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Abstract 
 

Phosphogypsum waste is a potential, secondary rare earth element (REE) source that is available 

in very large volumes. Extraction and purification of REE from this complex waste was studied 

using resin-in-leach (RIL) followed by batch elution. Multiple consecutive RIL cycles with 

Purolite S940 resin in dilute H2SO4 solution were performed for an industrial phosphogypsum 

waste. REE loading (max. 0.92 equiv./kg) and purity over calcium (70%) increased up to seven 

cycles. REE and the impurities were separated by treating the loaded resin in a packed bed column 

with a two-step elution procedure. Calcium was efficiently removed with 0.06 M HCl. Alkaline 

solutions of biodegradable chelating agents N,N–dicarboxymethyl glutamic acid (GLDA), 

methylglycinediacetic acid (MGDA), oxalic acid, citric acid and iminodiacetate were studied for 

the second elution step. MGDA and GLDA were both suitable candidates for effective REE elution 

from S940 resin. A calcium free, high purity REE fraction (up to 99.01%) was obtained with 

MGDA. The most likely REE:MGDA complex stoichiometry was found to be 1:1 by using the 

method of continuous variation. 
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1. Introduction 
 

Rare earth elements (REE) consist of lanthanides, scandium and yttrium. These precious metals 

are essential elements for modern technology. Global demand has been predicted to increase 

considerably in the foreseeable future (Goodenough et al., 2018). This growing demand will likely 

pose challenges for a REE supply chain dominated by China, which produces approximately 90% 

of REE globally. China’s dominant market position in REE market is a result of low production 

costs and abundance of easily accessible REE-bearing minerals (Binnemans et al., 2013; 
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Dushyantha et al., 2020). Clearly, such a highly concentrated market increases geopolitical risk 

and the possibility of global supply shocks. Other countries thus have a pressing need to develop 

their own REE production to ensure sufficient availability. 

A lack of high-quality REE mineral deposits, especially in Europe, has forced countries to 

seek for alternatives, particularly the exploitation of secondary sources. Recycling of waste 

electronic devices (Swain and Mishra, 2019) and neodymium magnets (Binnemans et al., 2015), 

and urban mining of industrial waste containing REE, such as phosphogypsum (PG) or bauxite 

residue (Davris et al., 2017), have all been suggested. In recent years, price fluctuations and 

increasing demand of REE has heightened interest towards the PG as source of these valuable 

metals (Binnemans et al., 2015). 

 PG consist mainly of calcium sulphate and is a by-product waste of phosphoric acid 

production. In phosphoric acid production, enriched apatite ore is wet processed in the presence of 

concentrated H2SO4 to form PG. One ton of apatite produces four tons of PG. Worldwide, the 

production of PG is significant, and it is estimated at approximately 100–280 Mt per year (Tayibi 

et al., 2009). The mineral apatite contains REE as an adsorbate in its crystal lattice at concentration 

between 1.5–5% and the REE easily dissolve into the solvent when the apatite is treated with 

mineral acids (O’Sullivan et al., 2020; Owens et al., 2019; Wu et al., 2018). In the wet process, 

roughly 80% of the REE present in the apatite are absorbed during formation of the PG (Al-

Thyabat and Zhang, 2015). The REE content of PG varies from 0.04% to 0.50% (Hammas-Nasri 

et al., 2019; Lütke et al., 2020). 

 REE separation and purification from acid leachate is more challenging than dissolution of 

REE from PG. Selective precipitation with ammonia (Masmoudi-Soussi et al., 2020), ion exchange 

(Milyutin et al., 2020) and solvent extraction (Al-Thyabat and Zhang, 2016) have been shown to 

be suitable methods. Selective precipitation and solvent extraction in contrast are sensitive 

processes and involve precise control of solution pH. Direct REE leaching followed by ion 

exchange during apatite wet process is possible (Al-Thyabat and Zhang, 2015). 

Ion exchange can be utilized for REE recovery from aqueous solutions. Ion exchange resin 

can be also added directly to the acid leaching process. Addition of resin to the slurry is known as 

resin-in-pulp, RIP, (alternatively: Resin-in-leach, RIL). The method enhances extraction of ions 

by constantly removing dissolved species from the liquid phase (Cortina et al., 1998). Advantages 

of the RIL processes are the possibility to modify resins selectivity and the ability to regeneration 

of exhausted resin can be done usually in ambient temperature. The use of RIL in complex sample 

matrixes has been shown to enable more selective recovery of metals (Littlejohn and Vaughan, 

2013). Industrially, RIL has been used in gold recovery (Mubarok and Irianto, 2016), and in cobalt 

and nickel recovery from laterite leach slurry (Nicol and Zainol, 2003). 

