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Rare earth compounds widely used in industrial applications and new processes with green solvents are
appropriate for recovering these elements. In this study, the ionic liquid application development was
investigated to extract europium ions in single and binary systems. A green procedure for europium (I11)
extraction from aqueous chloride solution was investigated using phosphonium ionic liquid Cyphos IL
104. Comparative conditions were investigated for analyzing better results with the presence of organic
extractant such as Cyanex272, D2EHPA in the batch experiments. The experiment design was carried
out based on the central composite design principles to analyze the relationships between the responses
and the significant parameters. The obtained data revealed that the quadratic equation has good
desirability to predict the extraction percentage. Investigation of the extraction process showed that the
ionic liquid Cyphos 1L104 has selective power in the extraction of europium and the efficiency is higher
than the organophosphorus extractants. Accordingly, optimum conditions for maximum removal of
europium ions were obtained equal to 5.5, 1, 16 min, and 0.008 M for feed acidity (pH), phase ratio,
time, Cyphos IL 104 concentration. Examination of binary systems of rare earth elements showed that
ionic liquid had positive and negative effects on the separation factor. The high efficiency of ionic liquid
in the reuse condition indicated that the system is appropriate from an economic perspective.
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1. INTRODUCTION

contaminated water [8]. Solvent extraction is one of the
conventional techniques in the extraction of rare earth

The demand for rare earth elements due to their
increasing critical applications has been increased in
recent years [1]. New rules and regulations have been
reported according to these elements’ application types
in various industries [2, 3]. Their increasing prices led to
improvements in their extraction and separation from ore
in their recovery from wastes in electric and electronic
equipment or other industrial materials [4]. It is
associated with the introduction of new routes for
production [5]. For example, lanthanum nanoparticles
with optical properties synthesized during the sol-gel
procedure [6]. Nowadays, paths are more favorable with
less environmental impact [7], and ecological processes
such as electrodialysis have expanded to reduce COD of
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metals. This technique is coupled with the simplicity of
the system, facilitating the separation process.

Still, the high-volume of organic solvent and
environmental pollutants are the disadvantages of this
approach [9]. Therefore, it led to other procedures such
as adsorption or liquid membranes with different types
such as emulsion liquid membrane [10], supported liquid
membrane, bulk liquid membrane [11], etc. Many
adsorbents from simple materials in nature to complex
nanocomposite materials have been described in the
literature to extract these elements [1]. The supported
liguid membranes with the aim of separation of rare earth
elements have been reported in various studies [12]. The
research work by Asadollahzadeh and co-workers [13]
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showed that the combination of ionic liquid and
organophosphorus solvents with stabilization in the
supported liquid membrane was an appropriate procedure
in the separation of yttrium ions. But the coefficients of
separation factor in the solvent extraction technique are
much higher than other methods [14]. Thus, this method
by modifying the input organic matter has been
investigated in many studies [15-17]. In addition to the
type of organic solvent, the type of equipment is also
useful in solvent extraction and the increment in the mass
transfer coefficients [18-21]. It has been studied in
various studies with rotating and pulsed columns for rare
earth separation [22-24]. Different organic solvents of
anionic, cationic, and soluble extractants have been
utilized to recover rare earth elements [25, 26]. Alongside
these solvents, ionic liquids as environmental green
solvents have been found to have particular applications
in the extraction and separation procedure of rare earth
elements [27]. The separation factor of gadolinium from
samarium equal to 8.47 obtained in the combination of
TBP, Cyanex272, [CsMIM][PFs] in one contact of both
phases [28]. In another work, cerium ion recovery
investigated from glass polishing powder waste using the
synergistic effects of imidazolium ionic liquids and
TOPO and TBP [29].

