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Abstract 

The sorption properties of gadolinium (Gd) by an original carbamoylmethylphosphonate (cmp)-based 

acrylamide polymer combining both chelating and thermosensitive properties namely poly(diethyl-6-

(acrylamido)hexylcarbamoyl-methylphosphonate) (P(CPAAm6C)) are presented for the first time. For 

pH = 1 and at 20 °C, the maximum sorption capacity reached 0.6 mmol.g-1 for the highest Gd 

concentrations. Different parameters influencing the sorption of Gd were studied as pH, ionic strenght 

and temperature. The temperature was shown to affect both the sorption and the stability of the 

complex cmp-Gd formed by coordination mode with C=O and P=O functions. The selectivity of the cmp 

group for Gd was demonstrated in Gd/Ni mixture and shows its thermosensitive polymer is very 

promising for the development of selective sorption processes. 

Introduction 
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Rare earth elements (REE) are a group of elements including lanthanides (Ln), scandium (Sc) 

and yttrium (Y).[1] They are used in various applications in high technology as magnets, 

catalytic converters, battery, optical lenses, phosphors or electronic compounds.[2], [3] Most 

of REE are not rare as suggested by their name. Except promethium which isotopes are 

radioactive with short life decay period, all of REE are found all over the world and, are more 

abundant in the Earth’s crust than silver, gold, nickel, lead or platinum. Since their supply risk 

was pointed out in 2010 and because of their economic importance, these metals are 

considered as critical.[3], [4]  

Despite REE are produced in many countries (Australia, Russia, USA), about 86% of them are 

still produced in China.[5]–[7] This situation of quasi-monopoly leads the European industry to 

develop alternative separation processes to obtain REE, and more particularly lanthanide 

elements, by recycling or exploitation of new mineral deposits. REEs are present in numerous 

minerals such as monazite (phosphates, (Ce,La,Nd,Sm,Gd,Y,Th)PO4),[8], [9] samarskite (oxides, 

(Y,Fe3+,Fe2+,U,Th,Ca)2(Nb,Ta)2O8),[2], [10] bastnaesite (carbonate-fluorides, REECO3F)[11] and 

allanite (oxide, Ca,REE,Fe2+,Al2(SiO7)).[12] These minerals usually contain lanthanides (Ln), 

transition metals and small amounts of natural radioelements such as uranium (U) and thorium 

(Th) and can be exploited. 

Another means of supply can be the exploitation of the "urban mine" ie. the Waste Electronic 

and Electrical Equipment (WEEE) recycling which contains lanthanides and transition metals.[7] 

For example Lamp phosphors, Nickel-metal-hybrid batteries (NiMH) and catalysts can contain 

20, 10 and 3.5 % of REE respectively combined with transition metals. But nowadays less than 

1 % of REE used are recycled from WEEE.[13] 

In the case of both supply routes, after an initial grinding step, minerals or WEEE are leached 

with concentrated solutions of hydrochloric, sulfuric or nitric acids to increase the recovery of 

metals in solution.[14] After filtration, each element is subsequently separated and pre-

concentrated using different processes such as precipitation (or fractioned crystallization), 



solvent extraction [5], [14] or solid phase extraction.[15], [16] Although it is the most 

economical and the simplest process to implement, precipitation is not always the most 

efficient. The disadvantage of this type of process is mainly due to co-precipitation phenomena 

(precipitation of a part of non-targeted cations) that makes sometimes this process poorly 

selective and complicated due to the presence of many successive steps. Solvent extraction or 

liquid-liquid extraction is usually applied to obtain high degree of purity of each elements.[14] 

For example, the Rhône Poulenc process had the capability of producing a purity grade about 

96 % in the case of praseodymium (Pr), neodymium (Nd) and samarium (Sm). A higher purity 

was obtained for the other lanthanides with a grade higher than 99.5 %. This high selectivity is 

obtained by using selective extractants such as cationic or anionic exchangers, or chelating 

extractant. Concerning the selective separation of lanthanide and actinide elements, the main 

part of chelating functional groups contains O-donor sites like, amides,[17], [18] 

malonamides,[18]–[20] phosphates,[21], [22] carbamoylmethylphosphine oxides,[21] 

carbamoylmethyl-phosphonate, and carbamoylmethyl-phosphonic acids. [23], [24] However, 

despite its high efficiency and excellent selectivity, solvent extraction requires a large amount 

of aliphatic solvents (heptane, kerosene…), which are generally carcinogenic compounds and 

make them harmful for health and environment. An alternative process consists in using 

extraction on solid phase, which doesn’t need any organic solvent. Lanthanide/actinide 

sorbents could be organic (resins),[25]–[35] inorganic,[36], [37] or hybrid 

(organic/inorganic)[35], [38]–[40] materials. Organic or hybrid materials are generally 

functionalized with ion exchange or solvating sites with similar complexing motifs than those 

used in solvent extraction.[25], [27], [29], [33]–[35] However, these materials are generally 

designed in eluting column and thus they are difficult to industrialize in a continuous process, 

on the one hand and, energy consumer on the other hand.[38] New recovery processes are 

now emerging such as polymer enhanced ultrafiltration or polymer assisted ultrafiltration 

(PEUF/PAUF), which associates a functionalized polymer (soluble or insoluble) in order to 



complex metals with a membrane ultrafiltration step to recover the polymer after 

complexation.[41], [42] For example, Ricoux et al. reported the development of a recovery 

process for palladium using an insoluble phosphine oxide functionalized polymer.[43],24 

Another more interesting example is the Graillot et al. TEMF process (Thermosensitive 

Enhanced MicroFiltration) that allowed to eliminate metals from water by using water soluble 

P(NnPAAm-stat-hMAPC1) copolymers.[44] The NnPAAm showed thermosensitive properties 

whereas the MAPC1 monomers enabled the metal complexation.[45], [46] The use of this kind 

of complexing-thermosensitive polymer has two advantages: (i) the thermosensitive polymer 

is soluble in solution at temperature lower than the cloud point (CP) thus favoring the 

complexation of metals and (ii) the polymer becomes insoluble at temperature above the CP, 

leading to the increase of particle sizes and thus to an easier filtration step which allows energy 

savings.[47]–[49] 

In a previous work, the first thermosensitive-complexing homopolymer (P(CPAAm6C)) was 

reported.[50] The possibility to obtain both properties from a single monomer would be advantage for 

industry. The homopolymerization of the CPAAm6C enabled to obtain a functional rate of 100 % by 

free radical polymerization (chemical structure represented in scheme 1), which was not reached by 

using copolymerization of two monomers. Furthermore the distribution of functional sites remained 

unclear in the case of P(NnPAAm-stat-MAPC1) or P(NnPAAm-stat-DAAmEP) copolymerization 

(thermosensitive monomer vs. complexing monomer) as observed by Graillot.[51] With its 

carbamoylmethylphosphonate esters function (cmp), the P(CPAAm6C) could be used for lanthanide 

recovery using a process involving three successive steps: (i) complexation of lanthanide elements at 

a temperature lower than CP by the carbamoylmethylphosphonate (cmp) function, (ii) increase of 

temperature above the CP to get an insoluble polymer of higher particle size and finally (iii) filtration 

of the insoluble polymer complexing lanthanides. In this work, the multiparametric study of gadolinium 

sorption (chosen as model of lanthanides series) by P(CPAAm6C) was investigated by varying several 

parameters as the amounts of Gd(III) and P(CPAAm6C), pH, ionic strength and temperature during the 



extraction step. Thereafter, some informations about the extraction mechanism were obtained by 

infrared spectroscopy and the selectivity of P(CPAAm6C) regarding to gadolinium was studied in 

synthetic solutions containing Gd(III)/Ni(II) mixtures to mimic REE/transition metals mixtures 

encountered in the recycling steps consequently to the treatment of solutions coming from WEEE 

recycling or mining. 

n

 

Scheme 1 Chemical structure of the poly(diethyl-6-(acrylamido)hexylcarbamoyl-methylphosphonate) 

(P(CPAAm6C) obtained by free radical polymerization. 

