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H I G H L I G H T S

• PGMA was functionalized with ami-
nophosphonic groups to sorb rare
earth elements.

• XPS, FTIR and molecular modeling
were applied for characterizing metal
binding.

• Sorption isotherms and uptake ki-
netics are modeled for La(III) and Y
(III) recovery.

• Metal desorption and sorbent re-
cycling are highly efficients.

• The treatment of monazite leachate is
discussed in terms of affinity for REEs.
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A B S T R A C T

After synthesis of parent PGMA micro-particles by dispersion polymerization method, diethylenetriamine
(DETA) is grafted on the polymer (DETA-PGMA). In the last step, methylene phosphonic groups are grafted on
DETA-PGMA by reaction of phosphonic acid groups onto amine functions in the presence of formaldehyde to
produce polyaminophosphonic acid sorbent (PPA-PGMA). The sorbent is characterized by elemental analysis,
FTIR spectrometry, XPS, XRD, TG-TDA and SEM-EDX analyses. The sorption properties of the material are tested
for the sorption of La(III) and Y(III): the effect of pH on sorption performance is investigated before studying
uptake kinetics, sorption isotherms (and thermodynamics), metal desorption and sorbent recycling. Maximum
sorption capacities reach up to 0.79 mmol La g−1 and 0.73 mmol Y g−1 at pH 5 (optimum initial pH value).
Sorption isotherms are characterized by a saturation plateau: the Langmuir equation fits well data. The sorption
on micron-sized particles is fast and equilibrium is reached within 3–4 h: the kinetic profiles are modelled by the
Crank equation (resistance to intraparticle diffusion) though the pseudo-first order rate equation fits well ex-
perimental data. Nitric acid (0.5 M) solutions can be used for metal recovery and the sorbent is re-used for at
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least 6 cycles of sorption and desorption with limited decrease in performance (less than 7%). The sorbent has a
preference at pH 5 for La(III) vs. Y(III) but the selectivity coefficient is not high enough for potentiating the
selective separation of the two metals.

1. Introduction

The formal group of rare earth elements (REEs; i.e., the lanthanide
series) is generally completed by scandium and yttrium because these
elements are frequently associated to REEs-enriched ores; in addition,
they have very similar chemical properties (close electronic config-
uration, trivalent form as the most stable in solution, etc.). Though the
classification between the REEs remains debatable it is generally ac-
cepted that they can be divided in two groups: (a) light REES (LRREs)
that includes La to Dy elements, and (b) heavy REEs (HREEs) including
Ho to Lu elements plus Y element [1–5]. They are considered strategic
resources because they are widely used in advanced technologies such
as electronic and communication devices, high performance alloys and
magnets, high performance glasses, ceramics and catalysts. The very
close chemical properties of these elements make their selective se-
paration an important industrial challenge that can also explains that
REE industry is a strategic industrial field. The balance between pro-
duction and consume of REEs at the world level and its uses for strategic
applications make their production, recovery and recycling an im-
portant issue with geopolitical and economic dimensions.

Many countries and international organizations have then promoted
incentive politics for their recycling from spent materials and devices
and for the valorization of low grade ores (including sub-product from
primary resources, such as phosphate rock conversion into phosphoric
acid and phosphogypsum) [1,2,5]. Lanthanum is one of the most
abundant rare earth elements; it is present in rare earth minerals such
as cerite, allanite, etc. Monazite and bastnasite minerals are the prin-
cipal ores for lanthanum extraction since its content may reach up to
25% and 38%, respectively [2,6].

A wide range of methods have been designed for the recovery of
metals (including REEs) from water including chemical precipitation,
and flocculation. However, these methods are frequently not competi-
tive, especially for removing REEs from dilute solutions [1,5–8].

