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Abstract: Chromatographic separation of rare earth elements (REE) as anionic complexes with chelat-
ing aminopolycarboxylate ligand methylglycine N,N-diacetate (MGDA) was studied experimentally.
A synthetic mixture of La, Nd, and Eu were used to model a REE mixture obtained from processed
secondary sources such as phosphogypsum (PG). In the REE extraction from PG, the REEs can be
recovered with MGDA to obtain the REE–MGDA mixture. Three strong base anion exchange resins
(Dowex 1X8, IRA-402, and IRA-410) were used as the separation materials. Successful separation of
the REEs by elution with dilute HNO3 and HCl was attributed to differences in the stabilities of the
REE–MGDA complexes. The pKa values of the complexes were determined by titration to be 3.81,
3.25, and 2.96 for La, Nd, and Eu, respectively. Fractionation of the ternary La-Nd-Eu mixture (with a
1:1:1 mole ratio) were studied. La was recovered at approximately 80% purity and 80% yield, but
strong trade-offs between the yield and the purity of Nd and Eu must be made. Chromatographic
separation was found to be an efficient process option, considering its simplicity and the recovery of
several product fractions. The initial process design offers a promising starting point for investigating
more advanced process configurations for the efficient recovery of pure REE from phosphogypsum.

Keywords: rare earth element; chromatography (preparative); anion resin; MGDA; HCl; separation
techniques; ion exchange

1. Introduction

Rare earth elements (REEs), especially when considering lanthanides, are known for
their similar chemical properties. They all exist commonly in a REE3+-oxidation state, but
few of them can also have oxidation states of either REE2+ or REE4+ [1]. All REEs have
partially filled 4f-orbitals, giving them their unique properties due to the phenomenon
known as lanthanide contraction. This unique property of the electron shell configuration
affects their chemical bonding, further intensifying their chemical similarities [2]. These
minor differences between individual lanthanides, scandium, and yttrium result in signifi-
cant difficulty in the complete separation of these elements. Thus, either highly advanced
chemical processes and/or many process cycles are needed to achieve high purities.

Different methods can be used to fractionate lanthanide mixtures to pure single metal
fractions or smaller sets of REE (e.g., adjacent REE pairs such as La/Ce, Sm/Eu, and Ce/Pr).
These methods include precipitation [3], solvent extraction (SX) [4], ion exchange (IX), and
ion chromatography (IC) [5,6]. All these methods have their advantages and disadvantages.
Precipitation of REEs is usually performed with a ligand that produces poorly soluble
solids, such as oxalate [7]. These precipitation methods usually require precise control of the
pH due to small differences in the formation energies of individual REE complexes [8]. The
greatest advantage of direct precipitation is an instant solid product, which can easily be
turned into oxides. For solvent extraction, the overall separation is not technically difficult,
but its downside is its many consecutive steps [9]. In addition, solvent extraction operations
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require large-scale use of chemicals (acids, organic solvents, and other chemicals) even
though they are usually recyclable [10]. In addition to conventional organophosphorus
extractants, new α-aminophosphorous extractants have been developed for REE separation
by solvent extraction [11]. The development of solvent extraction separation of REEs in
academic literature also deals with ionic liquids [12]. A new kind of separation material
has been developed to achieve highly selective REE sorption and separation [13–16]

In the Manhattan project, the IX methods, for example with cation or anion ion ex-
change, were developed to remove REEs and other valuable elements from the radioactive
material [17]. Before IX-based methods, separation was based on the crystallization of pure
REE components, which is very time consuming. The IX methods significantly reduced
the required time and work [18]. Chromatographic separation has become one of the
viable methods for REE separation in addition to solvent extraction. Now, with modern
HPLC (High Performance Liquid Chromatography) equipment and materials, the complete
separation of REEs from their mixture can be achieved in a single column step [19]. How-
ever, the scalability of these kinds of separation systems is limited; the superior separation
efficiency of the HPLC in pilot scale or larger is cost intensive. Conventional preparative
columns that operate with completely different parameters (pressure, column dimensions,
and particle and/or pore size of separation material) are unable to reach a similar level of
separation efficiency.

The large variety of chromatographic methods are based on the affinities and interac-
tions between the species to be separated, the stationary phase, and the eluent medium [20].
One of the chromatographic methods is high-speed counter-current chromatography
(HSCCC) [21]. Chromatographic separation of REEs can be based on the separation of
complexed REEs [22]. One type of complex chromatography is ligand assisted chromatog-
raphy [23]. Complexation of REEs enhances minor differences in the chemistry of the
elements. The complexing agent may or may not be chelating if they result in a com-
plex with a charge. The largest difference is that chelating agents tend to form more
stable complexes than non-chelating ones. These kinds of complexing compounds include
amino(poly)carboxylic acids (EDTA (ethylenediaminetetraacetic acid), IDA (iminodiacetic
acid, NTA (nitrilotriacetic acid), MGDA) and (poly)carboxylic acids (citric acid, acetic
acid). Separation can be achieved with both cation and anion resins, depending on the
charge of the complex formed. A suitable eluent combined with the right resin enables
selective separation of REEs with a known order relative to their complex stabilities and
properties [24,25]. REE mixtures can be introduced to the chromatographic system either
as free ions or complexes. Cation exchange resins can be used when the feed contains REE
as free cations or positively charged complexes. Free cations are sorbed to the resin, then
released from the resin with suitable eluent (complexing agent, acid, etc.). Anion resins
can be used in the opposite situation, where the REE feed or the separation material has
been pre-treated with a complexing agent. Preferably these negatively charged species
are usually pushed through the chromatographic system using a complexing agent as the
mobile phase [26,27]. This kind of separation usually requires large quantities of the mobile
phase relative to the amount of complex present in the system [28]. Table 1 reviews several
methods from the literature that achieved partial or complete REE separation. In most of
the previous methods, separation was achieved using HPLC equipment and/or eluents
that are expensive or highly concentrated.
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Table 1. Examples of REE separations using chromatographic methods.

