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Abstract—This study investigated imidazolium ionic liquids’ capability under ultrasonic irradiation conditions for dys-
prosium extraction from the aqueous nitrate solution. The main objective was to evaluate the feasibility of ultrasound-
assisted extraction techniques compared to conventional solvent extraction. The extraction process was investigated as
a function of the ionic liquids and organic extractant, organic/aqueous phase volume ratio, the acidity of the aqueous
phase, contact time, ion concentration, temperature, and stripping condition. The outcomes demonstrated that the
combination of CIMIM.PF, and TOPO extractant is more extractable than the mixture of CIMIM.NTI, and TOPO.
The effects of ultrasonic irradiation on the Dy(IIl) ions show that ion transfer occurs with high extraction efficiency.
The variation of logD versus temperature demonstrated that temperature had little impact on the extraction proce-
dure. The recovery of dysprosium ions from the organic phase using 0.5 M nitric acid is achieved in stripping studies.
The results showed that the extraction and recovery under ultrasonic irradiation and with the presence of ionic liquids
proposed a simple and environmentally friendly approach for the purification and separation of rare-earth ions from

the permanent magnet wastewater.
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INTRODUCTION

One of the largest dysprosium industries globally is involved in
creating permanent magnets [1]. The resistivity in high tempera-
ture is one reason for the utilization of (Nd, Dy)-Fe-B magnets in
engines and generators [2,3]. The demand for dysprosium ions is
rapidly increasing due to the particular application of magnets [4].
Dysprosium is one of the rare earth metals extracted by various pro-
cesses from the rare earth minerals, such as basic and acidic leach-
ing, solvent extraction, and ion exchange [5]. In addition to the
original production process, recovery procedures have been devel-
oped to bring this strategic metal back to industry [6,7]. Wastewa-
ter management is essential in all processes, and the improvement
of methodologies is one of the most critical needs due to the reduc-
tion of environmental impacts [8]. Green chemistry has been in-
troduced in recent years to develop modern processes and elimi-
nate environmental pollution [9].

Green solvents are an essential stage in improving new proce-
dures, and research works into the applicability of ionic liquids have
increased in the literature [10-17]. Sun and co-workers showed the
association of saponification technique and ionic liquid in separat-
ing different rare earth elements. The separation process of lantha-
num from yttrium was reported during two extraction stages and
four washing stages [18]. Application of triphosphine trioxide ligand
in two ionic liquids ([EBPip][NTH,], and [EOPip][NTL]) showed
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that the obtained mixture for the separation of rare earth elements
had higher efficiency than the dibenzyl ether solvent [19]. Young
and co-workers synthesized a new ionic liquid for the extraction and
precipitation of rare-earth elements. The synthesized sample was
applied to recover praseodymium from the Nd-Fe-B magnet waste-
water, and 99.85% recovery was obtained after the iron removal
stage [20]. The separation of scandium was investigated by using
[C,MIM.NTL,] as an ionic liquid and carboxyl-functionalized ionic
liquids as an extractant. The outcomes showed that 99.5% of the
scandium ions could be separated from the mixture of lanthanides
with a high separation factor (~1,000) [21]. Recovery of Dy(III) and
Nd(IIT) from permanent magnets was studied with ionic liquid
(trihexyl(tetradecyl)phosphonium chloride) and EDTA as a com-
plexing reagent. The oxide compounds of the Dy(II) and Nd(III)
were prepared with high purity of 99.6%, and 99.8%, respectively.
The results confirmed that ionic liquids could be utilized in the
recovery process with high efficiency [22]. Chen and co-workers
investigated the effect of [A336][P507] as a bifunctional ionic lig-
uid extractant for the solvent extraction of heavy rare earth ele-
ments. The proton-exchange mechanism in the jonic concentration
of less than three mol/L, jon-pair mechanism above seven mol/L,
both in the range 3-7, were reported with this extractant [23].
Extraction of dysprosium ions with organic solvents such as
PC88A [24], D2EHPA [24], Cyanex923 [25], Cyanex572 [26], and
Cyanex272 [27] was investigated in the literature. The outcomes
showed that different parameters such as temperature, time, the
concentration of salts, and extractants influenced the extraction effi-
ciency. Also, mixing is significant in the extraction process; for this
reason, various agitated columns have been used to extract rare earth
metals [28-35]. The use of ultrasonic waves is one of the suitable
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alternatives to the mechanical mixing process. The enhancement
in the ion transfer rate between two phases is provided by the waves
and the formation of microbubbles [36]. The increase in mass trans-
fer rates and slight variations were reported in hydrodynamic param-
eters under ultrasonic waves [37]. Daryabor and co-workers in-
vestigated the potential of ultrasonic waves to extract zinc and cad-
mium ions from sulfate media. The result showed that cadmium
ions were affected by the ultrasonic waves, and their transfer rate
decreased to the organic phase. However, these waves did not im-
pact the extraction efficiency of zinc ions [38]. The ultrasonic pro-
cess has particular advantages, such as reducing the stagnant regions
between two phases and enhancing circulation. Most studies have
been investigated in the solid-liquid phase systems [39-43]. Also,
few studies have been performed on extracting rare earth metal
dysprosium by using ionic liquids. This study investigated the dys-
prosium extraction from aqueous solution under ultrasound-assisted
extraction technique with ionic liquids. Also, the mechanical mix-
ing system and the utilization of commercial organic solvents were
studied to compare and describe the procedure. The eftects of main
parameters on the extraction efficiency were investigated, and the
ion transport mechanism was reported by the relationship between
distribution ratio and the variation of main parameters. The appli-
cation of ultrasonic and mechanical mixing conditions showed that
dysprosium ions could be extracted using these procedures and
the imidazolium ions.

