchangers, ~mely -ex 
50WX2,   ow ex 50WX4, Dawex 5 0 m o  and Amberlib 200. These 
resins contain the conventional sulphonic acid grcup. 

The initial scoping studies to select the best ion 
exchange resin involved the measvement of Kth values with 
as received plant raffinate at varying temperatures (25OC, 
35OC, 45OC and 55OC). At the ladest temperature the ES467 
yIh value was about 150 campared with a mean % value for 
the sulphonic acid resins of approximately 40. 
% value had incrcasd to nearly 1000 for the &elating 
resin whereas the corresponding mean value for the cation 

At 55OC, the 

exchangers was m t  ao. 
Although all five exchange resins were further studied, 

a significant amount of the data colleded has keen omitted 
for brevity, and discussion of FS467 only is r e p o m  in 
this paper. 
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64 ECCLES AND RUSHTON 

'THORIUM UPTAKE BY FUNGAL BIOMASS 

strain morium uptak e 

S. Cerevisiae 
P. italicum 
p chrysosenum 
A Niger 
R. arrhizus 

(2 dry 
mmOl w 
0.083 19 
0.24 56 
0.27 63 
0.25 58 
0.51 118 

3.  Biosomtion 
Fungal and other microbial bimass have been used 

success fully in a n m k r  of previous instances to remove 
metallic elementS, including actinide elements from aqueous 
solutions. The use of physiologically active bioIMss can 
take advantage of the accumulation of metals by metabolising 
microbial cells(1,2) or of specific enzymic reactions to 
detoxify heavy metal wastes(3,4). Hmever, fungal biomass 
can also take up considerable quantities of heavy metals 
frm solution by adsorption or related processes, even in 
the absence of physiological activity. This process has 
been applied to removal of nickel and copper(5) and also to 
various actinide elements such as thorium, uranium or 
plutonium( 6-9) . Hmever , these studies have been conducted 
almost entirely at pH ranges close to neutrality and hence 
the application of 'biotechnology' to plant raffinate 
represents a unique challenge. 

studies, further evaluations concentrated on biomass from five 
fungal species. The actinide uptakes from a 3m thorium - 1M 
nitric acid solution are reported. 

Following an extensive literature review and screening 
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REMOVAL OF THORIUM FROM ACIDIC WASTE LIQUOR 65 

0.l.M solvent in odourless kerosene (htch studies - single 
contract) 

solvent 

Tri-n-octyl phosphine oxide (TOW) 
Di-2-ethyl hexylphosphoric acid (D2EHPA) 
Dibutyl phosphonate (DBBP) 
Bis-2-ethylhexyl phosphite (bis 2EHP) 
Hexyl ethyl hexyl (ethyl hexyl phosphite) (HM(EHP)) 
Trioctylamine (TOA) 
Amberlite LA2 (an unspecified secondary amine) 
Aliquat 336 (an unspecified quaternary ammonium salt) 

Cyanex 923 (a mixture of trialkyl phosphine oxides) 
TributYl phosphate (W) 

m 
-action 

99.9 
98.8 
39.0  
50.5 
95.6 
44.3 
37.3 
43.5 
34.5 
99.6 

Biomass from filamentous fungi took up greater amounts 
of thorium than yeast biamass. Interestingly, the 
thorium uptake by bimss in 1.OM HN03, ie pH value 
approximately 0, is as great as those obtained at higher 
pH(8). There are several possible explanations for this: 
Either different thorium binding sites may be available at 
pi 0 than at pH 2 to 4 or the low pH of the €NO3 solution 
may lead to chemical differences in the daminant species of 
thorium in solution. This pint is discussed in mre detail 
in the next section. 

4. solvent Extraction 
Various solvents had been identified from earlier 

mrk(l0,ll) and from a subsequent literature Search(12). 
The thorium extraction efficiencies of ten solvents were 
measured and the values are reported in Table 4. These 
initial trials showed that the four solvents with the 
highest extraction efficiencies and therefore the greatest 
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66 ECCLES AND RUSHTON 

potential to achieve the target fiqure were:- 
ToPo 
D2WA 
M(W) 
and cyanex 923 (a mixture of trialkyl phoqhine oxides, 
including mm) . 
'Ihe last solvent was eliminated from further studies as 

at the time Cyanex 923 was still under developat and was 
not available in commercial quantities. Another, M ( E H p ) ,  

was eliminated follawiq equilibrium curve studies, ie 
W(W) had an k q u l a r  and impractical curve. 