Resin Material,
Particle Size

Resin Bed
Dimensions

Mobile Phase and
Concentration

Fed REE vs.
Column Size [g/L]

HPLC/
Preparative Ref.

Dowex 2X8
(200–400 mesh)

d = 1.2 cm
h = 36 cm

Sodium trimetaphosphate
[≤10 mM] 0.12 Preparative [29]

AS9-HC d = 0.4 cm
h = 25 cm EDTA [5 mM] 0.0032 HPLC [26]

C18 coated silica 1

d = 16 µm
d = 0.46 cm
h = 15 cm Nitric acid [7 M] 1.96 HPLC [30]

Eternity XT5–C18 d = 0.46 cm
h = 25 cm

TBAOH [8.6 mM]/ODA
[5 mM] 0.00012–0.00036 HPLC [31]

1 The C18 column was further functionalized with HDEHP before use.

In this work, the separation of REEs in the form of the MGDA complex is studied.
The study proposes a novel process to separate anionic MGDA-REE complexes with dilute
acid as mobile phase. MGDA-REE complexes originated from resin-in-leach recovery of
REE from phosphogypsum [32]. In addition to the complexation of REE with MGDA, the
combination of anion IX resin as a sorbent and the dilute acid as the mobile phase make
the studied unit process novel for the separation of pure REEs from their mixture. Due to
the anionic nature of MGDA-REE complexes, the cation IX resins were not considered as
a separation material. Dilute acid as the mobile phase in this separation can reduce the
chemical load compared to systems with alkaline complexing agents (e.g., EDTA). The effect
of feed composition, resin type, acid type, and temperature are explored with a synthetic
MGDA-REE solution. The purpose of synthetic feed is to determine the factors that are
affecting the separation of the MGDA-REE complex without the presence of impurities.
The effect of impurities for separation efficiency is not discussed, although in realistic case
minor levels of impurities would exist in the feed. The separation of MGDA-REE complexes
with a conventional packed resin bed without the use of HPLC technology will enable us
to proceed towards techno-economically efficient REE recovery from phosphogypsum. The
novelty of this work is that the separation of REEs is achieved with dilute HCl while the
anion IX resin acts as a separation material and not with the use of a complex forming
ligand in the mobile phase. This results in a new method for REE separation, which could
be a more economically viable option for separation since it uses dilute HCl as the eluent,
which is cheap compared to the ligand-based (for example MGDA) mobile phases.

2. Materials and Methods
2.1. Anion Exchange Resins

The IX resins used were Dowex 1X8, IRA-402 and IRA-410. Dowex 1X8 is a strong
base anion (SBA) exchanger with quaternary ammonium as functional groups and 8%
DVB (divinylbenzene) content. IRA-402 is similar; it consists of SBA resin with quaternary
ammonium groups and a 6% DVB content. Dowex 1X8 and IRA-402 are both type I resins.
Additionally, IRA-410 is a type II resin with dimethylethanolamine functional groups. The
structures of the functional groups for both type I and type II resins are shown in Figure 1.
In addition, the structure of MGDA (the complexing ligand used in this study) is shown on
the same figure. The physical and chemical properties of the selected resins are shown in
Table 2.
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Figure 1. Functional groups of (a) Dowex 1X8 and IRA-402; (b) IRA-410; (c) MGDA-Na3.

Table 2. Physical and chemical properties of the resins used in this study.

Resin Dowex 1X8 IRA-402 IRA-410

Functional group N+(CH3)3 N+(CH3)3 N+(CH3)2C2H4OH
Matrix PS-DVB PS-DVB PS-DVB

Structure gel gel gel
DVB Content, wt-% 8 6 8

Particle size, mm 0.6–0.75 0.6–0.75 0.6–0.75

2.2. Synthetic Feed Solutions

The chemicals used in this study were HCl (CAS: 7647-01-0) (VWR Chemicals, Briare,
France, 36%, GPR Rectapur), HNO3 (CAS: 7697-37-2) (Merck, Darmstadt, Germany, 65%,
Analysis purity), H2SO4 (CAS: 7664-93-9) (VWR Chemicals, Briare, France, 96%, GPR Recta-
pur), MGDA (CAS: 164462-16-2), (Honeywell Fluka, Seelze, Germany, ≥90%), LaCl3·7 H2O
(CAS: 10025-84-0) (Fluka Chemika, Seelze, Germany, Puriss. p.a.), Nd2O3 (CAS: 1313-97-9)
(Sigma-Aldrich, Taufkirchen, Germany, 99.9%), and Eu2O3 (CAS: 1308-96-9) (Sigma-Aldrich,
Taufkirchen, Germany, 99.9%)

The feed simulates the real MGDA-REE product that was previously obtained from
authentic industrial phosphogypsum waste by eluting REE-loaded resin with the alkaline
MGDA solution [32]. REEs in the loaded resin originated from an authentic industrial
phosphogypsum waste that was treated with a cross-current ion exchange resin-in-leach
process. The feed solutions were prepared by dissolving solid rare earth chemicals. Solids
were dissolved by concentrated HCl, then diluted with water. Although selected REE solids
are also soluble in other minerals acids (HNO3 and H2SO4), HCl was selected because it
has the fewest unfavorable interactions with REEs and SBA, (i.e., a low affinity towards
the resin and REE in a complex formation) [33,34]. The main negative effect of HCl is
its corrosive effect on the used equipment. HNO3 affects the resin matrix (nitration) and
chelating MGDA ligand negatively (oxidizing) and H2SO4 was rejected due to its double
anion formation (HSO4

