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Abstract: Solvent extraction is the most widely used method for separation and purification of
rare earth elements, and organic extractants such as di(2-ethylhexyl) phosphoric acid (P204) and
di(1-methyl-heptyl) methyl phosphonate (P350) are most commonly used for industrial applications.
However, the presence of impurity ions in the feed liquid during extraction can easily emulsify the
extractant and affect the quality of rare earth products. Aluminum ion is the most common impurity
ion in the feed liquid, and it is an important cause of emulsification of the extractant. In this study,
the influence of aluminum ion was investigated on the extraction of light rare earth elements by the
P204-P350 system in hydrochloric acid medium. The results show that Al3+ competes with light rare
earths in the extraction process, reducing the overall extraction rate. In addition, the Al3+ stripping
rate is low and there is continuous accumulation of Al3+ in the organic phase during the stripping
process, affecting the extraction efficiency and even causing emulsification. The slope method and
infrared detection were utilized to explore the formation of an extraction compound of Al3+ and the
extractant P204-P350 that entered the organic phase as AlCl[(HA)2]2P350(o).

Keywords: Al3+; light rare earths; P204; P350; impurity

1. Introduction

Rare earth elements include the lanthanides in the periodic table as well as scandium
(Sc) and yttrium (Y) [1,2]. Owing to their excellent physical and chemical properties, rare
earth elements are widely used in high-end technology, including the critical fields of new
energy, national defense, and aerospace [3–5]. They are also known as the “vitamins” of
the modern industry [6,7]. The physical and chemical properties of different REEs (Rare
earth elements) are highly similar, and with increasing purity requirements of a single
rare earth for industrial applications, the effective separation of REEs becomes crucial [8,9].
Solvent extraction is most widely used in the separation of REEs because it is considered
more effective, lower cost and easier to implement than other separation techniques, and
the use of selective organic solvents such as di(2-ethylhexyl) phosphoric acid(P204) and
2-Ethylhexylphosphonic acid mono-2-ethylhexyl ester(P507) allows the separation and
purification of REEs with similar properties in solution to obtain high purity single rare
earth products [10–12].

During the separation and purification of REEs in industrial production using organic
extractants, emulsification of the extractant often occurs. This seriously adversely affects
the continuous production process, resulting in decreased production efficiency, increased
production costs, and fluctuations in the quality of produced products [13–15]. In China,
the use of extraction agent P507 to separate rare earths causes nearly 300 tons of damage
each year due to emulsification, with a loss of millions of dollars [16]. The economic
loss of production shutdown caused by the emulsification of the extractant is even more
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serious [17]. Given the serious economic consequences of the emulsification problem,
there is a significant need for research into this problem. Years of research by many
groups revealed that non-rare earth impurity ions (generally including Fe3+, Al3+, Mg2+,
Ca2+, Si4+, etc., which can affect the performance of the extractant during the extraction
process) are the primary cause of extractant emulsification during the rare earth extraction
process [13,18–20]. The Baotou mixed rare earth mine is the world’s largest light rare
earth element resource mine, with significant amounts of bastnaesite ((Ce,La)[CO3]F)
and monazite (CePO4 or (Ce,La)PO4). Emulsification problems often occur in solvent
extraction. To address this, ammonium bicarbonate solution is typically used to adjust
the pH value to remove iron, then BaCl2 and Na2S are used to remove lead and zinc, and
then trioctyldecyl tertiary amine (N235) is finally used to further extract impurity ions
and minimize the content of impurity ions in the extraction solution [21]. Ionic rare earth
ore is leached by (NH4)2SO4, and rare earth ions adsorbed on the clay can react with
NH4+ ions to enter the leachate. The leaching solution of rare earth ions also contains
many impurity ions such as Al3+, Ca2+, Fe3+, and Mg2+, and the presence of these ions
significantly impact the subsequent extraction and separation process [22]. In particular, the
presence of aluminum ion impurity in this solution can cause different levels of hydrolysis,
complexation, flocculation, and precipitation at different pH values, and the aluminum
ions can be easily extracted into the organic phase during the extraction process, causing
the extractant to emulsify [23,24].

