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Published: October 20, 2016 phase through acid solutions. In this case, a stripping solution with very high acidity

For the acid extractants also, it was not possible to strip the metals from the organic

would be required, and this is not viable. When the basic extractants were used, no
metal extraction was observed under the conditions investigated, indicating no ex-
tractable anionic species in either media. The optimum zirconium/hafnium separa-
tion was achieved using an acidity of 7.0 mol-L™", nitrate concentration of 9.2 mol-L™
and 1.5 mol-L™! of TBP. In these conditions, a separation factor of 12.6 was obtained.
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1. Introduction

Zirconium (Zr) is an element with a wide range of applications in modern technology.
Among the applications of zirconium alloys, the use in nuclear area to coat the struc-
tural materials is highlighted due to its low thermal neutrons capture cross section, ap-

proximately 1.9 x 107 m® [1] [2]. The main economic source of zirconium, its com-
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pounds and alloys is Zirconium Silicate (ZrSiO,) known as Zircon. It is the most abun-
dantzirconium mineral and it has great commercial importance. Due to the similarity
of their chemical and physical properties, hafnium (Hf) is commonly found in nature
associated with zirconium minerals. It is mainly used in alloys with nickel for the pro-
duction of superalloys and as thermal neutron absorber in power reactors, due to its
high thermal neutrons capture cross section, around 1.04 x 107> m’—about a thousand
times higher than that of zirconium (1.9 x 107 m?) [1]-[3]. Among the features of
these elements, it can be highlighted the fact that unlike Zr, Hf is a good neutron ab-
sorber. Thus for the application of concentrated Zr in nuclear reactors, it is necessary
that it present levels of less than 100 mg-kg™" of Hf [4]. Therefore the separation of these
elements is of utmost importance for the use of zirconium tubes containing nuclear
fuel. However, due to the great chemical similarity between Zr and Hf their separation
is difficult [2] [5] [6]. Thus, the separation of zirconium and hafnium require elaborate
processes. Among the known commercial processes, four are used industrially: frac-
tional crystallization, solvent extraction, distillation of chloride and ion exchange [7]-
[12]. The present work evaluated, through the technique of solvent extraction, the be-
havior of different types of extractants in two nitric and hydrochloric media in order to
obtain a better extraction of zirconium and a greater selectivity between zirconium and
hafnium. Acid extractants such as di-2-ethylhexyl phosphoric acid (DEHPA), 2-ethyl-
hexyl phosphonic acid mono-2-ethylhexyl ester (IONQUEST 801), and bis (2,2,4-tri-
methyl-pentyl)phosphinic acid(CYANEX'272), solvating extractants such as tributyl
phosphate (TBP), mixtures of alkylphosphinesoxides (CYANEX 923) and basic extrac-
tants such as a primary amine (PRIMENE JMT), a tertiary amine (ALAMINE 336) and
a quaternary ammonium salt (ALIQUAT336) [13]-[15].

2. Theory

The extraction and separation behavior of zirconium and hafnium has been widely stu-
died. There are several reports on the separation of these elements in different media
and extractants. Figure 1 shows the structure of the extractants used in this work for

the extraction of the zirconium and hafnium [16].

3. Experimental

3.1. Feed Solutions

The feed solutions used were prepared from the liquors obtained from the solubiliza-
tion of zirconium (Zr(OH),) and hafnium (Hf(OH),) hydroxides, both provided by
Centro Tecnolégico da Marinha-Sao Paulo (CTM)-SP. The product of the alkaline fu-
sion of zircon was also used. The solubilization of Zr and Hf hydroxides was carried out
with hydrochloric and nitric acids. The solution using the fusion product of zircon was
prepared with nitric acid. The pH of the solution was adjusted by adding nitric acid or
hydrochloric acid, according to the medium and acidity of the experiment. The chemi-
cal characterization of the liquors used in the solvent extraction experiments is pre-
sented in Table 1.
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Figure 1. Structural formula of the extractants used in this work.