− and SO4
2−) and strong affinity towards both type I and type II

SBA resins.
The total REE concentration of the prepared stock solution was 0.3 M, and it was

used for preparing all the feed solutions. The pH adjustments were done either with
HCl or NaOH, if needed. The ratio of individual REEs in stock solution was 1:1:1 (±5%),
as it allows to detect selectivity and affinity differences more easily. The composition
and properties of the feed solutions are shown in Table 3. Solutions were prepared by
mixing REE stock solution (0.3 M) with solid MGDA–Na3 salt. For most samples, the
REE:MGDA stoichiometric ratio was 1:1 since their dominant complex structure is 1:1 [32],
and complexation is estimated to be very strong at this ratio (i.e., the majority of the REE
and MGDA are in complexes). In addition, the 1:1 ratio of REE:MGDA does not allow resin
to transform to the MGDA-form since nearly all of it is in REE–MGDA complexes. To study
the effect of excess MGDA in the sample, a feed with a 1:4 REE–MGDA stoichiometric
ratio was also prepared. The pH of the samples was adjusted to be slightly alkaline to
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ensure the complex formation between the ligand and REE since the MGDA is an acid with
pKa values pKa1 = 9.9; pKa2 = 2.6, and pKa3 = 1.5 [35]. Regardless of the high pH of feed
solutions, the REEs are not in the form of hydroxide precipitate in the solution. Chelation
with MGDA alters the solution chemistry of REE cations and they exist as water soluble
MGDA-REE complexes within the pH range of 9 to 12.50. Deviations in feed concentrations
between each other are due to the pH adjustments of the feed. NaOH or HCl addition to
the feed caused an increase in volume of the feed and thus resulted in lower concentration
of REE (g/L). The starting point for pH adjustments was on the alkaline level (pH = 12.5),
so therefore the lower pH values ended up having lower concentrations of REE due to
added HCl.

Table 3. Compositions of the feed solutions used in the experiments.

Feed Number ∑(REE) [g/L] pH [REE]:[MGDA]

1 28.4 12.20 1:1
2 29.6 12.45 1:1
3 21.6 9.08 1:1
4 19.5 9.81 1:4

2.3. Chromatographic System

The anion exchange resins were pretreated with multiple consecutive HCl and NaOH
cycles to remove any traces of impurities before use. Twenty grams of wet resin was
slurry-packed into a glass column (Kronlab ECO101382, ID = 15 mm). The bed height
varied between 20.0 and 21.5 cm, depending on the resin. The bed was supported from
above and below using variable-length adaptors. The temperature of the packed bed was
controlled, if needed, with a water jacket connected to the thermostat. Experiments that
were done in ambient temperature (298 ± 2 K) did not have additional temperature control.
No significant shrinking or swelling of the particles were observed during the process with
any of the eluents.

The resins were used in the same ion form as the major anion in the mobile phase
in each experiment (Cl−, SO4

2− or NO3
−). Before each experiment, the column was

regenerated with a concentrated acid solution (HCl, H2SO4, or HNO3) and equilibrated
with the mobile phase (0.01–0.15 mol/L of HCl, H2SO4, or HNO3). The two-step loading-
elution experiments were an exception; the column was initially equilibrated with purified
water and the eluent was a 0.01–0.05 mol/L HCl solution. The feed was introduced to the
column by using injection loops of fixed sizes (0.2–2 mL = 1–10% of BV). Any exceptions to
these default initial conditions and procedures are mentioned later in the text.

Samples with a fixed volume (time-based) were collected by fraction collector (Foxy
R1) to the plastic tubes. Tubes were closed with caps prior to the analysis. The metal
content from the collected fractions was analyzed using offline methods.

2.4. Analytical Methods

For metal (La, Nd, Eu) analysis in the aqueous phase, the Agilent 7900, Basel, Switzer-
land, inductively coupled plasma mass spectrometer (ICP-MS) was used. The relative
standard deviation (RSD) in ICP-MS measurements was ±2%. Measurement of pH was
done with Consort multi-parameter analyzer C3010, Turnhout, Belgium, and WTW SenTix
Mic pH electrode, Weilheim, Germany. The error estimate for the pH measurements was
±0.1%, one digit, according to the specifications of the manufacturer. MGDA as a free,
undissociated acid or its corresponding sodium salt form, was analyzed with Agilent
6560 Ion Mobility LC/Q-TOF. The reverse phase column (Waters Acquity Premier HSS T3,
Milford, MA, USA) was selected as the solid phase. The chosen column minimally interacts
with metal cations, making it easier to detect free aminopolycarboxylic acids (MGDA).
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3. Results and Discussion
3.1. Selection of the Resin and the Mobile Phase
3.1.1. Resin