Although both TDPO and D2WA were further evaluated, 
only the additional data collected for Top0 systems are 
reported in this paper. - mm 

1. Precipitation 

A thorium selective separation process is needed if the 
quantity of final solid product is to be minimised. 
Neutralisation of plant raffhte with either sodium 
hydroxide or lime results in the precipitation of all heavy 

metals as their hydroxides in conjunction with the thorium 
isotopes. This situation is exemplified by referene with 
the thorium isotopes. This situation is exemplified by 
reference to Figure 1. The bulk of the thorium isotopes 
(measured as @ activity) is removed from the solution 
initially by p~ value 3.0, co-precipitated and/or adsorbed 
onto metal hydroxide flocs. Hmever, 20kg of solids (dry 
weight) are produce3 for each te of uranium refined, of 
which only 10% would be associated with thorium; an impractical 
solution. 

AS other metals such as magnesium and calcium can form 
insoluble ccanpounds with oxalic acid, phoqhoric acid and 
fluoride, the thorium selectivity of these three preci- 
pitants was determined . %is was achieved by measuring the 
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REMOVAL OF THORIUM FROM ACIDIC WASTE LIQUOR 67 

1 2 3 4 5 6 7 R  

p H  v a l u e  

m m  1. Rractional Precipitation of Thorium using sodium 
Hydroxide. 

initial and final concentrations of Mg and Ca in plant 
raffinate. Within experimental enor, their concentrations 
remained constant at 76Oppn and 32Oppn respectively for all 
three precipitants. However, analysis of filtrates 
indicated a lower than expect& fluoride concentration, thus 
suggesting additional mtal ions were being precipitated or 
fluoride thorium adducts were being formed. 

Further analysis revealed that the precipitation of 
thorium by fluoride from plant raffinate results in the 
formation of a NaF-l%F4 double salt. 

tetrafluoride was the m t  effective, whilst achieving a 
-11 quantity of solid, the other precipitant processes 
were ultimately discarded. 

As near-selective precipitation of thorium as thorium 
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68 ECCLES AND RUSHTON 

TAEu35 

'IKE EFFMTT OF CATION UXCDITRATION ON 'IKE K VAUJE FOR 
DUOLITE ES467 

Metal Ion in Ecluilibrium with the Resin 

Na ca Fe 
Initial metal 
ion concen- 0.45 1.2 5.0 0.78 1.9 6.5 0.72 1.8 5.8 
tratolsn 9/1 
% value 176 162 200 176 212 200 176 70 13 

2. Ion Ekchanq e 
?he influence of nitric acid, sulphuric acid and 

various metal ions on the selectivity of E5467 for thorium 
was studies. ?he influence of nitric acid on the value 
was positive, ie increasing acidity from IM to 6M increased 
this value fran -130 to - 230. Ir-ict-easing the sulphate 
Concentrate of plant raffhate from 4.4g/l to 38.Og/l 

( -  0.4M) had little or no effect on the % value. Hmever, 
for sulphonic acid resins the corresponding '(Ih values were 
reduced. 

'Ihese observations can be justifiably explain& since 
increasing the nitric acid content of the solution reduces 
the number of discrete hydrated Th4' ions in solution. At 
high nitric acid values (4 to 6M) the majority of the 
thorium species are present as 'fh((No3)5 and 'fh((No3)6 . 
Similarly, the major thorium species k - 0 . 4 M  sulphuric acid 
solution are m(m4)2 and %(so4), . 'Ihe concentration of 
such species increases with sulphate content. 

However, the formation of the resin-thorium complex is 

2- - 

2- 

apparently greater than the stability of either thorium- 
nitrato or thorium sulphato camplexes. 

