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ABSTRACT

Regarding to their presence as an important constituent in some ores such as monazite, this work aims for selective solvent
extraction of thorium (IV), zirconium (IV), iron (III) and cerium (III) from aqueous sulfate medium using different basic and
acidic extractants. To elucidate the extractability of these elements, different effective parameters were studied such as contact
time, pH value, extractant concentration and the diluents type. In a single element system, Th (IV) was extracted by the primary
amines (octylamine and tert.octylamine) and the acidic extractnts [di-(2-ethylhexyl) phosphoric acid (D2EHPA) and
(bis(2,4,4-trimethyl pentyl) phosphinic acid (Cyanex 272))]. Moreover, secondary amine (N-methylaniline) is effective for Fe (III)
extraction while, the primary amines are suitable for Zr (IV) extraction. Ce (III) can be extracted with the primary amines and
D2EHPA. In a mixed elements system, Th (IV) was extracted firstly with Cyanex 272 (65 %) at pH 1 followed by the extraction of Fe
(III) with N-methylaniline (95 %), then Zr (IV) was precipitated at pH 2.5 (84 %) while Ce (III) remains in the final aqueous phase.

KEYWORDS

Solvent extraction, amines, D2EHPA, Cyanex 272.

1. Introduction
It is well known that sulfuric acid is the most common acid

used for leaching and decomposition of ores and concentrates.
One prime example, monazite ore, is a yellow to reddish-brown
natural phosphate of the rare earths, mainly the cerium and
lanthanum elements, usually with some uranium and thorium.
Yttrium, calcium, zirconium, iron and silica are considerably
present.1 In hydrometallurgical chemistry, several separation
techniques were presented like solvent extraction, ion exchange,
supported liquid membrane, adsorption, and precipitation
methods are very widespread techniques for the extraction and
separation of the rare earth elements from various aqueous
solutions.2–5 One of them, solvent extraction (SX) method has
vast range of application in hydrometallurgical separation
process due to its great potential on high selectivity, efficient sep-
aration and high metal enrichment.2 In solvent extraction sys-
tems, phosphates,6–8 amines9 and carboxylic acids10,11 solvents are
usually studied.

Unfortunately, the presence of iron with a relatively large
concentration as an impurity normally associated with REEs in
monazite represents a huge problems in the separation of these
metals. Iron can be extracted with phosphates, carboxylic acids
and amines solvents, but the separation system with phosphates
has poor selectivity and the iron-loaded organic phase is compli-
cated to strip. In the carboxylic acid extraction system, carboxylic
acids are so easy to dissolve in aqueous phase that the loss of
extractant is serious. The extraction system of amines has a
higher extraction yield and preferable selectivity when extracting
iron. Compared with phosphates, amine systems with iron are
easier to be stripped.12,13

A literature survey evidence that trioctylamine (TOA) has been

used for the separation of Zr (IV).14 This method demonstrate the
extraction of Zr (IV) from hydrochloric acid solution with TOA in
benzene (nearly 100 % extraction of zirconium at 10–2 N HCI with
0.5 M TOA and this is attributed to the presence of the anionic
hexachlorozirconate [MCl6]

2– species and also to the possible
formation of MX4(TOA)2 type of complexes). The extraction
efficiency is attributed to the chain length of the amine,15 in
which higher reagent concentrations were required.

Acidic extractant like bis(2-ethyl hexyl)phosphoric acid
(D2EHPA),16( bis(2-ethyl hexyl)phosphinic acid (PIA8) have been
used for the separation of thorium. The methods employing
these extractants have multiple limitations such as high reagent
concentration. The potential of Cyanex 272 as an extractant has
been well confirmed. The advantages of Cyanex 272 such as its
poor aqueous solubility, complete miscibility with common
organic diluents and resistance to hydrolysis may be purposive
used in commercial processes for isolation of thorium, especially
in nuclear energy plan.17–19

The solvent extraction of several REEs from sulfate medium
has been stated. Notable extractants that have been employed
are high molecular weight amines,20 carboxylic acids,21

tri-n-butyl phosphate (TBP)22 and (D2EHPA).23 The practical
application of the Cyanex reagents group is strongly affected by
their deficient extractability and their low loading capacity for
REEs resulting from the low lipophilicity of the coordination
compounds formed during the extraction process.