1. Experimental 

1.1. Materials 

1.1.1. Polymeric sorbent 

Polymeric sorbent used in this study is the poly(diethyl-6-(acrylamido)hexylcarbamoyl-

methylphosphonate) homopolymer (P(CPAAm6C)) obtained from the free radical 

polymerization of CPAAm6C as described in a previous work.[50] All details concerning the 

synthesis and the main characteristics of the polymer are reported in supplementary data. 

 

1.1.2. Synthetic solutions 

0.5 mol.L-1 stock metal solutions were prepared by dissolution of gadolinium(III) nitrate 

hexahydrate (Gd(NO3)3, 6H2O, Aldrich, metal basis trace, 99.99%) or Nickel(II) nitrate 



hexahydrated (Ni(NO3)2, 6H2O, Aldrich, metal basis trace, 99.999%) in mQ water with adjusted 

pH. 

 

1.2. Analysis 

1.2.1. Size Exclusion Chromatography (SEC) 

SEC was used to determine the number average molecular weight (Mn) of the synthesized 

P(CPAAm6C). SEC was performed with a Varian 390-LC equipped with a refractive index 

detector. PolarGel M column was used at 60 °C with flow rate of 0.8 mL.min-1 calibrated with 

triple detection method. Elution solvent used was DMF (+ 0.1 wt.% LiCl). In this work, 

P(CPAAm6C) was characterized by SEC in DMF using triple detection method and allowed the 

determination of Mn (36400 g.mol-1) and dispersity Đ (3.7). 

 

1.2.2. Cloud point (CP) measurements 

Thermosensitivity of the polymers was determined from the change in the transmittance value 

through the polymer solution with temperature. The measurement of the transmittance was 

carried out on different concentrations of polymer in aqueous solutions with a Perkin Elmer 

Lambda 35 UV-Visible spectrometer equipped with a Peltier temperature programmer PTP-

1+1. A wavelength of 500 nm was selected for the analysis. The temperature ramp was fixed 

to 0.1 °C.min-1 between 15°C and 50°C. The thermosensitivity was characterized by a sudden 

slope change in the transmittance curve. The CP values of the copolymers thus corresponded 

to the minimum of the derivative curves. 

 

1.2.3. Dynamic Light Scattering (DLS) measurements 

Light scattering measurements were recorded on a Malvern Zetasizer Nano Series equipped 

with a He-Ne laser (λ = 632.8 nm). Samples were introduced into the cells (pathway: 10 mm) 

after filtration through 0.45 μm PTFE microfilters to determine the hydrodynamic radius of 



polymer objects in aqueous solutions. The correlation function was analyzed via the general 

purpose method (NNLS) to obtain the distribution of diffusion coefficients (D) of the solutes. 

For the dynamic study, the Stokes-Einstein equation allowed to obtain the apparent equivalent 

hydrodynamic radius (RH) from the Contin's method described in equation (1): 

𝑅𝐻 =
𝑘𝐵𝑇

6𝜋𝑆𝐷
 (1) 

where T is the temperature of the sample (K), kB is the Boltzmann constant (m2.kg.s-2.K-1), S is 

the viscosity of the fluid (kg.m-1.s-1) and D is the translational diffusion coefficient at dilution 

infinite (m².s-1). 

 

1.2.4. Infrared spectroscopy 

IR spectra were recorded on a Perkin Elmer Spectrum 100 FT-IR spectrometer with an ATR 

sampling accessory. 

 

1.2.5. Metal analysis 

 

The concentrations of metals were determined by Inductively Coupled Plasma-Optical Emission 

Spectrometry (ICP-OES) with a SPECTRO ARCOS ICP spectrometer. The latter was calibrated 

with 0; 0.5; 1; 5; 10 and 15 mg.L-1 standard solutions (prepared by dilution of commercial 

standards of Gd and Ni with initial concentration of 1000 mg.L-1). All samples were diluted to 

be within this reference range. 

 

1.3. Method 

1.3.1. Sorption using dialysis method 

All sorption experiments were performed by immersing a dialysis membrane (cut-off equal to 

2kDa) containing 10 mL of a solution of P(CPAAm6C) in a 100 mL of cation solution. The total 



volume was equal to 110 mL (dialysis methods in SI).30 The temperature was controlled by a 6L 

Fisher Bioblock Scientific Cryothermostated bath. For a better fundamental understanding, this 

method was chosen to overcome the concentration gradients that are generally observed near 

the membrane in ultrafiltration processes. Moreover, it makes the titration of ions at 

equilibrium easier by sampling from the bulk, because polymer chains remain in the dialysis 

tube. Concentrations were determined by ICP-OES. When thermodynamic equilibrium was 

reached, the concentration of free ions in dialysis and in the bulk can be considered to be equal, 

i.e. 𝐶𝑒,𝑏𝑢𝑙𝑘 = 𝐶𝑒,𝑑𝑖𝑎𝑙. The initial concentration of cation C0 was considered in the total volume 

of the system and was calculated from equation 2: 

𝐶0 =
𝐶𝑏𝑢𝑙𝑘 × 𝑉𝑏𝑢𝑙𝑘
𝑉𝑏𝑢𝑙𝑘 + 𝑉𝑑𝑖𝑎𝑙

 (2) 

where Cbulk and Vbulk are the concentration and volume of the bulk solution (out of dialysis). Vdial 

is the volume of dialysis membrane containing the polymer solution. 

1.3.2. Sorption kinetics 

Four experiments were performed to study the kinetics, and three samples of 1 mL were 

collected to keep the volume change negligible (max 3%) for each series of experiments. The 

sorption capacity at a given time t (Qt, expressed in mmol.g-1) was then calculated from the 

mass balance (equation (3)) where Ct (mmol.L-1) is the concentration of metal elements at the 

given time t (hours), V (L) and C0 (mmol.L-1) are the volume and the initial concentration of 

metals, respectively, and m (g) the mass of P(CPAAm6C).  

𝑄𝑡 =
(𝐶0 − 𝐶𝑡)𝑉

𝑚
 

(3) 

1.3.3. Sorption equilibrium experiments 

Sorption equilibrium was studied by varying either the concentration of metal for a given 

polymer mass (or concentration) in dialysis membrane, or the P(CPAAm6C) mass for a constant 



metal concentration. The influence of the pH and ionic strength was investigated by addition 

of nitric acid and sodium nitrate solutions, respectively. The influence of the temperature was 

studied between 10 and 40 °C. After 24 hours of stirring (optimized from kinetics experiments), 

the concentration of metals in solution at equilibrium, Ce (mmol.L-1) was measured and the 

sorption capacity at equilibrium Qe (mmol.g-1) was determined from the mass balance 

(equation 4). 

𝑄𝑒 =
(𝐶0 − 𝐶𝑒)𝑉

𝑚
 

(4) 

where C0 (mmol.L-1) is the initial concentration of metal, m (g) is the polymer mass and V (L) is 

the volume of total solution. 

 

1.3.4. Desorption experiments 

Desorption of metals was studied in two steps. First, the equilibrium was reached at 20 °C to 

determine the sorption rate of metal by assaying 1 mL of the solution at equilibrium. Then, 

solutions were heated up to 35°C and, after 24 hours, the gadolinium concentration in solution 

was determined. 