'Ihe influence of sodium, calcium and ferric ions on 
the % value is illustrated by data reported in Table 5. 
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REMOVAL OF THORIUM FROM ACIDIC WASTE LIQUOR 69 

laare6 

?I-IOFUTJM UPTAKE BY F'UNW BIOMASS IN THE PRESENCE OF CATIONS 

strain Metal Ion in Ecruilibrium with the Bimss 

Control Na P Q  ca Fe Al 

Initial Metal Ion Concentration ms/l 

0 460 240 400 1116 270 

S. Cerevisiae 0.083 0.083 0.085 0.085 0.046 0.060 

P. italicum 0.24 0.22 0.22 0.21 0.19 0.24 

P. chrysogenum 0.27 0.29 0.35 0.31 0.27 0.34 

A. niger 0.25 0.26 0.27 0.21 0.21 0.26 

values in m l / g  dry w t  of bimss control 3nM thorium in lM HN03 

sodium and calcium ions had little or no effect on the 
affinity of Duolite FS467 for thorium. Hmever, increasing 
the iron (111) concentration of the liquor qradually reduced 

the selectivity of the resin for thorium. 

3. Biasomtion 

The uptake of thorium by fungal bimsses from 1M 
nitric acid solution in the presence of a number of cations 
is shm in Table 6. Within a c p e r h t a l  control, sodium, 
calcium and magnesium ions did not inhibit uptake, whereas 
aluminium on occasions improvd the uptake, whilst iron 
(111) significantly reduced uptake for s. Cerevisiae and 
P italicum. 

Hmever, it should be emphasised that although thorium 
uptake w a s  generally uninhibited by the presence of these 
cations, it is possible scnne may also have been extracted 

by the biomasses. 
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70 ECCLES AND RUSHTON 

mmJ37 

THORIUM S m  RATIOS FOR 0.l.M T O p O / C Y m  

Free Acidity Thorium selectivity 
of paueous Temperature 
PhaSe 

- OC - Fe HNo3 

1 25 32 
60 7.6 

25 4.9 
60 3.2 

3 

3 Ratios (10 ) 

- Al &I 

8.3 49 
3.4 20 

2.4 13 
1.2 6.9 

4. Solvent Fxtxaction 
The influence of aqueous phase acidity and temperature 

were exarmned ' to validate the versatility of the 
solvent to process fluctuations. Experimental data for a 
0.1~ Mpo/cyclohexane system &awed that increasing the 
nitric acid acidity of the aqueous phase, which contained 
400Oppn of thorium, from one to three molar reduced the 
thorium distrihtion value from 36 to 11. This behaviour 
was e>rpected as nitric acid is generally coextracted as 
HNo32 TOP0 with the thorium nitrate4XIpO adduct 
91(N0~)~2 ToPo. A similar decrease in the % value, ie 
frcan 36 to 14, w a s  also measured if the temperature of the 
solution was increased from 25OC to 65OC. The selectivity 
of 'IDpo for thorium in preference to ferric iron, aluminium 
and magnesium was also examined and the results are reprted 
in Table 7. 

previous published data indicated that iron (111) , 
aluminium and magnesium nitrates are not extracted by mpo 
frm lM nitric acid solutions. H o w e v e r ,  our studies 

revealed that these metals are extracted albeit in trace 
quantities. Typical K values for these metals were of the 
oder  with aluminium the m t  extractable and magnesium 
the least. 

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



REMOVAL OF THORIUM FROM ACIDIC WASTE LIQUOR 71 

Thorium 
concent r a t  i o n  

5 1  of t h e  r e s i n  

tion of  t h c  solution . 
FICXJRE 2. Thorium -ding of Duolite ES467 for Plant 

Raffinate 

Thorium capacities of Duolite ES467, bimsses and TDFO 
were measured ht, as non standard aprimental conditions 
were employed, the follawing results can only be regarded as 
indicative and not directly comparable. 

1. Precipitation 
Generally, about 4.3g  of fluoride ion are requird to 

effectively precipitate ( >95%) thorium ions from plant 
raffinate (initial thorium concentration -2ooPpm). This 
equates to 5Omg thorium per g of fluoride. 