EXPERIMENTAL

1. Chemical Materials

For experimental work, trioctylphosphine oxide purchased from
the Aldrich company was utilized as the organic extractant. Imid-
azolium ionic liquid (C,MIM.NTY, and C,MIM.PF,) as an extract-
ant and a diluent was purchased from synthesized samples in the
Iranian Petroleum Research Institute. Kerosene was used as a dilu-
ent in the comparative study with ionic liquid. The feed solution
was prepared by dissolving the dysprosium nitrate hexahydrate,
99.9% (the Middle East Alloy company) in deionized water. The
recovery solution in the stripping phase was prepared by using a
nitric acid solution with a specific concentration.

2. Extraction Procedure

The extraction process was performed by selecting 5 mL from
two aqueous and organic phases and their contact. The aqueous
phase was prepared with a specific concentration of dysprosium
(250 ppm) in nitric acid medium, and the organic solvent was pre-
pared from ionic liquid alone or its combination with TOPO extract-
ants. Both phases were mixed using thermostatic shaking water
(conventional extraction, memmert model, WNB14) or ultrasonic
bath, including an immersed probe system (sonicator 3000) adjusted
to 24 W.

After a specific time, both phases were transferred into the de-
canter, and ICP-instrument analyzed the concentration of the aque-
ous phase.

3. Evaluation Parameter

The variations in the metal ion concentrations of two phases
are the criteria for examining the extraction performance, which is
determined by the distribution ratio (D), and the extraction effi-

ciency (%E), separation factor (SF), and stripping percent (%S) ac-
cording to the following equations:

3+
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Dy (III) ions were recovered from the organic phase with nitric
acid stripping solution by using Eq. (4) to determine the percent-
age of stripping.
4. Counter-current Extraction Procedure

The spent NdFeB magnet containing 23.4+0.1 Nd, 2.71+0.03 Pr,
0.98+0.01 Dy, 69.4+0.03 Fe, and 0.3+0.02 B was leached by 0.5 M
HCl at 368 K and 100 g/L pulp density for 300 min. The obtained
solution from the leaching process contained 16.73 g/L Nd, 3.66 g/L
Pr and 0.34 g/L Dy along with only 0.012 g/L Fe and other minor
impurities. Iron and other impurities were removed by precipita-
tion at pH 3.5. The counter-current procedure was performed using
separator funnels, in which 10 cm’ of the aqueous phase and 10
cm’ of the organic phase were introduced. The metal concentra-
tions in the feed solution corresponded to the representative REE
concentrations on magnet wastes. The selected organic phase with
optimum concentration was used for the counter-current extraction
procedure. The experimental work started with two separator fun-
nels (funnel 1 and funnel 2) with A/O phase ratio equal 1:1. The
steps described below were followed when both phases were sepa-
rated: (1) Take a new separator funnel (number 2); a new organic
phase is introduced in this funnel. (2) Remove the aqueous phase
from the separator funnel number 2 as a sample. (3) Put raffinate
from funnel number 1 into funnel number 2. (4) A fresh aqueous
phase in the separator funnel number 2 is introduced. This proce-
dure was repeated until the rare earth concentrations were con-
stant. The stabilization was examined by determining rare earth
concentrations in the stripping solution from the remaining organic
phases.
5. Uncertainty Analysis by Using Monte Carlo Simulation

