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Extraction and Separation of Zr(IV) and Hf(IV)
from Nitrate Medium by Some CYANEX

Extractants

A. A. Nayl, Y. A. El-Nadi, and J. A. Daoud
Hot Laboratories Centre, Atomic Energy Authority, Cairo, Egypt

Abstract: A solvent extraction study has been carried out to extract and separate
zirconium and hafnium from nitrate medium by using some phosphine oxide
extractants (CYANEX 921, CYANEX 923, and CYANEX 925) in kerosene.
The influence of the different factors affecting the extraction process was studied
in detail. Apparently the rate of extraction of Zr(IV) and Hf(IV) in CYANEX 921,
CYANEX 923, and CYANEX 925 is reasonably fast. The extraction increases with
increasing temperature, suggesting that the reaction is endothermic. The stripping
percent of Zr(IV) and Hf(IV) by 0.5M HNO3 from the loaded organic phase after
two stages reached 97.5% and 10.2%, respectively, which lead to good separation of
the two metals. Under the optimum conditions, the extraction of zirconium was
about 90, 87.6, and 91.6% and separation factors equal to 17, 21.4, and 40.7 were
obtained for CYANEX 921, CYANEX 923, and CYANEX 925, respectively.
The results obtained reveal that 2.0M nitric acid is the optimum acid concentra-
tion for the separation of Zr(IV) and Hf(IV) and 0.4M CYANEX 925 performs
more efficient separation compared with other organophosphorus extractants.

Keywords: Extraction, hafnium, organophosphorus extractants, zirconium

INTRODUCTION

Zirconium and hafnium co-exist in nature, but these metals have opposite
nuclear characteristics. Zirconium is used in nuclear reactors as structural
and container material and hafnium is used as a control material in
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water-cooled nuclear reactors and rectifiers. Thus, Zr and Hf have to be
separated prior to their transformation into pure metals (1). These metals
have very similar chemical properties and are commonly referred to as
‘‘chemical isotopes’’ (2). Zirconium metal should contain less than
100 ppm hafnium for use in nuclear reactors. Solvent extraction processes
are employed currently on a commercial scale to separate hafnium from
zirconium. Neutral organopohosphorus reactants such as tributylpho-
sphate (TBP) and trialkylphosphine oxide (TOPO) have been employed
in the solvent extraction studies of Zr(IV) and Hf(IV) (3,4). Acidic orga-
nophosphorus extractants, namely, di-2-ethylhexyl-phosphoric acid,
2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester, and dithiopho-
sphinic acids have also been widely employed (5,6). Sato and Watanabe
(7) studied the extraction of Zr(IV) from sulphate solutions using di-
n-octylamine, tridodecylamine, trioctylamine, and tris (2-ethylhexyl)
amine and they reported secondary amines to be more effective than ter-
tiary amines. Suriyachat and Distin (8) studied the extraction of Zr(IV)
from acidic chloride solutions using CYANEX 923 and CYANEX 925.
It was found that Zr(IV) is extracted more readily by CYANEX 923 than
by CYANEX 925. The separation of Zr(IV) and Hf(IV) has been inves-
tigated using different extractants (9–11). It was found that the most suc-
cessful of the extractants has been CYANEX 925 which extracted 61%
zirconium and 4% hafnium giving a separation factor of 37 (10). Previous
reports have used other extractants for zirconium=hafnium separation
mainly from hydrochloric acid medium (12–15). Despite the large num-
ber of investigations reported on the extraction and separation of zirco-
nium and hafnium from chloride medium, limited studies are reported on
the extraction of the two metal ions from nitrate medium by CYANEX
extractants. The investigations recently given by Taghizadeh et al. (1,16)
are that of the main investigations on the extraction of Zr and Hf from
acidic nitrate solutions using the organophosphorus acidic extractant
CYANEX 272 and HDEHP.

