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The effect of water-miscible alcohols, acetone and haloacids .in the aqueous phase of 
sulphuric acid solutions has been studied on the extraction of thorium sulphate and ha- 
lides by bis(2-ethylhexyl) phosphoric acid (HDEHP) and tri-n-butyl phosphate (TBP). 
The partition coefficient (E) is greatly affected by these additives, and this gives useful 
separations from many other elements. Besides, the log-log relationship between the 
E values and solvent concentration leads to some suggestions on the extraction mech- 
anisms of this mixed system. 

Introduction 

The need for the recovery of thorium from certain raw materials in sulphuric 

acid process liquors had led to the development of  solvent extraction processes uti- 

lizing both tri-n-butyl phosphate (TBP) and bis(2-ethylhexyl) phosphoric acid (HDEHP). 

Liquid-liquid extraction by a cation exchanger solvent (HDEHP) from mixed so- 
lutions of sulphuric acid with halide acid or watermiscible alcohols has not yet been 
described in the literature. In the present paper a systematic study is reported on 

the extraction of thorium halides and sulphate from sulphuric acid, halo-acids and 

their binary mixtures with TBP and HDEI-IP. The addition of water-miscible alco- 
hols and acetone to the aqueous phase was found to greatly increase the extraction 

power of  the solvents. This increase has more advantages than the synergistic en- 

hancement caused by the addition of the neutral organic solvent TBP to the organo- 
phosphorus acid. 1 The extraction mechanism is discussed in the light o f  the results 
obtained. 

Experimental 

Apparatus 

Scintillation counter with a well-type NaI(T1) crystal connected t o  an EKCO 

automatic scaler type No. N610B. 
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Reagents 

Organic additives. The aliphatic alcohols used (methanol, ethanol and n-propanol) 

and acetone were reagents grade products of  BDH, Fluka and Carlo Erba. 

Acids. Analytical reagents BDH or Merck. Bidistilled water was used in the pre- 

paration of the aqueous solutions. 

Tracers. 234Th was separated from its parent-natural uranium by solvent extrac- 

tion. 2,a Thorium solutions were evaporated redissolved in minimum amount of HC1, 

HBr or H2SO4, then these salt solutions were diluted with distilled water. 

Solvents. The solvents used were TBP (BDH) and HDEHP, a product of Fluka 
A. G. or Buchs S. G., was purified according to the procedure recommended by 
SCHMITT and BLAKE, 4 benzene was used for dilution of both solvents to 50% v/v 
TBP, and to 0.6M HDEHP. 

The determination of the distribution ratio (E) was done exactly as described 
before, s 

Results and discussion 

As a preliminary study the extraction of thorium from pure acids was investi- 

gated. 

Extraction from pure halo~cids 

The extraction of both thotiuro sulphate and its halides has been studied with 

TBP and HDEHP from pure halo-acid solutions. The results are given in Figs 1 and 

2 for the extraction of thorium sulphate, chloride and bromide with HDEHP, on 

the other hand, the three complexes are not extracted with TBP even at the highest 

acidity. This implies that TBP competes with the halo-acids more than thorium com- 
plexes. The appearance of minima in Fig. 1 can be explained by the change of ex- 

traction mechanism from cation exchange 6 to solvation. While in Fig. 2 curve a, 

the E value of thorium bromide increases to a maximum, which is similar to the 

first increase in Fig. 1, and its lack can be correlated to the difference in the elec- 

tronegativity of  C1- and Br- ions. This difference is seen to be reflected on the inter- 

action of these ions with thorium sulphate curve b Figs 1 and 2. It is clear from 

Fig. 4 curve d of  slope 2 and the following discussion, that at the various two 
maxima the extracted species are ThX 2§ 2 , where X is CI- or Br- ion. 