 

1.3.5. Selectivity studies 

Sorption experiments were performed with solutions containing different total initial amounts of 

targeted cations ∑ 𝐶/𝑐𝑚𝑝𝑖𝑛𝑖𝑡𝑎𝑙  with mixtures containing 50 mol.%Gd and 50 mol.%Ni. Solutions were 

prepared with an initial pH adjusted to 1 by addition of nitric acid (HNO3). 

2. Results and discussions 

2.1. Thermosensitive behavior vs pH 

In previous works,[50] it was demonstrated that the cloud point (CP) of P(CPAAm6C) in aqueous 

solution depended on the concentration of ionic species. In this work, the CP values of the polymer 



were measured as a function of the pH (fixed by HNO3 concentration and ranging from 0 to 6.5) (Fig. 

S2†). Between pH 0 and 1 the CP increases from 5 to 32 °C. A plateau was observed at 32 °C from pH=1 

to pH=2. Then, beyond pH = 2, the cloud point increased again to reach 42 °C corresponding to the 

polymer in solution without any addition of HNO3. This first study allowed us to determine a suitable 

couple of temperature/pH values for the development of sorption experiments. Taking into account 

these results and in order to make the experiments at "conventional" temperatures, the study was 

performed for pH>1 and T=20 °C to remain before the CP. 

2.2. Sorption properties 

2.2.1. Sorption kinetics of Gd(III) 

The time required to ensure equilibrium in the dialysis method was determined from kinetic 

experiments. Fig. 1 represents the sorption kinetics using P(CPAAm6C) in an aqueous solution 

containing gadolinium nitrate with a concentration equal to 1,77×10-2 mol.L-1. The pH was 

adjusted to 1 with nitric acid and the temperature was maintained at 20°C to keep the sorbent 

soluble in the bulk.  

From Fig. 1, it was shown that equilibrium was reached after 20 hours (mainly due to the dialysis 

equilibrium system), leading to a sorption capacity of 0.6 mmol of Gd per gram of material in the 

presence of a large excess of Gd. Hence, all the experiments performed at equilibrium were carried 

out during a contact time of 24 h. 
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Fig. 1 Sorption kinetics obtained by contacting 50 mg of P(CPAAm6C) contained in 10 ml dialysis solution with 

100 mL of bulk solution with C0(Gd) = 1,61×10-2 mol.L-1 (i.e. Gd/cmp = 12.3) at pH = 1 and for T = 20 °C. 

2.2.2. Sorption isotherm of Gd(III) 

The sorption capacity related to gadolinium at equilibrium was determined in fixed conditions of 

P(CPAAm6C) concentration (10 mL of 5 g/L of polymer in tubular membrane) was determined by 

sorption isotherms at 20°C and pH = 1 (Fig. 2). This pH value was selected to avoid (i) the precipitation 

of the polymer due to the decrease of the cloud point (at 20°C, the soluble state of the polymer is thus 

ensured to promote sorption), (ii) the precipitation of gadolinium hydroxide (Fig. SI4), and (iii) the 

protonation of carbamoylmethylphosphonate (cmp) group that will lead to the great decrease of the 

sorption capacity.17 The amount of gadolinium trapped onto the P(CPAAm6C), Qe(Gd), was shown to 

slowly increase at equilibrium when the free gadolinium concentration in solution increased from 0 to 

15 mmol. Then, the sorption capacity of Gd sorbed tended to reach a plateau associated to a 

“maximum sorption capacity” of P(CPAAm6C) (Qmax) equal to 0.6 mmol.g-1. This estimation was in 

accordance with the equilibrium capacity determined in the kinetic experiment with a large excess of 

Gd (Fig. 1). In the literature, solid adsorbent functionalized with carbamoylemethylphosphonated 

function had sorption capacities less than P(CPAAm6C) and comprised between 0.34 and 0.50 mmol.g-

1.[25], [52] Comparison shows the interest of soluble sorbent during the complexation step. 

 

Fig. 2 Sorption isotherm obtained when contacting 50 mg of P(CPAAm6C) contained in 10 mL of dialysis solution 

with 100 mL bulk solution containing  various gadolinium concentrations at pH = 1 and for T = 20°C. 
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2.3. Influence of concentrations conditions on Gd(III) sorption 

2.3.1. Influence of the polymer concentration in the dialysis membrane 

The impact of the polymer concentration on the sorption of Gd(III) was studied for a given 

initial gadolinium concentration of 7.98×10-4 mol.L-1. The variation of the percentage of 

gadolinium sorbed on P(CPAAm6C) at pH = 1 as a function of the polymer concentration (0.25 

to 10 g.L-1 , i.e. 0 to 100 mg of P(CPAAm6C) in 10 mL) is reported in Fig. 3 . From this figure, the 

amount of Gd sorbed by the polymer increased from 2.5 to 9.5% when increasing the polymer 

concentration from 0.25 to 1 g.L-1 in the dialysis membrane, as a result of the increase of the 

sorption sites related to gadolinium. Then, the amount of sorbed gadolinium decreased down 

to 2.5% for concentrations between 1 and 10 g.L-1. So, these results clearly showed an effect of 

the concentration of P(CPAAm6C) on the gadolinium uptake. This decrease could result from 

the modification of the density of the sorbent solution, leading to closer polymer chains (which 

could favor polymer-polymer interactions thus decreasing the number of polymer-Gd(III) 

interactions) and a higher viscosity (which could lead to a more difficult ion transfer from the 

bulk solution). 

 

Fig. 3 Variation of the rate of sorbed gadonium (%) vs concentration of P(CPAAm6C) contained in the 10 mL 

dialysis membrane and with C0(Gd) = 7.98×10-4 mol.L-1, pH = 1 and T = 20 °C. 

2.3.2. Effect of ionic strength and nitrates  
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The presence of salts can affect the interaction between cations and sorbent through the 

increase of the ionic strength. So, the influence of the ionic strength was studied at pH = 1 with 

given amounts of P(CPAAm6C) and gadolinium. Adding different amounts of NaNO3 in the 

solution allowed to modify the ionic strength (I), which was determined from equation (5) 

where ci is the molar concentration of ion i (mol.L-1) and zi the charge number of the ion. In the 

absence of NaNO3, the ionic strength was equal to 0.16 mol.L-1 due to the presence of 

gadolinium species, proton and nitrate ions. 

𝐼 =
1

2
∑𝑐𝑖𝑧𝑖

2

𝑛

𝑖=1

 (5) 

The sorption capacity of Gd at equilibrium vs the ionic strength (Fig. 4) showed two trends: (i) the 

amount of Gd trapped increased slowly and quasi-linearly from 0.40 to 0.86 mmol.g-1 for an ionic 

strength ranging from 0.16 to 1.16 mol.L-1 with a slope equal to 0.50 (ii) then, a more pronounced 

increase of the sorption capacity (from 0.86 to 1.93 mmol.g-1) when increasing the ionic strength from 

1.16 to 2.16 mol.L-1. Ligands as cmp cannot form electrostatic bond (by charge exchange/ion exchange) 

because they do not have any acid site. The increase of the ionic strength led to an increase of the 

transfer of the free Gd contained in solution to the functionalized polymer and confirmed the 

participation of NO3
- in the sorption mechanism. This behaviour was in agreement with a mechanisms 

of extraction of metals by solvation effect observed in solvent extraction[53], [54] and explained the 

general increase of Qe vs ionic strength. Concerning the break of slope (from 0.5 to 1.07), it may be 

related with a change in polymer solvation. Referring to previous works, NaNO3 also had a “salting-in” 

effect on the P(CPAAm6C).[50] At a concentration about 1.0 mol.L-1, corresponding to the change of 

slope in the Qe vs CNaNO3 curve, the CP tended towards a maximum plateau which traduced a 

“maximum” solvation induced by the effect of "salting in". In this condition, the polymer was more 

"relaxed" in the solution and the complexing sites were more accessible for Gd(III) ions. The 

combination of the effects of NaNO3 on gadolinium hydration and on the polymer solvation promoted 



the interactions between the ligand and the lanthanide, the sorption capacity of the P(CPAAm6C) was 

consequently more improved. 