As perhaps the most extensively utilized technique for probabi-
listic risk assessment modeling, Monte Carlo simulation is a meth-
odology that can assess the variability and uncertainty in several
parameters. In the present investigation, the inconstancy and sen-
sitivity examination of the predictions of the risk assessment model
was completed utilizing Monte Carlo simulation. A streamlined way
to deal with performing Monte Carlo simulation is to make the
model without uncertainty in Microsoft Excel programming, then,
at that point, utilize the spreadsheet-based application, for exam-
ple, @Risk programming. The Monte Carlo simulation technique
did the sensitivity analysis by 10,000 in @Risk 5.x. This technique
chooses the upsides of the boundaries from their distribution fit-
ted to include information and thus computes both point value and
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the distribution of exposure and risk. The risk investigation utiliz-
ing @Risk 5x depends on fostering a mathematical model in Excel
that represents the situation of interest. After developing a deter-
ministic model, point estimates are replaced with probability dis-
tribution assumptions and forecast the output distribution. The
determined output distribution is utilized to evaluate the riskiness
of the situation.

The uncertainties because of the error in ion concentration anal-
ysis were assessed by utilizing a Monte Carlo technique. The actual
measurement value was assumed to possess a Gaussian probabil-
ity distribution with the mean and standard deviation correspond-
ing to measured values and errors. Calculations randomly chose
values to depend on the probability distribution for the various
factors, and corresponding values for extraction efficiency evalu-
ated in each run. A total of N=10,000 iterations were performed
for each data point, and each simulation reran 100 times until the
extraction efficiency value converged for the calculations. Due to
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uncertainty in essential variables, the propagated error was then
calculated as the standard deviation of extraction efficiency values
acquired over simulations.

RESULTS AND DISCUSSION

1. Effect of Time and Ultrasonic Waves

The extraction process was studied at different time intervals,
which is shown in Fig. 1. After thirty minutes, the transfer of ions
under mechanical mixing using a water shaker showed maximum
efficiency for various solvents. The ultrasound-assisted extraction
techniques described that maximum efficiency was achieved after
fifteen minutes for the organic phase with pure ionic liquids or mix-
tures of ionic liquids with TOPO extractant. A comparison of results
under ultrasonic conditions and mechanical mixing showed that
ultrasonic waves led to a higher extraction efficiency in a shorter
time. The sonication time of five minutes helps quickly provide
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Fig. 1. Extraction Efficiency of Dy(III) versus time under mechanical and ultrasonic irradiation procedure ([Dy(III)]=250 ppm; pH=5; T=
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Fig. 3. Effect of pure ionic liquids for Dy(III) extraction ([Dy(III)]=
250 ppm; pH=5; T=25 °C; O/A=1).

70% of the maximum efficiency by transferring Dy(III) ions to the
organic phase. The increment in extraction efficiency indicated
that the elimination of stagnant areas, more significant turbulence
in the interface, and increased energy to the molecules are the rea-
sons for modifying efficiency. The extraction process under ultra-
sonic conditions is shown in Fig. 2. The ultrasound propagates as
a longitudinal wave of acoustic pressure with periodic rarefaction
and compression cycles with a specific velocity distribution in an
organic-aqueous phase interface. The interfacial area acts as an
acoustic boundary with an acoustic impedance characteristic for
each of the liquids. A specific cavitation threshold value causes acous-
tic emulsification, which involves initial droplet formation and
breakup. The cavitation bubble implosion induces various colli-
sions and enhanced diffusion of the extractable compounds into
the organic phase. Therefore, more efficiency is achieved in the sol-
vent extraction process under ultrasonic waves.