  The use of RIL in REE extraction from PG has received relatively little attention from the 

research community. The RIL has been proven to be effective method (Yahorava et al., 2016). 

Usually strong acid cation (SAC) resins are used for REE leaching from low concentration 

solutions (Kentish and Stevens, 2001). Generally, selectivity of SAC resins is not good, but their 

regeneration can be done easily. Although recently (Virolainen et al., 2019) it was shown that use 

of chelating resin improves the selectivity of RIL process significantly. Functional groups of most 

common chelating resins are iminodiacetic acid, aminophosphonic or sulfonic group. When 

comparing the selectivity of SAC and chelating resins towards REE, the selectivity of the chelating 

resins is far more superior than the SAC resins and chelating resins adsorption efficiency is not 

heavily dependent on the temperature (Hérès et al., 2018). Disadvantage of the chelating resins is 

that they have affinity towards other trivalent impurities present in solutions (Fe3+, Al3+, Cr3+) 
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which can cause problems in elution. Most of the chelating resins can operate at low pH values 

but iminodiacetic acid-based resin, due to its weak acid nature, can be effective only in pH > 3 

(Page et al., 2017). Downside is that chelating resins requires strong eluents for regeneration. In 

previous studies EDTA, NaCl, HCl, has been used for REE elution (Virolainen et al., 2019; 

Yahorava et al., 2016). Especially EDTA forms stable complexes that are hard to decompose and 

can be toxic for living organisms (Pinto et al., 2014). Also, ecotoxicity of EDTA complexes 

encourages to look for alternatives. This study aims to improve chelating resins elution with 

environmentally benign eluent alternatives. Candidates should have effective and selective elution 

behaviour towards REE. Also process chemistry of the cross-current RIL is investigated. 

Optimization of phase ratios is not the subject of this research. 

 

2 Materials and Methods 
2.1 Resin-in-leach experiments 
 

The ion exchange resin used was Purolite S940, which is macroporous polystyrene crosslinked 

with divinylbenzene chelating resin with aminophosphonic functional groups. The resin was 

supplied in Na+–form. The resin was treated consecutively with 1 M NaOH and 1 M H2SO4 

solution before beginning the cross-current RIL process. In the loading, the resin was introduced 

in H+–form. Use of Na+-form resin is not reasonable due to the inevitable conversion of the resin 

to the H+-form in acidic environment of RIL process. Moreover, the sodium input to the 

suspension causes partial neutralization of liquid phase. Additional sulfuric acid is thus needed to 

maintain the pH at desired value. Resin–PG–acid slurry was continuously mixed (300 rpm) for 20 

hours. Phase ratio resin–PG–acid was 1:5:40 (kg/kg/L). 10 g/L sulfuric acid was used as the acid 

solution. Loading was done at ambient temperature (298±2 K). Operating parameters and 

conditions were selected based on recent research by (Virolainen et al., 2019). Phase separation 

was done by wet sieving. Exploitation of specific gravity difference between resin and PG in 

fluidization is also possible method for phase separation. After separation, the resin was washed 

with deionized water. Resin was either immersed again to new slurry for consecutive loading cycle 

or stored in water for elution experiments. Purity of REE loaded to the resin is determined as 

fraction of total loading (Equation 1). The total loading is calculated as the sum of REE (= 

lanthanoids, yttrium and scandium) and impurities (= Ca, Fe, Al, Mg, Sr). High sodium 

concentration, which originates partly from the resin and chelating agents used in sodium form, is 

not considered as noteworthy impurity. Sodium as monovalent cation has low affinity towards the 

selected resin. 