The extraction of valuable elements from monazite (such as
thorium, zirconium and cerium) with its multicomponent matrix
is still a challenging chemical process. So, in the present work,
the successive solvent extraction technique was investigated in
highly acidic medium which is similar to the acidic conditions
that used conventionally for monazite digestion by concen-
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trated sulfuric acid. In view of the above, the current paper has
focused to develop a chemical procedure for extraction and sub-
sequent separation of Th (IV), Fe (III), Zr (IV) and Ce (III) from
highly acidic sulfate media by various basic and acidic
extractants.

2. Experimental

2.1. Chemicals and Reagents
All chemicals and reagents used were analytical reagent grade.

Iron (III) chloride, zirconium oxychloride, thorium nitrate and
Cerium chloride heptahydrate were obtained from Sigma
Aldrich (99.9 %) and their standard solutions were prepared in
0.1 M H2SO4. Octylamine, tert.octylamine, N-methylaniline,
N,N-dimethylaniline, D2EHPA, arsenazo III and Thoron I were
supplied by Merck. Cyanex 272 was kindly supplied as a gift by
CYTEC Industries (USA). Xylene, petroleum ether, benzene and
hexane were obtained from Misr Petroleum Company, Egypt.
The pH of the solutions was readjusted using 0.1 M HNO3 and
0.1 M NH4OH.

2.2. Instruments
All the pH values of different solutions were measured by

using microprocessor-based pH meter type HANNA (USA)
combined with temperature probe. All pH measurements were
done at room temperature 25 ± 1 °C. All samples in this work
were weighed using an analytical balance produced by Bosh
(Germany), having maximum sensitivity of 10–4 g and accuracy
of ±0.01 mg.

2.3. Spectrophotometric Measurements of Fe (III), Zr (IV),
Th (IV) and Ce (III)

The concentration of Fe (III), Zr (IV), Th (IV) and Ce (III) in the
aqueous phase was determined spectrophotometrically using a
Cintra UV-visible spectrophotometer model Cintra 2.2 (Australia).

To avoid the analytical interferences between the investigated
elements, each element was measured selectively by the follow-
ing corresponding method24:

The concentration of Fe (III), Zr (IV), Th (IV) and Ce (III) in the
aqueous phase was determined by spectrophotometric thio-
cyanate (arsenazo III, HCl), Thoron I and (arsenazo III, formate
buffer) method at the wavelength 495, 665, 540 and 650 nm,
respectively.

2.4. Experimental Procedure
Six different extractants were dissolved separately in petroleum

ether then used for extraction process.
Firstly, different concentrations (10, 25, 50, 75 and 100 mg L–1)

of the investigated elements (Fe (III), Zr (IV), Th (IV) and Ce (III)
individually) were prepared in two different media, 0.1 M H2SO4

and 0.1 M H3PO4.
Secondly, to avoid the metal hydrolysis, different samples

(10 mL each) containing 100 mg L–1 from each element (in
distilled water) was prepared individually at different pH values
ranging from 1 to 5. After 30 min shaking time, the concentra-
tions of each element at each pH value were measured spectro-
photometrically to calculate precipitation percent at each pH
value.

Thirdly, in single element system, equal volumes of the organic
phase of the investigated extractants (dissolved in petroleum
ether) and the aqueous phase containing 100 mg L–1 of each
element (in 0.1 M H2SO4) were shaken individually at different
parameters such as contact time, pH values, extractant concen-
tration and different diluents. The effect of extractant concentra-
tion was examined in the range 0.025–0.15 M by mixing 10 mL of

100 mg L–1 of each element individual with 10 mL of different
extractant at pH 1.5 and shaken for 45 min at room temperature.
The effect of diluents was examined by mixing 10 mL of 100 mg
L–1 of each element individual with 10 mL of 0.1 M of different
extractant at pH 1.5 and shaken for 45 min, at room temperature.