Europium is one of the rare earth elements that has
been received particular attention in recent years. The
neutron absorbers, europium phosphors on television,
fluorescent powders, and lamps are applications that are
reported by the use of these ions in the industry [30].
Recently, the discussion of ionic liquids for the extraction
of europium ions has been received special attention [31].
The results of the investigation with undiluted ionic
liquids from the thiocyanate family [C101][SCN]
showed that the four extraction steps achieved with the
high efficiency for the recovery of europium on the
organic/aqueous phase ratio equal to 1/10 [32]. In the
study of Dai et al. [33], a homogeneous extraction
technique with ionic liquids [DHbet][Tf,N] and
[THbet][Tf2N] showed that the europium ions recovered
from aqueous solution with the extraction efficiency
higher than 90% during the four extraction stages. The
utilization of Cyphos IL 104 was evaluated for the
extraction abilities in the recovering of Eu(lll) in the
rotating disk column with an asymmetrical structure [34].
The percentage increase for overall mass-transfer
coefficients obtained using this solvent and the higher
mixing rate [34].

Examination of eight imidazolium ionic liquids as a
diluent, and Octyl(phenyl)-N, N-diisobutyl carbamoyl-
methylphosphine oxid (CMPO) as an extractant showed
that the ligand/metal ratio in the extracted complex with
ionic liquids was far higher than that of the use of n-
dodecane as a diluent [35]. A combination of solvation
and cation-exchange mechanisms proposed to extract
europium  with imidazolium ionic liquids. The

temperature was reported as a critical factor in the
exothermic reaction to remove europium ions with these
ionic liquids [35]. In similar results conducted by Tan and
co-workers [36], the combination of 2,6-bis(5,6-diethyl-
1,2,4-triazin-3-yl) pyridine (C2-BTP) and
[Cnmim][NTf;] imidazolium ionic liquid, the
temperature rise was favorable for the europium
extraction, and cation-exchange proposed as an
extraction mechanism.

Rao et al. [37] investigated the examination of the
behavior of the two extractants such as T2EHDGA, and
CMPO diluted in the bis(trifluoromethylsulfonyl)imide
(IN1444] [NTf;]) ionic liquid. The europium ions’
extraction revealed that the contribution of three and two
molecules of two extractants under ion-exchange
reactions led to the desired removal [37]. In the research
conducted by Atanassova and Kurteva [38], similar
results were reported from a chloride solution with a
mixture of CMPO, HTTA, and [Cnmim][NTf.]. The
investigation of the separation factor of europium from
gadolinium with ionic liquid [A336][P204] compared
with the P204 extractant. The results showed that the
higher separation factor under the same conditions
provided by ionic liquid [39].

The species of EU(OHA)4(H20)4(PFe)s is the result of
complex formation between the ionic liquid 1-alkyl-3-
methylimidazolium  hexafluorophosphate and  4-
oxaheptanediamides extractant for the europium
recovery during the ion exchange mechanism as the
studies by Niu and co-workers [40].

Research conducted by Larsen and Benjamin [41]
showed that with ionic liquids and a chelating agent
(EDTA), the light rare earth elements separated from
heavy elements with the higher separation factor. In this
research, ionic liquid tricaprylmethylammonium nitrate
[A336][NOs] was used as an organic solvent, which was
highly desirable in the extraction. With all the benefits of
ionic liquids, the limitations such as the loss of cations in
imidazolium ionic liquids, the low thermal stability of
ammonium-based ionic liquids lead to an increase in the
tendency towards phosphonium ionic liquids.

Limited studies have carried out on the separation of
rare earth elements with phosphonium types of ionic
liquids. Therefore, in this study, the phosphonium ionic
liquid was investigated to extract europium from chloride
solution. Extraction conditions were investigated by
examining various factors such as temperature, pH, ionic
liquid concentration, and acidity in the recovery rate. The
results using of organic solvents such as D2EHPA and
Cyanex272 were reported for comparison and
conclusion.

The use of the central composite design approach for
the separation of europium ions from chloride solution
with phosphonium ionic liquid as a green solvent is the
innovation of this study that has not been observed in the
literature.
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2. EXPERIMENTAL

2. 1. Reagents In this study, the ionic liquid
trihexyl (tetradecyl) phosphonium bis(2,4,4-
trimethylpentyl) phosphinate with purity of higher than
90% was supplied by Sigma-Aldrich company. The
organic solvents such as Cyanex272 (Solvay, 85%>) and
D2EHPA (Sigma-Aldrich) were used for the preparation
of the organic phase in comparison with ionic liquid. The
commercial kerosene from the lranian petroleum oil
refinery was used as a diluent. The salt of europium(lIl)
nitrate pentahydrate from Sigma-Aldrich company was
used for the preparation of the aqueous phase containing
Eu(lll) ions for solvent extraction procedure (ion
concentration equals 250 mg/L). The sulfuric, nitric, and
hydrochloric acids (Merck company) were utilized to
prepare acidic solutions.