Extraction from pure sutphuric acid solutions 

The effect of sulphuric acid concentration on the E values of  thorium sulphate 

and chloride for TBP and HDEHP is shown in Fig. 3. It can be noticed that in 
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Fig. 1. Effect  o f  HCI conceneration on  the  extract ion o f  thor ium with HDEHP. Curves: a -- tho r ium 
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Fig. 2 .Ef fec t  o f  HBz concent ra t ion  on the  ext rac t ion o f  thor ium with HDEHI' .  Curves: a - tho- 

r ium bromide,  b - thor ium sulphate 
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Fig. 3. Effect of sulphuric acid concentration on the distribution ratio (E) of thorium complexes. 
Curves: a - thorium chloride + 0.03N HCI -- HDEHP, b - thorium chloride + 0.03N 
HCI - TBP, c - thorium sulphate - HDEI-IP, d - thorium sulphate - TBP 

case of HDEI-IP the E values of thorium sulphate complexes at low sulphuric acid 

content (0.05M--I.5M) decrease monotonously with increasing acid concentration 

(curve c), while the E values of thorium chloride in the presence of.0.03N HCI 

(curve a) increases to a high maximum, then decreases with the same slope as that 

�9 of sulphate, but to a relatively higher E values. This increase in the E values of 

chloride is in agreement with the fact that the predominant species extracted under 

these conditions are cationic thorium halides as expected from the stability order 

of thorium complexes with CI- ions and SO~ -/ions. 7 The effect of the HDEHP con- 

centration on the E values ( l g -  lg plots) within these ranges of acidity can be de- 
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Fig. 4. Effect of HDEHP concentration on the E values of thorium complexes�9 Curves: a - 
10.SM H2SO 4 - thorium sulphate, b - 0�9 H2SO4 - thorium sulphate, c - 10.8M 
H~ S O  4 - 0.64N HBr -thorium bromide, d - 3.2N HBr -thorium bromide 

scribed by slopes equal to 2 (Ref.7). Accordingly the mechanism for cationic tho- 

Aura halides can be written as: 

ThCI~ -n)§ + (4 - n) (HDEHP)2 * ThCln(HDEI-IP)4_ n + (4 - n)H § 

where n is the number of chloride ions, equal to 1, 2, 3 and 4 assuming ThC12§ 

as the highly extractable species compared with ThSO2*. *'8 

On increasing the sulphuric acid concentration beyond the maxima to 6M H2SO4 

the extraction decreases due to the formation of ThC1 a§ and ThCI~ that are formed 
from the dissociation of ThC12§ in sulphuric acid. 

Fig. 4, curve b, represent the effect of HDEHP concentration on the E values 

of thorium sulphate complex at constant 0.05M aqueous sulphuric acid concentra- 

tion. It has been found that above 0.03M HDEHP the slope changed from 4 to 2 

without any intermediate step. This can be related to the competition of  the ionized 

acidic hydrogen of the hydroxyl group of HDEHP with water hydrated thorium 
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cations producing The  2+, and the following modes of  extraction mechanisms oper- 
ate in accordance with TEDESCO et alg: 

Th 4+ + 2(HDEHP)2 ~ Th(DEHP) + 4H + 

ThO 2+ + 2(I-IDEHP): ~ Th(DEHP)4 + H~O + 2H + 

ThO 2+ + (HDEI-~.)2 ~ ThO(DEHP)2 + 2H § 

However, the hydrated The  2+ cations are not present in the aqueous phase, they 

are formed in the extraction reactions of hydrated Th 4+ with excess HDEHP through 
the engagement of the two phases. 