Finally, for the selective separation of these elements from each
other, three different mixed samples were prepared as following:
i. In the first trial, a mixed sample (75 mL) contains 100 mg L–1 of

each element was prepared in 0.1 M H2SO4 (original solution
pH was 1.5), the pH was adjusted to 1 (to be similar to
monazite medium after digestion with sulfuric acid) using
0.1 M HNO3. In the first cycle, the sample was mixed with the
organic phase (0.1 M N-methylaniline) and shaken for 60
min, at room temperature. After the separation of the two
phases, 10 mL (F1) from the aqueous phase was taken for the
spectrophotometric measurements. The remaining aqueous
phase was readjusted to pH 1 using 0.1 M NH4OH, then
mixed in the second cycle with the organic phase (0.1 M
Cyanex 272) and shaken for 60 min at room temperature.
After the separation of the two phases, 10 mL (F2) from the
aqueous phase was taken for the measurements. The remain-
ing aqueous phase was readjusted to pH 2.5 using 0.1 M
NH4OH, and then filtrated to separate the formed precipi-
tate. 10 mL (F3) from the filtrated aqueous phase was taken
for measurements.

ii. In the second trial, a mixed sample (50 mL) contains 100 mg
L–1 of Zr (IV), Th (IV) and Ce (III) (without Fe (III)) was
prepared in 0.1 M H2SO4, then the pH was adjusted to 1 using
0.1 M HNO3. In the first cycle, the sample was mixed with the
organic phase (0.1 M Cyanex 272) and shaken for 60 min at
room temperature. After the separation of the two phases,
10 mL (F1) from the aqueous phase was taken for measure-
ments. The remaining aqueous phase was readjusted to pH
2.5 using 0.1 M NH4OH, and then filtrated to separate the
formed precipitate. 10 mL (F2) from the aqueous filtrated
phase was taken for measurements.

iii. In the third trial, a mixed sample (75 mL) contain 100 mg L–1

from each element was prepared in 0.1 M H2SO4, then the pH
was adjusted to 1 using 0.1 M HNO3. In the first cycle, the
sample was mixed with the organic phase (0.1 M Cyanex 272)
and shaken for 60 min at room temperature. After the separa-
tion of the two phases, 10 mL (F1) from the aqueous phase
was taken for measurements. The remaining aqueous phase
was readjusted to pH 1 using 0.1 M NH4OH, then mixed in
the second cycle with the organic phase (0.1 M N-methyl-
aniline) and shaken for 60 min at room temperature. After
the separation of the two phases, 10 mL (F2) from the aque-
ous phase was taken for measurements. The remaining
aqueous phase was readjusted to pH 2.5 using 0.1 M
NH4OH, and then filtrated. 10 mL (F3) from the aqueous
phase was taken for measurements.

To choose the suitable stripping agent for Th (IV) and Fe (III),
the organic phase of the first and second cycles were shaken
with different concentrations of HCl and HNO3 in the range
(1.0–5.0 M) with an A/O phase ratio of 1:1, at equilibration time of
20 min, and at room temperature.

The metal extraction (%) at any instant time was determined
by the following equation:

Extraction (%) = [(Co – Ce)/Co] × 100 (1)

where Co is the initial concentration of metal ions and Ce is the
concentration of metal ions in the aqueous solution after extrac-
tion process.

All the previous experimental work was repeated two times
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(duplicated) only due to the high cost of the chemicals and
extractant.

3. Results and Discussion

3.1. Effect of Medium
Monazite ore processing is a complicated matrix which is

mainly attributed to the presence of high phosphate (25 % of
P2O5) and sulfate concentration25 hence, influence the extraction
and separation of REEs and other elements. Therefore, the effect
of medium on the presence of the investigated elements was
studied individually in sulfate and phosphate media using 0.1 M
H2SO4 and 0.1 M H3PO4. As shown in Table 1, by measuring the
absorbance value of each concentration of each element in each
medium, it’s clear that the absorbance value of Fe (III) and Ce
(III) is significantly suppressed in phosphate medium rather
than the corresponding values in sulfate medium. Furthermore,
Zr (IV) and Th (IV), are completely precipitate in phosphate
medium even at low element concentration (10 mg L–1).

So, it is recommended to eliminate the phosphate ions before
separation and extraction of these elements, especially Zr (IV)
and Th (IV). To avoid the matrix complication, many trials to
separate phosphate ions have been previously published in the
literature.26,27

Based on the previously obtained results, all of the following
experiments were carried out in sulfate medium (0.1 M H2SO4).