2. Effect of Tonic Liquids

The effects of ionic liquids on the extraction of dysprosium ions
are shown in Fig. 3. The results show that pure ionic liquid could
directly participate in removing rare-earth ions without the partici-
pation of another extractant. The percentage of dysprosium extraction
was 27.86+0.31% and 59.38+0.12% with the ionic liquids C;MIM.
NTf, and C,MIM.PF,, respectively. This figure also shows that the
ultrasonic waves help increase the percentage of transported ions
by applying pure ionic liquids. Under ultrasonic conditions, the
%E of Dy(Ill) increases to 40.67+0.42% and 67.78+0.17% for
CMIMNTY, and C,MIM.PF; ionic liquids, respectively. The gen-
erated heat under ultrasonic conditions reduces the viscosity of
ionic liquids; the formation of emulsion solution is accompanied
by an increase in Dy(III) extraction efficiency.

Different cations and anions in aqueous solution were evaluated
in the experiments to investigate the mechanism of Dy(III) extraction
with pure ionic liquids. The results are shown in Fig. 4. The results
show that potassium ions or chloride anions do not affect extraction
efficiency. The positive trend in increasing [C,MIM]CI and the
negative trend in increasing KPF, and KNTf, salts indicate the
anionic extraction mechanism.
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Fig. 4. Impact of initial concentration of [C;,MIM]CI, KCl, KPF, and
KNTF, on the extraction efficiency with (a) pure CMIM.PFE
and (b) pure CMIM.NTH, ionic liquids ([Dy(III)]=250 ppm;
pH=5; T=25°C; O/A=1).

The diagram of the effect of various salt concentrations on the
distribution ratio versus logarithmic form for both ionic liquids is
shown in Fig. 5. According to this figure, two and one cations of
CMIM" participate in the complex formation with Dy(III) ions for
C,MIM.PF, and C,MIM.NTH, ionic liquids, respectively. The nitrate
anions with a ratio of five and four parts for CMMIM.PF, and
C,MIM.NTH, ionic liquids participate in complex formation. The
PF, and NTf, showed the two and one parts with the reduction
effect based on the reversed reactions. So, the reaction equations for
complex formation could be described by the following equations:

2[CaMIM]PE, +Dy’" +5NO; <> [C;MIM], - Dy(NO,), +2PF; (5)

[CoMIMINTE, + Dy’ +4NO; <> [C,MIM],-Dy(NO,), +NTf, (6)

A schematic of the process mechanism is shown in Fig. 6, and simi-
lar results have been reported in extraction with imidazole ionic
liquids by Li and co-workers [44] and Wang and co-workers [45].
3. Effect of TOPO Extractant Concentration

The recovery of ions to the organic phase with 100% efficiency
is a goal, which was investigated by examining the TOPO extract-
ant effect and the mixture with ionic liquids. The outcomes appear
in Fig. 7, and the presence of TOPO is associated with an increase
in the Dy(III) extraction into the organic phase.
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extraction of dysprosium ions.

The synergistic effects of the extractant and jonic liquids are the
reasons for the enhancement in extraction efficiency. The follow-
ing equation can express the synergistic factor (R):

R= h %)

D,+D,
In the above equation, D, , is the distribution ratio of a mixture of
TOPO, and CMIM.NTE, or CMIM.PE,. The coefficient of D, is
related to the distribution ratio of TOPO extractant. Also, the D, is
used for the distribution ratio of CCMIM.NTY, or CMIM.PF,. The
results of the variation in the synergistic factor (R) are shown in
Fig. 8.

January, 2022

This plot describes that the presence of extractants in the ionic
liquid solvent is associated with the synergistic effect (R factor is
higher than one). This value is effective in increasing the extraction
of dysprosium ions from an aqueous solution. The effects of ultra-
sonic conditions are also visible in this diagram, which increases
the extraction percentage. Creating more energy into the aqueous
and organic phases causes an increase in the extraction efficiency
of dysprosium ions.

The behavior of the traditional system containing kerosene and
TOPO extractant for Dy(III) extraction is shown in Fig. 9. A com-
parison of this system with the ionic liquid system shows a higher
%E with ionic liquids. It indicates that the ionic liquid system with
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lower environmental impacts is more suitable for extracting rare
earth elements. The jonic liquid acts as an extractant, and its pure
form can be used to extract rare earth elements. Its combination

with the trioctylphosphine oxide is associated with a synergistic
effect, as shown in Fig. 8, which helps the increase in the extraction
efficiency. But kerosene diluent is only used for a more straightfor-
ward dissolution of TOPO extractant and does not have synergis-
tic effects. Therefore, the extraction rate is lower compared to the
mixture of ionic liquid and TOPQ extractant.