The 209 Geological Brigade of the Nuclear Industry of China’s Yunnan Province
discovered a massive amount of ionic rare earth ore in southern Yunnan, consisting of La,
Ce, Pr, Nd, and Y. In addition to rare earth minerals, the clay in this location also contains a
large amount of impurity ions such as Al3+ and Ca2+. Leachate prepared at this site would
contain a large amount of impurity ions and rare earth ions, which will have a significant
impact on the subsequent extraction and separation process. For this newly discovered
ionic rare earth ore, studies have focused on the extraction and separation process of the
P204-P350 system. The addition of P350 can reduce the extraction capacity of P204 for light
rare earths to a certain extent, but significantly reduces the acidity required for stripping.
Aluminum ion is the most common impurity ion in this ion-type rare earth ore and it is
essential to determine its influence on the extraction of light rare earth by the P204-P350
system for the future efficient utilization of this extensive ion-type rare earth ore. This
study systematically examined the effect of Al3+ on the P204-P350 system for the extraction
and stripping of light rare earths and explored the combination mechanism of P204-P350
and Al3+.

2. Experiment
2.1. Experimental Instruments and Reagents

Di(2-ethylhexyl) phosphoric acid (P204) was supplied by Sinopharm Chemical Reagent
Co. Ltd in china. (purity > 99%), di(1-methyl-heptyl) methyl phosphonate (P350) was
obtained from Aladdin reagent company (purity > 99%), the sulfonated kerosene for ex-
tractant dilution was supplied by Guangzhou Xiangyang Fusen Petrochemical Co., Ltd. in
china, rare earth oxide and AlCl3 were supplied by Sinopharm Chemical Reagent Co. Ltd.,
(purity > 99.9%), and other reagents were of analytical grade.

DW-3 digital display electric stirrer was used to stir the organic phase and the stock
solution, ME204E electronic analytical balance was used to accurately weigh the chemical
reagents, FE20 pH meter was used to determine the pH value of the stock solution and
raffinate, Optoma8000 inductively coupled plasma spectrometer (ICP-OES) was used to
detect the content of rare earth ions and aluminum ions in the solution, and FT-IR spectra
were recorded on a Bruker Vertex 70 spectrometer (500–4000 cm−1).

2.2. Experimental Methods

The extraction experiments were carried out as follows. Light rare earth ions in
aqueous solution were prepared by dissolving rare earth oxide in 3 mol/L hydrochloric
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acid, and the Al3+ in aqueous solution was prepared by dissolving the AlCl3 in deionized
water to the desired concentration. The organic phase was prepared by fully mixing P204
and P350 in various proportions. Equal volumes (10 mL) of aqueous and organic phases
were mixed and stirred in a beaker using a single-shaft stirring paddle for 20 min to achieve
complete equilibrium. All experiments were conducted at a temperature of 298 ± 2 K.
After the completion of the extraction process, the phases were separated using a funnel,
and the concentrations of rare earth ions and Al3+ in the aqueous phase and the raffinate
aqueous phase were analyzed using ICP-OES. The concentrations of the rare earth ions
and Al3+ in the organic phase were determined by subtracting the equilibrium aqueous
phase concentrations from the initial concentrations.

The back-extraction experiments were carried out as follows. P204 and P350 were
mixed in a specific volume ratio, and equal volumes of the aqueous and organic phases
were mixed and stirred in a beaker using a single-shaft stirring paddle for 20 min. After
phase separation, the concentrations of rare earth ions and Al3+ in the loaded organic
phase were determined using mass balance. A stripping agent was then used to perform
single-stage stripping on the loaded organic phase, and the concentrations of rare earth
ions in the stripping solution were then determined.