3.2. Metal Hydrolysis Process
The extraction processes of the investigated elements by different

extractants are mainly affected by the side reaction that may be
due to the metal hydrolysis which mainly depends on solution
pH. In this respect, series of experiments have been tested sepa-
rately to evaluate the degree of contribution of each of the two
opposite reaction mechanisms (extraction vs. precipitation).

The results for metal hydrolysis of 100 mg L–1 from each element
are shown in Table 2. It can be seen that both of Fe (III) and Zr
(IV) starting hydrolysis at pH 2, while Th (IV) and Ce (III) started
to precipitate at pH 3.

According to metal hydrolysis results, all the next experiments
were carried out at pH 1.5 to avoid the hydrolysis of the metal
ions and to be similar to the acidic conditions which convention-
ally used for monazite digestion by sulfuric acid.

3.3. Effect of Contact Time
One of the main factors affecting the separation and extraction

processes is the contact time. The effect of the contact time was
studied by mixing 10 mL of 100 mg L–1 of each element individu-
ally at pH 1.5 with 10 mL of the organic phase containing 0.1 M of
the investigated extractants and shaked at different times at
room temperature. According to Fig.  1, it was observed that:
i. N-methylaniline preferably extracts Fe (III).
ii. Octylamine preferably extracts Zr (IV), Th (IV) and Ce (III).
iii. Cyanex 272 is selective extractant for separation of Th (IV).
iv. D2EHPA preferably extracts both of Th (IV) and Ce (III).

The solvent extraction of Zr (IV) with Cyanex 272, Cyanex 302
and Cyanex 301,28 from sulfuric acid solutions has been examined
systematically. However, the reagents show poor selectivity. Zr
(IV) was efficiently extracted from nitric and hydrochloric acid
solution with tri-n-butyl phosphate (TBP) in kerosene.29 In the
present work, Zr (IV) was effectively extracted from sulfuric
acid solutions with octylamine or tert.octylamine in petroleum
ether.

The revealed data for Th (IV) extraction was in a good agree-
ment with many previously published papers. For instance,
Eskandari Nasab et al.30 reported that Th (IV) was extracted from
0.01 M nitric acid solution by Cyanex 272 in kerosene. Also, the
extraction of Th (IV) from aqueous sulphuric acid medium with
a synergistic mixture of N-n-octylaniline and trioctylamine
(TOA) in xylene was investigated by Patkar et al.31 According to
Borai et al.,32 in sulfate medium, thorium is extracted preferably
by primary amines. The proposed mechanism for Th (IV) extrac-
tion by amines was illustrated in equation (2) by Shimidt:33

4RNH2H+HSO4
–

(org) + [Th(SO4)4]4–
(aq) =

(RNH2H+)4[Th(SO4)4]4–
(org) + 4HSO4

–
(aq) (2)

For Ce (III) extraction, the obtained results are in a good agree-
ment with many previously published results. According to Kim
et al.,34 zero percent extraction was observed for all rare-earth
elements at all pH values tested using 1 M Alamine 336 (tertiary
amine) or Aliquat 336 (quaternary ammonium salt). Similarly,
Amaral et al.35 proved that Primene JM-T (primary amine) can
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Table 2 Metal hydrolysis (%) at different pH values.

pH values

Elements 1 1.5 2 2.5 3 3.5 4 5

Fe (III) Zero Zero 27 ± 3 56 ± 2.8 83 ± 3.5 100 100 100
Zr (IV) Zero Zero 34 ± 2.4 62 ± 2.9 89 ± 3 100 100 100
Th (IV) Zero Zero Zero Zero 22 ± 3.2 37 ± 1.9 51 ± 2.4 82 ± 2.2
Ce (III) Zero Zero Zero Zero 18 ± 2.7 29 ± 2.2 42 ± 2.7 76 ± 2.3

Table 1 Effect of sulfate and phosphate medium on the absorbance value
of metal ions.