To describe the extraction mechanism of Dy(III) ions with TOPO
in both ionic liquids and kerosene system, slope analysis was car-
ried out as functions of equilibrium data from TOPO extractant
concentration and nitrate ions in the aqueous phase.

According to Figs. 10(a) and 10(b), the equilibrium equation for
Dy(Ill) extraction in kerosene system is presented by Eq. (8) as
has been already reported [46].

Dy’ +3TOPO +3NO; <> Dy-3TOPO-3NO, ®)

In ionic liquids, it seems that more TOPO molecules are involved
in the extraction reaction than the kerosene system. As shown in
Figs. 10(a) and 10(b), the linear dependency with the slope of 5 was
obtained for both ionic liquids. It indicates that five TOPO mole-
cules coordinate to one metal ion in the extracted species in each
system. The slope of linear dependency of Log D against nitrate
concentration was one for both ionic liquid systems. A schematic
of the extraction process mechanism is shown in Fig. 6, and the
reaction equation can be expressed as follows:

Dy’* +4TOPO+NO;+2CMIM"-PF,
< Dy-4TOPO-NO;-2PF+2C,MIM" )

Dy’ +4TOPO+NO; +2C,MIM"-NTf,
& Dy-4TOPO-NO;-2NTf,+2C,MIM" (10)

Furthermore, the effect of the [C{MIM'] concertation in the aque-
ous phase on the extraction of Dy(III) with both ionic liquids was
examined by adding C;,MIMCI to the aqueous phase as a source
of [C,MIM']. A reduction in Log(D) inversely with the concentra-
tion of this ion is shown in Fig. 10(c). This behavior supports the
extraction mechanism expressed by Egs. (9) and (10). The pres-
ence of TOPO extractant helps to reduce the tendency of dyspro-
sium ions to form complexes with nitrate anions and to participate
freely in the aqueous phase for complex formation.

Two ionic liquid systems are compatible with such “large ionic
complexes” of dysprosium ions with TOPO extractant. It may be
due to a characteristic of ionic liquids such as polarity and iconic-
ity. However, this phenomenon did not appear in the jonic liquid
mixture with other neutral extractants such as CMPO extractant
[47]. Because the TOPO molecule is smaller and the structure is
more straightforward than that of CMPO, which has two coordi-
nate sites P=O and C=0 whereas TOPO has only one site P=0.

4. Effect of Aqueous Phase Acidity

The acidity of the aqueous phase affects the transfer of ions be-
tween two phases, and its impacts are shown in Fig. 11. The results
of the variation in this figure show that the pH parameter (>3)
causes an increment in %E with the presence of TOPO extractant
in the ionic liquid solvent. In pH<3, the protonation of neutral
extractant increments and its contribution decreases for the reac-
tion with Dy(III) ions. Further acidity causes a gradual increase in

Korean J. Chem. Eng.(Vol. 39, No. 1)



140

M. Asadollahzadeh and R. Torkaman

8 3
© Kerosene (a) = (b)
6| | @ CMIMNTY, 2 Y=091X42.67 e 5] !
W CMIM.PF, g @_ g} ....... 9,
é s e o . 7’ a o 5., ': &
20 E’n y=0.87x+1. ié -
<2 y=5.09x+6.61 . / _g .03x+5.57 - .
- o
0 T g ,f o - &
b .
Sv=3.11x+331 | @ Kerosene
0 / ; g -2 66x+2.26 -1 /Q i ¥ <> C6.\|l‘.\l.NTf2
£ /7 o CﬁNll)l.PFb
2 -2
-1.5 -1 -0.5 2 -1.5 -1 0.5 0
Log (TOPO) Log (NO'J)
20—
I Y
N, "..
S SN )
-1 \,
S 0 §\ @ y=-1.96x-125
R, ¥
1 @ Cox\ll.\l.;\'sz \~\~
’ CGMIM.PF(, §\y=-l.‘)9x-2.28
v_°  °| ‘@\
-2
2 -1.5 -1 0.5 0
Log(C 6MlM")

Fig. 10. Logarithmic value of distribution ratio versus (a) TOPO concentration, (b) NOj3, () CMIM" ([Dy(III)]=250 ppm; pH=5; T=25 °C;

O/A=1).