Sorption processes using ion-exchange and chelating resins are more
appropriate for concentrating and separating metals ions from dilute
effluents, because they are highly efficient and environmental friendly
[9–11]. Glycidyl methacrylate (GMA), bearing both vinyl and epoxy
functions, is a very useful reactive monomer that meets the require-
ments for post-polymerization modification: new functional groups
(such as amine, carboxylic groups, etc.) can be readily grafted by ring-
opening reaction. It is also a low-cost reagent that is widely used for the
industrial production of epoxy functional methacrylic resins (precursors
for manufacturing coatings and adhesives) [12,13]. In chelating resins,
the functional group atoms that are most frequently used consist of
nitrogen (i.e., N present in amines, azo groups, amides, nitriles), oxygen
(i.e., O present in carboxylic, hydroxyl, phenolic, ether, carbonyl),
phosphoryl groups (i.e., P present in PeO or P]O groups), and sulfur
(i.e., S present in thiols, thiocarbamates, thioethers). Usually, the an-
chored molecules contain nitrogen, oxygen or sulfur atoms, or a com-
bination of them, acting as the basic centers that complex cations and
allow selective extraction [14–19]. The α-aminophosphonate-based
compounds are among the most useful organophosphorus derivatives;
they have attracted increasing attention because of their biological
properties and potential applications in pharmacological and agro-
chemical fields [20,21]. These organophosphorus compounds and their
derivatives are also known as good metal-complexing agents for various
transition metals in diagnostic and therapeutic applications [22], but
also as industrial chemicals in water treatment, metal extraction, or
pollution control [23–25], by analogy with synthetic resins [26] and
liquid/liquid extractants [27–29]. Recently, the affinity of phosphate
groups for uranium has been used for elaborating an inorganic/organic
composite (based on the simple and readily encapsulation of micro-
particles of a mineral rock with chitosan) [30].

Though an extensive literature exists on the recovery of REEs using
amine-based sorbents and aminophosphonic-grafted resins, the present
study brings a very complete overview on a new sorbent for rare earth

Fig. 1a. Proposed scheme for the synthesis of polyaminophosphonic acid-functionalized poly(glycidyl methacrylate) (PGMA): PPA-PGMA.



phosphorous acid (5 g) was dissolved in 100 mL of water and HCl (1:1,
v/v). After addition of 1 g of the product (ii), the mixture was heated to
reflux in a 200 mL three-necked flask (with thermometer, condenser,
and dropping funnel) and 20 mL of formaldehyde solution was added
dropwise for 1 h. The mixture was kept at reflux temperature for 24
additional hours. The final product polyaminophosphonic acid-func-
tionalized PGMA (PPA-PGMA) was filtered and extensively washed
successively with ethanol and water. Finally, the sorbent was dried at
80 °C for 24 h [16].

2.3. Characterization of materials

The elemental analysis was performed on a Micro Corder JM10 (J-
Science Lab Co., Ltd., Kyoto, Japan). Phosphorus content was specifi-
cally analyzed after mineralization using sulfuric acid/nitric acid di-
gestion [31,32]. The FT-IR spectra were directly obtained (i.e., without
conditioning under KBr discs) on the wavenumber range
4000–400 cm−1, with a JASCO-FT-IR-6600 spectrometer (Tokyo,
Japan). X-ray diffraction (XRD) patterns were obtained in the range
2θ = 10–80°, using a SmartLab X-Ray Diffractometer (RIGAKU, Tokyo,
Japan), with Cu Kα radiation. TG/DTA had been carried out using a
thermogravimetric and differential thermal analyzer (EXSTAR 6000
TG/DTA 6300N, Seiko Instruments Inc., Tokyo, Japan). The textural
properties of the sorbent were acquired on a Quantachrome Nova 3200
surface area analyzer (Quantachrome Instruments, Boynton Beach, FL,
USA) after degassing at room temperature for 3 h. The specific surface
area was determined by N2 adsorption/desorption isotherms, while the
BJH method was used for evaluating porous volume. The material
analysis and the morphology of sorbents were investigated with an
ultra-high resolution FE-SEM SU8020 microscope equipped with an
energy-dispersive X-ray spectrometer (SEM-EDX Hitachi, Tokyo, Japan)
(without liquid N2). The samples were prepared by adhesion on a
carbon film plate and they were sputter coated with a thin layer of
platinum to impart conductivity for incident electrons. X-ray photo-
electron spectroscopy was carried out using an X-ray photoelectron
spectrometer (ESCA-5600, Japan) with Mg Kα (Al Kα) radiation source
(200 W power); the diameter of the X-ray beam was 0.8 mm, while the
analysis diameter was 1 mm. The samples were adhered on indium
sheets. The pHPZC of the materials (pH corresponding to the zero-charge
at the surface of the sorbent particles) was determined by the pH-drift
method: the sorbents were equilibrated, under agitation for 24 h, with a
series of 0.1 M NaCl solutions controlled at different initial pH values
(pHi). The equilibrium pH (pHeq) was recorded. The pHPZC is the pH
value corresponding to pHi = pHeq [33,34].

