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ABSTRACT 

Conductivity measurements of the organic phase have been done for the extraction of nitric acid by tri-n-butyl 

phosphate (TBP) in order to understand the third phase formation mechanism. Experiments were conducted at 

different nitric acid (2-14M) and TBP (20 to 90 vol%) concentrations. Experimental results indicated that 

conductivity variation of the organic phase can be correlated to the moisture as well as the species present in 

the organic phases. A higher value of conductivity was observed for third phase than the other two organic 

phases which is observed to be formed at high nitric acid concentration > 10M. The higher conductivity of third 

phase is attributed to the movement of nitric acid in the micro-emulsion globules due to the extraction of both 

nitric acid and moisture near third phase formation limit. A thermodynamic model has also been developed for 

the calculation of speciation of TBP-HNO3 complex. 
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1. INTRODUCTION  
Spent nuclear fuel discharged from the nuclear 

reactor needs to be reprocessed to recover the 

plutonium formed in the reactor as well as un-burnt 

uranium from the fuel [1-7]. Solvent extraction 

plays a vital role for the separation and purification 

of U and Pu from the fission products [3-7]. Apart 

from the recovery of uranium and plutonium, the 

trans-plutonide elements such as Am, Cm, etc., also 

needs to be separated from the high active waste 

solution, to reduce the burden of radio toxicity and 

surveillance of the radioactive waste. Various 

classes of solvents have been reported for the 

recovery of U, Pu and trans-plutonides [3-4 & 8-

11]. The solvents that have been reported are di 2- 

ethylhexyl phosphoric acid (HDEHPA), Octyl 

phenyl N,N-di isobutyl carbamyl methyl 

phosphinoxide (CMPO), tri-n-butyl phosphate 

(TBP), tri cyclohexyl phosphate, phosphonates, 

amines (TIOA, TOA, etc.), amides (DOHA, 

TEDGA, THEDGA) [3-4 and 8-11]. These 

extractant employed during extraction of actinides 

may lead to the formation of third phase [12-14] in 

which homogeneous organic phase splits into two 

phases when the solubility of plutonium nitrate-

TBP complex (Pu(NO3)4.2TBP) exceeds certain 

limit is called limiting organic concentration (LOC) 

[13]. The organic phase which is having higher 

density is called third phase and organic phase with 

lower density is known as light organic phase. The  

 

limiting concentration of Pu in the organic phase 

before splitting is known as the saturated phase. A 

complete understanding of the third phase 

phenomenon is important from a process safety 

perspective. If third phase is formed it may lead to 

serious process upsets, such as criticality and 

increased losses of actinides (plutonium) due to 

entrainment of aqueous phase to organic phase or 

vice versa. 

 

In view of safety implication a method of detection 

of third phase is essential. Third phase formation 

mechanism has been explained by Osseo-Asare 

[15] by taking into phenomenon of the reverse 

micelles while forming the third phase. Extensive 

studies on the mechanism of third phase formation 

using different methods such as small angle X-ray 

or neutron scattering studies etc. have been 

reported in the literature [16-21], but the reported 

methodologies may not be suitable for the 

adaptation in plant to monitor the formation of third 

phase. It is also reported that spectrophotometry 

can be employed for third phase detection [18,19], 

but remotisation of this method is difficult, hence a 

simple method of detection is required. Chiarizia et 

al have reported that TBP-HNO3 complexes have 

surfactant property [16-18] and when they are 

present in the non-polar medium such as normal 

paraffin hydrocarbon may enhance conductivity of 

the organic phase in presence of charge conducting 

channels such as moisture [22-24]. Hence 
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conductivity measurement was thought to be a 

suitable technique for the detection of the third 

phase formation during extraction cycles of 

reprocessing of fast reactor fuels.  Authors of the 

present work have reported that the third phases 

formed during extraction of U
4+

 from nitric acid 

medium by TBP is having higher conductivity as 

compared to light organic phase as well as 

saturated organic phase [25, 28]. The increased 

conductivity of the organic phase may be due to 

presence of nitric acid but not due to U
4+

. The 

conductivity of the organic phase increase 

drastically at the third phase formation limit by 

extracting more and more acid into the organic 

phase [18], hence the knowledge of TBP-HNO3 

species in the organic phase is also essential for 

explaining the conductivity variation of the organic 

phase. Therefore, detailed studies on TBP-HNO3 

speciation studies were carried out during 

extraction of nitric acid by TBP in NPH. The 

results are reported in the present paper. 