Extraction Efficiency (%)

[ ) C‘()I\lll\l.NTf2
* CleM.Nsz & 0.1 M TOPO
) C6MIM.PF6
O C"MII\'I.PF(’ & 0.1 M TOPO

pH

aqueous

Fig. 11. Variation of extraction efficiency with aqueous phase acidity ([Dy(III)]=250 ppm; T=25 °C; O/A=1).

[CMIM]" ions in the aqueous solution. The decomposition of
ionic liquids occurs due to ion exchange between PF; and NO;
and acid-catalyzed hydrolysis of PF; to PO} . The ionic liquid
C,MIM.NTI, is more stable, but its decomposition increases with
increasing aqueous phase acidity and the replacement of NTf
with nitrate ions.

In the free extraction medium of TOPO, the effects of acidity
on the ionic solvent are low and slight increase is observed in the
experiments. Increasing the values of [C;,MIM]", according to Fig.
4 and Egs. (5) and (6), helps the increase in the extraction rate.
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Similar results have been reported by Chen et al. [48] and Li et al.
[44].
5. Effect of Temperature

The study of temperature on the distribution ratio and extraction
efficiency is illustrated in Table 1. The results demonstrate that the
enhancement in the temperature shows a slight reduction in the
extraction efficiency. Based on the van't Hoff equation, the enthalpy
extraction process is obtained equal to —8.53%0.12 KJ/mol and
—12.47+0.45 KJ/mol for [C,MIM.PE, & 0.1 M TOPO] and [C,MIM.
NTf, & 0.1 M TOPO], respectively, with exothermic behavior.
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Table 1. Effect of temperature on the distribution ratio and extraction efficiency for the mixture system of ionic liquids and TOPO extract-

ant ([Dy(III)]=250 ppm; pH=5; O/A=1)

CsMIM.NT{, & 0.1 M TOPO CMIM.PF, & 0.1 M TOPO
Temperature

Q) Distribution Extraction Distribution Extraction
ratio (D) percent (%) ratio (D) percent (%)

25 3.27+0.12 76.58+0.19 46.89+0.32 97.91+0.25

35 2.87+0.21 74.18+0.17 40.25+0.25 97.58+0.29

45 2.31+0.16 69.82+0.23 37.76+0.12 97.42+0.17

55 2.11+0.25 67.82+0.27 33.67+0.31 97.12+0.11
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Fig. 12. Variation of extraction efficiency with organic/aqueous phase
ratio ([Dy(III)|=250 ppm; pH=5; T=25 °C).

Increasing the temperature causes a reduction in viscosity, which
helps to increase the extraction rate. However, the results of the
exothermic behavior of the reaction indicate a decrease in the ex-
traction with increasing temperature. So, the two effects are oppo-
site each other, and the increasing temperature does not cause
drastic changes in the amount of extraction.

6. Effect of O/A Ratio

In Fig. 12, the effect of the organic phase on aqueous solution is
shown by examining the increment in the extraction phase. This
figure shows that the increase in the organic phase and the pres-
ence of ionic liquid along with the TOPO extractant helps increase
the extraction of dysprosium and higher transfer into the organic
phase with more complexes in the surface between both phases.
O/A ratios equal to 1 and 2 are optimal ratios for extraction with
CMIM.PF, and CMIM.NTE,.

7. Effect of Stripping Phase

The results of dysprosium recovery from the organic phase by
examining different nitric acid concentrations are presented in
Table 2. Stripping of Dy(III) ions with nitric acid at low concentra-
tions (0.5 M) indicates that the recovery conditions at low concen-
trations are the extraction processs desirability.
8. Environmental Effects of Ionic Liquids

Comparisons of solvents and their environmental effects reveal
that jonic liquid solvents are more suitable for extraction. Due to
the formation of hydrolysis and production of HF with C,MIM.
PF, this ionic liquid could not be used in the category of green
solvents. The [PF]” was observed to be chemically and thermally
stable at moderate experimental conditions, although decomposi-
tion becomes significant under acidic conditions lower pH~3 or
high temperatures (343 and 373 K) [49]. Therefore, the extraction
conditions in this system show that a medium with low acidity
and pH higher than 5 is suitable for extraction, which reduces the
effects of solvent hydrolysis and its adverse environmental impacts
are not apparent in the experiments. Another issue in choosing
solvents is the cost and energy consumption to produce them. Ionic
liquids are synthesized with much energy consumption and this
can affect their selection. However, Ghorbani and Simone’s stud-
ies reported that the imidazolium ionic liquids with high purity
could be produced in conditions with low cost and commercially
available starting materials [50].
9. Results of Uncertainty Analysis