 

Purity (%) =  
∑[REE]

∑[REE]+∑[Impurities]
∗ 100%      (1) 

 

2.2 Eluents 
 

The eluents used in this study were N,N–dicarboxymethyl glutamic acid tetrasodium salt (GLDA), 

methylglycinediacetic acid trisodium salt (MGDA), iminodiacetic acid (IDA), citric acid (Cit.), 

trisodium citrate (Cit-Na3), oxalic acid (H2C2O4), HCl. All used eluents are readily or easily 

biodegradable compared to the strong chelating agents conventionally used in metal recovery, e.g., 

ethylenediaminetetraacetic acid (EDTA) or nitrilotriacetic acid (NTA) (Begum et al., 2019; 
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Jachuła et al., 2012). Another advantage of readily biodegradable chelating agent is that part of 

them (MGDA, GLDA, citric acid, oxalic acid) can be extracted from natural sources yet they are 

often produced synthetically. Use of biodegradable complexing agents also have very minor 

ecotoxicological profile. MGDA and GLDA complexes are also easier to reverse than complexes 

with EDTA due to the lower stability constant of metal-ligand complex. Structures for GLDA and 

MGDA are presented in Fig. 1. 

 

 
Figure 1 Structures of GLDA (left) and MGDA (right) biodegradable chelating agents. 
 

2.3 Batch and column elution 
 

All elution experiments in stirred tanks (batch) and in columns were performed in ambient 

temperature (298±2K). The eluents were first tested in small scale batch equilibrium experiments. 

Solid–liquid ratio in the small-scale batch experiments was 2 grams of loaded resin and 40 mL 

eluent in 50 mL plastic test tube. Before weighting in all experiments, the excess water from resin 

was removed by filtering. Contact time on those experiments was 20 hours with continuous 

shaking. Eluent and resin were separated with vacuum filtering. For column elution experiments 

15 grams of five–time loaded resin was packed in the column. Bed volume (BV) was between 19–

20 mL in the experiments and remained constant even in case of changes in particle size (due to 

swelling) because the bed was supported from both ends. Eluent feed rate for all experiments was 

1.2 mL/min (3.4 – 3.6 BV/h). Five–minute (Vfraction = 6 mL) fractions were collected from the 

column outlet. Resin sample was taken after every elution. Resin samples were washed with 

deionized water several times and dried. Residual metal content of the resin particles and effluents 

was determined. 

The first elution step was done with acidic eluent solution at pH 1.00 (±0.01), and in the 

second step alkaline eluent was used. Eluent compositions are presented in Table 1. GLDA and 

MGDA were used in rather low concentrations compared to the other eluents because the viscosity 

increases rapidly with concentration. High eluent viscosity during column elution can cause 

irregularities in the flow and nonideal recovery behaviour of the REE. Both, GLDA and MGDA, 

were originally supplied in form of sodium salts. HCl was used for pH adjustments when needed. 

In case of IDA the solubility of the acid form in water is low (23.8 g/L). IDA is diprotic acid (pKa1 

2.98 and pKa2 9.89) (Rumble, 2019). The solubility of IDA was enhanced by the addition of KOH. 

Neutralization was done in (acid/base) 1:1 and 1:2 molar ratios. At pH > 10, the solid precipitation 

occurred. Cit-Na3 solution was prepared from commercially available solid. pH of prepared 1 M 

Cit.-Na3 solution was near neutral (pH = 6.4). 
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Eluent Concentration (M) pH (initial) pH adjustment 

IDA 1 3.6 (±0.01) KOH 

IDA 1 10 (±0.01) KOH 

Cit. 1 1 (±0.01) – 

Cit-Na3 1 6.4 (±0.01) – 

GLDA-H4 0.3 1 (±0.01) HCl 

GLDA-Na4 0.3 10.4 (±0.01) – 

MGDA-H3 0.3 1 (±0.01) HCl 

MGDA-Na3 0.3 10.8 (±0.01) – 

HCl 0.06 1.25 (±0.01) – 

Table 1 Eluents used in the elution experiments. 

 

2.4 Determination of complex stoichiometry 
 

The probable stoichiometry of REE with the biodegradable complexing agents was studied using 

the method of continuous variation (Job’s plot) (Hill and MacCarthy, 1986). Nd and MGDA were 

chosen as a representative model system. 0.2 M stock solutions of MGDA and Nd3+ were prepared 

and the pH adjusted to 10 with NaOH. The stock solutions were mixed in varying proportions to 

determine UV–Vis absorbance (λ = 801 nm) as a function of MDGA mole fraction. 