In this context, the aim of this work is directed to comparable studies
on the extraction and separation of zirconium and hafnium from nitrate
media by the neutral organophosphorus extractants CYANEX 921,
CYANEX 923, and CYANEX 925. Within this text, parameters affecting
the individual extraction efficiency of Zr(IV) and Hf(IV) by each of the
investigated extractants such as extraction time, acid concentration,
nitrate ion concentration, hydrogen ion concentration, extractant con-
centration, and temperature are investigated. The equilibrium of each
system is performed. The results of the three systems are compared and
discussed. Optimum conditions for maximum Zr=Hf stripping and
separation is given and a general equation for the separation of the
two metals ions by CYANEX 925 is deduced.
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EXPERIMENTAL

Reagents

CYANEX 921, CYANEX 923, and CYANEX 925, kindly supplied by
Cytec Inc., USA, are trade names for industrial reagents which contain
trialkylphosphine oxides as the active substances. CYANEX 921,
(C8H17)3PO, is an off-white waxy solid which contains trioctylphosphine
oxide as the active substance (93%). It is considered to be more advanta-
geous than pure TOPO due to its relatively higher solubility in common
hydrocarbon diluents especially at low temperatures. CYANEX 923
extractant is a colorless liquid which comprises a mixture of four trialk-
ylphosphine oxides, with the general formula R3PO(14%), R2R

0PO(42%),
RR0

2PO(31%), and R0
3POð8%Þ, in which R denotes n-octyl and R0 stands

for n-hexyl group (17). Its average molecular weight is 348 g=mol (18).
CYANEX 925, bis (2,4,4-trimethylpentyl) octylphosphine oxide of aver-
age molecular weight 386 g=mol, is a colorless to light amber liquid
claimed as a mixture of trialkylphosphine oxides containing normal
and branched octyl groups (19). Alguacil et al. (20) stated that this
reagent is a mixture of only two compounds with the formula R3PO
and R2R

0PO, where R¼CH3C(CH3)2CH2CH(CH3)CH2 (2,4,4-tri-
methylpentyl) and R0 ¼CH3(CH2)7 (n-octyl).

The reagents contain very similar active substances which differ only
slightly by the length of the alkyl group (hexyl or octyl) and=or the struc-
ture of the alkyl group (normal or branched). However, an important dif-
ference between these reagents is that CYANEX 921 is a solid while
CYANEX 923 and CYANEX 925 as being mixtures of few components
are liquids, thus, they can be used alone without any diluent. These
reagents were all used as received without further purification. Kerosene
was obtained from Misr Petroleum Ltd. Company, Egypt. All the other
chemicals used were of analytical reagent grade.

The stock solutions of the metal ions were prepared by dissolving
their suitable salts, (ZrO(NO3)2 � 8H2O and HfO(NO3)2 � 8H2O), which
were obtained from Fluka, in double-distilled water containing a mini-
mum amount of the corresponding mineral acid. Suitably diluted solu-
tions of the above-mentioned metal ions were used in the extraction
and analysis studies.

Analysis

Zirconium and hafnium concentrations were separately determined spec-
trophotometerically by the Arsenazo-III method (21) using a Shimadzu
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160-A double beam spectrophotometer. Confirmatory simultaneous
determination of both metals concentrations was carried out using
ICPS-7500 Shimadzu Sequential Plasma Spectrometer. A Hanna
pH-meter was used for the pH measurements.

Extraction Procedure

For the distribution studies, equal volumes of the aqueous (containing
0.1 g=L of each metal ion) and organic phases were shaken for 5min
(sufficient to attain equilibrium) in glass-stoppered vials using a water
thermostated mechanical shaker adjusted at 25� 1�C (except when
studying the effect of temperature). The two phases were then separated,
and a suitable aliquot of the aqueous phase was analyzed. The metal ion
concentration in the organic phase was determined by mass balance. The
extraction behaviors of the investigated metal ions from nitric acid media
were recorded for each individual metal.

The distribution ratio (D) was calculated from the relation:

D ¼ ðCo �CÞ=C ð1Þ

Where, Co is the original metal ion concentration in the aqueous phase
before extraction and C is the metal ion concentration in the aqueous
phase after extraction.

Stripping experiments were carried out by shaking 10ml of the
organic phase loaded with the extracted metal for 5min with a known
volume of the aqueous acid solution under study. The concentration of
the metal ion in the aqueous phase was determined and the stripping
percent (S%) was calculated by the following relation:

S% ¼ ½Cs=ðCo � CÞ� � 100 ð2Þ

where, Cs is the metal ion concentration in the aqueous phase after
stripping.

