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Abstract The preparation of nuclear-grade zirconium and
hafnium is very important for nuclear power. The separa-
tion of hafnium from zirconium in a hydrochloric acid
solution by solvent extraction was investigated with di(2-
ethylhexyl)phosphoric acid (D2EHPA). The effects of
hydrochloric acid concentration, extractant concentration,
diluents, and temperature on the distribution coefficient of
hafnium and zirconium were studied. The species extracted
were ZrOA,-2HA and HfOA,-2HA. In this process, the
separation factors varied with different diluents and fol-
lowed the order octane > hexane > toluene > chloroform.
A high separation factor value of 4.16 was obtained under
the conditions of a solution containing 0.05 mol/L HCI and
0.01 mol/L D2EHPA for the separation of hafnium from
zirconium. The extraction reaction was endothermic.
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1 Introduction

In the nuclear industry, zirconium and hafnium have
completely different abilities to transmit thermal neutrons
[1-4]. As we all know, zirconium is put into use in the
nuclear industry [3, 5]. In contrast, hafnium is applied to a
nuclear reactor as a control material [6—8]. Thus, nuclear-
grade zirconium and hafnium have important applications
in the nuclear industry. Due to their different nuclear
indexes, it is essential to purify them when both metals are
applied in the nuclear industry. However, the separation of
them is a difficult thing due to the similarities of their ionic
radii and valence states [1, 9, 10]. At present, liquid-liquid
extraction is a relatively mature separation technology for
separating zirconium and hafnium.

Many extraction processes [8, 9, 11-17] have been
implemented in order to purify zirconium and hafnium. She
Chen et al. [18] separated zirconium and hafnium with a
novel agent, bis(2-ethylhexyl)-1-(2-ethylhexylamino)pro-
pylphosphonate (BEAP). The maximum separation factor
of zirconium over hafnium was around 6.8, and the
extracted complexes in the organic phase were suggested to
be ZrO(HSO,),-3B and HFO(HSO,),-2B. Banda et al. [19]
proposed a technology for the effective extraction of two
metals from hafnium under 2.5-3 mol/L. HCI conditions
using trioctylphosphine oxide (TOPO) as the extractant in
kerosene. Moreover, mixtures of TOPO with di(2-ethyl-
hexyl)phosphoric acid (D2EHPA), methyl trioctylammo-
nium chloride (Aliquat 336), and tri-n-octylamine
(Alamine 336) were applied to find optimum purification
conditions for zirconium and hafnium in hydrochloric acid.
Taghizadeh et al. [12] suggested solvent extraction utiliz-
ing a tri-n-butylphosphate (TBP) and bis(2,4,4-
trimethylpentyl)phosphinic acid (Cyanex 923) mixture to
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extract them. Also, several conditions, including TBP/
Cyanex 923 volume ratio, extractant amount, and nitric
acid and NaNO; amounts, were investigated. According to
the results, the advantages of the new purification process
were low acid amounts and high extraction percentage of
zirconium.

In nature, the maximum percentage of hafnium in zircon
ore is about 1-3%. So, it is more economical to explore
systems that preferentially extract hafnium. Currently,
there are a low number of extraction systems [1, 20] that
preferentially extract hafnium in zircon ore. The commonly
used methyl isobutyl ketone (MIBK) process has many
shortcomings in industrial production, such as low extrac-
tion ability (only 21.65%) and the easy flammability, high
volatilization, and water solubility of MIBK. Xu et al. [1]
suggested a purification process of zirconium and hafnium
from a HSCN medium utilizing diisobutyl ketone (DIBK)
and D2EHPA as extractants. The effects of the aqueous
acidity and the amounts of NH,SCN, (NH,4),SO,, and NaCl
used were investigated. They found that hafnium gathered
in the organic phase. The complexation ability of hafnium
with thiocyanate is better than that of zirconium, so it can
set apart haftnium from zirconium. However, it needs a high
amount of ammonium thiocyanate to improve the extrac-
tion. Reddy [20] used bis(2,4,4-trimethylpentyl)monothio-
phosphinic acid (Cyanex 302) as an extractant to extract
hafnium in acidic chloride solutions and the extraction
followed an ion exchange mechanism. The extraction is
exothermic, and sulfuric acid is the best stripping agent.
Extraction performances for other metals such as Zr, Ti,
and Fe were also studied, and the IR spectra were dis-
played. As we all know, ammonium thiocyanate systems
are frequently hampered by the challenges associated with
wastewater, poison gas, and byproducts of ammonium
thiocyanate in an acid medium. Therefore, it is of great
significance to develop new extraction systems to realize
the preferential extraction of hafnium.