 

Fig. 4 Variation of the sorption capacity of gadolinium on P(CPAAm6C) versus the ionic strength (adjustment with 

the help of NaNO3) with C0(Gd) = 9.88×10-3 mol.L-1, P(CPAAm6C) = 50 mg in 10 mL dialysis tube, (Gd/cmp = 7.54), 

pH = 1 and T = 20 °C 

2.3.3. pH influence 

The influence of the pH on the sorption of gadolinium was studied for pH < 3.5 to avoid the 

precipitation of gadolinium hydroxide. The variation of sorption capacity of P(CPAAm6C) 

regarding to gadolinium vs the pH of the solution is presented in Fig. 5 for a gadolinium 

concentration of 5.45×10-3 mol.L-1 (corresponding initial molar ratio Gd/cmp of about 4.18). 

Two trends were observed when pH decreased from 3.2 down to 1: (i) first the increase of Gd 

sorption was observed when the pH varied from 3.5 to 1.75, and then (ii) a tray towards a value 

of 0.27 mmol.g-1 was obtained for lower pH. However, the addition of nitric acid was associated 

to the increase of the ionic strength. As described in 2.3.2, this increase was found to promote 

the uptake of gadolinium by P(CPAAm6C) and could thus explain the increase of Qe(Gd) with 

decreasing pH from 3.5 to 1.5. Additionally, for pH < 1.5, the proton concentration was high 

enough to induce the competition between the protonation of the cmp groups and the 

complexation of Gd(III). Indeed, from a concentration [HNO3] = 1 mol.L-1 (pH=0) all amide 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

Q
e
(G

d
) 

(m
m

o
l.
g

-1
)

Ionic strength (mol.L
-1
)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

C
NaNO3 

(mol.L
-1
)



groups are mono-protonated.[25], [55] A competition between the complexation of the Gd and 

the protonation was observed in the literature in the case of chelating resins.[25] 

 

Fig. 5 Variation of the sorption capacity of P(CPAAm6C) regarding to gadolinium versus the pH of the 

solution, with C0(Gd) = 5.45×10-3 mol.L-1, P(CPAAm6C) = 50 mg in 10 mL dialysis tube, (Gd/cmp = 4.18) and 

T = 20 °C. 

 

2.4. Temperature influence 

Because the P(CPAAm6C) has thermosensitive properties, its solubility and organization in 

aqueous solution change as a function of temperature. These modifications could affect the 

sorption properties when they occur before the sorption process or could destabilize the cmp-

Gd complex formed. For this reason, we studied the influence of temperature before and after 

the complexation step. 

2.4.1. Physical state depending of temperature 

The change in the organization of polymer chains in aqueous solutions was highlighted by plotting 

the particle sizes distribution of the polymer vs. temperature solution from 25 to 41 °C. 

Measurements were carried out by DLS in the whole temperature range with gadolinium 

concentrations corresponding to Gd/cmp ratios equals to 0 (polymer only), 0.54 and 10.5 and a 

polymer concentration equal to 5 g L-1 in the 10 mL dialysis tube (Fig. 6). Two trends were 
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observed for initial Gd/cmp ratios equal to 0.54 and 10.5: (i) for temperatures lower than the CP 

value (T < 33°C), the particle size ranged between 10 and 25 nm for Gd/cmp =0 and 0.54, and from 

10 to 1000 nm for Gd/cmp = 10.5; (ii) around the CP value (33°C) and in a narrow temperature 

range (33 °C to 42 °C), a strong increase of the particle sizes was observed leading to values higher 

than 1000 nm for both Gd/cmp ratios. When the temperature was lower than the CP value, the 

polymer chains were dispersed in the solution and the particle sizes corresponded to the 

hydrodynamic volume of the chains in aqueous solution. At temperatures close to the CP value, 

the thermosensitive properties of the P(CPAAm6C) promoted polymer-polymer interaction and 

led to the polymer chains aggregation, thus explaining the increase of the particle size that 

overcame 1000 nm. The precipitation/aggregation of polymer, which occurred at 33 °C (polymer 

only) and at 31 °C for Gd/cmp = 0.54 and 10.5, could induce a water rejection[56] and a 

competition between the polymer-polymer interactions by hydrogen bonding (with –NH and C=O 

and P=O) and the complexation. 

 

Fig. 6 Variation of the P(CPAAm6C) particle size vs the temperature of the solution. [P(CPAAm6C)] = 5 g.L-1, pH = 

1. Experiments with polymer only (), with Gd/cmp = 0.54 () and with  Gd/cmp = 10.5 () 

2.4.2. Influence of temperature on the sorption process 

The behavior and solubility of P(CPAAm6C) depend on temperature, due to the 

thermosensitive behavior of the polymer. The sorption capacity of gadolinium was determined 

at different temperatures of the solution, i.e. 10, 20, 25, 30 and 50 °C (Fig. 7) with red plots. For 
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these experiments all the concentrations were kept constant (C0(Gd)= 1.51×10-2 mol.L-1 and 

mass of polymer = 50 mg in 10 mL dialysis solution, Gd/cmp=11.5, [NaNO3] = 0 mol.L-1 and pH 

= 1). The “bulk” solutions were warmed up before the incorporation in the polymer dialysis 

tube. The cloud points for 5 g.L-1 of P(CPAAm6C) in 0.1M HNO3 is represented with black dash 

line. 

To study the influence of sorption on thermosensitivity, the cloud point of 5 g.L-1 at pH = 1 after 

sorption equilibrium reached with an initial concentration of Gd C0(Gd) = 1.51×10-2 mol.L-1 was 

measured and represented by the red dash lines in Fig. 7. The higher Gd sorption capacities 

(around 0.6 mmol.g-1) were obtained for temperatures below the cloud point. Once the 

temperature overcame the cloud point, the amount of sorbed gadolinium was shown to 

decrease to finally reach about 0 mmol.g-1 at 50°C. Such variation of the sorption properties 

with temperature could be linked to the physical state of the thermosensitive polymer. When 

the P(CPAAm6C) precipitated at temperatures beyond the cloud point, the cmp chelating sites 

were less accessible. A part of the cmp was involved in polymer-polymer interactions to form 

particles. So, Gd ions can be complexed only on the free cmp located at the surface of the 

precipitate formed at T > CP and allowed to a decrease of sorption capacity. Additionally, a shift 

of about 3 °C between the CP values obtained with and without gadolinium (black and red dash 

line) showed that the presence of gadolinium induced a modification of the cloud point. It is 

therefore important to consider all ions in solution for the optimization of the sorption step 

temperatures in the process. In the next paragraph, the influence of the temperature on the 

physical properties of the P(CPAAm6C) was therefore investigated after a sorption step to 

check if it could induce a desorption of the complexed Gd. 



 

Fig. 7 Sorption of Gd with P(CPAAm6C) vs the temperature of experiment. C0(Gd)= 1.51×10-2 mol.L-1, P(CPAAm6C) 

= 50 mg in 10 mL dialysis, pH = 1, T = 20 °C. In black dash line is represented the cloud point of the P(CPAAm6C) 

= 5 g.L-1 and for pH = 1. The red dashed line represents the solution of P(CPAAm6C) = 5g.L-1 with in pH =1 and 

Ce(Gd) = 1.49×10-2 mol.L-1 after the equilibrium was reached at 20 °C, Qe = 0.6 mmol.L-1. 