RESULTS AND DISCUSSION

The effect of the different parameters affecting the extraction of 0.1 g=L
of Zr(IV) or Hf(IV) by CYANEX 921, CYANEX 923, and CYANEX
925 were investigated. These parameters include the HNO3, nitrate,
hydrogen ion, metal ion, and extractant concentrations as well as tem-
perature for the different systems.
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Effect of Equilibration Time

The effect of equilibration time on the extraction of Zr(IV) and Hf(IV)
was investigated in the range 1–15min from 2.0M HNO3 by 0.1M
CYANEX 921. The results reported in Fig. 1, show that a 5min contact
time is sufficient to achieve the extraction equilibrium (90% Zr(IV) and
32% Hf(IV)). The equilibrium was also reached after 5min for 0.35M
CYANEX 923 and 0.4M CYANEX 925 in kerosene, with different
extraction percents for both Zr(IV) and Hf(IV). In the different studies,
the two phases were shaken for 5min to ensure complete equilibrium.

Effect of HNO3 Concentration

The influence of nitric acid concentration on the extraction of Zr(IV) and
Hf(IV) was investigated between 0.1 and 3.5M, keeping the metals con-
centration constant at 0.1 g=L for both Zr(IV) and Hf(IV) by using 0.1M
CYANEX 921, 0.35M CYANEX 923, and 0.4M CYANEX 925 in ker-
osene. The plots of (D) as a function of nitric acid concentration on a
log-log scale show that the extraction of both metals increases with the
increase in nitric acid concentration until 2.0M, Fig. 2. Further increase
in the acid concentration decreased the distribution ratio (D) and

Figure 1. Effect of time on the extraction percent of Zr and Hf from 2M HNO3

by 0.1M CYANEX 921.
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consequently decreased the extraction percent of both elements, which
may be attributed to the extraction of nitric acid by either extractants
at high acidity.

Effect of Hydrogen Ion Concentration

The effect of hydrogen ion concentration at 2.0M [NO3]
� on the extrac-

tion of Zr(IV) and Hf(IV) from nitrate media by 0.1M CYANEX 921,
0.35M CYANEX 923, and 0.4M CYANEX 925 in kerosene was inves-
tigated in the range 0.01M – 0.1M. The increase in Hþ concentration in
the investigated range had almost no effect on the extraction under the
used experimental conditions, which shows that hydrogen ion does not
participate in the extracted metals species.

Effect of Nitrate Ion Concentration

The change in the nitrate ion concentration from 1.0M to 2.5M at fixed
hydrogen ion concentration of 2.0M from mixtures of HNO3þNH4NO3

by using 0.1M CYANEX 921, 0.35M CYANEX 923, and 0.4M

Figure 2. Effect of nitric acid concentration on the extraction of Zr(IV) and
Hf(IV) by 0.1M CYANEX 921, 0.25M CYANEX 923, and 0.4M CYANEX
925 in Kerosene.

Extraction and Separation of Zr(IV) and Hf(IV) from Nitrate Medium 2961

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
5
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



CYANEX 925 in kerosene was found to increase the extraction of Zr(IV)
and Hf(IV). Plotting the nitrate concentration (M) against the distribu-
tion ratio (D) for the different systems as a log-log relation, Fig. 3, gave
straight line relations with positive slopes equal to about two indicating
the presence of two nitrate ions in the extracted metal species.

Effect of Extractant Concentration

The influence of varying the CYANEX 921, CYANEX 923, and CYA-
NEX 925 concentration in kerosene on the extraction of Zr(IV) and
Hf(IV) from 2.0M nitric acid solution has been studied. The log–log plot
between the extractants concentration and distribution ratio for different
systems, Fig. 4, gave straight lines relations with a slope of around two
for Zr(IV) and Hf(IV) for CYANEX 921 and a slope of about three in
the case of CYANEX 923 extractant. In case of CYANEX 925 the slope
is similar to case of CYANEX 921 for Zr(IV) but in the case of Hf(IV)
the slope decreased to about one. From the slopes of the plots, it is
inferred that two molecules may be involved in the extracted Zr(IV)
and Hf(IV) species in case of CYANEX 921 and three molecules in case

Figure 3. Effect of nitrate concentration on the extraction of Zr(IV) and Hf(IV)
by 0.1M CYANEX 921, 0.25M CYANEX 923, and 0.4M CYANEX 925 in
kerosene.
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of CYANEX 923. On the other hand, the slopes of the plots in case
of CYANEX 925 indicate that two molecules of the extractant are
involved in the extracted Zr(IV) and one molecule in the extracted Hf(IV)
species.