2. 2. Experimental Procedure By selecting three
solvents (D2EHPA, Cyanex272, and Cyphos IL 104) to
extract europium ions, the design process of the
extraction experiments was performed for each solvent
with the selective parameters as summarized in Table 1.

Two aqueous and organic phases were prepared for
the extraction process. The aqueous phase was prepared
by only europium ions as a single element or by other
ions (La(lll), Ce(lll), Nd(Il1), Gd(111), Dy(lll)) to
investigate the behavior of different elements.

The organic phase was prepared from ionic liquid
dissolution in kerosene solvent. This ionic liquid was
substituted for comparing with the D2EHPA or
Cyanex272 extractant. Polyethylene containers were
used for two-phase contact. The amount of 10 mL of
phases added to the container. The bottles were
incorporated into the shaker for the mixing process.

After a specific time, the separation of two phases was
performed by the decanter. The measurement of the
europium ions in the aqueous phase was performed with
a UV instrument (UNICO model), and arsenazo material.
The concentration of ions in the aqueous phase is the
criterion for the objective parameter. It is defined based
on the distribution coefficient (D) as follows:

TABLE 1. Definition of independent variables and their levels
in the central composite design

Independent
Variables

Symbols  -a -1 0 +1 +a

Time, min X1 2 6 11 16 20

Concentration
of ionic liquid X, 0.001 0.003 0.006 0.008 0.01
or extractant, M

pH of
aqueous X3 1 2 35 5 6
solution

~[EU(ID]y
~ [Eu(i)],, @
%E = x100
D+ Vag @

org

In the above equation, E, Vaq, and Vorg are the extraction
efficiency, the volume of the aqueous phase, and the
volume of the organic phase, respectively.

3. RESULTS AND DISCUSSION

3. 1. Results from the Experimental Design
Approach In this study, the experiments were
carried out based on Table 1, analyzed in three-
dimensional graphs, as shown in Figures.1 to 3. The
results in Figure 1 described that the ionic liquid Cyphos
IL 104 at low concentrations (0.001 to 0.01 M) is highly
desirable for the extraction of europium ions. This feature
helps extract with the maximum extraction efficiency
higher than 98% with 0.01 M Cyphos IL 104 diluted in
kerosene. But, D2EHPA extractant at low concentrations
showed the maximum extraction efficiency higher than
60% in 0.01 M concentration, and this parameter is below
10% by using Cyanex272 in 0.01 M value.

This figure illustrated that the enhancement in ionic
or extractant liquid concentration led to the rise in the
extraction rate. These results are due to more solvents for
the complex formation, which is associated with an
increment in the transfer of europium ions to the organic
phase. But, no desirable extraction is obtained with the
Cyanex272 at these concentrations. Therefore, an
increase in the extraction efficiency higher than 99%, it
would be necessary to increase the extraction
concentration of Cyanex272 higher than 0.5 M.

The time variation showed that the D2EHPA
extractant behavior is faster than the ionic liquid for the
complex formation. The maximum extraction efficiency
reached with the final desirability equal to 2 minutes. But,
the ionic liquid contributed more slowly to the formation
of the complex, and it required about ten minutes to reach
the maximum ion transport to the organic phase.

The variation in pH in Figures 2 and 3 showed that
the extraction behavior depends on the acidity of the
aqueous solution. The D2EHPA extractant from a pH
value higher than two faces fewer hydrogen ions in the
aqueous solution, so the extraction reaction led to the
release of more hydrogen ions. This process is associated
with an increase of complex formation and,
consequently, greater extraction efficiency. The oxygen
in the ionic liquid tends to form a reaction with more
hydrogen ions than the europium ions. This effect causes
the tendency for the europium ions to be negligible when



M. Asadollahzadeh et al. / IJE TRANSACTIONS B: Applications Vol. 34, No. 02, (February 2021) 508-516 511

the amount of hydrogen in the aqueous solution is high.
Still, with increasing pH and the decrease in the soluble
acidity, the hydrogen ions’ reduction tends towards the
europium ions and increases the extraction efficiency.

