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The extraction of uranium with mixtures of organophosphoric acids 

(HX) (di-2-ethylhexyl phosphoric acid (D2EHPA) and dl-2-ethylhexyl 

dithiophosphoric acid (D2EHDTPA), amyl-2-ethylhexyl phosphoric acid 

(A2EHPA), diheptyl phosphoric acid (DHPA) with neutral additives L 

(TBP, triphenyl phosphine oxides (TPPO), tri-isoamyl phosphine oxides 

(TAPO), diphenyl sulphoxides (DPSO) and dioctyl sulfoxides (D0S0),2- 

nonylpyridine -N-oxide (2-NPO)) exhibit, along with the widely known 

synergic effect at low HX saturations with uranium , a new synergic 

effect occuring after complete saturation of HX .

Extraction with mixtures HX + L . A comparison of the extraction 

isotherms of uranyl salts (nitrate, chloride, sulfate ) with benzene 

solutions of HX and mixtures of HX with L as to the synergic effects 

in these processes permitted us to classify the observed extraction 

dependences into three types (Pig. 1). Pirst, the extraction of uranyl 

nitrate with HX + L mixtures is superior to that with HX solutions 

over the entire range of uranium concentrations (Pig. 1a). The second 

type is characterized by the presence of two regions of synergic ext

raction and a transitional ( antagonistic) region the length of which

is determined by the nature 

and concentration of L (Fig. 

1b). This type is realized 

,in the extraction of uranyl 

|sulphate and chloride with

2 !mixtures of D2EHPA with L. 
The third type (Pig. 1c) 

shows synergic extraction 

only at high uranium con-
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Fig. 1. Types of dependences in the ext- lished for mixtures with 

raction of U0g(N03 )2 and UOgSO^b.c) with phosphinic and phosphonic

HX and mixtures of HX+L in benzene, (a) 
1) 0.2M D0S0, 2) 0.28M D2EHPA , 3) mix

ture (1)+( 2); (b) 1) 0.3M D2EHPA, 2)-6) 

mixtures 0.3M D2EHPA+0.5M L (2-TBP, 3- 

-D0S0, 4-TPP0, 5- 2-NPO, 6- TAP0)|
(c) 1 - 0.1M DHPA, 2 - 0.1M A2EHPA,

3-4 - mixtures 0.1 HX + 1M PSO (petro

leum sulfoxides) ( 3-DHPA, 4-A2EHPA)

acids. A feature common to 

all of these cases is an in

creased uranium content in 

the organic phase exceeding 

considerably the maximum con

tent achievable with the ca

tion exchange mechanism (Us 

s HX« 1:2 ) for high con-
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centrations of the uranyl salts. The form of the dependences in Fig.1 

results from superposition of cation-exchange and noncation-exchange 

synergic effects.

Cation-exchange synergic effect. In the absence of L, the uranium 

extraction with acids(Fig. 1) changes in an antibate manner with 

their acidic properties: DHPA(pK =3 .6 ) у A2EHPA (2.7) >  D2EHPA(2.1)>EL
D2EHDTPA(1.2) and analogously to the corresponding neutral compounds 

which is due to the predominantly covalent character of bonding in 

the formation of intracomplex compounds (ICC) of uranyl with HX. It 

can, therefore, be assumed that the acceptor power of the uranium 

atom (effective positive charge) in ICC has the opposite trend, i.e., 

it increases with increasing acidic properties of HX and with decrea

sing ICC stability. In accord with this, the synergic effect (S) for 

mixtures of HX with PSO (Fig. 2a) has the highes value for D2EHDTPA 

and the lowest value for DHPA. In a series of L (Fig. 2b) the effect 

increases (TAPO> 2NP0> DOS0 >TPPO > TBP > DPS0 ) with increasing donor 

power of the oxygen atom in L ( except for TPPO) characterized by the 

shift A V s y m ( 0 H )  of water in the IR spectrum upon the interaction of

are shown in the table) 

a
water with L in CCl^ ( the values of Чн

Fig. 2. Synergic effect in the uranium 

extraction with mixtures of HX with PSO

(a) and D2EHPA with L (b). HX concentrat

ion - 0.1 M, uranium concentration - 
- 0.002M. a): (1) - D2EHDTPA, (2)-D2EHPA,

(3) ~ A2EHPA, (4)- DHPA. b): (1)- TAPO,

(2) - 2NP0, (3)-D0S0, (4)-TPP0, (5)-DPS0

The synergic effect at low uranium concentrations (region 1 in Fig.lb) 

is due to formation of addition complexes T O g d ^ ) / ^  *or mixtures of 

D2EHPA with TBP ft] , DOSO , or substitutional complexes UOgXHXgb and 

U02X22L for more active TAPO pi] and 2ИР0. As the uranium concentrat

ion increases this effect is replaced by the antagonistic one (re

gion II) at U:HX ratio of 1:4 G£l which occurs as a result of the in

teraction of HX with L, an insufficient amount of HX to form a mixed 

complex, and other processes. In the second case, the high value of S 

and formation of substitutional complexes prevent occurence of the 

antagonistic extraction. On the contrary, the small values of S in the 

mixtures of A2EHPA and DHPA with PSO result in the antagonistic re

gion being in this case the only one,up to complete HX saturation 

(Pig. 1b).