2.4.3. Impact of the increase of temperature after the complexation process 

Due to the break of hydrophobic hydration at temperatures beyond the CP, it is known that polymer-

polymer interactions are favored comparing to polymer-cation interactions, thus it would be possible 

to lead to cation desorption. It has been checked whether the aggregation/precipitation of the 

P(CPAAm6C) happening for temperatures beyond the CP could imply a desorption of the cations 

sorbed onto the polymer in the previous step. The sorption-desorption experiments were carried out 

in two steps: (i) sorption equilibrium was reached at 20°C after 24 hours (ii) then, during 24 hours, the 

temperature was maintained at 40 °C to overcome the cloud point. This increase of temperature 

induced the insolubility of the thermosensitive sorbent. Fig. 8 shows the distribution of the gadolinium 

after 24 h at 40 °C. The red and blue histograms represent the mol percentage of Gd desorbed from 

polymer and the amount of Gd that was still sorbed onto the polymer, respectively. Whatever the 

amount of Gd sorbed at equilibrium at 20°C (between 0.02 and 0.55 mmol.g-1), the increase of the 

temperature above the CP induced the desorption of a fraction of Gd previously sorbed by the 

polymer. From Fig. 8 the amount of Gd desorbed is linked to the amount of initial amount of Gd sorbed 

at 20 °C, except for the highest value (0.55 mmol.g-1). The desorption rate tended to decrease with 

increasing the initial amount of Gd trapped at 20 °C. The lower desorption of Gd as the sorption 
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capacity increases at 20 °C could be explained by the increase of the ionic strength induced by the 

gadolinium ions. Indeed, the higher sorption capacities corresponded to the higher ionic strength 

which favored the formation of the Gd(III)-cmp complex. 

 

Fig. 8 Distribution of desorbed / sorbed gadolinium (expressed in mol percents) after 24h of contacting time at a 

temperature of 40 °C and as a function of the sorption capacity obtained after the first sorption step at 20 °C. : 

Gd sorbed:  Gd desorbed 

2.5. Study of mechanism of sorption  

In order to study the chemical interactions between Gd(III) and polymer at the origin of the 

sorption mechanism, a multi-scale approach was carried out: 

(i)  at the macroscopic scale, by analyzing the organization of the polymer in solution versus 

the sorption of gadolinium and, 

(ii)  at the microscopic (spectroscopic) scale, by focusing on the interactions between the 

metal and the ligand. 

With regard to the macroscopic view, DLS measurements were performed to measure the 

hydrodynamic radius RH of polymer/Gd systems corresponding to different points of the 

isotherm. The RH values are reported in Table 1 for different initial Gd/cmp molar ratios. 

Different tendencies may be observed from the variation of RH values depending on the part of 

the isotherm considered. For Qe < 0.10 mmol.g-1 (corresponding to initial Gd/cmp ratio < 0.94 

Amount of Gd
trapped at 20°C

(mmol.g-1) 
0.02 0.11 0.22 0.46
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P(CPAAm6C)
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temperature to 40 

°C during 24 h
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26 28
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1 2 3 4

Ce(Gd) at 20°C
(mmol.L-1)

0.38 1.18 4.75 12.36

mol.% Gd
desorbed

mol.% Gd
maintained on 
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and sorbed Gd/cmp < 0.036), the particle sizes after Gd sorption (RH =26.86 nm) are larger than 

that of the polymer solely (RH = 22.27 nm). On the reverse, over Qe = 0.10 mmol.g-1 (initial 

Gd/cmp ≥ 0.94; sorbed Gd/cmp ≥ 0.036), the particle size decreased as the Qe increased (or 

initial ratio Gd/cmp increase) to reach a RH value of 12.36 nm, lower than the particle size of 

the polymer before sorption. When sorption capacities Qe are below the maximum sorption 

capacity of the P(CPAAm6C) (Qmax = 0.6 mmol.g-1), corresponding to the lowest quantities of 

Gd (Gd/cmp < 0.036), the presence of complexed Gd increased the polarity and thus the 

solvation of the polymer in water, leading to more relaxed polymer chains and thus to higher 

RH than that of the only polymer(see scheme on Fig. 9). Concerning the CP values listed in Table. 

1, they remained constant and equal to 33°C for Qe ≤ 0.10 mmol.g-1 because the concentration 

of free Gd in solution Ce(Gd) was too low to induce a salting-in or salting-out effect. Above the 

maximum sorption capacity, from Qe = 0.10 mmol.g-1, the RH decreased (26 nm for Qe = 0.10 

mmol.g-1; 23 nm for Qe = 0.41 mmol.g-1 and 12 nm for Qe = 0.60 mmol.g-1) meaning a retraction 

of P(CPAAm6C) chains. This phenomenon was associated to a CP decrease from 33 to 26°C. In 

a previous work, it was shown that the CP decrease observed when increasing gadolinium 

nitrate concentration may be explained by a salting out effect[50] for the higher gadolinium 

concentrations. In particular, when Qe was getting closer to Qmax, the Ce became sufficiently 

high (cf Fig. 1) to enable a predominant salting out effect compared to the polarization 

phenomenon of the chains. As a consequence, the chains are desolvated and retracted, 

involving RH and CP decrease. Because of the desolvation, the polymer chains could collapse. 

So, the increasing of the Qe (with the increasing of Gd amount) led to the solvation and 

relaxation of the polymer chain until the Qmax was reached. When Qe ≥ Qmax it was suggested 

that the excess of Gd (with high increasing of Ce(Gd)) allowed the desolvation of the polymer 

chains and a possible salting out effect that resulted in the decrease of RH and CP. 

 



Table. 1 Values of RH before the CP for different Gd/cmp ratios in the case of 50 mg of P(CPAAm6C) in 10 mL 

dialysis membrane at pH=1 immersed in 100 mL of gadolinium solution at pH = 1 (total volume : 110 mL)  

Initial Gd/cmp Ce(Gd) 

(mmol.L-1) 

Qe(Gd) 

(mmol.g-1) 

Gd/cmp 

sorbed ratio 

RH for  

T < CP (nm) 

CP (°C) 

0.00 0 0.00 0.000 22.27  0.61 33 

0.30 0.38 0.02 0.006 26.86  0.06 33 

0.60 0.76 0.04 0.012 26.86  0.19 33 

0.94 1.18 0.10 0.036 26.20  0.16 32 

7.34 9.40 0.41 0.141 22.48  0.07 29 

12.14 15.6 0.60 0.192 12.36  0.42 26 

 

 

 

 

Fig. 9 Schematic representation of the polymer arrangement with different ratios of Gd trapped with the increase 

of Gd in solution before the CP red dash-line: hydrodynamic sphere, black line: polymeric chain, purple ball: Gd 

trapped 

 

To provide information on the interaction mechanism of the complexation, all polymer solutions 

used for sorption equilibrium experiments were heated at +5 °C beyond the cloud point to induce 

the polymer precipitation. After precipitation, polymers were filtrated, dried at 60 °C and analyzed 

by infrared spectroscopy. Spectra normalized at 1019 cm-1 are shown in Fig. 10. IR spectra 

obtained for various Gd/cmp molar ratios (0.6, 0.96, 7.84 and 12.1) clearly demonstrated the 

RH = 27 nm
RH = 22 nm

RH = 12 nm

Increase of the Gd amount in solution

P(CPAAm6C) only Qe < Qmax Qe = Qmax



complexation of gadolinium with the cmp site. Indeed, in comparison with the infrared spectrum 

of P(CPAAm6C) (absence of gadolinium sorption), the bands corresponding to P-O vibration of the 

phosphonated ester and C-O vibration of amides were progressively shifted from 1238 to 1201 

cm-1 and from 1644 to 1634 cm-1, respectively, when increasing the Gd/cmp molar ratio. The 

decrease of the P-O band at 1238 cm-1 compared to 1201 cm-1 with the presence of an isosbestic 

point allowed us to assign them to free P=O (1238 cm-1) and P=O functions involved in gadolinium 

coordination (1201 cm-1), respectively. By the same way, the bands located at 1644 and 1634 cm-

1 could be assigned to free and bounded C=O amides, respectively. The presence of a shoulder on 

the amide band at 1625 cm-1 could correspond to the second amide function found in the 

P(CPAAm6C) (acrylamide chain) which was not modified by the gadolinium complexation. 