Figure 2 displays profiles obtained with the Dowex 1X8, IRA-410, and IRA-402 when the
REE–MGDA mixture “Feed #2” (Table 3) was eluted through the packed bed with 10 mM
HNO3. In all cases, the elution profile (total REE concentration) consists of two partially
separated peaks. Their origin and composition are discussed later in the paper, but the Dowex
1X8 yields inferior separation of the REEs compared to the IRA resins. With the Dowex 1X8,
the majority of the REEs are eluted within a large peak at the void volume of the column. The
IRA-402 resin, in contrast, exhibits a broader elution profile in which the REEs are mostly
retained by the resin. These two resins have the same functional group but differ in cross-
linking density (8 wt-% for Dowex 1X8 vs. 6 wt-% for IRA-402). This suggests that 8 wt-%
DVB content results in a polymer matrix too dense for the REE–MGDA complexes to penetrate
the gel area and reach the functional groups. This is congruent with the findings in previous
publications, which studied the separation of EDTA–Ln (Ln = Lanthanide) complexes with,
for example, Dowex 1X2 and 1X4 resins [36,37]. In addition, IMDA–Ln complexes were
investigated with different Dowex 1X and 2X resins; Dowex 2X8 has been shown to be a
suitable resin for REE separation. Sodium trimetaphosphate gradient eluent was used to
separate adjacent REEs [29]. In this study the IRA-410 was found to have similar properties to
the Dowex 2X8.
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Figure 2. Chromatograms for REE elution with Dowex 1X8, IRA-410 and IRA-402 (T = 298 ± 2 K;
flowrate = 2.98 BV/h; feed pulse = 0.025 BV, Eluent = 10 mM HNO3; Feed solution = #2).

The elution behaviour of REEs was similar for the type I and type II resins (i.e., IRA-402
and IRA-410) even though their cross-link densities are different (8 wt-% with IRA-410).
This is readily seen in Figure 3, where the elution profiles of La, Nd, and Eu are shown.
Chromatograms were obtained from two separate experiments. The feed contains all three
shown REEs mixed, but for comparison purposes they are shown as divided elements
(La, Nd, Eu). The Type II resin (IRA-410) shows a stronger retention of Eu (last eluted
REE) than the Type I resin, despite its higher DVB content. Therefore, it can be concluded
that the Type II functionality in the strong base anion exchanger increases the retention.
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Moreover, the retention of La (first eluted REE) on IRA-410 is weaker and the retention
of Nd (middle) is like that of IRA-402. Based on these results, IRA-410 yields the best
separation of the REEs under these conditions and, therefore, was chosen for most of the
subsequent experiments. The selection of the resin is done completely on the empirical
basis based on the results of this study.
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Figure 3. Elution profiles of (a) La; (b) Nd; and (c) Eu on IRA-402 and IRA-410. (T = 298 ± 2 K;
flowrate = 2.98 BV/h; feed pulse = 0.025 BV, Eluent = 10 mM HNO3; Feed solution = #2).

3.1.2. Mobile Phase

Dilute solutions of strong mineral acids were used as the mobile phase in the elution of
MGDA–REE complexes for two reasons. Firstly, the acidic eluent weakens the stability and
changes the total net charge of the MGDA–REE complexes by protonating at least one of
the carboxylic acid groups of the chelating ligand (MGDA). The protonation of functional
groups in the resin is not considered. The stability of, for example, the IRA-410 resin, is
good for the whole pH range from 0 to 14. Therefore, operating the separation dilute acids
does not result in protonation of the functional groups. Secondly, the different anions from
the acid compete with the MGDA–REE complex for the functional group of the resin. In
this way, the pH and choice of acid could be used to enhance the separation of the REEs
with a simple mobile phase.

Common mineral acids used in this type of separation are H2SO4, HNO3, and HCl.
Preliminary tests revealed that no separation of REEs is achieved when sulfuric acid is used
as the mobile phase, even in small concentrations (10 mM). This stems from the extreme
affinity of sulfate and bisulfate towards both type I and type II SBA resins in acidic pH. The
use of sulfuric acid results in a persistent sulfate form in the resin, requiring large volumes
of suitable salts to convert the resin back to either their Cl− or NO3

− form [38]. Therefore,
sulfuric acid is an unsuitable mobile phase due to its strong interaction with all types of the
resin phase.

The general trend of affinity towards SBA resins is SO4
2− > NO3

− > Cl−. There is a
notable difference in the affinities of NO3

− and Cl− to Type I and Type II resins when OH−

is used as the reference. For Type I resins, the selectivity coefficients are in the following

order: KCl−
OH− = 22 and K

NO−
3

OH− = 65 for Type I resins, and KCl−
OH− = 2.2 and K

NO−
3

OH− = 8 for Type

II resins [34]. The Type I resin is less selective to NO3- than the Type II resin (K
NO−

3
Cl− = 2.95

vs. K
NO−

3
Cl− = 3.49). It is expected that these affinity differences would cause variations in the

elution behavior of different REE–MGDA complexes with different mineral acids.
Disqualification of H2SO4 as a mobile phase leaves us with two options: HNO3 and

HCl. Figure 4 shows that HNO3 results in slightly lower retention, but the separation
of peaks is not that great. Respectively, with HCl, the retention of metals increases, and
the profiles are broader. Generally, using HNO3 with an anion exchange resin as the
mobile phase is not recommended since it might undergo nitration, oxidizing the resin
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matrix. Therefore, HCl is chosen to be the most suitable eluent for REE. This minimizes the
interaction between the MGDA–REE complex and anions present in the mobile phase. The
formation constant of, for example, an NdClx complex in Cl–medium is low compared to
the formation constants of the MGDA–REE complex at an alkaline pH. At 25 ◦C, β1 and
β2 for NdCl2+ and NdCl2+ are (0.28) and (no value), respectively. Based on the formation
constants of REE-Clx (x ≥ 1) complexes, these complexes are not significantly present in
dilute chloride solutions [33].
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3.2. Sorption Behavior of REE

A 1:1 REE–MGDA complex has a net negative charge in an alkaline solution (pH ≥ 9).
Due to its negative charge, the complex is capable of binding to the SBA resin’s functional
groups. The sorption equilibrium is affected by the solution pH, the REE:MGDA ratio,
and the temperature. In almost every chromatogram in this study, a sharp peak of REEs
around 0.5 BV can be seen. This will be discussed in more detail later. With the used resins
and mobile phases (eluents), the frontal peak cannot be removed. The flow rate and feed
volume could affect the extent of separation achieved in the column, but these were not
investigated because a more comprehensive process design and the effect of feed volume
will be examined in future work.