On the other hand, the E values of both sulphate and chloride complexes were 

found to be negligible for TBP up to 8M H2 SO4 beyond which the E values in- 
crease for both solvents up to the highest concentration. The extraction mechanism 
at this high sutphuric acid concentrations is completely different, for the acidic by, 
drogen of HDEHP cannot be ionized, and HDEHP acts as a solvating solvent. Fig. 4, 
dashed curve a, represent HDEHP concentration at constant 10.SM sulphuric acid, 
and it has an irregular slope that mainly depends only on the solvation of, H2Th(SO4)3 
while Fig. 8, curve b, has a slope equal to 2.6 under the same condition for TBP. 
Thus TBP extracts thorium sulphate complex as a H2Th(SO4)a �9 nTBP solvate where 

n varies between 2 and 3 and it is affected by the solvation of TBP" H2SO4" xH20 
though the slope is not an integral number. 

The addition of water miscible alcohols, acetone and halo-acids to the aqueous 
sulphuric acid solutions are found to influence the sensitivity of extraction. The 
effect of these additives were systematically studied. 

Effect of  water-misciblealcohols and acetone. In this part the effect of the ad- 
dition of  water-miscible alcohols (methanol, ethanol and n-propanol) and acetone 
to the aqueous phase has been investigated on the extraction of thorium chloride 
complex with HDEHP at 0.5M sulphuric acid concentration and thorium sulphate 
complex with HDEHP and TBP at 9M sulphuric acid concentration. Results of 

these  investigations are given in Table 1 and Fig. 6. 
The data in the above table show that the E values are greatly increased in the 

presence of  these additives. This increase can ~)e related to the decrease in the hy- 
dration of thorium cations, to the decrease in ~ielectric constant and p r o t o n -  alcohol 

association in the aqueous phase, and to the ~onnation of extractable alcohol-tho- 
rium-DEHP species in the organic phase. Theldecrease of E values with the further 
increase of the organic additive percentage is--probably the result of an increasing 
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Fig. 5.Effect of  HDEtIP concentration on the E values of  thorium chloride from 0.5M H2SO 4 - 

10% ethanol 

interaction between HDEHP and alcohol through a protonated alcohol - DEHP 

bond Eqs (3) and O) ,  and the increase of  the dielectric constant  of  the organic phase 

by the transfer o f  the additive which increases HDEHP polymerizat ion.  The increase 

of  the volume of  organic phase is 4%, 7.5%, 10%, 22,5% and 30% for the addition 

of  10%, 20%, 30%, 40% and 50% of  ethanol  or n-propanol to the aqueous phase, 

respectively, while in case o f  acetone and methanol  the volume o f  the organic phase 

Table 1 
Effect of miscible organic additives on the ex~action of thorium chloride 

from 0.5M H~SO 4 with 0.6M HDEHP 

E 
Additive, % 

Acetone Methanol Ethanol n-Propanol 

10 
20 
30 
40 
50 

16.7 
28.6 
83.0 
30.0 
31.3 

1338 
114.1 

72.4 
65 
60 

1231 
85 
76.2 
75.7 
70.1 

183 
14.7 

1.6 
0.99 
0.16 
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increases by not less than 4% for all the above percentages in aqueous phase. Thus 
in the extraction by HDEHP in the presence of alcohols at 0.5M sulphuric acid 
concentration there are other complicated reactions and the following competative 

species may be proposed for all alcohols, represented here by ethanol: 

ThC12+ + CH3 - CH2 OH ~ Th(CH3 - CH2 0)  2+ + 2 HC1 

ThCI~ + CHa - CH2 OH ~ (CH3 - CH20)3 Th + + 3 HCI 

H § + CHa - CH2 OH CHa - CHz O § - H 
/ 

H 

H 
I 

CH3 - CH20 § - H + HDEHP ~- (CH3 - CH: O - DEHP) + H § 
I ! 