In literature, closer values where observed in the case of the formation of neodymium-CMPO 

bonds in Nd-CMPO-HDEHP complexes [57]. Lumetta et al. observed that the C=O bands shifted 

from 1643 to 1634 cm-1 and the P=O band shifted from 1231 to 1211 cm-1. According to the 

literature, the complexation mechanism between Gd and cmp groups of P(CPAAm6C) is similar in 

nature to those observed in liquid-liquid extraction for Nd-CMPO complexation. 

 

Fig. 10 IR-TF spectra of P(CPAAm6C) precipitated beyond the cloud point with and without different Gd/cmp 

ratios in solution. — without Gd — Gd/cmp= 0.60 ― Gd/cmp = 0.94 — Gd/cmp = 7.84 and ― Gd/cmp = 12.1 

2.6. Selectivity studies in Gd/Ni mixture 
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Additional experiments were carried out with equimolar mixtures of gadolinium and nickel (50 

mol. % of each cation in the initial solution) for investigating the selectivity between Gd(III) and 

Ni(II) encountered in the leaching mixture of electronic compounds or ores containing 

lanthanides and transition metals at pH = 1 in order to evaluate the selective sorption of cations 

on the cmp group. The distribution (expressed in mol. %) of the sorbed cationic species on the 

P(CPAAm6C) at equilibrium is shown in Fig. 11a) with increasing ∑ 𝐶/𝑐𝑚𝑝𝑖𝑛𝑖𝑡𝑎𝑙  mole ratios. 

With the increase of ∑ 𝐶/𝑐𝑚𝑝𝑖𝑛𝑖𝑡𝑎𝑙 , the speciation of cations was modified leading to the 

preferential sorption of gadolinium onto the sorbent. Indeed, the percentage of sorbed 

gadolinium increased from 87% for ∑ 𝐶/𝑐𝑚𝑝𝑖𝑛𝑖𝑡𝑎𝑙  of 0.3 to 94% and 98% for ∑ 𝐶/𝑐𝑚𝑝𝑖𝑛𝑖𝑡𝑎𝑙  of 

4.9 and 18.8 mol.mol-1, respectively. Simultaneously, the ratio of complexed Ni(II) decreased 

from 13% to 2%. The higher fraction of sorbed Gd, whatever the ∑ 𝐶/𝑐𝑚𝑝𝑖𝑛𝑖𝑡𝑎𝑙  ratio suggested 

that the complexing cmp site had a greater affinity for the trivalent lanthanides than for 

divalent transition metals, in agreement with the literature.[25] On the other hand, the 

modification of the distribution of sorbed species with the increase of ∑ 𝐶/𝑐𝑚𝑝𝑖𝑛𝑖𝑡𝑎𝑙  to reach 

98% of sorbed Gd could be due to the fact that lanthanides are considered as hard Lewis acids, 

while nickel is classified in the borderline Lewis acids and carbamoylmethylphosphonate group 

is a hard base with a strong electron density according to the Pearson’s classification.[58]–[60] 

The hard acids form more stable interactions with O-donor groups than soft acids leading to a 

better affinity of cmp regarding to Gd(III) in Gd/Ni mixture. 
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Fig. 11 Molar percentage of the cationic species loaded on P(CPAAm6C) for different initial Cn+/cmp ratios 

at 20 °C, 10 mL of 5 g.L-1of P(CPAAm6C) immersed in 100 mL of bulk, pH = 1 and [NaNO3] = 0 mol.L-1: 

starting from 50 mol.% Gd and 50mol.% Ni di-components solution : Gd : Ni 

Conclusions 

A new homopolymer functionalized with cmp groups and combining both thermosensitive and 

chelating properties toward Gd and Th cations was investigated for lanthanide purification. The 

cloud point of the synthesized polymer ranged from 5 to 42 °C as a function of pH. The 

experimental conditions were chosen to obtain a low CP which provides significant cost 

reduction for the separation of the insoluble polymer-metal complexes from the solution, and 

would lead to the simplification of the separation processes. First, the sorption properties of 

the P(CPAAm6C) toward Gd(III) were evaluated with various gadolinium and polymer 

concentrations, pH values, ionic strengths and temperatures. The best sorption capacities were 

obtained at temperatures lower than the CP (when polymer is soluble in solution), in acidic 

medium (pH = 1) and for high ionic strength conditions. The thermosensitive character allowed 

obtaining particles having a diameter close to 1000 nm above CP, but this 

aggregation/precipitation induced the partial loss of gadolinium initially complexed at 20 °C. 

The gadolinium desorption ranged from 8 to 28%, depending on the initial gadolinium 

concentration in nitric acid media during the sorption phase. According to the DLS and IR 

analyses of the polymer with and without sorbed gadolinium, macroscopic and spectroscopic 

sorption mechanisms were proposed, involving the variation of the conformation of the 

polymer chains as a function of the Gd/cmp ratio and coordination bonds interactions between 

Gd and the carbonyl and phosphonate functions of the polymer. Finally, Gd/Ni equimolar 

model solutions at pH =1 showed that cmp groups were selective for Gd in mixtures containing 

gadolinium and nickel. 



In order to get a better understanding of the systems, it should be necessary to study more 

precisely the sorption capacity of cmp regarding to gadolinium in mixtures containing 

gadolinium and nickel. However, the results reported in this paper clearly evidenced yet very 

promising properties in the field of the purification of lanthanide elements for extraction from 

ores or WEEE recycling. It would be also helpful to develop extensive experiments devoted to 

the sorption capacity and properties of P(CPAAm6C) regarding to other mixtures containing 

gadolinium, thorium and uranium to look for selectivity in the presence of natural actinides 

from monazite for example. 

Acknowledgements 

The authors acknowledge the LabEx Chemistry of Molecular and Interfacial Systems (LabEx 

CheMISyst) and the “Institut Carnot CED2” for financial support (ANR-10-LABX-05-01) for this 

works. The authors want to thank Stéphanie Szenknect (ICSM/LIME) for valuable discussions 

about phreeqc software and about the speciation of gadolinium (III). 

References 

[1] B. S. Van Gosen, P. L. Verplanck, K. R. Long, J. Gambogi, and R. R. Seal, “The Rare-Earth 
Elements— Vital to Modern Technologies and Lifestyles,” US Geol. Surv. Fact Sheet 2014-3078, 
2014. 

[2] X. de Logiviere, “Terres rares : enjeux économiques et principales applications,” Feb. 2013. 
[3] G. Charalampides, K. I. Vatalis, B. Apostoplos, and B. Ploutarch-Nikolas, “Rare Earth Elements: 

Industrial Applications and Economic Dependency of Europe,” Procedia Econ. Finance, vol. 24, 
pp. 126–135, 2015. 

[4] Minerals, Critical Minerals, and the U.S. Economy. Washington, D.C.: National Academies Press, 
2008. 

[5] M. K. Jha, A. Kumari, R. Panda, J. Rajesh Kumar, K. Yoo, and J. Y. Lee, “Review on 
hydrometallurgical recovery of rare earth metals,” Hydrometallurgy, vol. 165, pp. 2–26, Oct. 
2016. 