3.2.1. The Effect of Temperature on REE Separation

The temperature was found to have a small effect on the separation of the REE–MGDA
complexes (Figure 5). Increasing the temperature enhanced the sorption of the MGDA–
REE complexes. Higher temperatures caused the resin matrix to become more flexible
and swollen, allowing for better mass transfer and enhancing the kinetics, which can be
seen as a slightly faster process cycle. This caused a decrease in the size of the frontal
peak group at the beginning of the chromatogram. The REE mass balance shifted to the
right towards the second peak group, where we observe the retention of the MGDA-REE
complexes. Temperature did not have noticeable effect on the desorption or retention.
Higher temperatures than ambient (22 ◦C) could be used in the loading step of a two-step
process to enhance the sorption of the MGDA–REE complex.
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Figure 5. Effect of temperature on the retention of the MGDA–REE complexes shown as Σ[REE]
(resin = IRA–410; flowrate = 2.98 BV/h; feed (#2) = 0.05 BV, eluent = 50 mM HCl).

3.2.2. Effect of the Acid Concentration on REE Separation

The effect of HCl concentration on the retention of MGDA–REE complexes is shown
in Figure 6. All REEs are eluted faster when the HCl concentration increases from 0.01 M to
0.05 M; additionally, the peaks become sharper. This results in higher peak concentrations
for every REE. However, the peaks significantly overlap. Overlapping becomes more
severe with the increasing acid concentration. Evidently, 0.05 M HCl is already too acidic to
achieve good separation of the REEs. On the other hand, concentrations lower than 0.01 M
are not suitable because the MGDA–REE complexes already have a high retention with
0.01 M HCl; it would cause long process cycle times and low productivity. For an isocratic
process, the mobile phase of 0.01 M HCl with pH = 1.92 was deemed suitable even though
the Eu profile spreads widely. For sharper elution and smaller retention of the MGDA–Eu
complex, a pH buffer gradient could be used as the eluent.
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(a) 10 mM HCl; (b) 50 mM HCl (flowrate = 2.98 BV/h; feed solution = #2; feed volume = 0.05 BV).
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3.2.3. Effect of the Feed pH on REE Separation

For a substantial number of the experiments, the initial pH of the feed pulse was
greater than 12. Highly alkaline conditions were selected to ensure complexation of REEs
with MGDA (pKa1 = 9.9; pKa2 = 2.6; pKa3 = 1.5). A high pH also ensures negative charge
of the complex, which is needed for the sorption to an SBA resin. The pH of the feed
pulse decreases soon after injecting it into the column because the column was equilibrated
with an acidic mobile phase. In the case of a water equilibrated column, the pH of the
outcoming feed does not change drastically based on the pH values measured from the
effluent fractions (Figure S1). A high feed pH is an important factor to ensure the sorption
of the MGDA–REE complexes on the anion exchange resin [39].

The use of feed with a pH between 9 and 10 (Feeds 3 and 4) resulted in different
retention behavior for La and Nd complexes than with pH 12 (Figure 7). Due to the lower
pH of the feed (pH = 9), the MGDA–La complex is almost immediately affected by the
acid content of the column. This neutralized and partly protonated MGDA-La complex
does not show any retention. La can be seen as a single sharp peak at the beginning of
the chromatogram that does not tail significantly. The retention behavior of Nd has also
changed. The position of the peak has shifted to the right in the chromatogram. Overall,
the peak shape and its width is similar to feed with a pH of 12.20 (Figure 7). Since the
MGDA–La complex does not interact with the resin’s functional groups, the MGDA–Nd
complex is the first to interact with the mobile phase after the feed has been injected to the
column. In addition, the lower initial pH of the feed can contribute to altered retention.
Retention of the MGDA-Eu complex did not change with the varied pH of the feed.
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Figure 7. Chromatogram with feed pH = 9.08 (left) and feed pH = 12.20 (right) (resin = IRA-410;
T = 298 ± 2 K; flowrate = 2.98 BV/h; feed pulse = 0.025 BV; acid concentration = 10 mM).

Further acidification of the feed would also change the retentions of the MGDA–Nd
and MGDA–Eu complexes. A more acidic feed would render MGDA–REE complexes
chargeless, or the complex would at least lose the negative charge that is needed for
interaction with the resin phase.

3.2.4. Effect of the MGDA–REE Ratio on REE Separation

MGDA–REE complexes exist mainly with a molar ratio of 1:1. A molar ratio between
MGDA and REE larger than 1:1 has an excess of MGDA. Having a large excess of MGDA
in the alkaline feed solution transforms the SBA resin partly to its MGDA form because the
free MGDA’s negatively charged carboxylic acid groups interact with the resin. Having the
SBA resin in the same form as the complexing ligand decreases the distribution factors. It
was observed that having chloride resin resulted in a better distribution factor compared
to the MGDA resin. However, having the resin in the form of a complexing agent can
significantly increase the working capacity of the resin. The working capacity is determined
from the breakpoint, describing the number of complexes that are capable of sorbing to the
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SBA resin in a dynamic process. An increase in the working capacity results in a decrease
in the total capacity of the resin [40]. An increase in the working capacity compensates
for lower distribution factors by allowing for more complexes into the system during the
dynamic process. This results in greater retention of the MGDA–REE complexes.