Table 1. Chemical characterization of Zr and Hf liquors used in the solvent extraction experi-

ments.
Species (g-L™)
Sample
zr*  Hff NO, cClI- SO¥ Fe* Tit* Sit*
Solution-Nitric médium®* 15.0 0.6 b - 2.4 0.03 <0.01 2.3
Solution-Hydrochloric médium® 15.0 0.6 - b 1.7 0.02 <0.01 1.3
Zr-Hf Zirconite-Nitric medium 20.5 0.4 b - 0.8 0.6 0.2 2.8

*Solutions prepared from the liquor coming from the dissolution of Zr and Hf hydroxides provided by CTM;
"The [NO;:' and [Cl'] varied according to experiment.

3.2. Extractant Agents

The extractant agents used in this study were: DEHPA and IONQUEST 801 manufac-
tured by Albright and Wilson Americas and supplied by Pecos Brazil Ltda.; CYANEX 272
manufactured by Albright and Wilson Americas and supplied by Cytec of Brazil Ltda.;
TBP manufactured by Riedel-de Haen (Hannover, Germany); CYANEX 923 by Cytec
Canada-INC; PRIMENEJMT (primary amine) provided by Hohm and Haas Company;
Alamine 336 (tertiary amine) and Aliquat 336 (quaternary ammonium salt) supplied by
Cognis of Brazil Ltda. The extractant solutions were prepared at specified concentra-
tions by dilutingthem in dodecane, and tridecanol 5.0% volwas added to the amine so-

lutions.

3.3. Solvent Extraction Procedure

The solvent extraction experiments were performed in a 150 ml beaker at temperature
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of about 25°C with equal volumes of aqueous and organic phases. The contact between
the phases was carried out through mechanical agitation using IKA agitators model RW
20.n at 350 rpm. The agitation time was 15 minutes. After contact, the aqueous/organic
mixture was transferred to a separation funnel where the phases were separated and
sent for analysis. The Zr and Hf were determined by Energy Dispersive X-ray Fluores-
cence Spectrometry-EDXRF (Shimadzu-EDX 720). The nitrate was determined through
molecular absorption spectrophotometry in the ultraviolet region (302 nm) using a
UV-visible spectrophotometer (Varian-Cary 50 conc). The acidity of the aqueous phase
was determined by potentiometry using a pH meter (Digimed-DM 22).

The study of the effect of the acidity on the extraction of Zr and Hf for different
classes of extractants was performed. The tests were conducted with feed solutions
containing fixed concentrations of Zr and Hf and varying the acidity of the solution.
The concentrations of the metals Zr and Hf in the aqueous phase in both hydrochloric
and nitric medium were 15 g-L™' and 0.6 g-L™ respectively. In the experiments with acid
extractants, the acidity of the aqueous phase was varied from 1.0 to 5.0 mol-L™" of H',
while the nitrate concentration was between 1.3 and 4.9 mol-L™". The chloride concen-
tration was varied from 1.1 to 5.7 mol-L™, increasing with acidity. In the experiments
with solvating extractants and basic extractants, the acidity varied from 1.0 to 10.0
mol-L™, the concentration of nitrate varied from 1.3 to 11 mol-L™" and the chloride
concentration varied between 1.1 and 10.8 mol-L™, increasing with acidity. The con-
centration of the extractants used in organic phase was 1.5 mol-L™' for acid and solvat-
ing extractants and 0.5 mol-L™! for amines.

The study of the effect of the type of feed solution on the extraction of Zr and Hf for
chosen extractant was performed. The tests were conducted with feed solutions gener-
ated from the leaching product of alkaline fusion of zircon and of the solution generat-
ed from the hydroxides of Zr and Hf in a nitric acid medium. The concentration of the
metals Zr and Hf in the both aqueous phase were 15.0 and 0.6 mol-L™, respectively, and
the acidity of the aqueous phase was variedfrom1.0 to 7.0 mol-L™". The nitric concentra-
tion increased with acidity, and varied from 3.5 to 9.2 mol-L™" for zircon liquor and

from 1.41 to 7.5 mol-L™ for hydroxides liquor.

