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Abstract: A novel process for the separation of hafnium from thiocyanic acid medium using the mixture of diisobutyl ketone (DIBK)
and tributyl phosphate (TBP) as the extractant was developed. This extraction process was investigated experimentally as a function
of the amount of TBP added, acidity, zirconium and hafnium concentrations, salting-out agent, temperature, duration, respectively.
The results show that hafnium is enriched in the organic layer and zirconium is in aqueous layer in DIBK-TBP system. Under the
optimal technological conditions: TBP addition 20% (v/v), aqueous phase acidity 3.0 mol/L, ammonium sulfate addition 0.8—1.25
mol/L, room temperature and extraction time 10 min, the separation factor of hafnium from zirconium is 9.3.
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1 Introduction

The technology for separation of zirconium and
hafnium is the key to prepare nuclear grade productions
of zirconium and hafnium. Zirconium and hafnium are
normally associated together in nature (m(Hf)/m(Zr+Hf)
is 1%—3%) and difficult to separate from each other.
With the development of nuclear power, technologies for
the separation between hafnium and zirconium, such as
molten salt distillation [1], ion exchange [2—4] and
solvent extraction [5,6], have become very important
because of the increasing demands for the production of
nuclear grade hafnium and zirconium metals and
compounds. A survey of the literature showed that a
limited number of extractants and extraction systems
have been used for the extraction and separation between
hafnium and zirconium, such as methyl isobutyl ketone
(MIBK) [7], Cyanex 302 [8], Cyanex 923 [9], Aliquat
336 [10], LIX 860N-1C [11], Cyanex 301 [12],
2-ethylhexylphosphonic acid mono-2-ethylhexyl ester

(P507) [13], Cyanex 925 [14], Cyanex 272 [15,16] and
3-phenyl-4-benzoyl-5-isoxazolone (HPBI) [17]. These
extractants and extraction systems are most used to
extract zirconium selectively, except for the MIBK,
Cyanex 301 and Cyanex 302 which are used to extract
hafnium selectively.

Nevertheless, conventional extractant MIBK is
limited in industrial application because it is easy to burn
and volatilize and it has high water solubility, while
diisobutyl ketone (DIBK) is well employed in the
extraction analysis and separation of precious metal due
to its low solubility, high flash point and high boiling
point [18]. However, DIBK has not been used for the
solvent extraction of hafnium just for precious metals.
LIU et al [19] reported the experimental results on the
extraction of gold with diisobutyl ketone in Jinchuan,
China, and the extraction rate of gold was found to be
99% and the purity of gold product was about 99.99%.
GRANT and DAVID [20] reported a rapid single
extraction procedure using dithiocarbamate complexing
agent, DIBK organic phase and Hg exchange back-
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extraction for the simultaneous quantitative pre-
concentration of Cd, Co, Cu, Fe, Ni, Pb and Zn in
seawater.

The extraction mechanism of DIBK is almost
similar to MIBK, although the ability for noble metal
extraction with DIBK is less than that with MIBK. It can
be presumed that as an extractant for extracting minor
metal (hafnium) selectively over major metal
(zirconium), DIBK with lower solubility in water, higher
flash point and higher boiling point, is superior to MIBK
in industry. In order to increase the extraction ability of
the DIBK, a certain amount of TBP will be added. There
is little report on separating between zirconium and
hafnium using the mixture of DIBK and TBP at present.
This study is carried out to optimize a suitable solvent
extraction system consisting of DIBK and TBP for the
separation between hafnium and zirconium.

2 Experimental

2.1 Materials

The DIBK was provided by Dow Chemical
Company, USA. Zirconium oxychloride (purity 99.9%)
was obtained from Zhejiang Shenghua Biok Biology Co.,
Ltd., China. TBP, ammonium thiocyanate, hydrochloric
acid, sulfuric acid, ammonium sulfate and ammonia were
used at analytical reagent grade. De-ionized water was
used for the whole process. The feed mixtures, namely
feed solutions, were prepared by dissolving zirconium
oxychloride and ammonium thiocyanate in appropriate
amounts of de-ionized water.