 

2.5 Analytical methods 
 

For metal analysis in aqueous phase Agilent 7900 inductively coupled plasma mass spectrometer 

(ICP-MS) was used. Metal containing loaded resin and PG were decomposed with microwave 

digestion before ICP-MS analysis (Milestone Ultrawave). 3:1 v/v ratio of nitric acid and 

hydrochloric acid (reverse aqua regia) was used for resin sample digestion. Purity of standards and 

acids were ICP-MS grade (Romil SpA™ Super Purity Acid grade). A Hitachi SU3500 scanning 

electron microscope (SEM) was used for visual inspection of resin particles. Absorbance was 

measured with Agilent Cary 8454 UV-Vis. pH measurements were done with Consort multi-

parameter analyser C3010. Error marking for the pH measurements was 0.1% + 1 digit according 

to the specifications of the manufacturer. 
 

3 Results and discussion 
3.1 Effect of consequent RIL cycles to metal loading 
 

Initial pH of the PG-acid suspension (without the resin) was measured to be pH = 0.981.03. 

Addition of resin to the suspension does not affect the initial pH. The loading of REE in Purolite 

S940 (0.206 equiv./kg or 0.131 mol/kg) achieved in one cycle is relatively low (Fig. 2). Due to the 

low loading, the REE concentration in effluent from one-time loaded resin elution would be too 

low for practical applications. Several RIL cycles were thus carried out in crossflow mode (same 

resin in contact with fresh PG) to improve loading. As high as 0.915 equiv./kg (0.426 mol/kg) REE 

loading was achieved in eight cycles. Table 222 shows quantities of each individual elements 
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present in the eight-time loaded resin where all the REE elements can be found with varying 

concentrations. Considering that the ion exchange capacity of the resin is 1.11 equiv./L 

(Purolite.com), the resin is practically fully loaded with REE and Fe after eight cycles. It was 

observed that pH does not change even though dissolution of PG consumes the acid. Final pH in 

the end of RIL process remained at pH = 0.98–1.03. pH is maintained mainly by protons that are 

released from the resin due to ion exchange. On the other hand, resin loading with the RIL method 

is slower than simple ion exchange in batch operation because dissolution of PG is slow. To ensure 

that equilibrium is nearly reached, 20 hours contact time was used. In previous study it was shown 

that equilibrium is reached in 24 hours. (Hérès et al., 2018; Yahorava et al., 2016). 

 

Element c [mol/kg] Element c [mol/kg] 

Sc 4.00*10-4 Gd 6.37*10-3 

Y 1.24*10-2 Tb 5.68*10-4 

La 3.68*10-2 Dy 2.05*10-3 

Ce 1.37*10-1 Ho 2.57*10-4 

Pr 1.92*10-2 Er 4.47*10-4 

Nd 7.45*10-2 Tm 4.20*10-5 

Sm 1.20*10-2 Yb 1.66*10-4 

Eu 2.84*10-3 Lu 1.58*10-5 

Table 2 REE that are present in the eight-time loaded resin and their respective concentrations. 

 

Calcium loading of the resin decreases with consequent loading cycles despite the high calcium 

content in the RIL system. This indicates the resin’s selectivity being REE3+ > Ca2+. On the other 

hand, iron loading increases at the same time. Iron is an undesired impurity and its removal from 

the resin with conventional acid elution is difficult. Also, high iron concentration in the effluent is 

problematic. Loading versus purity aspects needs to be considered carefully when optimizing 

possible industrial operation. REE purity gets higher in every consequent loading step (Fig. 3). It 

seems that the maximum REE purity that can be achieved in RIL process is approximately 80% 

due to the complex matrix of PG. In late study by (Virolainen et al., 2019) it was found that after 

two loading cycles the REE difference between SAC and S940 resin was significant. SAC resin 

REE < 0.15 equiv./kg and S940 REE > 0.2 equiv./kg. This difference can assumed to be larger 

with more loading cycles. Even though the chelating S940 resin is superior to SAC resins, a 

selective elution method is needed to achieve high REE purity in the effluent. For the selective 

elution experiments reported below, five loading cycles were chosen as an optimal trade-off 

between REE loading, purity and processing time. 
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Figure 2 Resin loading development in consecutive loading cycles with 10 g/L H2SO4. Phase ratio 

1:5:40 (resin:PG:acid); T = 298±2K; pH = 1.00 (±0.01); t = 20 hours. 
 