Metal ion concentration Absorbance value

/mg L–1 0.1 M H2SO4 0.1 M H3PO4

Fe (III) 10 0.166 ± 0.005 0.05 ± 0.003
25 0.365 ± 0.01 0.14 ± 0.007
50 0.749 ± 0.033 0.36 ± 0.016
75 1.1 ± 0.038 0.57 ± 0.023
100 1.43 ± 0.072 0.62 ± 0.31

Zr (IV) 10 0.52 ± 0.023 Zero
25 0.605 ± 0.021 Zero
50 0.667 ± 0.04 Zero
75 0.706 ± 0.031 Zero
100 0.721 ± 0.036 Zero

Th (IV) 10 0.157 ± 0.006 Zero
25 0.434 ± 0.017 Zero
50 0.876 ± 0.035 Zero
75 0.99 ± 0.034 0.0025 ± 0.0001
100 0.99 ± 0.032 0.01 ± 0.0004

Ce (III) 10 0.064 ± 0.003 0.034 ± 0.0017
25 0.246 ± 0.012 0.105 ± 0.005
50 0.594 ± 0.027 0.157 ± 0.008
75 0.88 ± 0.044 0.295 ± 0.017
100 1.12 ± 0.056 0.299 ± 0.015



extract REEs. Thus, REEs can be extracted by primary amines not
by secondary or tertiary amines. Moreover, the extraction of
some REEs from chloride medium using a mixture of
2-ethylhexylphosphonic mono-2-ethylhexyl ester (HEHEHP)
and (D2EHPA) was achieved by Fengyun Zhang et al.36

Although Cyanex 272 was used for the separation of some REEs
from chloride medium,34 the extraction behavior of Ce (III) with
Cyanex 272 from sulfate medium was negative as demonstrated
in the present work.

3.4. Effect of pH
An important variable affecting the separation percent is the

pH of the aqueous solution. The effect of pH was examined by
mixing 10 mL of 100 mg L–1 from each element individual at
different pH values with 10 mL of the organic phase containing
0.1 M of the investigated extractants and shaken for 45 min, and
at room temperature. Figure  2 showed that:
i. Both of Fe (III) and Th (IV) can be extracted at pH 1 and 1.5

with N-methylaniline and Cyanex 272, respectively.
ii. Zr (IV) can be extracted at pH 1.5 with octylamine while at

pH 2, Zr (IV) is hydrolyzed as illustrated in Table 2.
iii. Ce (III) can be extracted at both pH 1.5 and 2 with octylamine,

tert.octylamine and D2EHPA. Moreover, octylamine has the

higher extraction efficiency than tert.octylamine and
D2EHPA.

3.5. Effect of Extractant Concentration
The concentration of extractants is one of the operating param-

eters that significantly influence the final recovery process of the
investigated elements. It is clear from Fig. 3 that, the extraction
efficiency of the investigated elements increases when increas-
ing the extractant concentration and reached to equilibrium at
0.1 M of extractant. Further increase in extractant concentration
leads to insignificant improvement in the metal extraction effi-
ciency. So, the extraction efficiency of the investigated elements
was optimized at the following condition:
i. Fe (III) preferably extracted with N-methylaniline.
ii. Zr (IV) can be extracted either with octylamine or tert.octyl-

amine with almost the same efficiency.
iii. Th (IV) can be extracted with octylamine or tert.octylamine

or Cyanex 272 or D2EHPA, nearly with the same efficiency.
iv. Ce (III) can be extracted with octylamine or tert.octylamine

or D2EHPA, nearly with the same efficiency.

3.6. Effect of Diluents
Diluents influence the extraction of metals by amines and acids
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Figure 1 Effect of contact time on the extraction % of Fe (III), Zr (IV), Th (IV) and Ce (III) from sulfate medium.



due to the aggregation of them in the organic phase.37 Therefore,
various aromatic and aliphatic solvents with different dielectric
constants were tested as diluents for the extraction of the investi-
gated elements as shown in Table 3. The results obtained in
Table 4 showed that both of petroleum ether and hexane are
preferred for the extraction process, while xylene and benzene
proved to be poor diluents. It was reported that there is a good
correlation between the effect of a diluent and its dielectric con-
stant.38 The diluents should have a low dielectric constant and
weak hydrogen bonding capacity. Owing to several factors like
cost, environmental and safety aspects and maximum extraction
efficiency, aliphatic petroleum ether was preferred as the dilu-
ent for all the experimental work.

Depending on the previously obtained results, it was con-
cluded that:
i. N-methylaniline is selective extractant for separation of Fe

(III) at pH 1.

ii. Cyanex 272 is selective extractant for separation of Th (IV) at
pH 1.

iii. Zr (IV) can be efficiently precipitated at pH 2.5.
iv. Ce (III) can be separated at pH 1.5 with octylamine or

D2EHPA.