4. Results and Discussion

4.1. Acid Extractants

Studies of the complexation of zirconium by chloride and nitric ions have indicated the
presence of the Zr (IV) cation which can be extracted by acidic extractants. In the lite-
rature two kinds of Zr(IV) cations in the aqueous solution of the acids concentrates
have been reported to exist, ZrO** and Zr*". Acid extractants are used in systems where
the metals are present in the solubilized form of their cation [4]. The acid extractants
form complexes by replacing protons of the molecule with the metal ions present in the
aqueous medium, thus extracting the metal by cation exchange mechanism [17]. In this
case, the H" of the acid extractant is replaced by the metal cation, as shown in the Equa-
tion (1).
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1) Nitric medium

M™ + nHA &2 MA, +nH" (1)

Figure 2 shows the results of the extraction of zirconium and hafnium using the acid
extractants DEHPA, IONQUEST 801 and CYANEX 272 in a nitric medium. Table 2

shows the separation factor of Zr/Hf for the acid extractants in this medium. All acid

extractants investigated showed a high performance in the extraction for all acidities;

however, the selectivity was not satisfactory. The best separation factors were obtained
for CYANEX 272, but with high Hf extraction-more than 90%. The high percentage of

extraction obtained indicates the difficulty to strip metals from the organic phase. This

fact combined with low separation factor lead to the conclusion that this class of ex-

tractant is not the most suitable for the separation of Zr/Hf metals.
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Figure 2. Efficiency in the extraction of Zr (a) and Hf (b) for the acid extractants in nitric me-
dium. Aqueous phase: 15.0 g-L™" of Zr, 0.6 g-.L ™' of Hf, 1.0 to 5.0 mol-L™" of H*, 1.3 to 4.9 mol-L™

of NO* and 25°C (#2).
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Table 2. Separation factor of the Zr/Hf for the acid extractants in nitric medium.

Separation factor (SF) Zr/Hf

H* (mol-L™") -
DEHPA IONQUEST?801 CYANEX 272
1.0 1.0 1.4 22.9
2.0 1.1 1.2 26.4
3.0 1.1 1.6 23.6
4.0 1.3 1.9 25.3
5.0 1.3 1.5 25.1

2) Hydrochloric medium

Figure 3 shows the results of the extraction of zirconium and hafnium using the acid
extractants DEHPA, IONQUEST 801 and CYANEX 272 in a hydrochloric medium.
Table 3 shows the separation factor of Zr/Hf for the acid extractants in this medium.
The behavior of the acid extractants in a hydrochloric medium was very similar to that
in a nitric medium, obtaining a high extraction yield for all acidities investigated, but
without good selectivity. The best separation factors were obtained for CYANEX 272,
but with high extraction of Hf. The separation factor in this case occurs mainly due to
the difference in the concentrations of the metals in the aqueous phase; however, it does

not indicate a condition of separation of metals.

4.2. Basic Extractants-Nitric and Hydrochloric Medium

The experiments were conducted using the basic extractants PRIMENE]MT,
ALAMINE 336 and ALIQUAT 336. The basic extractantsare usually used at lower con-
centrations than those used for acid or solvating extractants. In these experiments, the
concentration of the extractants was 0.5 mol-L™".

Under the conditions of the experiments, none of the basic extractants investigated
showed any efficiency in the extraction of Zr and Hf metals in either media. This class
of extractants extracted neutral or anionic species. According to literature [18], the
formation of anionic complexes with Zr occurs at high acidities, above 1.0 mol-L™,
however, it is also known that amines are generally employed as extractants in less
acidic solutions-pH close to 1 or higher. This may be the essential factor for no metal

being extracted by amines [19].