Figure 8 shows the experiment with a 4:1 MGDA–REE ratio. This excess of the
chelating ligand can be observed as a stronger retention of all MGDA–REE complexes
than with a 1:1 MGDA–REE ratio (Figure 4). This results in a wide and low peak shape.
Increasing the working capacity when using excess ligand in the feed solution creates
a small frontal peak. This peak is significantly larger in the case of a 1:1 ratio between
MGDA and REE. The general trend does not differ drastically from the experiments with
an equivalent amount of MGDA and REE in the feed.
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(resin = IRA–410; T = 298 ± 2 K; flowrate = 2.98 BV/h; feed (#4) = 0.025 BV; eluent = 10 mM HCl).

3.3. Stability of the MGDA–REE Complexes

MGDA–REE complexes are stable within a large pH range, and they have a negative
net charge in alkaline conditions. This negative charge and consequent electrostatic in-
teraction with the functional group of the SBA resin is the main sorption mechanism. As
discussed earlier, the separation is based on the differences between the complex stabilities
of individual REE–MGDA complexes. Based on the structure of the MGDA molecule, the
-COO− located near the methyl group is the most sensitive to protonation. The methyl
group acts as an electron density donor, which destabilizes the -COO− and results in
protonation of the acid group. Alkyl substituents are known to be electron density donors
and, thus, induce a higher pKa value in the adjacent -COOH group [41].

3.3.1. Titration of the MGDA–REE Complexes

The differences between the complex stabilities were investigated with a simple
titration method. For titration purposes, the REEs (La, Nd, Eu) were complexed with
MGDA individually. Initial pHs of the samples were set to 10.5 (>pKa3 = 9.9) when the
MGDA forms stable chelate with REE. These samples were then titrated with 0.1 M HCl.
The equilibrium point is observed as a gentle slope in the pH/dV curve (Figure 9). The
results verify our assumption of the protonation of at least one of the carboxylic acid
groups. Values for the first pKa of the MGDA–REE complex can be determined from
the equivalent points of the titration curve. The value for the MGDA–La complex is
significantly higher than that of the MGDA–Nd and MGDA–Eu complexes. The complex
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strengths have an order of La < Nd < Eu, which is in line with the order of the metals
in the periodic table; complex strength is inversely proportional to the size of the ion. A
decrease in the ionic radius results in more stable complexes [42]. REEs are known for their
lanthanide contraction, which results in an atypical size of the ion when the mass of the
ion increases [2]. The differences in pKa values between REE–MGDA complexes result in
differences in the free energy of adsorption. The La complex with the largest pKa value
determined gives a ∆G◦ (Gibbs free energy of adsorption) of −21.51 kJ/mol. The values of
∆G◦ for Nd and Eu are −18.30 kJ/mol and −16.67 kJ/mol, respectively. A larger negative
free energy of adsorption indicates stronger interaction with the resin. This can be seen
in the ratios between La, Nd, and Eu in the front peak. The Eu, which has the weakest
interaction with the resin, has a larger share in the front peak compared to the original feed.
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Figure 9. Titration curves of the individual MGDA-REE complexes. The pKa values of the equivalent
points are marked on the titration curves. Grey = La (3.82), orange = Nd (3.25), blue = Eu (2.96)
(titrant = 10 mM HCl; fixed speed titration; T = 298 ± 2 K).

Interactions between negative MGDA–REE complexes and the positively charged SBA
resin further modifies the protonation tendency of MGDA. Electrostatic interactions such as
London dispersion forces or ion-induced dipole effects could affect the charge distribution
within the MGDA–REE complex [43]. This leads to a higher pKa, where the protonation
of the first COO− occurs. This plausible interaction explains the differences of pH values
observed in titration and in the elution process itself.

Differences in complex stabilities can already be seen when the MGDA-REE loaded
column is rinsed with water. Deionized water can elute the MGDA–La complex since its
pH is 5.8, which is acidic enough to cause partial protonation and neutralization of the
MGDA–La complex, thus liberating it from the resin. Since the third pKa values of the
MGDA-Nd and MGDA-Eu complexes are significantly lower than that of the MGDA-La
complex, those complexes remain sorbed to the resin during the loading and rinsing of the
column with water. This small, steady leakage of the MGDA–La complex during water
rinsing can be seen in Figure S2.

3.3.2. Presence of Free MGDA in the REE Solution

The majority of the MGDA in the feed was assumed to be in the form of an MGDA–REE
complex. This assumption can be justified by the large stability constant of the MGDA–La
complex (log K = 11.02; 20 ◦C) [44]. To prove complex stabilities and their presence in
acidic HCl media after chromatographic separation, the amount of the free, non-complexed
form of MGDA was determined from the eluent samples. MGDA—either in the form
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of undissociated acid (MGDA–H3) or the corresponding sodium salt (MGDA-Na3)—are
considered to be free ligands. Semi-quantitative LC-MS analysis of effluent samples yielded
information regarding the MGDA–REE complex stability. A significant amount of free
MGDA compared to the overall concentration of MGDA in the feed would indicate a
dissociation of the MGDA–REE complex.

The amount of free MGDA was analyzed with LC-MS analysis. Figure S3 shows the mass
spectrum for a pure MGDA–Na3 feed. One can see both forms of free MGDA (MGDA–H3 and
MGDA–Na3). In addition, one partly fractionated molecule with m/z = 160 can be seen; this is
the result of decarboxylation of the MGDA. Table 4 shows both experimental and theoretical
m/z values for the MGDA and its decarboxylated form. Experimental m/z values fit to the
theoretical counterparts within an acceptable deviation based on the ∆mDa values.