3.7. Selective Separation of Fe (III), Zr (IV), Th (IV) and
Ce (III) from a Synthetic Mixture

Series of experiments were attempts to separate Fe (III), Zr (IV),
Th (IV) and Ce (III) from each other in a multielements mixed
solution. These experiments were performed based on the
previously optimized conditions for extraction of each element.
Three mixed samples of the investigated elements were prepared
to examine the effect of each element on the extraction and sepa-
ration of the other three elements.
i. In the first mixed sample, the proposed processes were

aimed to separate Fe (III) in the first extraction cycle followed
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Figure 2 Effect of pH on the extraction % of Fe (III), Zr (IV), Th (IV) and Ce (III) from sulfate medium.



by separation of Th (IV) in the second extraction cycle
followed by precipitation of Zr (IV) while Ce (III) remains in
the aqueous solution.

The data represented in Table 5 showed that, Fe (III) in F1 (first
cycle) could be efficiently and selectively separated (95 %) at pH
1 with N-methylaniline. This result is in a good agreement with
the previously individual results obtained. In F2 (second cycle),
it was expected to separate Th (IV) at pH 1 with Cyanex 272 but
unfortunately it does not extract. In F3 (third cycle), the pH was
adjusted to 2.5, to precipitate Zr (IV) (87 %). Finally, Th (IV) and
Ce (III) are overlapped and remained in the aqueous solution.
ii. The second mixed sample was prepared in the absence of Fe

(III) to examine its effect on the extraction of other elements.

The proposed process was aimed to separate Th (IV) in the
first cycle followed by precipitation of Zr (IV) while Ce (III)
remains in the aqueous solution.

The data presented in Table 6 showed that, Th (IV) in F1 (first
cycle) could be efficiently separated (92 %) at pH 1 with Cyanex
272. This result is in a good agreement with the previously
individual results obtained. In F2 (second cycle), the pH was
adjusted to 2.5. In this case Zr (IV) was precipitated (87 %) and Ce
(III) remains in the aqueous solution.
iii. In the third mixed sample, the proposed process was aimed

to separate Th (IV) in the first cycle followed by separation of
Fe (III) in the second cycle, followed by precipitation of Zr
(IV) while Ce (III) remains in the aqueous solution.

The data presented in Table 7 showed that, Th (IV) in F1 (first
cycle) could be efficiently separated (65 %) at pH 1 with Cyanex
272 which in a good agreement with the previously individual
results obtained. In F2 (second cycle), Fe (III) was separated at
pH 1 with N-methylaniline (95 %). In F3 (third cycle), the pH was
adjusted to 2.5 to precipitate Zr (IV) with high uptake 84 %. The
precipitation efficiency was improved from 62 % in aqueous
medium to 84 % in sulfate medium. This may be due the forma-
tion of less soluble Zr (IV)-sulfate complex which is more easily
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Table 3 Dielectric constant of the investigated diluents.

Diluents Dielectric constant

Petroleum ether 2
Hexane 2.02
Xylene 2.28
Benzene 2.3

Figure 3 Effect of extractant concentration on the extraction efficiency of the elements.



precipitated. Finally, Ce (III) was remained in the aqueous solu-
tion.

Finally, the recommended subsequent selective extraction for
separation process of Fe (III), Zr (IV), Th (IV) and Ce (III) from
aqueous sulfate medium is presented in Fig.  4.

3.8. Comparison
The obtained results were compared with other previously

published results as demonstrated in Table  8.
The results in Table 8 showed that the proposed procedure has

higher extraction % comparing with others. Furthermore, the
proposed procedure could be applied for separation of Th (IV),
Fe (III), Zr (IV) and Ce (III) from highly acidic sulfate medium.
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Table 7 Extraction % in the third mixed sample.

Extraction %

Sample Th (IV) Fe (III) Zr (IV) Ce (III)

F1 65 ± 2.8 Zero Zero Zero
F2 7 ± 3 95 ± 2 Zero Zero
F3 12 ± 2.4 Zero 84 ± 2.9 Zero

Table 6 Extraction % in the second mixed sample.

Extraction %

Sample Th (IV) Zr (IV) Ce (III)

F1 92 ± 2.8 Zero Zero
F2 Zero 87 ± 2.5 Zero

Table 5 Extraction % in the first mixed sample.