2.4. Metal sorption and desorption

The study of sorption performance was carried out in batch reactor
with investigation of pH effect, uptake kinetics, sorption isotherms,
metal desorption and sorbent recycling. For the study of pH effect a
volume of 25 mL of REE(III) solution was mixed with 10 mg of sorbent;
the mixture was agitated for 12 h at a velocity of 200 rpm, at room
temperature (i.e., 26 ± 1 °C). The initial pH (pH0) was varied between
1 and 7, while initial concentration was set to 75 mg L−1 (i.e.,
0.548 mmol La L-1 and 0.823 mmol Y L−1). Sorption isotherms were
obtained, at room temperature, at pH0 5.0; initial metal concentration
varied from 25 to 400 mg L−1 (i.e., up to 2.9 mmol La L−1 and
4.5 mmol Y L−1). Kinetic measurements were performed by varying
contact time for a sorbent dosage of 0.4 g L−1. After equilibration and
phase separation by filtration, metal ion concentrations (before and
after sorption) were determined by ICP-AES (Inductively Coupled
Plasma Spectrometer, ICP SPS7800 SII, Seiko Instruments Inc., Tokyo,
Japan). The sorption capacity (qeq, mmol g−1) was calculated according
to mass balance equation: qeq = (Co − Ceq) V/m, where Co and Ceq

(mmol metal L−1) are initial and equilibrium metal concentrations,
respectively; m (g) is the weight of sorbent, and V(L) is the volume of

element recovery; including both characterization aspects, evaluation 
of sorption performances and application to the treatment of alkaline 
leachate of Egyptian monazite (after pH adjustment).

In this work, the sorption of La(III) and Y(III) (as representative of 
LREEs, light REEs and HREEs, heavy REEs, respectively) has been in-
vestigated using a new micron-sized sorbent obtained by bi-functiona-
lization of polyglycidyl methacrylate (PGMA) with amino groups and 
aminoalkyl-phosphonic ligand (PPA-PGMA). The physicochemical 
structure and properties of the sorbent are first characterized by ele-
mental analysis, SEM-EDX, FTI R, XRD, TGA, XPS, pHPZC. Sorption 
properties are studied considering the effect of pH, the uptake kinetics, 
the sorption isotherms, the thermodynamic parameters. Molecular 
calculations (density functional theory, DFT) were used for suggesting 
the most probable complexes formed between functional groups and 
target REEs, in complement to analytical methods. Finally, the re-
generation and recycling of the material and its reuse for successive 
sorption/desorption cycles are carried out. The sorbent was finally 
tested for recovery of metals from leachates of monazite. Monazite is an 
orthophosphate ore containing high concentrations of REEs and 
thorium. This is the typical compound of black sands. La(III) and Y(III) 
being with Ce(III) and Nd(III) the most important elements founds in 
the acidic leachates of Egyptian monazite, the study was focused on La 
(I I I ) (representing LREEs) and Y(I I I ) (representing HREE family). 
Though Y(III)  is not a formal member of REEs, its physical and chemical 
properties are very similar to the elements belonging to the series Dy 
(I I I )-Er(I I I ). Ce(I I I ) can be recovered by readily oxidation (to form 
Ce4+) and precipitation. Nd(III) has received a great attention in terms 
of selective sorption; this study will contribute to evaluate the possi-
bility to separate La(III) from Y(III) for this kind of complex media.

2. Material and methods

2.1. Materials

Glycidyl methacrylate (GMA), diethylenetriamine (DETA), for-
maldehyde solution (37%), polyvinylpyrrolidone (PVP K-30), 2,2-azo-
bisisobutyronitrile (AIBN), and ethanol (99.5%) were purchased from 
Wako Chemical Co. Ltd. (Japan). Phosphorous acid was supplied by 
Sigma-Aldrich (Darmstadt, Germany). LaCl3 and YCl3 salts were pur-
chased from Sigma-Aldrich. Stock solutions of La(I I I ), and Y(I I I ) ions 
were prepared by mineralization of the corresponding salts in con-
centrated HCl under heating; working solutions were diluted from stock 
solutions with demineralized water to a final c oncentration of 
1000 mg L−1. All other chemicals were obtained from Prolabo (France); 
they were used as received.