H H 

(1) 

(2) 

(3) 

(4) 

It is clear that the slope of 2 in Fig. 5 corresponds to Eq. (1) up to 0.045M 
HDEHP, while between 0.045 and 0.14M Eq. (2) and (4) determine the slope o f l ,  

then higher adducts are formed with alcohols as in Eq. (4). In general tiffs effect 

of alcohols is similar to synergistic enhancement cau~d by the addition of TBP to 

HDEHP, 1 and more advantage due to its higher E values for very low concentra- 

tions of HDEHP. 
The effect of  water-miscible alcohols and acetone percentages on the E values 

of thorium sulphate and chloride complexes from 9M sulphuric acid for HDEHP 
and TBP are shown in Fig. 6. The figure shows that these additives have a much 

larger effect on the E values of  chloride complexes than on those of sulphate. Thus 

the E values for  HDEHP increase from 0.22 for pure 9M sulphuric acid to 70.2, 

43.3, 39.5 and 29.9 and for TBP from 0.15, to 5, 4.3, 4.2 and 4 in the presence 
of 40% of acetone, methanol, ethanol and n-propanol, respectively. This proves the 

higher reactivity of species ThC12 +- SO~- with alcohols than that o f  thorium sul- 

lJhate, and these species exist at higher sulphuric acid concentrations. 
Fig. 7 represents the effect of HDEHP and TBP concentrations on the E values of 

thorium chloride at a constant aqueous sulp,mric acid concentration of 9M in the 

presence of 30% ethanol. The slope equals to 2 for TBP and HDEHP. With TBP 
above 25% the slope changes to 3. This confirms the existence of the species 

ThCI~ § �9 SO4 and the reaction in Eq. (1). The higher slop~ with TBP can be related 

to the polymerization of TBP with alcohol - ThC12 + or H2 SO4 - alcohol solvates.10 
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Fig. 6. Effect of watez-miscible alcohols on the E values of thorium complexes from 9M sul- 
phuzic acid. Curves: a - acetone, b - methanol c - ethanol, d - n-propanoL The two 
upper groups ate thorium chloride for HDEHP and TBP, respectively, the two lower 
ones ate thorium sulphate TBP and HDEHP 

In general, since HDEHP is perhaps the most important reagent which is used 

for the separation of  thorium and rare earths, the introduction of  water-miscible 

alcohols and acetone would increase the number of  factors influencing extraction 

and eventually the separation possibilities o f  thorium and rare earths, especially 

since these additives decrease the E values of  rare earths at lower acidity. 1. 

Effect o f  halide acids. Recently the extraction behaviour o f  many elements, Co, 

Zn, Fe, Cd, Au, Ga, Hg, As, Se, Sn, Sb, Ge, TI, U, Pd and In sulphates from sul- 

phuric a c i d -  halo-acid mixture by common extractants such as TBP, amines, and 

pure solvents (nitrobenzene, toluene, xylene, benzene, chloroform and carbon tetra- 
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Fig. 7. Effect of HDEHP concentration (upper scale) and TBP (lower scale) coneentxations on 
the E values of thorium chloride at 9M sulphuric acid - 30% ethanol 

chloride) has been reported. Fortunately, the presence of  quite low concentrations 

of hydrochloric or hydrobromic acid greatly increases the extraction of these ele- 

ments and all elements that readily form anionic halide complexes in sulphuric acid 
solutions of medium concentration. For the separation of thorium from the ele- 

ments mentioned above, a systematic work has been done on the extraction of  
thorium with TBP and HDEHP from 9M sulphuric in various halo-acid concentrations. 

As a preliminary step in this study the extraction of thorium sulphate by both sol- 

vents from different concentrations of  sulphuric acid at constant concentration of 

hydrochloric (2.4N) or hydrobromic (1.8N) acids has been investigated. The results 

are illustrated in Table 2. 
The analysis of the data in Table 2 shows that anionic thorium halide (H~ThX6) 

solvates are extracted between 9-12.6M H2SO4 by the two solvents, while at lower 
acid concentration Th 4+ and ThX 4-n, formed stepwise, are the species extracted by 
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Fig. 8. Effect of hydrochloric acid concen~ation on the ex~action of thorium chloride from 
9M sulphuric acid. Curves: a - HDEI-IP, b - TBP 