 

Extraction equilibria 

The speciation of TBP-HNO3 in the organic phase 

can be determined equilibrium extraction data of 

nitric acid as a function of nitric acid as well as 

TBP concentration in the organic phase. It is 

reported that the species TBP-HNO3 formation does 

not depend on the moisture content [29]. The 

extraction equilibria for TBP-HNO3 system can be 

written as 

 

                                  (1) 

 

                            (2) 

 

                         
(3) 

 

The equilibrium constants for Eqs (1) through (5) 

in terms of activities and activity coefficients are, 

 

            (4) 

 

            (5) 

 

where 12  refers to a stoichiometric mean activity 

coefficient of nitric acid on molar scale, a’s are the 

activity of the species involved and square brackets 

represent molar concentrations of species. 

Separating the organic phase activity coefficients 

from the right side of Eqs (4) through (6) 

 

                    (6) 

                    (7) 

  

              (8)  

 

                                                                              

(9) 

In this study, the equation for the estimation of  

was determined by a least-square method using 

experimental data of Davis and Bruin which is  

expressed as, 

 
 

                                                                            (10) 

The free TBP concentration [TBPf] in the organic 

phase is calculated by subtracting the amount of 

HNO3 extracted into the organic phase. Then the 

equation for the free TBP can be written as, 

 

]HNO2TBP[ 5.0]HNO)TBP[(2]HNOTBP[]TBP[]TBP[ 33230f                      
(11) 

or, 

]TBP.[.]NO[][H K0.5 -              

]TBP.[].NO][H[K2]TBP.[].NO][H[K]TBP[]TBP[

f
4
12

2
3

2*
H3

2
f

2
123

*
2Hf

2
123

*
1H0f







             (12) 

 

Solving Eq (12) which is quadratic in [TBPf] value 

of free TBP can be obtained. The various species 

present in the organic phase by carrying out the 

non-linear regression analyses of the experimental 

data and various species present in the organic 

phase were calculated. 

 

2. EXPERIMENTAL 

Tri-n-butyl phosphate of required concentrations 

was prepared from the AR grade tri-n-butyl 

phosphate by dissolving it in heavy normal paraffin 

hydrocarbon. Nitric acid of the required acidity is 

prepared from the AR grade nitric acid and 

deionized water.  

 

5 mL each of nitric acid and TBP of required 

concentrations were taken in an extraction vial and 

equilibrated for ten minutes in vortex shaker. The 

organic and aqueous phases were separated after 

centrifugation. Nitric acid concentration in the 

organic and aqueous phase was determined through 

potentiometric titration method by employing the 

autotitrator, and sodium carbonate solution as 

titrant. The conductivity of the organic phases was 

determined by conductivity probes details of which 

are described elsewhere [25]. 

 

Moisture content in the organic phase was 

determined Karl-Fisher method. Conductivity 

measurements of the organic samples were 

determined by using conductivity Sensor Probe and 

details were reported elsewhere [25]. 
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3. RESULTS AND DISCUSSION 

Figure 1 shows variation in the conductivity of the 

organic phase as a function of concentration of 

nitric acid aqueous phase and TBP. It is noticed 

that for a given TBP concentration the plot of 

conductivity vs nitric acid concentration in the 

organic phase can be classified into three portions 

and the transition depends upon the composition of 

different species of TBP-HNO3 in the organic 

phase. The conductivity of organic phase increases 

steadily with increase in acidity up to (2-8M) 

(portion-1). The initial increase in conductivity 

may be attributed to increased concentration of 

nitric acid in organic phase leading to increased 

movement of charges due to percolation 

phenomenon. The conductivity of organic phase 

nearly remains same in the second portion of the 

plot (8 to10 M) which may be attributed to the 

percolation threshold due to formation of the 

reverse micelles in the organic phase. Beyond 10M 

feed nitric acid concentration (portion-3) 

conductivity of organic phase increases steeply.  

