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Abstract

The extraction of zirconium (IV) from aqueous HCI solution by binary mixture TOA and Cyanex
923 using kerosene as diluent was studied. The effect of parameters like aqueous phase acid con-
centration, extractant concentration, chloride ion concentration, diverse ion effect, metal loading,
nature of diluents and temperature on the extraction of Zr (IV) was investigated. The percentage
of extraction of Zr(IV) became 100% with 0.1 M TOA and 0.01 M Cyanex 923 from 7 M HCl and also
from 4 M HCl with 0.1 M TOA and 0.02 M Cyanex 923. Benzene was found to be effective diluent for
the extraction of Zr(IV) with binary mixture of TOA and Cyanex 923. The positive enthalpy change
and positive entropy change in the binary extraction system show endothermic process with in-
crease in randomness. Stripping of Zr (IV) from the loaded organic phase containing mixture of
TOA (0.1 M) and Cyanex 923 (0.01 M) indicated that HNO; and Na;CO3 are the best stripping
agents.
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1. Introduction

Zirconium metal is highly desirable as a cladding material for nuclear fuel rods in nuclear power plants, because
of its very low absorption cross-section for neutrons [1]. Zircon, the primary ore is used as a nuclear grade mate-
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rial. High molecular weight alkyl amines (tertiary and quaternary amines) have a wide variety of uses in the mi-
ning industry for the purification and recovery of various metal species by means of solvent extraction. Extrac-
tion of zirconium using liquid anion exchanges has been reported by several workers [2]-[6]. Solvent extraction
of Zr(IV) was carried out at 5°, 25° and 40°C using Amberlite LA-2, TBP and HDEHP(di-2-ethylhexyl phospho-
ric acid) in toluene or kerosene from solutions of HCI, HBr or Kl [7]. Solvent extraction of Zr(IV) from acidic
chloride solution has been carried out with PC-88A (2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester) as
the extarctant [8]. Higher acid concentration increases the extraction of zirconium and an increase of the extrac-
tant and chloride ion concentration at constant H™ ion also increases the extraction. Extraction of Zr(IV) from
acidic chloride solutions was carried out with Cyanex-272 as an extractant diluted in kerosene. An increase of
the acid concentration lowers the percentage of extraction of metal which indicates that the extraction follows
cation exchange mechanism [9]. The complex formation ability in HCI solution decreases from Zr to Rf inde-
pendent of the pH of the medium. A decisive energetic factor in hydrolysis or complex formation process is
proved to be a predominant electrostatic metal-ligand interaction [10]. The stoichiometric relation for the extrac-
tion of zirconium and hafnium from acid chloride solutions was investigated with Versatic Acid-10 by Lee et al.
[11]. In order to produce high purity zirconium by removing iron using liquid-liquid extraction, several types of
commercial extractants have been chosen, examined and compared by Chang et al. [12]. Synergistic extraction
involving extraction of metal ion with binary mixture of extractants has been applied to increase the extractabil-
ity. It was first reported by Blake et al. [13]. As a branch of solvent extraction, synergistic extraction has become
a common method for the separation of metal ions. It not only improves the extraction efficiency and extraction
selectivity but also enhances the stability of the extracted complexes, increasing the solubility of the extracted
complexes in the organic phase, eliminating emulsification and the formation of the third phase, and in turn in-
creases the extraction reaction rate [14]. Synergistic effect of neutral donors on the extraction of zirconium (V)
by salicylaldoxime in dichloromethane has been studied [15]. Extraction of zirconium (IV) from hydrochloric
acid solution by tri-octylamine and neutral donors in carbon tetrachloride has been investigated by Biswas et al.
[16] and they found that higher extraction takes place in case of mixture than by single extractant. The extraction
of Zr(1V) from aqueous hydrochloric acid solution by TTA (2-thenoyltrifluoroacetone) is a slow process but the
addition of neutral extractant, DPSO(di-n-pentyl sulfoxide) enhances considerably the rate as well as the percen-
tage of extraction as reported by Reddy et al. [17]. According to Mishra et al. [18] the presence of thiocyanate
ions results in appreciable extraction of Zr(IV) by Aliquat336 from low aqueous HCI acidities. The variation in
concentration of HCI, thiocyanate and Aliquat336 greatly influences the extent of extraction. Mixture of Ali-
quat336 and TOPO results in synergistic extraction of Zr and Hf from acidic thiocyanate media. Separation of
zirconium and hafnium by solvent extraction using mixture of TBP and Cyanex 923 was studied by Taghizadeh
et al. [19]. The present authors have already reported the study of extraction of Zr(IV) from HCI medium using
binary mixture of TOA and Cyanex 921 in kerosene [20]. Tri-octylamine (TOA) (RsN:R = CgHyy) is very selec-
tive in various separation processes and easily soluble in most organic diluents in a wide temperature range.
Cyanex 923 is a liquid, cheaper extractant as compared to tri-n-butyl phosphate and has better radiolytic stability.
There is no report on systematic investigations of extraction of Zr(IV) from HCI medium with binary mixture of
TOA and Cyanex 923 in kerosene so far. Therefore, in the present study, an attempt has been made to know the
effect of various parameters such as aqueous phase acid concentration, extractant molarity, chloride ion concen-
tration, temperature, metal loading, diverse ion, nature of diluents on the extraction of Zr(1V) from HCI medium
using binary mixture of TOA and Cyanex 923. Themodynamic parameters associated with the binary extraction
system have also been determined. Nitric acid and Sodium carbonate have been used as the stripping agents for
recovery of zirconium from loaded organic phase containing binary mixture of TOA and Cyanex 923 under con-
ditions of maximum extraction.