Extraction Equilibrium

In slightly acidic aqueous solution zirconium and hafnium are mainly
present as the oxycations, MO2þ and in slightly acidic nitrate medium,
formation of MO(NO3)2 is present as a main species (16). This together
with the fact that neutral organophophorus extractants extract neutral
metal ions by solvation, the following extraction equilibrium can repre-
sent the extraction process for the systems under investigation;

MO2þ
ðaqÞ þ 2NO�

3ðaqÞ þ xLðorgÞ �!MOðNO3Þ2 � xLðorgÞ ð3Þ

where, L stands for the extractants (CYANEX 921, CYANEX 923 or
CYANEX 925) and x is the number of moles of extractants involved in
the extracted Zr(IV) or Hf(IV).

Figure 4. Effect of extractant concentration in kerosene on the extraction of
Zr(IV) and Hf(IV) from 2M HNO3 solution.

Extraction and Separation of Zr(IV) and Hf(IV) from Nitrate Medium 2963

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
5
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



The extraction constant Kex may be given by:

Kex ¼
½MOðNO3Þ2 � xL�ðorgÞ
½MO2þ�aq½NO�

3 �
2
aq½L�

x
org

ð4Þ

Kex ¼
D

½NO�
3 �

2
aq½L�

x
org

ð5Þ

Under the experimental conditions investigated, the slope of the rela-
tion given in Fig. 3, supports the presence of two moles of [NO3

�]
with both zirconium and hafnium in the extracted species. Further,
the slopes of the relations given in Fig. 4 indicate that in case of
Zr(IV) the values of x equal 2,3 and 2, while that of Hf(IV) equal
2,3 and 1 for CYANEX 921, CYANEX 923, and CYANEX 925,
respectively.

Therefore, the main extracted species of Zr in the investigated
systems are ZrO(NO3)2 � 2 CYANEX 921, ZrO(NO3)2 � 3 CYANEX
923 and ZrO(NO3)2 � 2 CYANEX 925 with respective average extrac-
tion constants of 756� 1, 457� 1 and 53� 1. In the case of hafnium,
the main extracted species in the different systems are HfO(NO3)2 �
2CYANEX 921, HfO(NO3)2 � 3CYANEX 923 and HfO(NO3)2.
CYANEX 925, with respective extraction constants of 45� 1,
21� 2 and 1.3� 0.1, respectively. These indicate that the main
extracted species of Zr and Hf are more or less similar using CYA-
NEX 921 or CYANEX 923 and different when the extractant is
CYANEX 925.

Effect of Temperature

The results of the effect of temperature (10–50�C) on the extraction of
Zr(IV) and Hf(IV) from 2M HNO3 medium by 0.1M CYANEX 921,
0.35M CYANEX 923 and 0.4M CYANEX 925 are shown in Fig. 5.
The extraction percent of Zr(IV) and Hf(IV) increased with increasing
temperature, in all the investigated systems. Using the following Van’t
Hoff equation, the enthalpy change (DH) associated to the extraction
can be calculated.

LogðKexÞ ¼
�DH
2:303R

� �
1þ C

T

� �
ð6Þ
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Where, R is the universal gas constant (8.314 Jmol�1K�1) and C is a
constant. As shown in Fig. 5, log Kex is linearly related to the reciprocal
of the temperature (1=T).

The slopes obtained from the figure were used to calculate DH. The
free energy change (DG) and the entropy change (DS) were calculated
from the following relations:

DG ¼ �RT lnKex ð7Þ

DS ¼ DH�DG
T

ð8Þ

The data in Table 1 represent the calculated thermodynamic functions for
the studied systems. The tabulated data show that the extraction process
for Zr(IV) and Hf(IV) in the different CYANEX systems is endothermic
as indicated by the positive values of DH.