Uncertainty can be portrayed as an absence of information con-
cerning the actual value of a parameter. Since numerous parame-
ters are compelling in making a risk assessment, determining the
most influential parameter can be helpful for better extraction effi-
ciency. So, in this research, sensitivity analysis was used to deter-

Table 2. Stripping percent of Dy(III) ions with various concentrations of nitric acid

Without ultrasonic waves

With ultrasonic waves

FINO, (M) CMIMNTY, & 0.1 TOPO  CMIM.PF, & 0.l TOPO  CMIMNTY, & 0.1 TOPO  C,MIM.PF, & 0.1 TOPO
0.1 43224025 33.88+0.27 52.66+0.15 36.7820.09
025 65.88+0.11 48.77+0.24 71.2320.19 58.99+0.16
0.5 95.4310.12 92.6620.21 98.55+0.12 94.99+0.18
0.75 97.3320.17 92.71%0.15 98.6520.16 95.44+0.11
1 97.560.28 92.7520.16 98.7620.19 95.740.09
15 97.99+0.17 92.830.12 98.43+0.13 96.150.11
2 96.01+0.15 92.05+0.25 98.03+0.12 96.01+0.09
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Fig. 13. Uncertainty analysis of extraction efficiency with mechanical mixing, (a) 0.1 M TOPO in kerosene, (b) 0.1 M TOPO in CMIM. NTf,,
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Fig. 14. Uncertainty analysis of extraction efficiency with ultrasonic waves, (a) 0.1 M TOPO in kerosene, (b) 0.1 M TOPO in CMIM. NTf,
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Fig. 16. Investigation of extraction efficiency and separation factor
for binary system of ions with mixture of C/MIM.NT{, ionic
liquid and 0.1 M TOPO extractant ([Dy(III) or Pr(IIl) or
Nd(IIT)]=250 ppm; pH=5; T=25 °C; O/A=1).

mine which variables and pathways most strongly influence the
risk estimate. The effect of variables, including ultrasonic condition,
pH, temperature, O/A ratio and extractant concentration, were
selected to identify the most critical variables under uncertainty in
the extraction efficiency. The contribution of parametric uncer-
tainty analysis on the determination of the extraction efficiency was
assessed using Monte Carlo simulation. A histogram of the proba-
bility distribution of the extraction efficiency is presented in Figs.
13 and 14. The results denote typical mean and standard devia-
tion values used for variables with uncertainty.

The sensitivity analysis results are located on a bar diagram (Fig,
15), which shows the five major contributors to the uncertainty of
the extraction efficiency. The sensitivity analysis of the model param-
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Fig. 17. Investigation of extraction efficiency and separation factor
for binary system of ions with mixture of C,MIM.PF; ionic
liquid and 0.1 M TOPO extractant ([Dy(III) or Pr(III) or
Nd(III)]=250 ppm; pH=5; T=25 °C; O/A=1).

eters indicated that the pH of the aqueous solution is the major
source of uncertainty. The temperature parameter has the least sensi-
tivity on the percent of extraction.

10. Separation Factors with Binary Systems

The extraction of binary systems containing (Dy’* and Nd**) or
(Dy™* and Pr’) with 250 ppm concentration was investigated by
application of ionic liquids (0.1 M TOPO in CMIMNTY, or CMIM.
PF). Figs. 16 and 17 show that the extraction efficiency decreased
with the presence of other rare-earth ions in solution due to the
contribution of these ions for complex formation.

As shown in Fig. 16, the separation factor of Dy(III)/Pr(III),
Dy(II)/Nd(IIT) with 0.1 M TOPO in CMIM.NTY, was equal to
16.97+0.17 and 11.14+0.25, respectively. But with 0.1 M TOPO in
CMIM.PF,, as described in Fig. 17, the values of 18.63+0.27 and
12.95+0.14 were obtained for SFy, 5, and SFy,y, respectively. The
results showed that CMIM.PF is more successful in separating
the dysprosium ions from praseodymium and neodymium ions
than CMIM.N'TE,.