[6] “Mineral Commodities Summaries,” U.S. Geological Survey, 2015. 
[7] S. M. Jowitt, T. T. Werner, Z. Weng, and G. M. Mudd, “Recycling of the rare earth elements,” 

Curr. Opin. Green Sustain. Chem., vol. 13, pp. 1–7, Oct. 2018. 
[8] E. H. Oelkers and F. Poitrasson, “An experimental study of the dissolution stoichiometry and 

rates of a natural monazite as a function of temperature from 50 to 230 °C and pH from 1.5 to 
10,” Chem. Geol., vol. 191, no. 1–3, pp. 73–87, Nov. 2002. 

[9] F. dos S. Coelho, P. R. da C. Couceiro, A. L. Lopes, and J. D. Fabris, “Óxidos de ferro e monazita 
de areias de praias do Espírito Santo,” Quím. Nova, vol. 28, no. 2, pp. 233–237, Mar. 2005. 



[10] W. B. Simmons, S. L. Hanson, and A. U. Falster, “SAMARSKITE-(Yb): A NEW SPECIES OF THE 
SAMARSKITE GROUP FROM THE LITTLE PATSY PEGMATITE, JEFFERSON COUNTY, COLORADO,” 
Can. Mineral., vol. 44, no. 5, pp. 1119–1125, Oct. 2006. 

[11] L. K. Sinclair, D. L. Baek, J. Thompson, J. W. Tester, and R. V. Fox, “Rare earth element extraction 
from pretreated bastnäsite in supercritical carbon dioxide,” J. Supercrit. Fluids, vol. 124, pp. 20–
29, Jun. 2017. 

[12] A. Berger, E. Gnos, E. Janots, A. Fernandez, and J. Giese, “Formation and composition of 
rhabdophane, bastnäsite and hydrated thorium minerals during alteration: Implications for 
geochronology and low-temperature processes,” Chem. Geol., vol. 254, no. 3–4, pp. 238–248, 
Sep. 2008. 

[13] R. Eggert et al., “Rare Earths: Market Disruption, Innovation, and Global Supply Chains,” Annu. 
Rev. Environ. Resour., vol. 41, no. 1, pp. 199–222, Nov. 2016. 

[14] F. Xie, T. A. Zhang, D. Dreisinger, and F. Doyle, “A critical review on solvent extraction of rare 
earths from aqueous solutions,” Miner. Eng., vol. 56, pp. 10–28, Feb. 2014. 

[15] K. Binnemans et al., “Recycling of rare earths: a critical review,” J. Clean. Prod., vol. 51, pp. 1–
22, Jul. 2013. 

[16] M. A. de Boer and K. Lammertsma, “Scarcity of Rare Earth Elements,” ChemSusChem, vol. 6, no. 
11, pp. 2045–2055, Nov. 2013. 

[17] F. Rodrigues et al., “New insights into the extraction of uranium(VI) by an N,N-dialkylamide,” 
Mol. Phys., vol. 112, no. 9–10, pp. 1362–1374, May 2014. 

[18] R. Diss and G. Wipff, “Lanthanide cationextraction by malonamideligands: from liquid–liquid 
interfaces to microemulsions. A molecular dynamics study,” Phys Chem Chem Phys, vol. 7, no. 
2, pp. 264–272, 2005. 

[19] P. B. Iveson, M. G. B. Drew, M. J. Hudson, and C. Madic, “Structural studies of lanthanide 
complexes with new hydrophobic malonamide solvent extraction agents †,” J. Chem. Soc. 
Dalton Trans., no. 20, pp. 3605–3610, 1999. 

[20] R. J. Ellis and M. R. Antonio, “Coordination Structures and Supramolecular Architectures in a 
Cerium(III)–Malonamide Solvent Extraction System,” Langmuir, vol. 28, no. 14, pp. 5987–5998, 
Apr. 2012. 

[21] Y. Koma, T. Koyama, and Y. Tanaka, “Enhancement of the Mutual Separation of Lanthanide 
Elements in the Solvent Extraction Based on the CMPO-TBP Mixed Solvent by Using a DTPA-
Nitrate Solution,” J. Nucl. Sci. Technol., vol. 36, no. 10, pp. 934–939, Oct. 1999. 

[22] P. Bachurzewski and I. K. Fidelis, “Trends in stability of the lanthanide series determined for the 
TBP—Dilute HNO3 extraction systems,” J. Radioanal. Chem., vol. 74, no. 1–2, pp. 85–92, Mar. 
1982. 

[23] R. Turgis et al., “Uranium Extraction from Phosphoric Acid Using Bifunctional Amido-
Phosphonic Acid Ligands,” Solvent Extr. Ion Exch., vol. 32, no. 5, pp. 478–491, Jul. 2014. 

[24] R. Turgis et al., “Carbamoylalkylphosphonates for Dramatic Enhancement of Uranium 
Extraction from Phosphates Ores,” Solvent Extr. Ion Exch., vol. 32, no. 7, pp. 685–702, Nov. 
2014. 

[25] S. L. Blaha, L. J. Claudle, G. C. Conary, and R. T. Paine, “Extractions with a Carbamoylmethyl 
Phosphonate Functionalized Polymer,” Radiochim. Acta, vol. 48, no. 1–2, Jan. 1989. 

[26] O. Vigneau, C. Pinel, and M. Lemaire, “Ionic imprinted resins based on EDTA and DTPA 
derivatives for lanthanides(III) separation,” Anal. Chim. Acta, vol. 435, no. 1, pp. 75–82, May 
2001. 

[27] M. Akhilamaheswari and M. Subramanian, “Extraction chromatographic method for the 
separation of actinides and lanthanides using EDHBA grafted AXAD-16 polymer,” Talanta, vol. 
65, no. 3, pp. 735–742, Feb. 2005. 

[28] D. Prabhakaran, “Selective extraction of U(VI) over Th(IV) from acidic streams using di-bis(2-
ethylhexyl) malonamide anchored chloromethylated polymeric matrix,” Talanta, Jul. 2004. 



[29] S. A. Ansari, P. K. Mohapatra, and V. K. Manchanda, “A novel malonamide grafted polystyrene-
divinyl benzene resin for extraction, pre-concentration and separation of actinides,” J. Hazard. 
Mater., vol. 161, no. 2–3, pp. 1323–1329, Jan. 2009. 

[30] X. Zhu and S. D. Alexandratos, “Development of a new ion-exchange/coordinating phosphate 
ligand for the sorption of U(VI) and trivalent ions from phosphoric acid solutions,” Chem. Eng. 
Sci., vol. 127, pp. 126–132, May 2015. 

[31] A. H. Orabi, K. Rabia, E. Elshereafy, and A. Salem, “Application of Commercial Adsorbent for 
Rare earth elements - Uranium Mutual Separation and Purification,” Mediterr. J. Chem., vol. 6, 
no. 6, p. 238, Dec. 2017. 

[32] M. M. Yusoff et al., “Synthesis of ion imprinted polymers for selective recognition and 
separation of rare earth metals,” J. Rare Earths, vol. 35, no. 2, pp. 177–186, Feb. 2017. 

[33] L. A. Mitchell and B. J. Holliday, “Polymeric Materials for the Separation of f -Elements Utilizing 
Carbamoylmethylphosphine Oxide Chelating Ligands,” ACS Macro Lett., vol. 5, no. 10, pp. 
1100–1103, Oct. 2016. 

[34] S. A. Ansari and P. K. Mohapatra, “A review on solid phase extraction of actinides and 
lanthanides with amide based extractants,” J. Chromatogr. A, vol. 1499, pp. 1–20, May 2017. 