2. Experimental

2.1. Reagents

The stock solution of Zr(IV) (0.01 M) was prepared by dissolving its oxychloride in double distilled water. One
ml of concentrated HCI was added to the stock solution to avoid further hydrolysis. Distilled kerosene was used
as organic phase diluent. Organic phase solution was prepared by dissolving the required amount of the extrac-
tants in kerosene and then diluting to the required concentration except for diluent variation experiment. The
commercial extractant, tri-octyl amine (TOA) (Merck), Cyanex 923, obtained from Cytec Inc. Canada, were
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used without further purification. All other reagents used were of analytical reagent grade.

2.2. Experimental Procedure

The extraction process deals with the distribution of a solute between two immiscible solvents in equal aliquots
(10 ml), one of which is aqueous and the other an organic solvent. The aqueous phase containing ZrOCl, solu-
tion (0.001 M) in HCI and the organic phase with TOA and Cyanex 923 in kerosene were shaken in a separating
funnel for about twenty five minutes. Then the phases were allowed to settle for five minutes and then they were
separated. The zirconium (IV) concentration in the aqueous phase before and after the extraction was deter-
mined by Arsenazo (I11) method using an ELICO UV-Visible spectrophotometer. The distribution coefficient
was calculated by taking the ratio of equilibrium concentration of zirconium (IV) in organic phase and that in
the aqueous phase. The concentration of Zr(IV) in the organic phase was calculated by using the mass balance
i.e., the difference of metal concentration in the aqueous phase before and after the extraction. From D value, the
percentage of extraction was calculated (%E = 100(D/D + 1). Stripping percentage was calculated by using the
relation, % stripping = [[Zr]J/([Zr]o — [Zr])] * 100, where [Zr], is the original Zr (IV) concentration in the
aqueous phase before extraction, [Zr] is the Zr(IV) concentration in the aqueous phase after extraction and [Zr]s
is the Zr(1V) concentration in the aqueous phase after stripping.

3. Results and Discussion
3.1. Effect of Acid and Extractant Concentration

The extraction of 0.001 M Zr (IV) from 3 M to 7 M HCI was studied with the binary mixture of 0.1 M TOA and
0.01 M Cyanex 923 in kerosene. The percentage of extraction of Zr (IV) increased from 15.5% to 100% with
increase in acid concentration from 3 M to 7 M HCI with mixture of 0.1 M TOA and 0.01 M Cyanex 923 in ke-
rosene and the results are shown in Figure 1. This may be attributed to the better efficiency of mixture in ex-
tracting Zr(IV) at higher acid concentration.