2.2 Experimental procedures

All extraction experiments were carried out in
separatory funnels of suitable volume and separated at
room temperature. Batch contacts with phase ratio
(O0)/V(A)=2:1 were performed for 10 min and were
taken for analysis after phase separation. The total
concentrations of zirconium and hafnium in water phase
were titrated by EDTA using xylenol orange as indicator.
The acidity of filter liquor was titrated by standard
sodium hydroxide using phenolphthalein as the indicator
and sodium citrate as masking agent. The concentration
of hafnium in filter liquor was determined by ICP-AES
or ICP-MS.

3 Results and discussion

3.1 Effects of aqueous solution acidity

The reaction kinetics of micro and large quantity of
hafnium and zirconium extraction are quite different
because zirconium and hafnium have large complexation,
hydrolysis and polymerization tendency in aqueous
solution. When a large quantity of zirconium and
hafnium hydrolyzate is extracted, the separation effect is

reduced for their possible polymerization is difficult to
extract into organic phase. So, the increased acidity of
water phase is beneficial for extraction. Therefore,
acidity has great influence on the separation between
zirconium and hafnium.

The effects of aqueous solution acidity ([H'],,) on
the distribution ratio (D) of zirconium and hafnium in the
DIBK-TBP system were investigated under the
conditions of 10% TBP and 90% DIBK (volume fraction)
as organic phase, 120 g/L zirconium and hafnium (2.89
g/L hafnium), 3.0 mol/L NH4SCN and 10 min extraction
time.

In Fig. 1, the distribution ratios of zirconium and
hafnium decrease with the increase of the acidity. The
distribution ratio of zirconium (D) decreases quickly
when [H'],:<3.0 mol/L, stays unchanging when 3.0
mol/L<[H],,<5.5 mol/L and decreases when [H'],>5.5
mol/L. However, the distribution ratio of hafnium (Dyy)
reduces gradually with increasing the acidity. The
separation factor of hafnium and zirconium (f) first
increases, then decreases, and comes to a maximum
value at [H+]aq:3.0 mol/L. The reason is that organic
solution relative to extraction capacity of zirconium
thiocyanate and hafnium thiocyanate is more conducive
than non-hydrolyzed compound. When acidity increases,
hydrolysis is suppressed, so it is not conducive to the
extraction of zirconium and hafnium. However, this
strong inhibition is more effective to zirconium than to
hafnium and it is conducive to the separation between
zirconium and hafnium.
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Fig. 1 Effects of aqueous solution acidity on distribution ratio
(D) and separation factor (5) of Zr and Hf

3.2 Effects of extraction time

The effects of extraction time on the distribution
ratio and separation factor of zirconium and hafnium
were investigated under the conditions of 120 g/L
zirconium and hafnium (2.89 g/L hafnium), 3.0 mol/L
acidity and 3.0 mol/L ammonium thiocyanate in aqueous
phase and 10% TBP and 90% DIBK (volume fraction) in
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organic phase. The results of the distribution ratios, the
separation factors and the zirconium and hafnium are
shown in Fig. 2.
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Fig. 2 Effects of extraction time on distribution ratio (D) and
separation factor (f) of Zr and Hf

It can be found that DIBK—TBP extraction system
for zirconium and hafnium responses rapidly. When the
extraction time is 2 min, the separation factor is up to 2.3,
indicating that the extraction rate increases rapidly at
beginning. The extraction rate changes little over 10 min.
It means that the extracted complex goes fast into
organic phase under the experimental conditions, but it
needs 10 min to achieve extraction equilibrium of
zirconium and hafnium. This may be directly related to
the zirconium and hafnium with high valence state which
may be easy to hydrolyze into multicore hydroxy
compounds [21]. Therefore, the extraction equilibrium
time is chosen as 10 min.