According to Pearson [21], zirconium and hafnium are
categorized as hard Lewis acids owing to small ionic radii
and high ionic charges, so they have powerful tendencies to
complex with various anions. The stability constants of
metal complexes with anions are in the following order
[4, 5]: OH >F >S0,2” >NO; >Cl" >ClO,".
Zirconium ions usually polymerize in sulfuric acid systems
at low concentrations of acid and metals [22]. So, a
purification process in a hydrochloric acid system is
favorable.

In this work, the process described is the selective
separation of hafnium from zirconium with D2EHPA in a
hydrochloric acid medium. Liquid-liquid solvent extrac-
tion programs were investigated, including the effects of
the amounts of D2EHPA and hydrochloric acid used, to
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obtain better conditions for the separation of hafnium and
zirconium.

2 Experimental
2.1 Chemicals and reagents

D2EHPA (di(2-ethylhexyl)phosphoric acid, purity >
98%) was purchased and used without any purification.
HNOj; (GR) was purchased from Jingrui Chemicals, China.
Octane, octanol, and all other chemicals were purchased
from Sinopharm, China.

Moderate amounts of ZrOCl,-8H,O (Sinopharm, China)
and HfCl, (Sinopharm, China) were dissolved in ultrapure
water, and the acidity of the aqueous solution was achieved
using hydrochloric acid. Fresh solutions were prepared
before the experiments to avoid hydrolysis and polymer-
ization [23].

2.2 Extraction process

A moderate amount of D2EHPA was dissolved in
octane, and a certain amount of ZrOCl, and HfCl, moved
to the HCl medium. Then, equal volumes (2 mL) of both
detection liquids were transferred into 10-mL oscillation
tubes, and all tubes were shaken for 1 h at 300 rpm con-
ditions. After reaching equilibrium at 298 + 0.5 K, the
contents were separated by centrifuge. Using inductively
coupled plasma mass spectrometry (ICP-MS, Thermo
Scientific, X Series), the contents of the residual metals in
the water phase were tested. In view of the mass balance,
the portion in the D2EHPA phase was calculated.

The distribution coefficient (D) defined the extraction
ability, and D was the ratio of the metal content in the
organic phase to that in water at equilibrium [24]. There is
a relationship between D and extraction percentage that
follows the equation E % = D x 100%/(D + 1). Based on
this work, the separation factor (SF = Dy¢Dz.) can be
regarded as the separation ability for the two metals.

3 Results and discussion
3.1 Extraction mechanism

The balance equation for the extraction of zirconium
and hafnium from a HCI system using D2EHPA could be
as follows:

n+x

M+

[HyAz] = [MA, - xHA], +n[H], (1)
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where M = zirconium or hafnium, H,A, represents the
dimeric form of D2EHPA [25], the subscript “a” repre-
sents the water phase, and the subscript “o” represents the
organic phase.
The equilibrium constant expression of this system, K.,
can be given as follows:
[MA, - xHA| [H"]"

Ko = . (2
e [M”*]a[HgAz]("H)/z )

The distribution coefficient, D, is given as follows:

[MA, - xHA]
D="——=, (3)
[M™],
where
D[H']"
Ky=—7"-—". 4
[HQAQ] (n+x)/2 ( )

Taking logarithms of Eq. (4) gives the following new
equation:

n—+x

log Kex = log D + nlog[H"] — [HoA,]. (5)

A series of D values were obtained by processing the
data, and the number of extractant molecules (n) related to
the extraction complex could be determined by the slope
method.

3.1.1 Extraction of zirconium and hafnium with D2EHPA

The extraction performance for them from a
hydrochloric acid system was investigated with D2EHPA
in octane. The mechanism of the process with chelating
reagents such as acidic extractants at a low acid concen-
tration was a cation exchange mechanism [14, 20]. Equa-
tion (1) implies that the acidity of the aqueous phase plays
a key role in the distribution coefficient. Thus, increasing
the acidity of the aqueous phase can decrease the extraction
distribution, because the chemical equilibrium of Eq. (1)
moves to the left.

Figure 1 shows the relationship between logD and
10g[H+] at 0.005 mol/L D2EHPA concentration in octane.
When the acid concentration is less than 0.03 mol/L
(log[HCI1] = —1.5), most zirconium and hafnium are
extracted and a third phase is observed after centrifuging.
So, the acidity in the investigation is greater than 0.03 mol/
L and the third phase disappears. In Fig. 1, the slopes of the
two straight lines stand for the value of n, and they are — 2,
indicating the substitution of two H™ for each metal ion in
the time of the extraction process.

The effect of D2EHPA amount on the extraction of
zirconium and hafnium in 0.05 mol/L. HCI was also stud-
ied. As shown in Fig. 2, the plot of log D versus
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Fig. 1 Effect of hydrochloric acid on the distributions of zirconium
and hafnium
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Fig. 2 Effect of D2EHPA concentration on the distribution of
zirconium and hafnium

log[D2EHPA] gives two lines with slopes of 2 for zirco-
nium and hafnium. Hence, (n + x)/2 was determined to be
2 and the value of x is thus 2.