2. Ion Excharae 
The thorium capacity of Duolite ES467 us- as received 

The plant raffinate is represented graphically in Figure 2. 
maximum thorium loading under realistic operational 
conditions, ie plant conditions, is 4 q / g  of resin, ie about 
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12 ECCLES AND RUSHTON 

strain 

saccharcnnyces cerevisiae 58 
Penicillium italicum 116 
Penicillium chrysosenum 186 
Aspergillus niger 162 
Rizopus arrhizus 162 

8nrg/g of dry resin. This value is significantly lowex than 
the manufacturer's technical information of >40mg =/g of 
resin h t  the experimental corditions are not unnparable. 

3.  Biosomtion 
pdsorption of thorium by biomass of all strains 

showed saturation kinetics with respect to thorium 
conmtration. S-le adsorption models did not 
produce a good fit to these results, unlike adsorption 
at moderate pH to which the Freundlich isotherm show& 
a good fit(l3). The maxinum thorium uptake by the 

different strains w a s  estimated graphically and is 
sham in Table 8 .  

4. Solvent Extraction 
Equilibrium curves were constructed for TOW/OK 

systems frcin batch experimental data in the 
conventional manner and are presented graphically in 
Figure 3.  The mximuin loading for a 0.1M TDPO/OK 
system for a plant raffhate containing 4OOpp-n was 
appr0xiIMtely 430Oq, ie 1lCJITKJ thorium/g of ToPo. 
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REMOVAL OF THORIUM FROM ACIDIC WASTE LIQUOR 

0 0.05M TOFO/OK 
A 0.10M TOFO/OK 

0.25M TO€'O/OK 

5000 

4000 

73 

FI- 3. Thorium Eguilibrium Curves for TOFO/OK SystemS 
at Ambient Temperature 

1. PreciDitation 
Although this particular section is irrelevant to the 

removal of thorium isotopes from plant raffinate by precipi- 
tation with fluoride ion, it is w o r t h  mentioning that the 
separation of W 4 N a J ?  frcan the acid liquor is not easy. A 

significant proportion of the studies, not reported here, 
were asscci.ated with this problem. 

2.  Ion mchanq e 
Various eluants, namely ammonium acetate, oxalic acid, a 

mixture of hydrochloric and hydrofluoric acids, and ammonium 
citrate have been used to recover thorium from cation 
exchange resins. %ese reagents, with the exception of the 
last, had little or no ability to recover thorium from 
Ixlolite ES467. Ammonium citxate (0.5M) removed only a 
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74 ECCLES AND RUSHTON 

Eluant % Desomtion of Thorium from Lcaded Bicnnass 

Biomass P. chrvsocr ernrm P. i t a l i c u m  

D i s t i l l e d  water -2 
85 
1 
<1 
71 
< 1  

-1 
83 
-2 
<1 
76 
<1 

concentration of a l l  eluants 0.m 

quantity ( -3%) of the thorium from the resin. The superior 
eluant studied was anrmonium CarbOMte (0.m) w h i c h  reamer& 
in total approximately 10% of the adsorbed thorium. 

Althw the recovery of thorium from the &elating 
resin w a s  relatively poor, the results did indicate that 
1- temperatures favoured the elution process. 

3.  Biosorption 
The desorption of thorium from fungal biomass by the 

different solutions evaluated showed much the same pattern 
for a l l  species (Table 9 ) .  V e r y  l i t t le thorium w a s  eluted 
by disti l led water, or by sodium or ammonium phosphates. 

Hawever, both sodium and anrmonium carbonate eluted a large 
proportion of the adsorbed thorium (70-85%). There was no 
apparent difference between the percentage of adsorbed 
thorium which was eluted by these two campounds. 

4. solvent Extraction 
The co-extradion of n i t r i c  acid w i t h  thorium nit rate 

influenced the selection of a back extractant for the 
recovery of thorium from the loaded 0.m TOPO/OK solvent 
system. Several potential back extraction reagents were 
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lprgIE 10 

~~ BACK MTRAcI?oN EFFICIENCIES FOR LOADED 0.N TOPO/OK 

%Th Backwashed fram Solvent Back Extraction Liauor 

0.lM EUTA 
1. OM Tri-potassiun citrate 
1. OM Tartaric acid 
3.0M Sulphuric acid 
1.OM Sulphuric acid 
0.3M Sulphuric acid 
1.OM Na S04/1.0M H2S04 
2. OM %&I3 

a0 
86 
18 
89 
83 

91 
85 

7a 

examined, initially using a batch prccedure. sane of these 
reagents and the correspon3ing results are reported in 
Table 10. 