Extraction %

Sample Fe (III) Th (IV) Zr (IV) Ce (III)

F1 (first cycle) 95 ± 2.7 Zero Zero Zero
F2 (second cycle) Zero Zero Zero Zero
F3 (third cycle) Zero Zero 87 ± 2.4 Zero

Table 4 Effect of diluents on the extraction (%) of Fe (III), Zr (IV), Th (IV) and Ce (III).

Diluents: Xylene Petroleum ether

Extractant Fe (III) Th (IV) Zr (IV) Ce (III) Fe (III) Th (IV) Zr (IV) Ce (III)

Octylamine 15 ± 2.3 59 ± 2.5 54 ± 2.1 54 ± 2 25 ± 3 96 ± 2.9 95 ± 2.8 90 ± 3.4
tert.octylamine Zero 48 ± 1.9 49 ± 2 47 ± 1.8 Zero 93 ± 3.2 92 ± 2.6 86 ± 2.4
N-Methylaniline 44 ± 2.3 14 ± 2.3 Zero Zero 95 ± 2.7 24 ± 2.9 Zero Zero
N,N-Dimethylaniline 27 ± 2.7 8 ± 3 Zero Zero 46 ± 3.4 19 ± 2.3 Zero Zero
Cyanex 272 Zero 42 ± 1.8 Zero Zero Zero 94 ± 2.9 Zero Zero
D2EHPA Zero 40 ± 3 Zero 41 ± 2.5 Zero 92 ± 2.1 Zero 82 ± 2.6

Hexane Benzene

Fe (III) Th (IV) Zr (IV) Ce (III) Fe (III) Th (IV) Zr (IV) Ce (III)

Octylamine 24 ± 1.9 85 ± 2.3 86 ± 2.7 84 ± 2.4 10 ± 1.5 42 ± 2.1 41 ± 1.9 39 ± 1.8
tert.octylamine Zero 82 ± 2.8 78 ± 2.6 80 ± 2.1 Zero 34 ± 2.3 38 ± 2.4 31 ± 2
N-Methylaniline 81 ± 3 22 ± 2.7 Zero Zero 25 ± 1.6 11 ± 2 Zero Zero
N,N-Dimethylaniline 38 ± 3.2 11 ± 2.9 Zero Zero 13 ± 2.7 Zero Zero Zero
Cyanex 272 Zero 82 ± 2.2 Zero Zero Zero 39 ± 1.4 Zero Zero
D2EHPA Zero 85 ± 2.7 Zero 78 ± 2.8 Zero 36 ± 2 Zero 29 ± 2.5

Table 8 Comparison with some previous studies.

Studies Element Extractant [H+] Extraction %

Eskandari et al.30 Th (IV) Cyanex 302 5 M H2SO4 47.7
I.M. Ahmed39 Fe (III) Cyanex 272 pH 2.5 80

Present study Th (IV) Cyanex 272 pH 1 65
Fe (III) N-methylaniline pH 1 95

Figure 4 Flowchart for subsequent selective separation of Fe (III), Zr (IV),
Th (IV) and Ce (III) from the acidic sulfate solution.



3.9. Stripping of Th (IV) and Fe (III)
Stripping of Th (IV) and Fe (III) from the organic phase using

different concentration of inorganic acid such as HCl and HNO3

has been tested. As shown in Table 9, 80 % of Th (IV) was effi-
ciently stripped by 4 M HCl while, Fe (III) was not stripped by the
two tested acids even at 5.0 M. According to Lasheen et al.40 and
Li et al.41 the extraction of iron (III) with some amines is accompa-
nied by the formation of the third phase between organic and
aqueous phase. Therefore, it was necessary to add a modifier
during the extraction step to improve the stripping of iron.

4. Conclusion
Subsequent and selective solvent extraction of Fe (III), Zr (IV),

Th (IV) and Ce (III) from the acidic sulfate solution with different
basic and acidic extractant in petroleum ether has been success-
fully developed. The developed procedure clearly demonstrate
the superiority of Cyanex 272 and N-methylaniline to separate
Th (IV) and Fe (III) respectively at pH 1 followed by the precipita-
tion of Zr (IV) at pH 2.5. Meanwhile Ce (III) remains in the
aqueous solution.
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