Changing the mechanical condition to an ultrasonic-assisted
technique also causes an increase in separation factors. The sepa-
ration factors have been increased to 18.47+0.26, and 12.69+0.31
for SFp, 5, and SFp,xy with 0.1 M TOPO+C,MIM.NTE, and 20.23+
0.11, 13.88+0.41 with 0.1 M TOPO+C,MIM.PE.

The result shows that the ultrasonic agent accelerates the reac-
tion rate with the metal complex with more excellent selectivity.
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Table 3. Separation factors for rare earth element with a mixture of TOPO and ionic liquid from the leaching solution

With mechanical mixing With ultrasonic wave
Concentration TOPO/M SFpy N SEpy /e, SFpyna SFpy e
C,MIM.NTI,
0.025 9.31+0.43 3.71+0.21 10.04+0.65 4.11+0.36
0.05 10.23+0.31 6.78+0.39 11.34+0.53 7.32%0.58
0.1 11.37+£0.52 8.93+0.11 12.06+0.12 9.11+0.68
C,MIM.PF,
0.025 10.43+0.32 5.91+0.39 11.45+0.18 6.72+0.53
0.05 11.22+0.52 7.83+£0.21 12.65+0.32 8.43+0.45
0.1 12.43+0.44 10.04+0.32 12.87+0.67 11.01+0.67

Therefore, intensification of the extraction of dysprosium ions from
waste neodymium magnet solution was obtained under ultrasonic
irradiation, and 0.1 M TOPO diluted in C,MIM.PF,.
11. Separation Factors with Leaching Solution

The solvent extraction and separation of rare earth elements
from this leaching solution was carried out by a mixture of TOPO
extractant and ionic liquids (CMIM.NTY,, and CMIM.PF,) in a
single-step procedure. The separation factors (S, and f,,n,) are
shown in Table 3. The highest separation factors between Dy and
the light REE were reached in 0.1 M TOPO in CMIM.PF, under
ultrasonic condition. Concentration Dy was extracted selectively
from other elements and the light REE. This can be explained be-
cause the ion exchange mechanism governs the extraction, where
Dy substitutes for Nd in the organic phase.
12. Result of Counter-current Experiments

The counter-current process was carried out the separation of
rare earth from the spent NdFeB magnet waste solution. The TOPO
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Fig. 18. (a) McCabe-Thiele plot for extraction of Dy(III) ions; (b)
Counter-current extraction process with spent NdFeB mag-
net leaching solution.
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concentration was 0.1 M, and C,MIM.PF, was used as the diluent
in the organic phase with the working conditions at A : O ratio of
1:1. As shown in Fig. 18(a), the McCabe-Thiele plot indicates that
one stage is required to obtain the total elimination of Dy(III)
from the aqueous phase. The measured concentrations of Dy(III),
Pr(III), and Nd(IIT) in each phase for every step of the separation
process are shown in Fig. 18(b) with the working conditions at
A: O ratio of 2: 1. The Dy(III) concentration in the raffinate grad-
ually decreases while Nd(III) concentration remains constant throug-
hout the whole process. This is because the heavy rare earths are
extracted by higher extraction efficiency over the light rare earths.
Conversely, the dysprosium concentrations increase in the loaded
organic solutions. Consequently, the main objective of using a mix-
ture of C;MIM.PF, ionic liquid and TOPO extractant has been
demonstrated in the counter-current extraction experiment.

CONCLUSION

This systematic experimental study with ionic liquids under
ultrasonic waves was carried out for dysprosium ion extraction
from an aqueous solution. The synergistic effect was investigated
by mixing the ionic liquid and different concentrations of TOPO
extractant. The results showed that the combination of ionic lig-
uids with TOPO extractant increased extraction efficiency. This
increase was higher for CMIM.PF, than for CMIM.NTY, ionic
liquid. Better conditions with increasing ion transfer between two
phases appeared in the extraction with ultrasonic waves compared
to mechanical mixing. The results of effective parameters showed
that ambient temperature, aqueous phase pH higher than three,
O/A ratio equal to one, and the nitric acid concentration equal to
0.5 led to increased dysprosium extraction. Optimal conditions
were provided for effective separation of dysprosium ions from
neodymium and praseodymium ions from effluent neodymium
magnet solution using trioctylphosphine oxide extractant (0.1 M)
diluted in ionic liquid under ultrasonic conditions.
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