{__!Cyphos IL 104
100 Bl D2EHPA
B Cyanex 272
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Figure 1. Response surface graphs for the extraction
efficiency of Eu(lll) with the effect of time, and
concentration of ionic liquid or extractant (O/A ratio=1,
temperature=25 °C, pH of aqueous phase=3.5)
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Figure 2. Response surface graphs for the extraction
efficiency of Eu(lll) with the effect of aqueous pH, and
concentration of ionic liquid or extractant (O/A ratio=1,
temperature=25 °C, time=20 min)
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Figure 3. Response surface graphs for the extraction
efficiency of Eu(I11) with the effect of aqueous pH, and time
(concentration of ionic liquid or extractant=0.01 M, O/A
ratio=1, temperature=25 °C, time=20 min)

In the next step, the obtained data were evaluated
using the statistical AVOVA results, as shown in Table
2. The data for F-value and p-value illustrate that the
model is essential or not. This table shows that F-values
equals 21.36, 14.67 for Cyphos IL 104, and D2EHPA
extractant and p-value equal to 0.0001, which led the
model important for the response.

The F and P values are essential for the selected
model, and their significance is determined in the
Design-Expert® Software for the proposed model. These
values may not be meaningful in some parameters due to
the interaction of the parameters. But the significance
value is essential for the selected model and should be
evaluated explicitly by examining other parameters (R?
coefficient, adjusted R? coefficient, average absolute
relative errors).

The values of R? for the selected model were examined
by linear, quadratic, and cubic models. The high values
equal to 0.9505 and 0.9260 from the quadratic model for
extraction with Cyphos IL 104, and D2EHPA extractant,
respectively, indicated that the model is highly accurate
for predicting extraction efficiency (see Figure 4). As a
result, quadratic model equations representing the
extraction efficiency (Y) in the reactive condition
acquired as Equations (3), and (4):

Y = -34.016+1.953X, +7268.762X , +

10.308X 5 +70.536X, X, +0.008X, X5 + 3)
186.048X, X —0.050X — 74613.069X 2 —0.943X 2

Cyphos
1L104

TABLE 2. ANOVA data for europium extraction in the
reactive condition with Cyphos IL 104

Source 5:12&2 #:353; F-Value P-Value
model 7485.83 9 21.36 <0.0001
Xy 624.12 1 16.03 0.0025
X, 6063.74 1 155.70 <0.0001
X, 699.92 1 17.97 <0.0017
X, X, 8.16 1 0.21 0.6559
X X, 0.036 1 9.36x10* 0.9762
X, X, 4.38 1 0.11 0.7443
X2 29.93 1 0.77 0.4013
X? 411 1 0.11 0.7519
X2 62.62 1 161 0.2335
Residual 389.44 10 - -
Lack of Fit 383.46 5 64.18 0.0002
Pure Error 5.98 5 - -
Cor Total 7875.27 19 - -
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Y =-36.788-+0.449X, +11005.221X,, +
12.801X 5 +17.896X, X, +0.241X, X, + )

384.352X, X5 —0.046X 7 — 684645.028X 7 ~1.936X 2

D2EHPA

The average absolute relative errors equal to 7.83 and
11.29% with Equations (3) and (4) indicate that the
selected model is very appropriate for the prediction of
extraction efficiency.

As shown in Figure 4, this model is also applicable to
the Cyanex272 extractant, but since the extraction rate is
low, no proposed model reported for the extraction of
Eu(l1) ions with Cyanex272.

The maximum extraction efficiency was selected as
the criterion in the experiments in the optimization
condition. All independent variables were kept within
range. The results were obtained by using Design-
Expert® Software, as shown in Table 3. Besides, under
optimal points, the experiments were conducted in the
optimal points, and the results of extraction efficiency for
Cyphos IL 104 and D2EHPA extractant were added in
this Table. As can be observed in Table 3, the predicted
values from models were compatible with the
experimental data. The research results were reviewed at
the optimal point with studies conducted by Mishra and
Devi [42]. The results showed that the obtained data
correspond to the conditions examined in reference [42].
The accuracy of the results compared with the data in the
literature is also revealed in this study.