The reactions for both Zr(IV) and Hf(IV) in CYANEX systems are
spontaneous in nature as referred to the negative sign of DG. The
positive values of the entropy changes indicate the disordered nature
of the extracted species, and the low values of entropy changes obtained
for hafnium shows that its extracted species are more ordered than
zirconium species.

Figure 5. Effect of temperature on the equilibrium constant of extraction of
Zr(IV) and Hf(IV) by 0.1M CYANEX 921, 0.25M CYANEX 923, and 0.4M
CYANEX 925 in kerosene.
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Loading Capacity and Stripping Studies

The loading capacity of 0.4M CYANEX 925 was studied by shaking
repeatedly 10ml of 0.4M CYANEX 925 (organic phase) with 10ml of
2.0M HNO3 solution (aqueous phase) containing 0.1 g=L of Zr(IV) and
0.1 g=L of Hf(IV). After equilibration, the two phases were separated and
analyzed for both zirconium and hafnium content in the aqueous nitrate
phase. The amount of Zr(IV) and Hf(IV) transferred into 0.4M CYANEX
925 in each contact was calculated by difference and the concentration of
Zr(IV) and Hf(IV) in the organic phase after each stage of contact was
calculated. After eight stages, the loaded extractant was 0.69 g=L Zr(IV)
and 0.22 g=L Hf(IV). These quantities remained constant with any further
contacts with other Zr(IV) and Hf(IV) aqueous phases solutions.

The effect of stripping agents on the recovery of Zr(IV) and Hf(IV)
from a loaded organic solution consisting of 0.4M CYANEX 925
containing 0.69 g=L Zr(IV) and 0.22 g=L Hf(IV) has been investigated.
A single stage experiment with hot distilled water (60�C) and different
mineral acids (nitric and hydrochloric acids) on the stripping of Zr(IV)
and Hf(IV) was studied and the results obtained are summarized in
Table 2. The stripping percent (calculated from Eq. (2)) with hot water
is quantitative at O=A phase ratio of 1=1 to 1=2 but at lower phase ratios
the stripping was not quantitative (14).

The data obtained show that dilute nitric acid can be considered as a
good stripping agent as it could lead to good separation of Zr(IV) from
Hf(IV). Therefore, the stripping by different concentrations of HNO3 was
studied in detail and the data obtained are shown in Table 2. Although
high stripping percentages of Zr(IV) and Hf(IV) were obtained when
using 4.0M HNO3 as stripping agent, 0.5M HNO3 was chosen as a
stripping agent where it gave 82.4% and 7.6% for Zr(IV) and Hf(IV),
respectively, after one stage stripping. After two stages, the stripping per-
cent reached 97.5% and 10.2% for Zr(IV) and Hf(IV), respectively, which
may lead to good separation of the two metal ions. The concentration of

Table 1. Thermodynamic functions of the extraction of Zr(IV) and Hf(IV) from
2M HNO3 medium by the different CYANEX–kerosene solutions

Thermodynamic

functions

CYANEX 921 CYANEX 923 CYANEX 925

Zr(IV) Hf(IV) Zr(IV) Hf(IV) Zr(IV) Hf(IV)

DH, kJmol�1
43.6� 2.8 32.8� 1.4 33.0� 1.2 33.1� 4.1 43.9� 2.8 7.3� 0.5

DG, kJmol�1 �16.4� 0.1 �9.4� 0.2 �15.2� 0.1 �7.6� 0.3 �9.8� 0.1 �0.6� 0.02

DS, Jmol�1 K�1
202� 9 142� 5 162� 4 136� 14 180� 9 27� 2
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Zr(IV) and Hf(IV) after extraction and stripping were simultaneously
measured in the same solution. The extraction percent and the separation
factor obtained for Zr(IV) and Hf(IV) by recycled CYANEX 925 were
found to be almost the same as previously obtained.

Separation Feasibility

The extraction constants for Zr(IV) and Hf(IV) extraction from nitrate
medium by the different systems studied show that the extraction by the
investigated extractants is relatively depending on the extractant
concentration.