2.2. Synthesis of polyaminophosphonic acid-PGMA (PPA-PGMA)

Fig. 1a schematically described the different steps involved in the 
synthesis of polyaminophosphonic acid-functionalized polyglycidyl 
methacrylate (PGMA) (i.e., PPA-PGMA), and the tentative chemical 
structure of the sorbent. The PGMA microspheres were produced using 
the dispersion polymerization as follows: the dispersion medium was 
first prepared by dissolving PVP K-30 (3 g) into 90 g of ethanol/water 
solution (90:10) in a 250 mL four-necked flask. T he polymerization 
initiator (AIBN, 0.2 g) was dispersed in the monomer phase (GMA, 10 g) 
before being transferred into the dispersion medium. The reactor was 
purged with N2 for 30 min (to remove gas phase and dissolved O2). 
Next, the flask w as m aintained a t 70 ° C f or 24 h  u nder mechanical 
stirring (120 rpm) and reflux condensation [12,13]. The resulting mi-
crospheres (PGMA, (i)) were centrifuged and washed several times with 
deionized water and ethanol before being dried under vacuum at am-
bient temperature. In the next step, the product (i) was suspended in 
20 mL ethanol before adding DETA (12 mL), the mixture was stirred 
under reflux f or 18 h  [ 13]: t he p roduct ( ii) aminated PGMA ( or TA-
PGMA) was recovered by filtration a nd w ashed. I n t he l ast step,
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where CD (mmol L−1) is the metal ion concentration in desorption so-
lution, V(L) is the volume of the desorption solution, qd (mmol g−1) is
the sorption capacity for metal-loaded material before desorption ex-
periment, qe (mmol g−1) is the sorption capacity at the first cycle, and
md (g) is the amount of the sorbent used in the desorption experiments.

Sorption tests were carried out on complex solutions obtained from
alkaline leaching of monazite. The experimental procedure for the ex-
traction of REEs from monazite ore is described in the Additional
Material Section. The sorption test consisted of the contact at 25 ± 1 °C
of the REEs solution (at pH 3.92) with PPA-PGMA sorbent for 4 h
(agitation 200 rpm). The pH control was performed using sodium car-
bonate/bicarbonate alkaline agent. The sorbent dosage was set to
0.4 g L−1; this low SD allows achieving the saturation of the sorbent
under selected experimental conditions (excess of metal ions).

2.5. Sorption modeling

Conventional equations were used for the modeling of uptake ki-
netics, including the pseudo-first order rate equation (PFORE), the
pseudo-second order rate equation (PSORE), the simplified resistance to
intraparticle diffusion equation (Weber and Morris equation applied on
different segments of the kinetic profiles) and the Crank equation (for
resistance to intraparticle diffusion). Relevant equations are reported in
Additional Material Section (AMS, Section II).

For sorption isotherms the Langmuir, the Freundlich and the Sips
equations were tested for fitting experimental curves. Relevant equa-
tions are summarized in Additional Material Section.

2.6. Molecular modeling

Theoretical modeling of the investigated phosphonate ligand and its
metal complexes was performed using quantum chemical calculations.
Geometry optimizations were carried out, using density functional
theory Becke-3-parameter-Lee-Yang-Parr (DFT/B3LYP) [36–38], with
the effective core potential (ECP/LANL2DZ) basis set [39]. Atomic
charges were calculated using Mülliken approach. The distribution of
the highest occupied and lowest unoccupied frontier molecular orbitals
(HOMO/LUMO FMO) of the ligand and the complexes has been ana-
lyzed. ChemCraft program [40] was used for displaying computational
results and plotting FMOs. Frequency calculations were conducted to
ensure that the located structures are minima on their potential energy
surfaces (no imaginary frequencies were recorded) and to correct zero-
point energy and thermal contributions. All electronic structure calcu-
lations were carried out using G03 program [41].