Noncation-exchange extraction. In all of the systems shown in Fig.1 

a sharp increase of the uranium content in the organic phase is ob

served after saturation of HX with uranium ( the highest values of
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U:HX are equal for UOgSO^ to 0.452-0.003 (D2EHPA), 0.472*0.012 (A2EHPA) 

and. 0.456-0.07 (DHPA); for UOgClg they are equal to 0.500-0.006 and 

somewhat higher for UOgdTO^g in. the case of D2EHPA). Judging by the 

presence of anions (inorganic) in the extract, the superstoichiometric 

extraction in region III is due to recovery of uranyl salts. The actu

al components of the synergic mixtures in the noncation-exchange ext

raction are polymeric salts (UOjjXg^ ^  ̂aft®!* reextraction of the 

uranyl salts with water the values of, U;HX for the mixtures HX+PSO and 

U02S04 are equal to 0.459*0.008 (D2EHPA), 0.462*0.005 (A2EHPA),0.462*
0.006 (DHPA), for mixtures of D2EHPA with TBP and DOSO this value is 

equal to 0 .448*0.003 and 0.440*0 .008, for these mixtures and UOgClg it 
is equal to 0.500*0.006 , almost coinciding with the above values ).
The regularities of the noncation-exchange extraction of the uranyl 

salts confirm the coordination nature of the new effect: the effect 

increases with decreasing dehydration energy of the uranyl salt 

anione (N0^ > C l ^ S O * - ) strictly according to the values of aVqH with
the change of L and with decreasing ICC stability with the change of

2
HX. Under optimum conditions the value of S reaches 10 .

The analogy of the synergic action of the acid and neutral compo —  

nents of the mixture in the extraction from diluted and concentrated 

solutions of uranyl salts indicates the same nature of these two effects 

both of which are determined by the acceptor properties of the uranium 

atom in monomeric UOgCHXg^ and polymeric (UOgXg^ complexes in the 

addition of, respectively, L and the coordination compounds of the 

uranyl salts with L due to the bringing anion.

Extraction with mixtures UOoX^ and L . A quantitative description 

has been made for uranyl sulfate which is not extracted by the indi

vidual components of the mixture taken separately. The UOgXg salts 

in benzene solutions exist in the form of linear polymers whose ura

nium atoms are, according to Baes, coordinatively unsaturated. The ad

dition of L. and UOgSO^ to the units (acceptor centers) in the 

(UOgXglp polymer is considered:

{U> + mL ^=E=.{u}Lm? (1)

(иУ + ио|+ + SO^" + nL 1* ■ {uJsO^UOgl^ , (2 )

The stoichiometric coefficients in (1) and (2) and the extraction con

stant (table) were obtained by a computor processing of a large amount 

of data for the uranium concentrations from 0.1 to 2 .5M, UOgXg con
centrations from 0.001 to 0.25М» and for L from 0.01 to 0.5 M ( for 

TBP ta 2M>. A noticeable addition of L is observed for TAPO only

(m ■ 1, Кщ « 130+ 20). In the case of saturated solutions, and at high

L concentrations it is possible that each {u} unit will add even two
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Table i . Extraction constants of UOgSÔ  with
mixtures of uranyl di-2-ethylhexylphosphate 

♦ **
with L ( and uranyl salts with DHPA and 

A2EHPA

anyl sulfate molecu- 

s. The qualitative de- 

ndences presented 

ove for the mixtures 

;+L at HX saturations 

e confirmed by the re- 

larities observed in 

ie extraction constant 

anges. In addition to 

L i s ,  as in the coordi- 

.tion extraction of 

■anium and other metals 

.th neutral compounds,

>r different L there 

i a good linear corre- 

ition lgK.j= -1.60 +

0,0234 "the correlation coefficient 0.99) ( L as mixtures

Lth uranyl di-2ethylhexylphosphate).
The NMR (31P) and IR data are consistent with addition of L and 

J2®®4^n coor<linatively unsaturated uranium atoms in the polymeric 
bain according to the scheme.

L a V o h ,

c m - ^
n =  1 " n •” 2

DPSO 124 16±2

TBP 150 91 i 8 590 + 20

TBP* 2 5 - 5
DOSO 174 350 - 50

PSO 324 ± 16 880 -  30
PSO** 64 ± 9 320 -  50
PSO* 350 ± 40

TPPO 196 480 ± 50

2 NPO 224 (2.5-0.2) ^ 0^ (5.8-0.2) Ю4

TAPO 240 (2.9*0.2)-104

xP.
IS.
X  >.
r ч У

IK  I
°\L° 4o

x / v1 1 ч
к*'

' V

tie polymeric chain with the bridging POO-group is retained upon addi- 

Lon of L (except for l’APO) and UOgSO^I^ ( concentration of the termi- 

al units "d" is small). The numbers of the occupied and free uranium 

toms in the chain determined experimentally from the integral intensi- 

Les of PgjP-pPg and P^ signals in NMR spectra were found to coincide 

Lth those calculated for a chaotic distribution of the molecules 

Long the chain indicating an independent behaviour of the units. Con- 

Lusions based on a thermodynamical analysis,about the stoichiometry 

f the extraction and an insignificant addition of L are confirmed by 

ixantitative determination of the number of units occupied by uranyl 

ulfate from NMR data (their ratio to the analytic UOgSO^ concentrat- 

on in the extract is 1 ) and by the IR based concentration of the 

ound L (TBP). The bands present in the IR-spectra and their similari- 

y with the IR spectra of some dimeric sulfate complexes indicate ad- 

ition of UOgSO^Ln to{u} via a bridging sulfato group.
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