3.3 Extraction equilibrium isotherms of zirconium
and hafnium
The extraction equilibrium isotherms of zirconium
and hafnium were obtained under the conditions of 3.0
mol/L acidity, 3.0 mol/L ammonium thiocyanate, 10%
TBP and 90% DIBK. The results are shown in Fig. 3 and
Fig. 4, respectively.
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Fig. 3 Extraction equilibrium isotherm of zirconium
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Fig. 4 Extraction equilibrium isotherm of hafnium

With increasing the zirconium and hafnium
concentrations in the balance aqueous phase, the tangent
slopes of the zirconium and hafnium balance isotherms
keep decreasing and the curve of hafnium decreases
faster, because when more metal is extracted into the
organic phase, the concentration of free extractant
decreases, and the distribution ratio decreases. Faster
reduction of the slope of the hafnium indicates that the
effect of hafnium concentration on the distribution ratio
is greater than zirconium concentration. Therefore, low
metal concentrations are conducive to the separation of
hafnium from zirconium.

3.4 Effects of extraction temperature

The effects of extraction temperature on the
extraction of zirconium and hafnium were investigated at
different temperatures of 20 °C, 30 °C, 40 °C, 50 °C and
60 °C for 10 min under the following conditions: 120 g/L
zirconium and hafnium (2.89 g/L hafnium), 3.0 mol/L
acidity, 3.0 mol/L ammonium thiocyanate, 10% TBP and
90% DIBK.

In Fig. 5, with increasing the temperature, the
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Fig. 5 Effects of temperature on distribution ratio (D) and
separation factor (f) of Zr and Hf
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distribution ratios of zirconium and hafnium continue to
decrease, but the separation factor continues to increase.
Therefore, low-temperature operation should be chosen
in the extraction of zirconium and hafnium [22,23].

3.5 Effects of NH,SCN concentration

The extractions of zirconium and hafnium are given
in Fig. 6 as a function of NH4;SCN concentration at room
temperature for 10 min under the following conditions of
120 g/L zirconium and hafnium (2.89 g/L hafnium), 3.0
mol/L acidity, 10% TBP and 90% DIBK.
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Fig. 6 Effects of NH4;SCN concentration on distribution ratio
(D) and separation factor (8) of Zr and Hf

As the NH,SCN concentration increases, the
distribution ratios of zirconium and hafnium first
increase and then decrease, both of them get a maximum
value when the concentration of NH4SCN is 4 mol/L.
While the separation factor of zirconium and hafnium
increases gradually. These results are consistent with
results of DA SILVA and DISTIN [24]. When the
addition of NH4SCN exceeds 5 mol/L, NH4;SCN cannot
be dissolved completely in the water phase. It can be
concluded from the above results that the suitable
NH,4SCN concentration is 4 mol/L.

3.6 Effects of (NH4),SO,4 concentration

The extraction of zirconium and hafnium is given in
Fig. 7 as a function of (NH,4),SO, concentration at room
temperature for 10 min under the following conditions:
120 g/L zirconium and hafnium (2.89 g/L hafnium), 3.0
mol/L acidity, 3.0 mol/L NH4,SCN, 10% TBP and 90%
DIBK.

When the amount of (NH,),SO, increases, the
distribution ratio of zirconium decreases, while the
distribution ratio of hafnium first increases and then
decrease slightly. When (NH,4),SOy is added to 0.8 mol/L,
the distribution ratio of hafnium reaches the maximum of
0.75; while the distribution ratio of zirconium remains at
0.15. When the amount of (NH,4),SO, increases, the
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Fig. 7 Effects of (NH,4),SO,4 concentration on distribution ratio