3. Results and discussion

3.1. Synthesis of materials and characterization of sorbents

Fig. 1 shows the schematic route for the synthesis of poly-
aminophosphonic acid-functionalized poly(glycidyl methacrylate)
(PGMA) (i.e., PPA-PGMA). After synthesis of parent PGMA micro-
particles by dispersion polymerization method, diethylenetriamine is
grafted on PGMA polymer (DETA-PGMA). In the last step of the process,
methylene phosphonic groups are grafted on the intermediary product
by reaction of phosphonic acid groups onto amine functions, in the
presence of formaldehyde. The introduction of methylene phosphonic
group onto chitosan macromolecule with phosphorous acid and for-
maldehyde may produce different types of derivatives. Indeed, the final
product may bear both monophosphonic secondary amine (I) and ter-
tiary diphosphonic amine (II) groups [16,42]:

Polymer NH CH PO H2 3 2 (I)

Polymer N( CH Po H )2 3 2 2 (II)

Several analytical techniques have been used to approach the
identification of these reactive groups.

3.1.1. Elemental analysis
The chemical modification of PGMA can be followed comparing the

elemental analysis of the product (CHN analysis) at the different stages
of the synthesis (Table 1). Based on the theoretical structure of PGMA,
the conversion of weight percentages for C, H and N elements in molar
units means that the polymer can be approached by the heptameric
formula: (C7H10O3)7. After reaction with DETA, nitrogen content
reaches 12.46% (w/w or 8.90 mmol N g−1) due to the immobilization
of the polyamine (diethylenetriamine, DETA). Comparing the theore-
tical fractions of nitrogen in DETA and in TA-PGMA, it is possible cal-
culating the substitution degree close to 63%.

Fig. 1b. Revised process for the N-phosphonomethylation of TA-PGMA.

solution. Experimental conditions are systematically reported in the 
captions of the figures: in most cases, the equilibrium time was 4 h and 
the experiments have been performed at room temperature (except 
specific information), and the pH was set at 5. The issue on the com-
parison of sorption performances is illustrated by some examples re-
ported in Additional Material Section (AMS, Section I).

Nitric acid (0.5 M) was chosen as the eluent for the study of metal 
desorption. The contact time between the eluent and the metal-loaded 
sorbent was set to 1 h (under constant agitation). The ad-
sorption–desorption experiments were executed for 5 cycles [35]; the 
desorption efficiency (DE) and the regeneration rate (RE) were calcu-
lated according:



The grafting of methylene phosphonic groups on the intermediary
product (TA-PGMA) occurs by reaction of phosphonic acid groups onto
amine functions in the presence of formaldehyde. The P content (weight
percentage) in the sorbent reaches 4.9% (i.e., 1.582 mmol P g−1). The
chemical grafting on chitosan backbone logically reduces the C and N
mass fractions in the materials: the N content decreases from 12.46% to
9.48% (w/w) in the final PPA-PGMA. The simultaneous decreases of C
and H mass fractions are observed: C content drastically decreases from
42.85% to 34.72% (w/w), to a level comparable to C content in PGMA
material. Assuming the mechanism of N-phosphonomethylation to
follow the reaction described on Fig. 1, the amine groups can be grafted
by either one phosphonomethyl moiety on secondary amine, or two
phosphonomethyl moiety on primary amine. The grafting of 1 to 4
phosphonomethyl groups on TA-PGMA can be simulated, and the re-
levant weight fraction of N found in the product is 9.48%. This is close
to the calculated value (i.e., 9.77%) for a derivative grafted with only
one phosphonate moiety on the polymer backbone H2PO3:R-N ratio:
actually the simulated value would be 1.146 P mole per mole of TA-
PGMA. The chemical analysis shows that the N/P molar ratio in PPA-
PGMA is close to 4.28. Obviously, despite the use of an excess of for-
maldehyde and phosphorous acid (to theoretically insure the complete
substitution of all hydrogen atoms on primary and secondary amine
groups), the substitution is not complete on amine groups. This may be
explained by two reasons: (a) the poorest reactivity of secondary amine
compared to primary amines [43]; this is reinforced by the fact that the
reactivity on polymers is less than on monomer units, and (b) the
hindrance effects limit the reactivity of the amine groups (decrease of
the stability of the grafted polymer for polysubstituted structure). The
N-phosphonomethylation is efficient but leaves free a majority of amine
groups: the sorbent is bi-functional associating amine and methyl-
phosphonic reactive groups. On the basis of these observations it is
possible to revise the final N-phosphonomethylation, as shown on
Fig. 1b.