 

 
Figure 1: Variation of organic phase conductivity 

as a function of concentration of feed 

nitric acid and TBP. 

 

 
Figure 2: Concentration of nitric acid in the organic 

phase as a function of feed acidity and  

TBP concentration 

 

In this region there is likely change in micro-

structure of micro-emulsion globules [18]. This 

change in micro-structure may lead to formation of 

third phase. 

 

Fuqiang Guo et al [23] and Mehta and Kawaljit 

[24] reported that the percolation of the charges to 

take place in the microemulsion globules, 

concentration of the moisture in the organic phase 

is essential. Apart from this, they stated that when 

micro-structure emulsion globules takes place it 

extracts more and more acid along with moisture. 

Hence, it is necessary to determine the 

concentration of moisture as well as speciation of 

TBP-HNO3 present the organic phase in order to 

understand the third phase formation mechanism. 

 

 
Figure 3: Various species of TBP-HNO3 complex 

in the organic phase as a function 

aqueous phase nitric acid concentration 

for 30 % TBP. 

Figure 3 shows the variation of organic phase acidity 

as a function of equilibrium acidity for a given TBP 

concentration. It is observed from this figure that 

concentration of the nitric acid increases with 

increase in the feed acidity as well TBP 

concentration. The concentrations of the nitric acid 

in the organic phase as a function of aqueous acidity 

were used for the calculation various species present  

 

 
Figure 4: Various species of TBP-HNO3 complex in 

the organic phase as a function aqueous 

phase nitric acid concentration for 60 % 

TBP. 
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in the organic phase by solving Eqs (7-12). The 

various species of TBP-HNO3 complex calculated 

from the analysis of experimental data are shown in 

Fig. 4 & 5 for 30 vol% TBP and 60 vol% 

respectively. 

 

It observed from these figures that (TBP)2. HNO3 

concentration decreases in the range of 2-8M nitric 

acid and beyond 8M acidity the concentration of 

this species in negligible. On the hand the 

concentration of TBP.HNO3 complex increases 

with acidity and has maximum at about 8M acidity 

and then decreases drastically beyond 9M. Whereas 

concentration of TBP.2HNO3 in the organic phase 

remains very small up to 8M acidity and then 

increases drastically beyond 9M acidity. This 

increased concentration of TBP.2HNO3 indicates 

that micro-structure of micro-emulsion globule is 

changed drastically, hence more nitric acid get 

extracted beyond 10M aqueous acidity. 

Comparison of concentration of the (TBP.HNO3)2, 

TBP.HNO3 and TBP.2HNO3 in organic for 1.09M 

and 2.18M TBP concentration indicates that the 

concentration of all these species are higher in 

2.18M TBP. In view of this increased concentration 

of these species in the organic phase it is expected 

that the probability of charges movement in the 

micro-emulsion globules should be higher when the 

TBP concentration is high.  

 

As mentioned earlier that concentration of moisture 

in the organic phase also plays an important role in 

the understanding the conductivity of the organic 

phase. Hence variation of moisture concentration in 

the organic Fig. 5 as function of ratio of nitric acid 

concentration in the organic and its TBP 

concentration (CHNO3/CTBP) It is noticed from this 

figure that the moisture in the organic decreases 

with increase in CHNO3/CTBP in the organic phase to 

certain limit and then increases with CHNO3/CTBP.  

This increased moisture content in the organic 

phase (when CHNO3/CTBP > 1) indicates the change 

in the micro-structure of micro-emulsion globules 

 

4. CONCLUSIONS  

Nitric extraction studies by TBP indicated that the 

different species are present in the organic phase. 

Concentration of these species changes as a 

function of feed acidity as TBP concentration in the 

organic phase. Moisture in the organic phase 

decrease with increase in acid to certain value and 

then increases beyond a certain limit where the 

formation of the third phase takes place. Speciation 

of TBP-HNO3 and moisture in the organic phase is 

employed for explaining the variation of 

conductivity of the organic phase. 
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