(D) and separation factor (#) of Zr and Hf

distribution ratio of hafnium decreases slightly, while the
distribution ratio of zirconium continues to decrease. The
zirconium and hafnium separation coefficient is up to 9.3
as the amount of (NH,4),SO;, is 1.25 mol/L. It shows that
it is conducive for hafnium to extract into the organic
phase by adding (NH4),SOs; and it significantly
improves the separation between zirconium and hafnium.
As the feed is added with SO,*, the products of the
reaction of ZrO*" and SO,* are more stable than those of
HfO*" and SO,>", while the products of the reaction of
HfO*" and SCN™ are more stable than those of ZrO*" and
SCN'. So the extraction ability of DIBK to HfO(SCN),
is enhanced while the extraction ability to ZrO(SCN), is
reduced. The zirconium and hafnium separation
coefficient with DIBK is slightly lower than that with
MIBK (up to 14) [25,26]. However, the minor metal
(hafnium) is the extracted species with DIBK in the
parallel MIBK-HSCN system.

In addition, the quantity of free water molecules in
the aqueous phase is reduced because of the salt
hydration, which results in lower effective concentration
of water and higher effective concentration extracted.
Both of them are helpful to extraction. It is found that
white precipitate appears in the aqueous solution when
the dosage of (NH4),SO, added is more than 1.25 mol/L.
So, the suitable dosage of (NH4),SO,4 in extraction is
0.8—1.25 mol/L.

3.7 Effects of NaCl concentration

The extraction of zirconium and hafnium is given in
Fig. 8 as a function of NaCl concentration at room
temperature for 10 min under the following conditions:
120 g/L zirconium and hafnium (2.89 g/L hafnium), 3.0
mol/L acidity, 3.0 mol/L ammonium thiocyanate, 10%
TBP and 90% DIBK.

With increasing the sodium chloride, the
distribution ratios of zirconium and hafnium keep
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Fig. 8 Effects of NaCl concentration on distribution ratio (D)
and separation factor (f) of Zr and Hf

increasing, while the distribution ratio of hafnium
increases more greatly than that of zirconium. The
separation factor of zirconium and hafnium remains at
3.6 when sodium chloride concentration <2 mol/L, the
separation factor increases rapidly when p(NaCl)>2
mol/L, and the separation factor is up to 4.2 when
p(NaCl)=4 mol/L. It is because chloride ion suppresses
the hydrolysis and condensation of zirconium ion and
hafnium ion, and it is conducive for the complexes to
extract into the organic phase. However, there is a little
increase of hafnium and zirconium extractions as sodium
chloride concentration is further added, especially when
its dosage is up to 5 mol/L, it does not conducive to the
extraction process because sodium chloride does not
dissolve completely.

3.8 Effects of TBP concentration

The effects of TBP on the distribution ratios and
separation factor of zirconium and hafnium are shown in
Fig. 9. For these tests, the extractions were conducted
using the mixture of organic phase with different
quantity of TBP and DIBK at room temperature for 10
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Fig. 9 Effects of TBP concentration on distribution ratio (D)
and separation factor (f) of Zr and Hf

min under the conditions of 120 g/L zirconium and
hafnium (2.89 g/L hafnium), 3.0 mol/L acidity and 3.0
mol/L ammonium thiocyanate.

With increasing the concentrations of TBP in
organic phase, the distribution ratios of zirconium and
hafnium increase correspondingly, while the separation
factor of zirconium and hafnium first increases, and then
decreases. The separation factor reaches a maximum
with 20% TBP. Therefore, in DIBK—TBP system, the
content of TBP is 20%.

4 Conclusions

1) The mixture of DIBK and TBP was studied as a
possible alternative for hafnium/zirconium separation.
DIBK selectively extracts the minor metal (hafnium,
1%—-3%) over the major metal (zirconium, 97%—99%)
from thiocyanic acid solutions, and both metals can be
produced to meet high grade specifications in the
conventional technology using MIBK. The zirconium
and hafnium separation coefficient with DIBK is slightly
lower than that with MIBK.

2) The optimal technological conditions are as
follows: TBP concentration 20%, aqueous phase acidity
3.0 mol/L, ammonium sulfate addition 0.8—1.25 mol/L,
room temperature and extraction time 10 min. Under
these conditions, the separation factor of hafnium from
zirconium is 9.3.
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