3. 2. Results from the Investigation of other
Parameters

3. 2. 1. Synergistic Factor This study showed
that at low concentrations, Cyanex272 is not suitable for
the extraction of europium ions. The synergistic effect
can help to the incremental trend for the extraction of
these ions. For this purpose, the combination of the
extractants and the ionic liquid was investigated in this
study. The critical parameter is the synergistic factor as
defined by the following equation:

I:)mix(l,Z)

SF =
D, +D, ®)

The results of the study of the effect of the synergistic
factor are shown in Figure 5. The results described that
adding ionic liquid to the Cyanex272 extractant helps to
increase the extraction rate. The SF coefficients more

significant than one showed synergistic effects between
the Cyanex272 and Cyphos IL 104. Also, the addition of
an ionic liquid to the D2EHPA extractant showed the
formation of synergistic effects. Therefore, the extraction
efficiency of europium ions improves by ionic liquid at
low concentrations of the extractants. Extraction with a
smaller amount of organic solvent indicated that more
favorable conditions would be provided with less
environmental impact in the extraction of rare earth
elements.

3. 2. 2. Organic/ Aqueous Phase Ratio The
ratio of aqueous to organic phases is a parameter that
affects the rate of ions extraction. The increase or
decrease of the A/O ratio on the extraction of europium
ions is shown in Figure 6. The results in this diagram
described that large amounts of the organic phase over
the aqueous phase increase the value of complexing
agents caused by ionic liquids or extractant. This increase
is an upward trend in the extraction of ions and their
transfer to the organic phase.

3. 2. 3. Temperature Factor The temperature
behavior of the europium extraction was investigated
under optimum conditions. The results of extraction with
Cyphos IL 104 showed that the increase in temperature
from 298.15 K with the distribution coefficient equals
778.43 led to the increment in the extraction of europium
ions with a D value equal to 1386.8 at 328.15 K. This
increase indicates that the extraction process is
endothermic. The examination of the logarithmic graph

100

%X Cyphos IL 104
€ D2EHPA £
807 @ Cyanex272 1
=
D
2 60
E o
& 40
20
&£
0 20 40 60 80 100

Actual

Figure 4. Diagnostic plots of the central composite design
model for europium extraction (predicted value versus
actual value)

TABLE 3. The optimal point for the reactive extraction of europium ions with Cyphos IL 104, and D2EHPA extractant

Oraanic Phase Time/  Concentration of  pH ofaqueous  Predicted Extraction Experimental Extraction Deserability
g min Solvent/ M solution Efficiency (%0) Efficiency (%0)

Cyphos IL 104 16 0.008 55 87.95 86.23 1

D2EHPA 5 0.01 4.3 63.74 61.84 1
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Figure 5. Synergistic effect on the extraction of Eu(lll) ions
by using Cyphos IL 104, Cyanex272, and D2EHPA (pH of
aqueous solution=3.5, O/A ratio=1, temperature=25 °C,
time=20 min)
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Figure 6. Effect of A/O ratio on the extraction efficiency of
Eu(Il) with ionic liquid Cyphos IL 104, D2EHPA, and
Cyanex272 (concentration of ionic liquid or extractant=0.01
M, pH of aqueous solution=3.5, temperature=25 °C,
time=20 min)

of the distribution coefficient in terms of temperature
described that the reaction enthalpy was 15.35 KJ/mol.
The variation of temperature by using D2EHPA
extractant from 298.15 to 328.15 K showed the changing
in D values in the range 1.51-1.55 that temperature factor
has little effect on the extraction of europium that
ambient temperature is more favorable for the reaction.
A small enthalpy value of calculations was derived
equally to 0.145 KJ/mol for Eu(lll) extraction with
D2EHPA extractant.