Table 4. Experimental and theoretical mass-to-charge ratios for measured MGDA forms.

Ion Formula m/z (Exp.) m/z (Theor.) ∆mDa

[MGDA + Na]+ C7H11NO6 + Na 228.0463 228.0479 −1.6
[MGDA + H]+ C7H11NO6 + H 206.0645 206.0659 −1.4

[MGDA + H-COOH]+ C6H10NO4 160.0589 160.0604 −1.5

The actual samples containing complexed MGDA-REE species were analyzed with
similar LC-MS analysis for the free MGDA. The amount of free MGDA was assumed to
be minimal because the sample’s MGDA–REE ratio was 1:1. Higher concentrations are
assumed to be seen in samples with a 4:1 MGDA–REE ratio.

Figure 10 displays the ∑REE concentration from one of the experiments combined
with the observed relative amounts of free MGDA in a logarithmic scale. The frontal
peak group that contains all three REEs in the sample was detected immediately after the
injected sample pulse traveled through the void volume of the column (0.4 BV). This narrow
part of the chromatogram contains the large majority of the observed free MGDA. The
amount of free MGDA is miniscule after the frontal peak group. Both REE and free MGDA
concentrations are proportional to each other after the frontal peak group. In fraction #22
(Figure 10), the concentration for MGDA is 10 times smaller than that in fractions #9 and
#13 (Figure 10). The concentration of free MGDA based on semi-quantitative analysis
shows only µg/L-level concentrations in every sample, while the concentration in the feed
was on the mg/L-level.
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The amount of free MGDA was also measured from different experiments with differ-
ent conditions. The amount of free MGDA was also measured from other experiments. The
trend in all measurements complies with the findings seen in Figure 11. From those results,
it can be concluded that practically all the MGDA that was observed in its free form was
seen at the beginning of the chromatogram. This indicates that all the excess MGDA and
MGDA–REE complexes that have not sorbed to the resin are seen as the first, narrow peak
of the chromatogram. These results also indicate that the separation of REEs is based on
the MGDA–REE complex; it has been shown to remain intact during the process. Almost
the same amount of free MGDA was observed from a 1:4 (metal:ligand) ratio feed as from a
1:1 ratio feed. Excess MGDA is sorbed to the resin, converting the resin to the MGDA form.
The REE–MGDA complex with other stoichiometry than 1:1 (M:L) cannot be excluded as
an option for excess MGDA, but it is unlikely, and therefore the other M:L ratios (e.g., 1:2)
were not investigated. It was seen that either the MGDA form resin or different complex
structures affected the retention behavior significantly with a 1:4 (M:L) feed, as seen in
Section 3.2.4.
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Figure 11. Chromatograms of the two-step process with separate loading and elution steps. In
addition to [REE], the logarithmic [MGDA] is shown (T = 298 K ± 2 K; flowrate = 2.98 BV/h; feed
(#2) = 0.1 BV; eluent = (a) deionized water, (b) 0.01 M HCl).

Adjusting the pH of the feed was not shown to affect the amount of free MGDA. The
major change observed was the change in the MGDA–REE complex retention, as shown in
Section 3.2.3. With elevated temperatures, the significant difference in the concentration
profile of free MGDA was not seen either. Relative amounts of free MGDA experiments
with temperatures of 22 ◦C and 50 ◦C are shown in Figure S4. Increasing the temperature
enhances the sorption of the MGDA–REE complexes but does not affect the amount of free
MGDA. Finally, the same MGDA determination was performed for a two-step process.
Figure 11 shows the chromatogram for this experiment with a logarithmic presentation of
free MGDA. According to previous analyses and hypotheses based on those experiments,
the highest amount of MGDA was expected, as would be seen to occur in the first step of
the process; this occurred as expected. For the second step, MGDA was at a similar level to
the levels in the other experiments. This proposed two-step process was not practical for
actual separation, but it can be used to prove the distribution of free MGDA in the system.
Since the majority of free MGDA is eluted among the first peak while eluting the feed with
water, it can be shown that the propagation of free MGDA is not affected by the HCl.
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Although the majority of detectable free MGDA existed in a few fractions at the
beginning of the chromatogram, it was also present in other samples. This small amount of
MGDA after the frontal peak correlates well with the Σ[REE]. This clear connection in all
the experiments can be explained by the equilibrium of the complexation reactions. For
chelating reactions between strong ligands and multivalent metal cations, the equilibrium
is heavily on the side of the complexes. Even though the complexation phenomenon is
strong by nature, a small percentage of the metal cation and MGDA exists in the sample
fractions as free species. The amount of free MGDA is presented as a logarithmic value
based on relative surface areas obtained from the LC–MS analyses.

3.4. Process Performance

A total of 21 separation experiments were performed in this study with the IRA-410
resin, using different feed solutions, feed volumes, and different conditions to study the
separation of REEs as MGDA complexes. This publication presents data for 10 of those
experiments in the figures and discusses the results. Data from the experiments not shown
does not provide any new information, which could be helpful to explain the chemistry or
performance of the proposed system. From the experiments that were conducted multiple
times, the reproducibility of separation can be evaluated, which is good. This data is used
to analyze process performance in this section, even though the experiments were not
specifically designed to optimize the process.