2.3. Experimental Calculation

The extraction rate (ERe), distribution ratio (DRe), stripping rate (Rf) were calculated
according to Equations (1)–(3) as follows:

ERe =
nRe(O)

nRe(a)
× 100% (1)

DRe =
CRe(O)

CRe(a)
(2)

R f =
C1

Re(a)Va

C1
Re(o)Vo

× 100% (3)

where nRe(O) and nRe(a) represent the amount of rare earth ions in the extracted organic
and the amount of rare earth ions in the feed solution, respectively; CRe(O) and CRe(a)
represent the concentration of rare earth ions in the organic phase and in the aqueous
phase at the time of extraction equilibrium, respectively. C1

Re(o) and C1
Re(a) represent the

molar concentration of rare earth ions in the loaded organic phase and the back-extraction
aqueous phase, respectively; Vo, Va represent the volume of the loaded organic phase and
the back-extraction aqueous phase, respectively.

3. Results and Discussion
3.1. Form of Aluminum Ion and Lanthanum Ion in Aqueous Solution

The component distribution of 0.1 mol/L aluminum and lanthanum solution at different
pH values was calculated by Visual MINTEQ simulation, as shown in Figure 1. When the
pH of solution was in the range of <2, most aluminum ions in the solution are Al3+. With pH
value increased to the range of 2–4, the aluminum ions in the solution are mainly Al(OH)2+,
Al2(OH)2

4+, Al3(OH)4
5+, AlOH2+, and Al3+. Although there is significantly less Al3+, it

remains the main component of the solution. When the pH of solution in the range of >4,
Al3+ is basically transformed into polymer ions or hydrated ions through hydrolysis and
flocculation, and white flocculent precipitate Al(OH)3(aq) begins to appear. When precipitation
occurs in the solution, it is difficult to separate the phases during the steps of extraction and
separation. Compared with aluminum, the solution composition of lanthanum under different
pH conditions is much simpler. When the pH of solution is in the range of <9, most lanthanum
ions in the solution are La3+. With pH value increased to the range of 9–14, the lanthanum
ions in the solution is mainly LaOH2+. Additionally, the optimal pH range for P204-P350
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is about 3 for the extraction of rare earths. Therefore, the pH of the aluminum solution is
controlled between 2–4 in the experiment.
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Figure 1. The composition diagram of a solution of 0.1 mol/L Al3+ and 0.01 mol/L La3+ under different pH conditions.

3.2. Effect of Aluminum Ion Concentration

The influences of pH value and aluminum ion concentration on the extraction of Al(III)
from the feed solution were determined. Extraction was performed at a temperature of
298 ± 2 K with a volume ratio of P204 in the organic extractant P204-P350 of 0.9. Extraction
was performed for 20 min under the condition of O/A = 1:1. During the extraction process,
the pH value of the aqueous solution was adjusted with different gradient concentrations
of dilute HCl and ammonia. After completion of extraction, the content of aluminum in
the raffinate was determined to assess the influence of pH value on the extraction of Al(III).
The experimental results are shown in Figures 2 and 3.
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As shown in the figures, the concentration of Al3+ and the concentration of H+ in the
solution affect the extraction. Under the same pH value, the lower the concentration of
Al3+ in the solution, the higher the extraction rate of Al3+ by P204-P350. At a concentration
of aluminum ion of 0.01 mol/L, the extraction rate was significantly higher than the rates
at other concentrations. At a pH of the aqueous phase of 2.86, the extraction rate and
distribution ratio were 71% and 2.37, respectively. For Al3+ concentration in the range
of >0.1 mol/L, the extraction rate in the solution was lower overall and below 30%. At
constant concentration of Al3+ in the solution, as the pH of the solution increased, the
extraction rate of Al3+ first increased and then decreased. The best extraction effect was
obtained when the solution pH = 2.5. This may be because the content of Al3+ in the
solution gradually decreases with the continuous increase in pH value, but the content
of polymer ions Al(OH)2+, Al2(OH)2

4+, Al3(OH)4
5+, AlOH2+ continues to increase. With

almost no cation exchange between the substance and the organic extractant, the extraction
rate of aluminum appears to decline. At pH less than 2.5, the H+ content in the solution
is high, which will inhibit the release of H+ when Al3+ is combined with the extractant,
thereby hindering the extraction reaction.