Therefore, the extraction expressions with D2EHPA
may be given as follows:

[ZrO**], + 2[H2As] = [ZrOA, - 2HA], + 2H" (6)
and
[HfO*'], + 2[H2Az] = [HfOA, - 2HA], + 2H". (7)

It is evident from Egs. (6) and (7) that zirconium and
hafnium were extracted as ZrO*" and HfO>" rather than
Zr*" and Hf*'. The species are coordinated with two
molecules and two acid root anions of D2EHPA. In view of
the Eh—pH diagram [25, 26], ZrO*" and HfO*" were the
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predominant species in the pH range of 1.4-2.3. So, the
experiments agree with the theory.

The preferential extraction of hafnium from zirconium
by D2EHPA may be attributed to the fact that the poly-
merization tendency of zirconium is stronger than that of
hafnium at lower acidity. Under these conditions, zirco-
nium gets highly aggregated and hence forms more
stable oxygen-bridged complexes than does hafnium [5].
So, hafnium was easier to extract than zirconium.

According to the hard-soft acid—base (HSAB) theory,
hard Lewis acids containing zirconium and hafnium metals
can have great affinity with water [10, 27, 28]. However,
zirconium has a stronger tendency to interact with water
than does hafnium in a low-acidity medium [27]. The bond
dissociation energies of zirconium and hafnium with oxy-
gen are 766.1 £ 10.6 kJ/mol and 801 +£ 13 kJ/mol. So, the
extracted complex of hafnium is more stable than zirco-
nium. To sum up, D2EHPA can prefer to extract hafnium
rather than zirconium in a low-acidity medium.

3.1.2 The effect of temperature on the extraction
of zirconium and hafnium

The effects of temperature in the 303—323 K range on
the extraction process of zirconium and hafnium are shown
in Fig. 3.

The extraction abilities for them increased with
increasing temperature, which implied that the extraction
reactions are endothermic.

The thermodynamic formula was applied to determine
the enthalpy change (AH) of the extraction reaction [29].

dlgD fAngL
{G(I/T)L: 2.303R (8)

Usually, the constant R is 8.314 J/mol, and the changes
of enthalpy at the extraction equilibrium of zirconium and
hafnium are 87.25 kJ/mol and 61.20 kJ/mol.
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Fig. 3 Distribution of zirconium and hafnium with D2EHPA in
octane at different temperatures
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3.2 The influences on separating zirconium
and hafnium with D2EHPA

3.2.1 The influence of HCI concentration on the separation
of hafnium and zirconium

The effect of HCI content on the separation of hafnium
from zirconium using 0.01 mol/L D2EHPA was examined
in the 0.05-0.13 mol/L HCI range. In these programs, the
initial concentrations of them were 0.001 mol/L.

The data are displayed in Fig. 4; the extraction perfor-
mances for them increased with decreasing HCl amount.
This is ascribed to the fact that D2EHPA gets more dis-
sociated at low acidities. It is consistent with a cation
exchange extraction reaction. The separation factor also
showed a similar variation. So, a maximum separation
factor value of 4.16 was obtained from 0.05 mol/L HCl
solutions by using 0.01 mol/L D2EHPA in octane.

3.2.2 The influence of D2EHPA concentration
on the separation of hafnium and zirconium

The extractant concentration is very important in sepa-
rating them. According to the above results, a HCI con-
centration of 0.05 mol/L is a good index for separating
them using D2EHPA. Hence, the effect of D2EHPA
amount on separating them was studied with 0.05 mol/L
hydrochloric acid solutions.

In Fig. 5, the D of the two metals increases with
increasing D2EHPA concentration. In the meantime, the
separation factors also increase. When the D2EHPA con-
centration was 0.01 mol/L, the separation factors reached a
maximum. At this point, the percent extraction of hafnium
reached above 90%; a further increase in the D2EHPA
concentration will increase zirconium extraction, which
will decrease the separation factor. So, a maximum
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Fig. 4 Effect of hydrochloric acid concentration on the separation of
hafnium and zirconium
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Fig. 5 Effect of D2EHPA concentration on the separation of hafnium
and zirconium

Table 1 Separation of zirconium and hafnium with D2EHPA in
different diluents

Diluent DZr DHf SF = DHf/DZr
Octane 2.07 8.59 4.16
Hexane 2.70 9.34 3.46
Toluene 4.05 11.45 2.83
Chloroform 4.24 10.88 2.57

separation factor value of 4.16 was obtained from a
0.05 mol/L HCI solution by using 0.01 mol/L D2EHPA in
octane.