[35] E. C. Uribe, H. E. Mason, J. A. Shusterman, and W. W. Lukens, “Organic layer formation and 
sorption of U( VI ) on acetamide diethylphosphonate-functionalized mesoporous silica,” Dalton 
Trans., vol. 46, no. 16, pp. 5441–5456, 2017. 

[36] M. Li, H. Liu, T. Chen, T. Hayat, N. S. Alharbi, and C. Chen, “Adsorption of Europium on Al-
substituted goethite,” J. Mol. Liq., vol. 236, pp. 445–451, Jun. 2017. 

[37] Q. Gao et al., “Ultrafast and high-capacity adsorption of Gd(III) onto inorganic phosphorous acid 
modified mesoporous SBA-15,” Chem. Eng. J., vol. 313, pp. 197–206, Apr. 2017. 

[38] Q. Wang, W. C. Wilfong, B. W. Kail, Y. Yu, and M. L. Gray, “Novel Polyethylenimine–
Acrylamide/SiO 2 Hybrid Hydrogel Sorbent for Rare-Earth-Element Recycling from Aqueous 
Sources,” ACS Sustain. Chem. Eng., vol. 5, no. 11, pp. 10947–10958, Nov. 2017. 

[39] W. J. Oldham, D. E. Dry, and A. H. Mueller, “Synthesis of functional monolayer surfaces for rapid 
radiometric determination of plutonium,” J. Radioanal. Nucl. Chem., vol. 282, no. 2, pp. 585–
589, Nov. 2009. 

[40] M. V. Lombardo, M. Mirenda, A. V. Bordoni, A. Wolosiuk, and A. E. Regazzoni, “Chemisorption 
of lanthanide ions on succinate-functionalized mesoporous silica: An in situ characterization by 
fluorescence,” J. Colloid Interface Sci., vol. 507, pp. 139–144, Dec. 2017. 

[41] B. L. Rivas, E. D. Pereira, M. Palencia, and J. Sánchez, “Water-soluble functional polymers in 
conjunction with membranes to remove pollutant ions from aqueous solutions,” Prog. Polym. 
Sci., vol. 36, no. 2, pp. 294–322, Feb. 2011. 

[42] M. Hammami, D. J. Ennigrou, K. H. Naifer, and M. Ferid, “Recovery of samarium (III) from 
aqueous solutions by poly(sodium 4-styrenesulfonate) assisted-ultrafiltration,” Environ. Prog. 
Sustain. Energy, vol. 35, no. 4, pp. 1091–1097, Jul. 2016. 

[43] Q. Ricoux, V. Bocokić, J. P. Méricq, D. Bouyer, S. v. Zutphen, and C. Faur, “Selective recovery of 
palladium using an innovative functional polymer containing phosphine oxide,” Chem. Eng. J., 
vol. 264, pp. 772–779, Mar. 2015. 

[44] A. Graillot et al., “Thermosensitive polymer Enhanced Filtration (TEF) process: An innovative 
process for heavy metals removal and recovery from industrial wastewaters,” Sep. Purif. 
Technol., vol. 141, pp. 17–24, Feb. 2015. 

[45] A. Graillot, D. Bouyer, S. Monge, J.-J. Robin, P. Loison, and C. Faur, “Sorption properties of a 
new thermosensitive copolymeric sorbent bearing phosphonic acid moieties in multi-
component solution of cationic species,” J. Hazard. Mater., vol. 260, pp. 425–433, Sep. 2013. 

[46] A. Graillot, D. Bouyer, S. Monge, J.-J. Robin, and C. Faur, “Removal of nickel ions from aqueous 
solution by low energy-consuming sorption process involving thermosensitive copolymers with 
phosphonic acid groups,” J. Hazard. Mater., vol. 244–245, pp. 507–515, Jan. 2013. 

[47] T. Nonaka, Y. Hanada, T. Watanabe, T. Ogata, and S. Kurihara, “Formation of thermosensitive 
water-soluble copolymers with phosphinic acid groups and the thermosensitivity of the 



copolymers and copolymer/metal complexes,” J. Appl. Polym. Sci., vol. 92, no. 1, pp. 116–125, 
Apr. 2004. 

[48] T. Nonaka, A. Yasunaga, T. Ogata, and S. Kurihara, “Formation of thermosensitive copolymer 
beads having phosphinic acid groups and adsorption ability for metal ions,” J. Appl. Polym. Sci., 
vol. 99, no. 2, pp. 449–460, Jan. 2006. 

[49] A. Graillot, S. Djenadi, C. Faur, D. Bouyer, S. Monge, and J. J. Robin, “Removal of metal ions 
from aqueous effluents involving new thermosensitive polymeric sorbent,” Water Sci. Technol., 
vol. 67, no. 6, p. 1181, Mar. 2013. 

[50] D. Gomes Rodrigues, N. Dacheux, S. Pellet-Rostaing, C. Faur, D. Bouyer, and S. Monge, “The first 
report on phosphonate-based homopolymers combining both chelating and thermosensitive 
properties of gadolinium: synthesis and evaluation,” Polym Chem, vol. 6, no. 29, pp. 5264–
5272, 2015. 

[51] A. Graillot, S. Monge, C. Faur, D. Bouyer, C. Duquesnoy, and J.-J. Robin, “How to easily adapt 
cloud points of statistical thermosensitive polyacrylamide-based copolymers knowing reactivity 
ratios,” RSC Adv., vol. 4, no. 37, p. 19345, 2014. 

[52] C. Siva Kesava Raju and M. S. Subramanian, “Sequential separation of lanthanides, thorium and 
uranium using novel solid phase extraction method from high acidic nuclear wastes,” J. Hazard. 
Mater., vol. 145, no. 1–2, pp. 315–322, Jun. 2007. 

[53] Y. Shen et al., “Solvent extraction of lanthanides and yttrium from aqueous solution with 
methylimidazole in an ionic liquid,” Dalton Trans, vol. 43, no. 26, pp. 10023–10032, 2014. 

[54] M. Singh, A. Sengupta, S. Jayabun, and T. Ippili, “Understanding the extraction mechanism, 
radiolytic stability and stripping behavior of thorium by ionic liquid based solvent systems: 
evidence of ‘ion-exchange’ and ‘solvation’ mechanism,” J. Radioanal. Nucl. Chem., vol. 311, no. 
1, pp. 195–208, Jan. 2017. 

[55] Y. Yang and S. D. Alexandratos, “The importance of hydrogen bonding in the complexation of 
lanthanide ions by polymer-bound malonamide-type ligands,” Inorganica Chim. Acta, vol. 363, 
no. 13, pp. 3448–3452, Oct. 2010. 

[56] K. Takeshita, K. Ishida, Y. Nakano, and T. Matsumura, “Thermal-swing Extraction of Cadmium(II) 
by Thermosensitive Polymer Gel Crosslinked with Encapsulating Hexadentate Ligand,” Chem. 
Lett., vol. 36, no. 8, pp. 1032–1033, Aug. 2007. 

[57] G. J. Lumetta et al., “Lipophilic ternary complexes in liquid–liquid extraction of trivalent 
lanthanides,” J. Coord. Chem., vol. 65, no. 5, pp. 741–753, Mar. 2012. 

[58] R. G. Pearson, “Hard and soft acids and bases, HSAB, part 1: Fundamental principles,” J. Chem. 
Educ., vol. 45, no. 9, p. 581, Sep. 1968. 

[59] R. G. Pearson, “Hard and soft acids and bases, HSAB, part II: Underlying theories,” J. Chem. 
Educ., vol. 45, no. 10, p. 643, Oct. 1968. 

[60] R. G. Pearson, “Hard and Soft Acids and Bases,” J. Am. Chem. Soc., vol. 85, no. 22, pp. 3533–
3539, Nov. 1963. 

 

 

 

 

 