3.3. Stripping of Aluminum Ion in the Loaded Organic Phase

Organic phase P204-P350 and 0.1 mol/L aluminum ion solution were mixed under
the condition of O:A = 1:1 and fully stirred for 20 min at a temperature of 298 ± 2 K. The
aluminum ion content in the raffinate aqueous phase was then determined. To determine
the effect of different concentrations of stripping agents on the stripping of aluminum in
the loaded organic phase, this process was performed with different concentrations of HCl,
HNO3, and H2SO4 as the stripping agents. The experimental results are shown in Figure 4.
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As shown in Figure 4, the ability of different stripping agents to strip light rare earth
ions in the loaded organic phase is in the decreasing order of HCl, HNO3, and then H2SO4.
This may be caused by the difference of the acid radical ion radius of different inorganic
acids. The order of the radius of Cl−, NO3

−, SO4
2− is Cl− > NO3

− > SO4
2−, which makes

it easier for Al3+ to combine with Cl-. Al3+ ions in the loaded organic phase are most
easily stripped into the aqueous phase by HCl. At a concentration of H+ of 2 mol/L, the
stripping rate of Al3+ is 58%. With increasing concentration of the stripping agent, the
stripping rate of Al3+ decreases. When HNO3 is used as the stripping agent, the stripping
rate of Al3+ within the range of 2–3 mol/L of H+ concentration is 43%. Poor stripping
effect was achieved for H2SO4 as the stripping agent, with only 31% stripping rate at
H+ concentration of 0.5 mol/L. During stripping, as the concentration of stripping agent
increases, the stripping effect first increases and then decreases. This is mainly because in
the stripping process, the H+ in the stripping agent is exchanged with Al3+ in the loaded
organic phase. As the concentration of the stripping agent increases, the H+ content in
the solution increases for improved exchange capacity with Al3+, so the stripping rate
becomes higher and higher. However, when the concentration of the stripping agent
further increases, the concentration of the corresponding anions in the solution such as Cl-,
NO3

- and SO4
2- will also increase, causing Al3+ to combine with the anions and hinder the

exchange reaction with H+, resulting in a decrease in the stripping rate.

3.4. Effect of Aluminum Ion on Rare Earth Extraction

The effect of aluminum ion on rare earth extraction was next determined. At a tem-
perature of 298 ± 2 K, solutions were prepared with La3+, Pr3+, and Nd3+ at concentrations
of 0.01 mol/L and Al3+ at varying concentrations. The organic phase P204-P350 was mixed
with the different solutions under the condition of O:A = 1:1 for 20 min. The effect of
different concentrations of Al3+ on the extraction of rare earth elements was measured, and
the experimental results are shown in Figure 5.
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The presence of Al3+ will significantly affect the extraction rate of light rare earth
elements in the P204-P350 system. With the increase in Al3+ concentration, the extraction
rate of light rare earths gradually decreases, indicating that there is a competitive rela-
tionship between Al3+ and light rare earth elements. Al3+ is extracted into the organic
phase, which inhibits the extraction effect of rare earth elements and significantly reduces
the extraction rate. In the absence of Al3+ in the solution, the highest extraction rates of
light rare earth elements by P204-P350 were obtained, with ENd

3+ = 89%, EPr
3+ = 79%,

and ELa
3+ = 65%. The presence of Al3+ in the range of >0.1 mol/L had basically no effect

on the extraction rate of light rare earth elements. This is mainly because when the Al3+

concentration is too high, the extraction of Al3+ by P204-P350 becomes saturated and no
more can be extracted into the organic phase. The results indicate that the presence of Al3+

has a significant impact on the extraction rates of light rare earth elements, so its presence
can reduce industrial production efficiency and increase production costs.