 
Figure 3 Effect of extent of REE loading on purity in S940 resin in cyclic RIL experiments. The 

numbers indicate the loading cycle. (Experimental conditions as in Fig. 2.) 
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3.2 Elution of REE from loaded resin 
3.2.1 Elution with HCl 

 

The effect of HCl concentration on elution of metals, especially calcium, from Purolite S940 was 

studied in small scale batch equilibrium experiments (Fig. 4). The resin was loaded in five RIL 

cycles. At pH 1.25, good but not complete calcium/REE separation can be achieved. At higher pH, 

the elution efficiency of calcium decreases, and complete elution cannot be achieved. Based on 

the batch equilibrium elution tests, pH 1.25 appears thus optimal, and was used in the column 

elution tests. 

 

As seen in Fig. 5, calcium elutes as a sharp peak from the column with 0.06 M HCl (pH = 1.25). 

Slowly increasing REE elution (< 11.1 ppm) is observed after calcium elution is almost complete. 

Iron is eluted only in trace concentrations (≤ 0.1 ppm, not shown). It is concluded that using dilute 

HCl is one possible and simple method for calcium removal before elution of REE with another 

eluent. 

 
Figure 4 Effect of acidity of HCl on calcium and REE elution from five-time loaded resin in batch 

experiment. a) Concentration of REE and Ca in liquid phase after elution; b) Removal of calcium 

from resin (t = 20 hours; T = 298±2 K; resin–liquid ratio 1:20 (g/mL)). 
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Figure 5 Elution of metals with 0.06 M HCl from aminophosphonic resin loaded in five 

consecutive RIL cycles with PG. T = 298±2 K; flowrate = 1.2 mL/min. 

 

3.2.2 Desorption equilibrium with oxalic acid 

 

REE are known to form stable and very sparingly soluble oxalates in reaction with H2C2O4. These 

oxalates can be easily processed further, for example, by calcination. Oxalate formation is used 

for REE precipitation in industrial processes. (Battsengel et al., 2018; Chi and Xu, 1999). In this 

work, the suitability of H2C2O4 for REE elution was studied in small test tube experiments. The 

resin for this experiment was loaded once. The use of H2C2O4 caused solid precipitate formation 

on the surface of the resin and resin surface was therefore partially blocked, which complicates 

resins regeneration by requiring additional step for precipitate dissolution. The development of the 

surface precipitate is shown in Fig. 6. It was found that the solid consisted mainly of various 

oxalates and contamination of the resin surface increases with increasing H2C2O4 concentration. 

Use of more than single RIL-step loaded resin can potentially cause more solid precipitate on 

surface of the resin. Due to the solid precipitate formation the elution in column with H2C2O4 is 

not advisable. Calcium as impurity forms solid oxalates which can be hard to separate from REE 

oxalates. Difficulty of calcium oxalate separation is due to that the calcium forms very slightly 

soluble calcium oxalate (Ksp = 2.32∙10-9) (Rumble, 2019). This oxalate is therefore hard to separate 

from REE oxalates. Small batch elution with H2C2O4 resulted white precipitate suspension. Metal 

content of this solid is shown in Fig. 7. Calcium oxalate is the most dominant species in the 

precipitate formed. The fractions of REE increases slightly with higher H2C2O4 concentrations but 

the resulting REE concentration remained low compared to the calcium content. Formed solid 

precipitates are assumed to be oxalates. 
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Figure 6 Oxalate deposit on surface of the S940 resin after oxalic acid elution. Used H2C2O4 

concentrations: 0.05 M (left), 0.1 M (middle), 0.2 M (right). 

 

 

 
Figure 7. Oxalate precipitate metal content from small batch elution with H2C2O4. (T = 298±2K; 

t = 20 hours.) 
 

3.2.3 Desorption equilibrium with GLDA 
Effect of pH on extent of elution was investigated in batch equilibrium experiments with 0.1 M 

GLDA (Table 3). REE are presented as an average of the individual REE as there was little 

variation between them. Recovery of REE from the aminophosphonic resin increased as a function 

of pH. The results show that the GLDA is not capable to elute REE from the S940 resin at low pH. 

Calcium was eluted at both acidic and alkaline pH. Percentage of calcium recovery was almost the 

same in acidic and alkaline elution. Calcium and strontium impurities can thus be eluted selectively 

with suitable elution procedure in low pH. Fe is heavily bind to the resin and its removal might be 

challenging. 