Table 2 
The partition coefficient (E) of  thorium sulphate from different 

sulphuric acid concentrations in the presence of 2.4N hydrochloric 
or 1.8N hydrobromic acid 

H2 SO d TBP HDEHP 

M 

0 
1.8 

3.6 
4.4 
7.2 
9.0 

10.8 
12.6 
14.4 

2.4N HCI I.SN HBr 

0.02 0.001 
0.03 0.001 
0.02 0.001 
0.01 0.03 
0.16 0.14 
0.39 0.42 
0.98 1.28 
2.13 1.76 
0.76 0.49 

2.4N HCI 1.8N HBr 

16.6 4.47 
0.36 3.88 
0.07 0.05 
0.06 0.001 
0.18 0.163 
1.46 2.76 
3.42 6.38 
6.62 2.29 
0.88 0.54 
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Fig. 9. Effect of hydrobromic acid concentration on the extraction of thorium complexes from 
9M H2SO 4. Curves: a - thorium bromide-HDEHP, b - thorium bromide-TBP, c - tho- 
rium sulphate-HDEHP, d - thorium sulphate-TBP 

HDEI-IP. The decrease of  extraction beyond 12.6M H2SO4 can be related to the 

competition of H2 SO4 and the halo-acid with the previous solvate and/or higher 

n-sotvates are formed. 
We studied the extraction behaviour of  thorium sulphate and halide from 9M 

sulphuric acid at an increasing concentration of hydrochloric or hydrobromic acids 

within suitable acidity ranges. The results are shown in Figs 8 and 9. The extrac- 
tion of thorium halides by HDEHP from 9M sulphuric acid is seen to increase in 

the presence of the two acids, while a slight effect has been found for TBP. The 

extraction of thorium sulphate by the two solvents, however, was not affected by 

the two halo-acids at the given concentrations, and this indicates that at these con- 

centrations the formation of cations like ThX 2+ predominates. 
The dependence of E for thorium halides upon the concentration of HDEHP 

(Fig. 4) and TBP (Fig. 10), is seen to be of great interest for sulphuric acid - halo- 
acid mixtures. From Figs 4 and 10 curves c with slopes equal to 2 for 10.8M sul- 

phuric a c i d ,  0.64N HBr and from Fig. 4 a ,  one can deduce the presence of 

ThBr~ § SO~- species that are very stable at such high sulphuric concentration. The 

change of the slope to 4 in Fig, 4 c above 0.45M I-IDEHP may be due to the re- 
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Fig. 10. Effect  of  TBP concentra t ion on the E values o f  thor ium complexes.  Curves: a - 10.8M 

H2SO4 - t h o r i u m  sulphate,  b - 10.8M H2SO , - 1 . 1 2 N  HCl-thorium chloride, c - 

10.8M H2SO4 - 0 . 6 4 N  HBr-thor ium bromide 

placement of Br- ions of ThBr~ § with DEHP anions and to the. release of HBr which 
is also clear from the slope of 2 of curve d, using an aqueous 3.2N HBr only with 
I-IDEHP, the two lines are coincident with a slope of  2, supporting the presence 
of ThBr] § species. By using 1.12N HCI instead of 0.6N HBr the slope of Fig. 10b  
or TBP is equal to 2.6, and the curve lays under the HBr curve c, this concerning 
the properties of C1- and Br- stability complexes. 

Purification of  thorium and its separation from other elements 

Previous studies show that all elements that form stable neutral or anionic com- 
plexes are easily extracted by TBP from 9M H2 SO4 in the presence of traces of 
halo-acids, while the thorium sulphate complex was not extracted to any significant 
extent, though TBP can be used for the separation or purification of thorium from 
these elements. On the other hand, thorium is completely extracted by HDEHP at 
low sulphuric acid content in the presence of alcohols, while rare earths are not, 
and complete separation can be achieved as mentioned before. 
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