4.3. Solvating Extractants

1) Nitric medium

Figure 4 shows the results of the extraction of zirconium and hafnium using the acid
extractants TBP, CYANEX'923 and TBP/CYANEX 923 in a nitric medium. Table 4
shows the separation factor of Zr/Hf for the solvating extractants for this medium. For
solvating extractants, the percentage of metal extraction and the separation factor in-
creases as the acidity rises. For CYANEX 923, the extraction yield of the metals in low
acidity is higher when compared to TBP. In acidity greater than 3.0 mol-L™' the
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Figure 3. Efficiency in the extraction of Zr (a) and Hf (b) for the acid extractants in hydrochloric
medium. Aqueous phase: 15.0 g-L™' of Zr, 0.6 g-L™' of Hf, 1.0 to 5.0 mol-L™" of H*, 1.1 to 5.7
mol-L™ of CI" and 25°C (£2).

Table 3. Separation factor of the Zr/Hf for the acid extractants in hydrochloric medium.

Separation factor(SF) Zr/Hf

H* (mol-L™")
DEHPA IONQUEST*801 CYANEX"272
1.0 12 1.1 229
2.0 1.3 1.1 22.1
3.0 12 12 233
40 1.6 12 310
5.0 12 12 22.0
144 <8
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Figure 4. Efficiency in the extraction of Zr (a) and Hf (b) for the solvating extractants in nitric
medium. Aqueous phase: 15.0 gL' of Zr, 0.6 gL' of Hf, 1.0 to 10.0 mol-L™" of H', 1.3 to

11mol-L™! of NO, and 25°C (+2).

Table 4. Separation factor of the Zr/Hf for solvating extractants in nitric medium.

Separation factor (SF) Zr/Hf

H* (mol-L™) n .
TBP CYANEX 923 TBP/CYANEX'923
1.0 0.7 1.7 35
2.0 1.6 4.4 13.6
3.0 3.5 10 8.6
4.0 4.7 5.9 8.5
5.0 13.1 13.5 6.7
7.0 51.3 25.7 14.6
10 51.0 15.9 15.5
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CYANEX 923 presents an extraction yield over 90% for Zr, but the selectivity is lower

than that observed for TBP. For TBP the extraction percentage and the separation fac-

tor increase significantly for values greater than 7.0 mol-L™' of H'.

2) Hydrochloric medium

Figure 5 shows the results of the extraction of zirconium and hafnium using the acid
extractants TBP, CYANEX 923 and TBP/CYANEX 923 in a hydrochloric medium. Ta-
ble 5 shows the separation factor of Zr/Hf for the solvating extractants in this medium.

When TBP was used in acidities lower than 5.0 mol-L™, in a hydrochloric medium,

there was no significant extraction of Zr and Hf metals. In acidities 7.0 mol-L™" and 10

mol-L7}, the extraction of zirconium was similar to that achieved in nitric acid medium;
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Figure 5. Efficiency in the extraction of Zr (a) and Hf (b) for the solvatingextractants in hy-
drochloric medium. Aqueous phase: 15.0 g-L™" of Zr, 0.6 g-L ™! of Hf, 1.0 to 10.0 mol- L™ of H*, 1.1

to 10.8 mol-L™" of CI" and 25°C (+2).
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Table 5. Separation factor of the Zr/Hf for solvating extractants in hydrochloric medium.

Separation factor (FS) Zr/Hf

H* (mol-L™) m .
TBP CYANEX 923 TBP/CYANEX'923
1.0 0.3 29 2.5
2.0 4.9 4.9 4.2
3.0 4.2 3.2 5.9
4.0 5.8 5.7 149
5.0 7.0 25.7 23.0
7.0 10.5 25.1 25.1
10 21.4 31.6 25.7

however, there was a significant increase in the extraction of Hf, which caused a reduc-
tion in the separation factor. For the extractants CYANEX'923 and the TBP/CYANEX 923
mixture, the behavior was similar to that observed in nitric acid medium, with a gra-
dual increase in the metals extraction until the concentration of 5.0 mol-L™" of H* and
keeping constant for higher acidities.