3. 2. 4. Stripping Aqueous Solution The
stripping of the organic solution containing D2EHPA or
Cyphos IL 104 with water is impossible due to the strong
ionic bonds between the ionic liquid or D2EHPA, and
Eu(lll) ions. Three different acidic solutions, including
sulfuric, chloride, and nitric acid, were investigated for
stripping study, as shown in Table 4. The present results

TABLE 4. Effect of stripping agents on the recovery of Eu(l11)
ions from the organic phase

Stripping Agent  Concentration/ M  lonic DE CYA

H.SO, 0.5 61.23 5898 40.78
H2SO, 1 67.45 87.43 9144
H.SO, 2 70.77 98.45 99.88
HCI 0.5 50.37 6511 70.33
HCI 1 59.87 89.67 87.77
HCI 2 66.19 8376 80.14
HNO; 0.5 7456 66.33 7245
HNO;3 1 98.91 9956 99.12
HNO; 2 90.23 9845 93.45

described that the stripping percent is enhanced by the
acid concentration from 0.5 to 2 molar. The nitric acid in
the reaction medium dramatically affects the stripping
efficiency from the organic phase containing ionic liquid,
D2EHPA, or Cyanex272.

3. 2. 5. Diluent Effect The effect of diluent in the
extraction of europium ions is shown in Figure 7. The
extraction rate with Cyphos IL 104 is not dependent on
the diluent impact. Approximately the same values for
extraction efficiencies were obtained by using different
diluents. In the extraction of metals with the
organophosphorus extractant, a diluent with a lower
dielectric constant is more appropriate. The results in
Figure 7 showed that the solubility of D2EHPA in non-
polar diluents is better than polar solvents. Therefore, the
higher transfer for Eu(lll) ions occurs in the reactive
extraction with kerosene as a diluent.

3. 2. 6. Impact of other Rare-earth Ions in Aqueous
Solution Binary systems containing europium
ions and other rare earth elements were investigated with
the organic system containing ionic liquid under
optimum conditions. The results showed that the
variation in separation factor (5 - Bl ), were desirable in
2

the separation of the europium from the light elements,
and the separation factor equals to 9.51, 3.98, 2.24 was
obtained for binary systems of Beuwta, Beuwce, and Pewnd,
respectively. But in the separation of europium from
heavy rare earth elements, the ionic liquid exhibits
synchronous behavior in the extraction of both elements.
Therefore, a high separation factor for binary compounds
Bedeu, and Poyes equal to 1.12, 1.34, respectively, was
observed in the experimental study.
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Diluent Dielectric constant
Chloroform 4.81
o-Xylene 2.57
Toluene 2.38
Benzene 2.27
Cyclohexane 2.02

Extraction Efficiency / %

Kerosene 1.8

Kerosene
Cyclohexane
Benzene
Toluene
o0-Xylene
Chloroform

Figure 7. Role of diluents in the extraction of europium ions
by using of Cyphos IL 104, and D2EHPA in the organic
phase in the optimum condition

4. CONCLUSION

The development of a solvent extraction process is
crucial for the extraction and separation of rare-earth
metals, and attention has been shifted to the application
of green solvents. In this research work, the phosphonium
ionic liquid Cyphos IL 104 as a green solvent was
investigated in the europium extraction from chloride
solution by using the new predicted model. The
extraction process was performed using the experimental
design technique to minimize the number of experiments
and identify the interaction effects of the critical
parameters. The results showed that the ionic liquid had
higher extraction efficiency compared to the D2EHPA
and Cyanex272 extractant. But, the variation of E% with
time and aqueous pH showed that the response rate of
Cyphos IL 104 for attracting ions and transferring them
to the organic phase is slower than applying the D2EHPA
extractant.

The optimum conditions for maximum removal of
europium ions were obtained equal to 5.5, 1, 16 min, and
0.008 M for feed acidity (pH), phase ratio, time, Cyphos
IL 104 concentration. The values equal to 4.3, 1, 5 min,
and 0.01 M for these parameters, respectively, were
obtained by extraction procedure with D2EHPA
extractant.

The Cyanex272 at low concentrations showed
inferior performance, but its combination with ionic
liquid due to the synergistic effect was identified as a
desirable extraction system at low concentrations. The
binary system of rare-earth ions with ionic liquid showed
that this solvent is very suitable for the separation of light
rare earth elements.
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