Experiments were carried out with constant level of Cyanex 923(0.01 M) in the presence of varying concen-
tration of TOA in the range of 0.1 M - 1 M from 4 M HCl and 5 M HCI. It was observed that the extent of ex-
traction decreases from 58.2% to 6.4% and 75.5% to 7.0% from 4 M HCI and 5 M HCI respectively with in-
creasing TOA concentration from 0.1 M to 1.0 M. It may be due to interaction between TOA and the neutral ex-
tractant, Cyanex 923 at higher molarity, leading to antagonistic effect described in Figure 2.
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Figure 1. Effect of hydrochloric acid concentration on the percentage of extraction of 0.001
M Zr (1V) using mixture of 0.1 M TOA and 0.01 M Cyanex 923.
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Figure 2. Plot of %E versus [TOA], M in the extraction of 0.001 M Zr (IV) using mixture of
TOA (varied) and 0.01 M Cyanex 923 (4 M and 5 M HCI).

The effect of Cyanex 923 at fixed TOA concentration (0.1 M) on the extraction of 0.001 M Zr(IV) from 4 M
HCI was studied by varying Cyanex 923 concentration from 0.002 M to 0.1 M. It was found that extraction in-
creased from 7.5% to 100% with the increase in concentration from 0.002 M to 0.02 M of Cyanex 923 and then
remained constant at 100% when the extractant molarity increased from 0.02 to 0.1 M. The plot of logDy,x ver-
sus log [Cyanex 923] yields a slope of 1.6 given in Figure 3 showing incorporation of two molecules of Cyanex
923 in the extracted species. The increase in extraction is due to the formation of more hydrophobic species re-
placing the water molecules of hydration from the co-ordination sphere of the metal.

3.2. Effect of Chloride Ion Concentration

The effect of chloride ion on the binary extraction system was studied by adding varying concentrations of NaCl
(0.01 M - 0.08 M), NH4CI (0.01 M - 0.1 M), KCI (0.01 M - 0.1 M) to the aqueous phase containing 0.001 M Zr
(IV) and 4 M HCI. With binary mixture of 0.1 M TOA and 0.01 M Cyanex 923 as extractant in kerosene the
percentage of extraction increased from 47.2% to 85.2% when the concentration of NaCl increased from 0.01 M
- 0.08 M, from 29.3% to 81.4% when the concentration of NH,CI increased from 0.01 M - 0.1 M and from 22%
to 67.9% when the concentration of KCI increased from 0.01 M - 0.1 M indicating the involvement of chloride
ions in the extraction as shown in Figure 4.

3.3. Effect of Metal Ion Concentration

To know the effect of metal ion concentration on the binary extraction system, varying concentrations of Zr(1V)
from 0.001 M - 0.02 M, in the aqueous phase in 4 M HCI was equilibrated with binary mixture of 0.1 M TOA
and 0.01 M Cyanex 923 in kerosene. The percentage of extraction increased from 58.3% to 86%. The plot
of %E versus [Metal], M indicates increase in extraction increasing with increasing concentration of metal ion
Figure 5.

3.4. Effect of Diverse Ion

The effect of diverse ions such as Fe (1) and Al (111) ion on the extraction of Zr (IV) from 4 M HCI using mixture
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Figure 3. Plot of log Dmix versus log [Cyanex 923] in the extraction
of 0.001 M Zr (IV) from 4 M HCI using binary mixture of 0.1 M TOA
and Cyanex 923 (varied).
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Figure 4. Effect of chloride ion concentration on the extraction of
0.001 M Zr (IV) from 4 M HCI using binary mixture of 0.1 M TOA
and 0.01 M Cyanex 923.
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Figure 5. Effect of metal ion concentration on the extraction of Zr (1V)
from 4 M HCI using binary mixture of 0.1 M TOA and 0.01 M Cya-

nex 923.
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of 0.1 M TOA and 0.01 M Cyanex 923 in kerosene has been investigated. When Fe (I11) and Al (I11) ions are
added to the extraction system, there is a decrease in distribution coefficient of Zirconium (1V) as shown in Table 1.
This may be due to the competition between two metal ions present in the system for the extractant.

3.5. Effect of Diluents

Extraction experiments were carried out using various diluents (Kerosene, Benzene, Toluene, Chloroform and
Xylene) for the extraction of 0.001 M Zr (IV) from 4 M HCI with binary mixture of 0.1 M TOA and 0.01 M
Cyanex 923 as extractants. It was observed that the percentage of extraction was maximum with the binary
mixture prepared in benzene, as diluents Table 2. Due to low toxicity and easy availability, kerosene was cho-
sen as the diluent for the study.