According to the results presented above, we noticed that nitric medium was the
most effective in the separation of Zr/Hf when TBP was used. Hydrochloric medium
presented formation of a third phase. This makes the process impractical. However,
both nitric and hydrochloric media need very high acidity in the feed solution. For the
optimal result, which was obtained with TBP in nitric medium, the acidity needed was
7.0 mol-L™". In hydrochloric medium, the best results were also obtained with very high
acidity, more than 5.0 mol-L™". It was observed that separation of zirconium and haf-
nium is favored by high acidities, but considering that this is a very drastic condition, it
is necessary to evaluate in what way the acidity influences the Zr/Hf separation, in other
to better understand the system and to seek a way to decrease the acidity of the process.
According to the results presented above, we chose to continue these studies in a nitric

acid medium using TBP as extractant.

4.4. Separation of Zr/Hg from the Liquor Generated by the
Fusion of Zircon and Liquor Generated by Hydroxides

Figure 6 shows the extraction yields and the separation factors obtained in experiments
with liquors generated from the leaching product of alkaline fusion of zircon and the
solution generated from the hydroxides of Zr and Hf in nitric acid medium. In both
solutions, the levels of Zr and Hf were 15 g-L ™" and 0.6 g-L' respectively. In these expe-
riments the acidity varied between 1.0 and 7.0 mol-L™' H*, and 3.0 mol-L™" of TBP was
used as extractant.

As noted, the results obtained from the liquor prepared from the product of alkaline
fusion of zircon showed much better results than those obtained from the solution
prepared from dissolution of hydroxides provided by the Centro Tecnolégico da Ma-
rinha (CTM)-SP (Table 6). This fact may have occurred due to the presence of sulfate
in the hydroxide solution, which is absent in the liquor prepared from zircon.
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Figure 6. Efficiency in the extraction of Zr and Hf for zircon (a) and hydroxides (b) liquors.
Aqueous phase: 15.0 g-L™" of Zr, 0.6 g-L ™' of Hf, 1.0 to 7.0mol-L™" of H', TBP 3.0mol-L™" and 25°C
(£2).

Table 6. Separation factor of the Zr/Hf for two types of liquos in nitric acid medium.

Separation factor (FS) Zr/Hf

H* (mol-L™!)
Liquor zircon Liquor prepared from hydroxides
1.0 1.1 0.7
2.0 35 1.6
4.0 13.7 4.7
5.0 11.4 13.1
6.0 13.7 13.7
7.0 79.3 51.3
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5. Conclusion

The cationic extractants investigated were not suitable for the separation of Zr and Hf
metals. In nitric or hydrochloric medium, at the acidities investigated, there was a high
extraction of metals by these extractants but without good selectivity. Extraction yields
higher than 99% have been observed when using DEHPA and IONQUEST 801 in both
media and with acidity of 5 mol-L™, but the separation factors reached around 1.0.
CYANEX 272 showed separation factors ranging from 22 to 25 but with high extraction
of Hf (greater than 95%). Another factor to consider is the high extraction of metals in
the acidity of 5 mol-L™', which indicates a hard stripping of metals. For solvating ex-
tractants the best results were obtained using TBP in acidity of 7.0 mol-L™" in nitric acid
medium. There was no extraction of Zr and Hf when using amines as extractants in
both nitric acid and hydrochloric acid media for the conditions investigated. Using the
liquor generated by zircon the yield and separation factors were better than those
achieved when the liquor generated from the hydroxides was used. It can be observed
that both nitric and hydrochloric media need that the acidity of the feed solution be
very high, the best results were obtained with very high acidity-higher than 5.0 mol-L™
for nitric and hydrochloric media. It was observed that separation of zirconium and
hafnium is favored by high acidities, but considering that this is a very drastic condi-
tion, it is necessary to evaluate in what way the acidity influences the Zr/Hf separation
in other to better understand the system and to seek a way to decrease the acidity of the

process.
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