3.5. Effect of Aluminum Ion on Rare Earth Stripping

The light rare earth ions that are extracted into the organic phase can form complexes
with the extractant. These complexes are destroyed by the stripping agent, which allows
the rare earth ions to enter the stripping solution. Therefore, the stripping process is critical
to the overall extraction and separation process. We next evaluated the effect of aluminum
ions on rare earth stripping. To do this, organic phase P204-P350 was mixed with 0.1 mol/L
aluminum ion and 0.01 mol/L light rare earth elements under the condition of O:A = 1:1
and fully stirred for 20 min. The amounts of aluminum ions and rare earth ions in the
raffinate aqueous phase were then determined. Different concentrations of hydrochloric
acid were used as the stripping agent to explore the aluminum ion effect on the stripping
of rare earth ions and the experimental results are shown in Figure 6.
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When Al3+ and light rare earths are back-extracted together, the back-extraction rates
are low, indicating that the stripping between Al3+ and rare earth ions has mutual influence.
The best rare earth ion stripping effects were observed at 3 mol/L hydrochloric acid:
RfLa

3+ = 73%, RfPr
3+ = 57%, and RfNd

3+ = 64%. As the concentration of hydrochloric acid
increased, the back-extraction effect of Al3+ and rare earth ions decreased. This may be
because the excessive acidity can destroy the complex structure formed between the rare
earth ions and the extractant, limiting the effective back-extraction of the rare earth ions.
Al3+ can combine with Cl- to hinder the exchange reaction with H+, resulting in an increase
in the back-extraction rate. After Al3+ is extracted into the organic phase, it is difficult to
effectively complete the stripping, as the aluminum ions in the organic phase will affect
the recycling of the extractant and increase the subsequent possibility of emulsification of
the extractant.

3.6. Aluminum Ion Extraction Mechanism

When the pH of the solution is in the range of 2–4, Al(III) mainly exists in the form
of Al(a)

3+ and is extracted into the organic phase as Al(a)
3+ during the extraction process.

Therefore, assuming that P204-P350 extracts Al(a)
3+ in hydrochloric acid, the reaction

equation can be expressed as [25,26]:

Al3+
(a) + xCl−

(a) + mH2 A2(O) + nB(O)
k12↔ AlClx H(m+x−3)(HA2)mBn(O) + (3− x)H+ (4)

Then the equilibrium constant K12 of the reaction can be expressed as:

K12 =
[AlClx H(m+x−3)(HA2)mBn(O)](O)

[H+]
(3−x)
(a)

[Al3+](O)[Cl−]x(a)[H2 A2]
m
(O)[B]

n
(O)

(5)

The Al3+ distribution ratio D12 is expressed as:

D12 =
AlClx H(m+x−3)(HA2)mBn(O)

Al3+
(a)

= D3 − D1 − D2 (6)
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Rearranging Equation (6) into its logarithmic form:

lgD12 = lgK12 + xlg[Cl−] + mlg[H2 A2] + nlg[B] + (3− x)pH (7)

where D1 and D2 represent the distribution ratio of P204 and P350 single extraction alu-
minum, respectively; D3 represents the distribution ratio of P204-P350 co-extracted alu-
minum; K12 is the extraction equilibrium constant of extracted aluminum; H2A2 represents
the acidic extractant P204; B represents the neutral extractant P350.

To determine the extraction stoichiometry of aluminum ions in the P204-P350 extrac-
tion system, a series of experiments were carried out by varying the pH of the aqueous
phase and the concentrations of extractants P204 and P350. The pH value of the initial
aqueous phase changes, and the pH value of the raffinate aqueous phase after the reaction
reaches equilibrium were measured. These experiments used 0.1 mol/L aluminum ion,
an A/O ratio of one, and unchanged concentrations of extractants P204 and P350. The
values of lgD12 versus pH are plotted and fitted as shown in Figure 7. The lgD12 increases
linearly as the pH increases and the linear relationship between lgD12 and pH is obtained
with a slope of two. This means that in the process of extracting Al3+, each Al3+ extracted
into the organic phase releases two H+ into the water. This is consistent with the observed
significant increase in the H+ concentration of the raffinate aqueous phase during the
extraction process. Similarly, concentrations of the initial aqueous acidity and aluminum
ion (CAl

3+ = 0.1 mol/L) were fixed, and sulfonated kerosene was used as the diluent to
change the concentrations of extractants P204 and P350. The values of lgD12 versus lg[P204]
and lg[P350] were plotted and fitted, as shown in Figure 8. The lgD12 increases linearly
with the increases in lg[P204] and lg[P350]. Linear relationship between lgD12 and lg[P204]
is obtained with a slope of two, and linear relationship between lgD12 and lg[P350] is
obtained with a slope of one.
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Based on the above results, Equation (4) can be expressed as:

Al3+
(a) + Cl−

(a) + H2 A2(O) + B(O)
k12↔ AlCl(HA2)2B(O) + 2H+ (8)

3.7. Infrared Spectrum Analysis

The P-O-H bond in P204 can participate in a substitution reaction with rare earth
elements, and the P=O bond in P350 forms a coordination bond with rare earth elements
for extraction. Previous research found that the addition of P350 into P204 somewhat
weakened the hydrogen bonding ability of P204 and shifted the characteristic absorption
peak corresponding to hydrogen bonds, which promotes the back-extraction of rare earths.
To further explore the structure of the complex formed by Al3+ and the extractant, we
detected the infrared spectrum of Al3+ and the rare earth ions with the extractant and then
inferred the structure of the complex based on the change of the characteristic absorption
peaks. The result is shown in Figure 9.
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It can be seen from the figure that the FT-IR spectra of Al3+ + P204-P350 (b) and La3+ +
P204-P350 (c) are basically similar, indicating a potentially similar structure of the complex
formed by Al3+ and rare earth ions with the extractant. Compared with the pattern seen
for P204-P350 (a), the characteristic absorption peak of the extractant P-OH shifted from
918.24 cm−1 to 937.16 cm−1. This indicates that the P-O-H bond combines with Al3+ to
form P-O-Al. The special absorption peak of the P=O bond of the extractant is red-shifted
from 1204.18 cm−1 to 1201.91 cm−1. This indicates that the P=O bond in the extractant
forms a coordination bond with Al3+, which reduces the electron cloud density of the P=O
double bond and weakens the strength of the bond, causing the vibration frequency to
drop. When the extractant P204-P350 extracts Al3+ and rare earth elements, the FT-IR
spectra are similar with those of Al3+ P204-P350 and La3+ P204-P350. This is because Al3+

has the same binding site as the extractant, and both bind with the extractant, so P-O-H
and P=O form a complex. The characteristic absorption peak of the P-O-H bond shifted
from 918.24 cm−1 to the left to 948.97 cm−1, ∆υ = 30.53 cm−1, and the characteristic peak of
P=O double bond redshifted from 1204.18 cm−1 to 1195.57 cm−1. The Al3+ and rare earth
ions coordinate with the P=O double bond, causing the P=O dipole moment to change and
the characteristic peak to move [27,28].

3.8. Structure Formula of Extraction Compound

The above application of the slope method and spectra analysis allows the proposal of
the structure of the final extracted complex. In the extraction process, Al3+ and the P-O-H
bond in the two P204 molecules undergo a substitution reaction, release 2 H+ into the
solution, and at the same time form a coordination bond with a P=O double bond of P350.
The specific structure of the extraction compound is shown in Figure 10.
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4. Conclusions

The influence of the impurity aluminum ion on the extraction of light rare earth
elements in hydrochloric acid medium by P204-P350 system was determined. The following
conclusions can be drawn:
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1. Aluminum ions in the feed liquid will compete with light rare earths, and with the
increased concentration of aluminum ions, the greater the inhibition of the rare earth
extraction rate.

2. At an aluminum ion concentration in the solution of 0.15 mol/L, the extraction rates
of the light rare earths were ENd

3+ = 58%, EPr
3+ = 50%, and ELa

3+ = 40%.
3. The effect of Al3+ in the P204-P350 system on the stripping by HCl, HNO3, and H2SO4

was also investigated, and the stripping effect was in a decreasing order of HCl, then
HNO3, followed by H2SO4. At a concentration of hydrochloric acid of 2 mol/L,
the back-extraction rate of Al reached the maximum value of 58%. The presence of
impurity aluminum also has a significant impact on the back-extraction of light rare
earths.

4. Al3+ combined with P-O-H in the extractant P204 and P=O in P350 to form a complex,
and finally entered the organic phase with the structure of AlCl[(HA)2]2P350(o).
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