Following further batch and continuous studies 
using a 10-stage labratory size mixer-settler unit, 
a 4M potassium carbonate solution was ultimately 
Selected. 

The 0.lM lDFQ/OK solvent extraction process was 

eventually selected for pilot-plant studies. 
was based on:- 
i. 

This decision 

Precipitation of thorium fran plant raffinate using 

either sodium hydroxide or lime results in a significant 
volume of solids for ultimate disposal. 

ii . At the time the problems of NaF"W4 solid-liquid 
separation had not been resolved nor had the process 
been optimised for all anticipated plant raffinate 
compositions. furthermore, the potential problems of 
handling a solid 1000 times per unit volume mre radi- 
active than the plant raffinate, had not been fully 
addressed. 
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mI3TAEl.l 

P m  m DATA 
Thorium 

Plant mffinate solvent to Thorium Extraction content of 
Thorium Content Acrueous Kficiencies r%l Back 

W O  

Dlxn Forward && Forward Back 

165 1 : 10 10 : 1 99.5 99.9 

1125 1 : 3.5 10 : 1 99.9 99.9 

1210 1 : 3.5 10 : 1 99.8 99.8 

10 : 1 99.9 99.7 905 1 : 5  

Extraction 
Gauor 
xflln 

16401 

39296 

42181 

45069 

iii. The chc~te ion-exchange resin ma i te E5467 had a 
poor thorium capacity and elution of the actinide frm 
the loaded resin was difficult. 

iv. The use of microhes/bicwasses for the trea-t of 
plant raffinate and/or waste effluents in general, is an 
infant h t  emergent technolqy. Hmever, the biomasses 
evaluated had superior thorium uptakes and elution 
characteristics and camparative selectivity compared 
with the chelate ion-echange resin. 

Resulting fram the initial batch studies and a series of 
continuous countercuTrMt trials using a twenty stage 1aJmratory 
size mixer-settler unit, a process flowsheet was produced. This 
flcrwsheet was validated at pilot-plant scale with an aqueous feed 
throughput of loo litres/hr generating a back extraction liquor 
of 1 litre/hr(l4). 
The following extraction efficiencies were achieved for the 
corresponding conditions (Table 11). 
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Although the rmval of thorium isotopes from plant 
raffhte can be achieved simply and effectively using a cheap 
alkali such as sodium hydroxide, a cmpratively large volume of 
secondary waste (metal hydroxides) is produced. This problem is 
overccnne if the actinide is precipitated as the insoluble double 
salt NaF'ThF4 but at the expense of efficiency and simplicity. 
Although only about 30t of dry solids would be prcducd, their 
separation and handling requires careful consideration. 

resins and even the &elating ion exchange resin Cuolite FS467 is 
impractical due to low thorium capacities and poor elution 
characteristics. Furthennore , thorium would require 
precipitation frm any eluant liquor. 

The adsorption of thorium onto conventional sulphonic acid 

The proposed use of fungal biamasses for the removal of 
thorium from plant raffinate was speculative but the results 
obtained from our studies were very encouraging and warrant a 
more detailed and extensive examination. The application of 
biotechnolosy to waste mmgement issues is a potential qcd2-i 

industry. 
Not surprisingly, a solvent extraction process was selected 

for pilot-plant evaluation. Not only was this decision based on 
data gathered during the five year solvent extraction project but 
also since BNFL has a wealth of exprience in both design and 
operation of solvent extraction plants. Nevertheless, the 
thorium from the backwash 4M potassium carbonate liquor requires 
recovery. A precipitation technique was developed, but this adds 
to the complexity of the overall remval process. - 

The authors wish to thank Dr G M Gadd (IXmdee University) 
for data associated with fungal bicsMsses and members of BNFL 
Springfields' R&D Waste MaMganent Group for providing the 
reminder of the results. 
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