3.2.3 The influence of diluents on separation of zirconium
and hafnium

Solvent effect was researched using various diluents; the
experimental conditions featured 0.05 mol/L HCI and
0.01 mol/L. D2EHPA. The results clearly show that the
separation factors vary with different diluents and followed
the order in Table 1:

Octane > Hexane > Toluene > Chloroform

As the polarity of the diluents increased, the extraction
abilities for zirconium and hafnium increased. However,
the separation factors decreased in the same conditions.

3.2.4 The influence of initial metal concentration
on separation of zirconium and hafnium

The effects of initial metal amounts on the separation of
hafnium and zirconium using 0.01 mol/L D2EHPA in
octane were studied.

As shown in Table 2, the ratio of hafnium gradually
decreases in the aqueous phase and the values of

Table 2 Separation of zirconium and hafnium with D2EHPA in
octane at different initial metal concentrations

[Zr] [Hf] [Hf]/([Hf], + [Hf]/([Hf], +
[Zr].) (%) [Zr]o) (%)
0.0010 0.001 50.00 54.45
0.0012 0.001 45.45 51.46
0.0014 0.001 41.67 48.99
0.0016 0.001 38.46 47.64
0.0018 0.001 35.71 45.25
0.0020 0.001 33.33 44.26
[Zr]:[Hf] Dz, Dy SF = Dwi/Dz;
0.0010:0.001 2.32 8.60 3.71
0.0012:0.001 1.98 4.92 2.42
0.0014:0.001 1.69 4.05 2.51
0.0016:0.001 1.50 3.88 2.59
0.0018:0.001 1.36 3.19 2.34
0.0020:0.001 0.99 3.08 291

D decrease when the addition of zirconium is increased.
However, according to the results, hafnium is abundant in
the organic phase. Under the last conditions from Table 2,
the proportion of hafnium in the organic phase is 11%
higher than that in the aqueous phase. So, that was of
considerable application significance.

3.3 Stripping studies

The stripping of both of them from the loaded organic
phase was achieved with different acidities in the aqueous
solution. The metals loaded with D2EHPA were extracted
from 0.05 mol/L HCl solutions using 0.01 mol/L
D2EHPA, and the amounts of zirconium and hafnium in
the D2EHPA phase were 7.5 x 107* mol/L and
9.25 x 10* mol/L.

In Table 3, the stripping percentages of hafnium and
zirconium increase with increasing acid concentration. This
is ascribed to the fact that the extraction mechanism is
changed. Zr** and Hf*" are the predominant species in
high-acidity aqueous solutions, and the stripping of zirco-
nium is more difficult than that of hafnium. It can enhance
the separation of hafnium and zirconium by stripping in
1-4 mol/L HCI solutions.

3.4 IR spectra of zirconium and hafnium-D2EHPA
complex

The IR spectra of zirconium and hafnium with D2EHPA

were obtained. In Fig. 6, D2EHPA shows an absorption
band at 2337 cm_l; it belongs to the extractant’s
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Table 3 Stripping of zirconium and hafnium from loaded organic
phase

Stripping reagent (HCl, mol/L) Hf stripping (%) Zr stripping (%)

1 55.6 49.5
2 59.7 452
3 64.3 389
4 72.6 47.6
5 81.3 65.3
6 88.9 72.7
7 95.5 82.1
8 98 95.9

D2EHPA

D2EHPA-Zr

-

T
)

D2EHPA-Hf

1 1
4000 3500 3000 2500

1
2000 1500

|
1000 500

wave number (cm™)

Fig. 6 (Color online) FT-IR spectra of D2EHPA and coordination
compounds with zirconium and hafnium

characteristic P-O—H group. The band at 1235 cm ™" is the
P=0O functional group. In the spectra of the zirconium—
D2EHPA complex and the hafnium—-D2EHPA complex,
the bands at 2337 cm ™' become weak. These suggest that
the hydrogen ion of P-O-H is replaced by two metals,
which agrees with the cation exchange mechanism. Also,
bands at 1225 cm™" appear, which indicates that the P=O
could complex with two metals.

4 Conclusion

Hafnium was preferentially extracted over zirconium by
D2EHPA in octane from hydrochloric acid at lower con-
centrations. The extracted species were ZrOA,-2HA and
HfOA,-2HA. The extraction was an endothermic reaction.
An optimum separation factor value of 4.16 was obtained
from a solution containing 0.05 mol/L HCI by using

@ Springer

0.01 mol/L. D2EHPA. In this process, the separation fac-
tors varied with different diluents and followed the order
octane > hexane > toluene > chloroform. Advantages of
the new process are lower necessary acid and extractant
concentrations. The extraction system is of considerable
application significance in the preferential extraction of
hafnium.
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