The separation feasibility of Zr(IV) from Hf(IV) can be evaluated in
terms of the separation factor (SZr=Hf) between Zr(IV) and Hf(IV),

SZr=Hf ¼ DZr=DHf ð9Þ

Table 2. Stripping of Zr(IV) and Hf(IV) with water and different concentrations
of mineral acids after extraction with different CYANEX 925 solutions at 25�C

Stripping agent Stripping % Zr(IV) Stripping % Hf(IV)

Water (60�C), O=A
1=1 97.8 97.8
1=2 97.8 97.8
1=4 92.6 95.9

HCl, M
0.01 89.9 57.9
0.1 91.8 78.9
1.0 98.7 95.8
2.0 99.6 99.5

HNO3, M
0.01 38.6 4.8
0.05 39.8 5.1
0.1 42.3 5.8
0.2 52.7 8.7
0.5 82.4 7.6
0.6 84.9 12.7
0.8 86.7 21.7
1.0 88.9 29.8
2.0 91.7 34.8
2.5 94.6 77.8
3.0 99.8 99.1
4.0 >99.9 >99.9
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For both CYANEX 921 and CYANEX 923 systems, the separation
factor from nitrate medium is obtained from Eqs. (3–5) as follows:

SZr=Hf ¼ DZr=DH ¼
KexðZrÞ½NO�

3 �
2
aq ½L�org

KexððHfÞ½NO�
3 �

2
aq ½L�org

¼
KexðZrÞ
KexððHfÞ

ð10Þ

Equation (10) shows that the separation factor is dependent on the values
of the extraction constant for each cation and independent of the extrac-
tant concentration, NO�

3 concentration or pH of the medium.
For CYANEX 925 system, the separation factor from the nitrate

medium is obtained from Eqs. (3–5) at 25�C as follows:

SZr=Hf ¼ DZr=DH¼
KexðZrÞ½NO�

3 �
2
aq ½L�

2
org

KexððHfÞ½NO�
3 �

2
aq ½L�org

¼
KexðZrÞ
KexððHfÞ

½L� ð11Þ

or

SZr=Hf ¼ 101:75½L� ð12Þ

Equation (12) shows that SZr=Hf is first power dependent on the
CYANEX 925 concentration and independent of the ½NO�

3 � or [Hþ],
within the experimental conditions. The variation of the separation factor
as function of extractant concentration at constant ½NO�

3 � and [Hþ] is
given in Fig. 6. This figure shows that as the CYANEX 925 concentra-
tion increases, the separation of the two cations increases linearly in favor
of Zr(IV). In order to verify this relation, the extraction of Zr(IV) and
Hf(IV) was carried out from 2.0M HNO3 using different CYANEX
925 concentrations in the range 0.07–2.5M. The results obtained show
that the separation factor experimentally found also increases linearly
with the increase in CYANEX 925 concentration and are in good agree-
ment with the calculated values up to 1M extractant concentration after
which SZr=Hf becomes nearly constant and deviation from linearity is
observed, Fig. 6. This deviation at high extractant concentration may
be attributed to the formation of other species which affect the extraction
equilibrium and consequently the value of SZr=Hf.

The above conclusions show that the optimum Zr=Hf separation
could be governed in case of CYANEX 925 by increasing the extractant
concentration up to 1.0M. Besides, under similar experimental condi-
tions Zr(IV) is better extracted than Hf(IV) from nitrate medium at
CYANEX 925 concentration less than 1.0M. The separation factor
experimentally found under the optimum conditions for CYANEX 921
and CYANEX 923 is 17 and 21.4, respectively, and 40.7 for CYANEX 925.
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According to the results obtained, the selectivity between Zr(IV)
and Hf(IV) with the three commercial organophosphorus extractants fol-
lows the order.

In conclusion, the results obtained reveal that 2.0M nitric acid is the
optimum acid concentration for the separation of Zr(IV) and Hf(IV) and
0.4M CYANEX 925 is more efficient than many other organopho-
sphorus extractants. TBP is reported to give a separation factor of 10
(3) and CYANEX 272 reached a separation factor of 34 (1) while with
CYANEX 925 under the present experimental conditions the separation
factor reaches 40.7. Besides, in the investigated system the extraction of
zirconium reaches 91.6% which is also higher than that reported by some
recent works (1,10).
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