 

pH (eluent) Ca (%) Fe (%) Sr (%) REE (avg. %) 

1.5 44.3 1.1 48.7 0.2 

4 7.9 1.0 21.3 5.8 

8 3.3 0.9 3.2 10.1 

12 39.3 2.4 14.7 47.4 

Table 3. Extent of elution (%) from five–times loaded resin with 0.1 M GLDA. t = 20 hours; T = 

298±2 K; phase ratio 1:20 (g/mL). 
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3.2.4 Two-step column elution of loaded resin with chelating agents 
 

Five-times loaded resin (loading 0.794 Equiv./kg, purity 66.99%) was chosen to be suitable for 

column elution as after the fifth cycle increase in the loading and purity requires excessive time. 

Elution’s in column were done as described previously in Section 2.3. Two-step elution aims to 

enhance REE purity in final effluent. First step focuses removal of impurities by suitable pH. Effect 

of pH is shown in previous sections. During second step the chelating agents were used. Colum 

was flushed with couple bed volumes of deionized water between elution steps. Chelating agents’ 

purpose is to form water-soluble complexes with REE. A sharp elution peak formation is desired 

which lowers the amount collected effluent. In other terms it leads to the higher effluent REE 

concentrations. Elution graphs of the two-step elution experiments are shown in Figures 8. and 9. 

 
Figure 8. Elution of metals from five-time loaded resin at pH 1; a) MGDA b) GLDA c) Cit. d) 

IDA. (Experimental conditions as in Fig. 5.) 
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Figure 9. Elution of metals from five-times loaded resin in pH = 10 – 11 (Except Cit-Na3 pH = 

6.4) a) MGDA b) GLDA c) Cit-Na3 d) IDA (Experimental conditions as in Fig. 5.) 

 

GLDA and MGDA both show good properties in terms of REE elution (Fig. 9.) yielding high-

purity effluent. The highest cumulative REE-purities in a single fraction were 97.31% (GLDA) 

and 99.01% (MGDA). Cit-Na3 is also a potential chelating agent for REE removal but did not 

provide as good yield/purity development. Development of cumulative purity and yield are shown 

in Figure 10. MGDA resulted in the highest cumulative purity during elution, whereas with GLDA 

the peak of REE appeared earlier during elution. providing better yield as sense of spent eluent. 

With Cit-Na3 higher concentration and larger volume of eluent solution is required to achieve good 

elution behaviour of REE. GLDA and MGDA both forms rather sharp peak with small tail. Tailing 

of REE is more significant with Cit-Na3. IDA elution behaviour is not optimal. Peak height was 

much lower compared to the other chelating agents and peak tailed heavily. Additionally, the form 

of the peak is not consistent. Collected MGDA fractions in the second elution step were completely 

calcium free. With GLDA and Cit-Na3 calcium concentration in effluent was minor (peaking [Ca] 

< 30 ppm). Recovery of elements varied between different chelating agents and individual 
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elements (Fig. 11.). Recovery efficiency is determined based on wet combustion results of the 

resin after elution procedure. Calcium was completely removed after the elution steps except of 

IDA. Cerium recovery varied between 50.7–91.3%. By way of comparison, neodymium was 

recovered more uniformly and with higher yields (88.8–95.0 %). Although the recovery of REE 

was generally high with all studied chelators, the peak shape, overall elution behaviour and REE 

recovery efficiency favours use of MGDA and GLDA. Downside is high Fe recovery from the 

resin (MGDA, Fe = 38.3% & GLDA, Fe = 76.1%). But compared to the overall cumulative 

concentration of REE (MGDA, REE = 13 500 ppm & GLDA, REE = 12 750 ppm), the 

concentration of Fe is low (Both MGDA & GLDA [Fe] < 53 ppm at highest). 

 

 
Figure 10. REE cumulative purity and yield during second elution step with a) MGDA; b) GLDA; 

c) Cit-Na3. 