3.6. Effect of Temperature

The effect of temperature on the extraction of 0.001 M Zr (1V) from aqueous solution containing 4 M HCI using
binary mixture of 0.1 M TOA and 0.01 M Cyanex 923 in kerosene was studied in the temperature range 298 K -
339 K. It was observed that an increase in temperature of the extracting solution caused an increase in the ex-
traction. The extraction of Zr (IV) increased from 58.2% at 298 K to 100% at 339 K. The results showed in
Figure 6 as plot of log K versus 1000/T gives a linear relation with a negative slope. Applying Van’t Hoffs equ-
ation the thermodynamic parameters, AH® and AS® were calculated to be 51.0 kJ-mol™ and 229.7 JK *-mol ™,
respectively. It ensures the extraction process to be endothermic accompanying with an increase in the random-
ness as a result of release of water molecules of hydration from the coordination sphere of the metal in case of
binary extraction system.

3.7. Stripping
The loaded organic phase is stripped off the metal by the back extraction to the aqueous phase which is required

Table 1. Effect of Fe(l11) and Al(I11) ions on the extraction of 0.001 M Zr(IV) from 4 M HCI with mixture of
0.1 M TOA and 0.01 M Cyanex 923 in kerosene. (% extraction of Zr (IV) in absence of diverse ions =

58.2%).
SI. No. Diverse ions Concentration of diverse ions, M %Extraction of Zr(1V)

0.0005 245
0.001 33.7

1 Fe(l11)
0.005 42.6
0.01 56.5
0.0005 29.2
0.001 49.2

2 Al(I)
0.005 55.4
0.01 71.6

Table 2. Effect of diluents on the extraction of 0.001 M Zr(IV) from 4 M HCI with mixture of 0.1 M TOA
and 0.01 M Cyanex 923.

Diluents Diix %E
Benzene 253.33 99.6
Toluene 23.61 95.9
Xylene 0.032 3.1
Chloroform 6.596 86.8
Kerosene 1.391 58.2
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for commercial extraction processes. Regeneration of the solvent is achieved by treating the solvent with alkali
or acid solutions. The effect of various concentrations of strippants on the stripping of metal ions from the load-
ed organic solvent was studied at 25°C and phase ratio 1:1. Zirconium was stripped from loaded organic phase
of TOA (0.1 M) and Cyanex 923(0.01 M) containing 91.22 mg/L of zirconium with various stripping agents
such as Na,COs3 (0.01 M - 0.5 M) and HNO5 (0.05 - 1.25 M). Stripping of Zr (IV) was 100% with 0.05 M HNO;
and with 0.5 M Na,COs in one step. The basic stripping agent like Na,COj3 and low acid concentration compared
to that taken for extraction deprotonate the amine salt and in turn helps in increase in stripping. The stripping
percentage with various strippants is listed in Table 3.
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Figure 6. Plot of log K versus 1000/T for extraction of 0.001 M Zr (IV) from 4 M
HCI using binary mixture of 0.1 M TOA and 0.01 M Cyanex 923 in kerosene.

Table 3. Stripping of Zr(IV) from loaded organic phase containing mixture of 0.1 M TOA and 0.01 M Cya-

nex 923.
SI.No. Name of the Strippant [Stripant], M %Stripping
1.25 727
1.0 81.9
0.8 84.6
1 [HNO;] 05 87.3
0.1 88.6
0.08 96.0
0.05 100
0.01 28.5
0.02 46.2
0.04 49.9
) [Na,CO.] 0.06 55.9
0.08 60.0
0.1 66.5
0.2 78.9
0.5 100
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4. Conclusion

The present investigation shows that the extraction of zirconium (1V) from HCI medium with mixture of TOA
and Cyanex 923 is more than that with only TOA but less than that with only Cyanex 923 (up to 6 M HCI) whe-
reas at higher acid molarity (7 M) synergism is obtained in the extraction. Quantitative extraction (100%) is ob-
served from the aqueous phase containing 0.001 M Zr (1V) and 7 M HCI with binary mixture of 0.1 M TOA and
0.01 M Cyanex 923 in kerosene. Benzene is proved to be an effective diluent for the binary extraction system.
An increase in temperature has a positive influence on the extraction process. Stripping is best carried out with
0.05 M HNO; and 0.5 M Na,COs.
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