In ternary and multicomponent chromatographic systems, the recovery of the inter-
mediate eluting compounds (here Nd) is always the greatest challenge. The high purity
required for each metal in the corresponding product fraction leads to a trade-off between
recovery yields and purities of the adjacent compounds. As observed in the chromato-
graphic data presented above, Nd always overlaps with the adjacent La and Eu peaks.
With suitable feed pH adjustments (see Section 3.2.3), the La can be separated from Nd and
Eu with good purity and yield. The challenge with Eu fractions is their low concentration
due to their broad elution profile. However, high purity levels can be achieved.

Figure 12 gives an example of the tradeoffs between recovery yield and product purity
for each metal. The first fractionation cut, Cut1, refers to the end of the La product fraction
(its beginning is obvious and is not considered). Since no to-be-recycled or waste fractions
are considered here, Cut1 is also the beginning of the Nd product fraction. The width of
the Nd fraction equals Cut2-Cut1, where Cut2 is the beginning of the Eu product fraction.
The end of the Eu fraction should be when it is completely eluted. With this fractionation
strategy, the purity and yield of La and Eu can be presented as a single-parameter curve,
whereas the data for Nd is presented as contour lines in a coordinate system spanned by
the start of Nd fraction (Cut1) and its width (Cut2 − Cut1).

Figure 12 shows that setting Cut1 = 0.84 BV results in 81% purity and 80% yield for La.
Cutting a little later (Cut1 = 1.1 BV) increases the La yield to 89%, but the purity decreases to
70%. This is, nevertheless, a good result for a single process step in a ternary REE mixture,
considering that the feed purity is approximately 33% for each metal.

The contour plots in Figure 12 show that the maximum yield and purity for Nd are
not obtained with the same fractionation cut times. To obtain higher than 60% purity for
Nd, Cut1 should occur between approximately 0.95 BV and 1.1 BV, and the fraction should
not be wider than approximately 0.7 BV. In this range, the recovery yield is less than 50%.
Decreasing the purity from 60% to 50% by collecting more Eu in the Nd fraction (Cut1 = 0.95 BV,
Cut2 − Cut1 = 1.5 BV) increases the Nd yield to 75%. This does, however, decrease the yield
of Eu from 75% to 43%, while its purity increases from approximately 70% to 80%.

In many of the experiments discussed above, a large amount of non-separated REE–
MGDA complexes were eluted at the void volume of the column. This “frontal peak” could be
collected separately and recycled back to the feed without a loss of yield or purity. The yields
and purities of all REEs could be significantly improved by using the so-called steady-state
recycling chromatography [45]. In this process, low-purity fractions are collected between
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the product fractions and recycled to the feed. Both recycling schemes would likely require
adjustment of the pH to alkaline, thereby increasing the consumption of the acid.
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flowrate = 2.98 BV/h; Feed solution = #3; Feed volume = 0.025 BV; Acid concentration = 10 mM).

4. Conclusions

This study shows that MGDA–REE complexes can be chromatographically separated
with SBA resin. The lower cross-linking density of the SBA resin enhances the affinity and
separation; Type II dimethylethanolamine functional SBA resins perform better than Type I
quaternary ammonium functional resins. Dilute strong mineral acid was shown to be a
suitable eluent. HCl was chosen as the mobile phase because it does not have the unwanted
interactions compared to the other alternatives (a strong interaction of HSO4

− and SO4
2−

towards SBA resins and HNO3 induces nitration of the resin matrix).
Separation of MGDA–REE complexes is based on the minor differences between the

pKa values of the complexes. Since the desorption and overall separation efficiency was
shown to be dependent on the pH of the system, the pH control must be precise. With
0.01 M HCl, good separation of MGDA–REE (REE = La, Nd, Eu) complexes with equivalent
concentrations in the initial feed was obtained.

The purity and yield for individual REEs can be carefully controlled by choosing a
proper fractionation (“cutting”) scheme. The main challenge is in recovering the middle-
eluting Nd in sufficient purity and yield. The following purities (P) and yields (Y) were
achieved in single column separation: La, P = 81% and Y = 79%; Nd, P = 57% and Y = 65%;
and Eu, P = 76% and Y = 64%.
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The chemistry of the system was discussed and studied experimentally. It is concluded
that the essential phenomena from a separation chemistry point of view are strong MGDA–
REE complexation, protonation of MGDA (pH), and competition of chloride, dissociated
free MGDA, and anionic MGDA–REE complexes for the functional groups in the resin.

Separation could be further improved by utilizing gradient elution, adding multiple
consecutive stages to the system, and/or utilizing advanced process schemes such as steady-
state recycling chromatography. Overall, it was demonstrated that one can modify the
mobile phase composition to improve the separation significantly. This enables the use of
standard commercial anion exchange resins for such a challenging separation. Ion exchange
with a properly modified mobile phase could be used for separation of REEs originating
from an industrial resin-in-leach process where REEs are extracted from phosphogypsum
and eluted from the resin with alkaline MGDA.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/met13030600/s1, Figure S1. pH profile of the water loading step
of the two-step process. The pH of pure deionized water used in loading is shown as reference.
(T = 298 K ± 2 K; flowrate = 2.98 BV/h; feed (#2) = 0.1 BV; eluent = deionized water). Figure S2.
Small La leakage observed in the water loading step of the two-step process. Magnification of the a)
picture from Figure 11. Figure S3. Mass spectrum of the pure MGDA-Na3 feed. (Column = Waters
Acquity Premier HSS T3; injection size = 10 µL; T (column) = 303 K; mobile phase = MeOH + 0.1%
FA, H2O + 0.1% FA (60:40), flow rate = 0.2 mL/min; run time 3 + 1 min; sample = 20 µg/L MGDA
(in H2O)). Figure S4. Relative amounts of free MGDA in different fractions from experiments with
temperatures of 22 ◦C and 50 ◦C.
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