 
Figure 11. Extent of recovery (%) for few elements from S940 resin after two-step elution with 

various chelating agents. 
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3.3 Stoichiometry of REE complexation with MGDA 
 

The method of continuous variation (Job plot) was used to determine the stoichiometry of REE 

complexation with MGDA. Metal-ligand molar fractions are varied between 0–1 and their 

respective UV-vis absorbance is measured with suitable wavelength. Absorbance can be plotted 

against molar fraction to form Job plot. The stoichiometry of metal–ligand complex is determined 

from the position of maximum in UV-vis absorbance. For example, peak position at xMGDA = 0.5 

would indicate stoichiometry of 1:1 (or 2:2) (REE:MGDA) whereas maximum at xMGDA = 0.67 

indicates ratio of 1:2 (REE:MDGA) etc. (Hill and MacCarthy, 1986; Renny et al., 2013). The total 

concentration of MGDA and Nd in a binary solution was kept constant, but their mole ratio varied, 

and the absorbance of the solution was determined at λ = 801 nm. 

 As observed in Fig. 12 UV-Vis absorbance measurement was not possible below xMGDA = 

0.5 due to high turbidity of the samples. This is seen as grey area in the graph. Neodymium forms 

very sparingly soluble (Ksp = 1.9∙10-21 (Moeller and Kremers, 1945)) hydroxide precipitate at pH 

> 6.13 (Pokrić et al., 1966). Turbidity is most likely caused by excess Nd that is not bound by 

MGDA. These unbound Nd cations are free to form neodymium hydroxide. Since this sharp 

transition in sample turbidity occurs at xMGDA = 0.5, it is concluded that the REE–MGDA 

complexes have stoichiometry 1:1 under alkaline conditions. This finding is congruent with 

complexation of yttrium with GLDA, for which the dominant species is Y(OH)GLDA2- over a 

wide pH range (4.4 – 11.8) (Begum et al., 2017). 1:1 complex is reported for yttrium with GLDA, 

MGDA and Cit. as well (Begum et al., 2019). It can be assumed also that 1:1 complex is likely the 

most probable with all the other REE with +3 valence. It is noteworthy that 1:1 ratio minimizes 

consumption of the chelating agent in elution. 

 

 
Figure 12. Job’s plot from UV-Vis data (λ = 801 nm) for Nd and MDGA at pH 10. Absorbance 

could not be measured in the shaded region due to Nd precipitation. 
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4 Conclusions 
 

High loading of REE from phosphogypsum into chelating resin Purolite S940 was achieved with 

repeated consecutive RIL cycles. With five loading cycles, the REE loading of 0.794 equiv./kg 

and purity of 66.99 % was obtained. REE elution with a mineral acid requires very high 

concentrations. However, it was found that REE purity can be increased significantly by utilizing 

a two-step elution method. 

In the first elution step, part of the impurities, mainly calcium and strontium, are removed 

with 0.06 M HCl. It was found that dilute HCl was optimal for calcium removal. REE losses (< 12 

ppm) with 0.06 M HCl was minor and did not drastically affect the REE concentration in the 

second elution stop. Iron is strongly bound to the resin and eluates slightly (≤ 63 ppm). It is 

therefore a potential impurity in the second step effluent. 

In the second elution step with alkaline complexing agents, up to 99% REE purity was 

obtained. The studied readily biodegradable chelating agents were shown to be potential 

alternatives to conventional NTA and EDTA, with MGDA and GLDA in particular showing 

promising results. MGDA and GLDA both form stable chelated complexes with REE. The most 

probable complex stoichiometry for REE with MGDA was found to be 1:1. During elution, up to 

6000 mg/L and 4000 mg/L peak concentrations were observed with MGDA and GLDA, 

respectively. Cit-Na3 was also found to have potential for elution, but the REE profile shows 

significant tailing. It was found that oxalic acid was not suitable for resin elution purposes even 

though it is widely used for REE precipitation from the liquid phase. 

Waste treatment of the generated wastes in this study should be considered. Calcium and 

strontium containing hydrochloric acid from first elution step can be recycled and reused. With 

high impurity concentrations, the hydrochloric acid is concentrated, and impurities can be 

extracted as precipitates from the pregnant solution. Alkaline solution containing REE is 

considered as the product from this process. Sulfuric acid that is required for the resin generation 

and RIL process is collected and treated with similar fashion to remove the formed Na2SO4 than 

previously mentioned hydrochloric acid to remove impurities. 

Use of RIL method for resin loading and selective elution with alkaline chelating agent 

was shown to be effective. In practice the yield of 98% with cumulative purity of 94% is possible. 

Purity of collected REE fraction can be increased by sacrificing part of the yield. With MGDA 

yield of 94% results 96% purity. Generally, its more advisable to have larger yield over purity. 

Purity of the collected fraction can be further increased by other means. 
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