3.1.2. Sorbent morphology and semi-quantitative analysis: SEM and SEM-
EDX analysis

Scanning electron microscopy was used for characterizing the
morphology of the materials (Fig. AM1, see AMS). PPA-PGMA particles
can be described as irregular objects with irregular distribution in size
(from approximately 40 μm to 100 μm), and granular surfaces. The
material does not show appreciable surface porosity. This is confirmed
by BET analysis: the specific surface area (SSA) is close to 16 m2 g−1

(duplicate analysis). Despite several repetitions, the BET analysis did
not allow getting an accurate evaluation of pore volume. This order of
magnitude is consistent with reported values of SSA of PGMA: Wei et al.
[44] cited a SSA close to 29 m2 g−1 for PGMA; the SSA increased with
divinylbenzene co-polymer content.

Fig. 2 shows the EDX analysis of the samples (PGMA, PPA-PGMA,
and PPA-PGMA after La and Y sorption): the grafting of amine groups is
confirmed by the appearance of a small peak (poor sensibility) for Kα N
signal (at 0.392 keV). On the other hand the N-phosphonomethylation
is characterized by the appearance of the Kα P signal (at 2.01 keV). Figs.
AM2 and AM3 (see AMS) compare the cartographies of element dis-
tribution at the surface of sorbent particles before and after metal
sorption. The analyses show a great homogeneity of both the elements

representative of reactive groups (i.e., N, P and O) and sorbed metals. It
is noteworthy that the intensity of N element after metal sorption de-
creases (due to screening effect, or a decrease in its relative fraction,
with poor detection sensibility). A semi-quantitative analysis (in tri-
plicate) was also performed on metal-loaded sorbent (Fig. AM4, see
AMS). Nitrogen content (after metal sorption) is close to 6.55 ± 0.20%
(w/w) much less than given by elemental analysis on PPA-PGMA (i.e.,
12.46%, w/w). This may be explained by the fraction of metal bound on
the analyzed sample that decreases the relative fraction of N element in
the total mass of material. Surprisingly, the semi-quantitative analysis
of P shows a content close to 4.33 ± 0.17% (w/w); this is much closer
than expected from the chemical analysis (i.e., 4.9%, w/w). The mass
fractions of Y and La are 5.05 ± 0.31% (w/w) and 9.55 ± 0.85% (w/
w), respectively; considering their respective atomic mass, their molar
fractions are of the same order of magnitude (i.e., 0.57 mmol Y g−1 and
0.69 mmol La g−1). The EDX analysis of the samples after La and Y (III)
sorption clearly shows the appearance of La and Y signals (Fig. 5)
characterized by the peaks of La(III) at around 0.9, 4.64 and 5.05 keV,
and the peaks of Y(III) at around 1.92 and 2.01 keV. The presence of Pt
(and its “contaminants” as Rh and Ir) is due to the sputter coated layer
deposited on the samples for EDX analysis.

3.1.3. XRD analysis
Fig. AM5 (see AMS) compares the X-ray diffraction patterns of

PGMA and PPA-PGMA. PGMA is characterized by a poorly crystalline
structure, marked by a shoulder at around 2θ = 8°, a peak at 2θ = 18°
and two other weak peaks or shoulders around 2θ = 30° and 38° [45].
This XRD fingerprint, typical from PGMA materials, is strongly affected
by the chemical modification (DETA grafting and subsequent phos-
phonomethylation). Indeed, the structure becomes more amorphous
(smoothed and poorly resolved pattern) with quasi-disappearance of
the peaks at 2θ = 18° and shoulders at 2θ = 30° and 38°. A new broad
band appears, centered on 2θ = 24°. Though the poorly resolved pat-
terns do not allow calculating crystallinity indices, the chemical mod-
ification induces increased disorder of the structure of the polymer and
the material becomes even more amorphous. This is consistent with
previous studies that show that the chemical modification of biopo-
lymer-based composites decreases the crystallinity of materials [19].

3.1.4. Thermal properties
The comparison of TGA and DTG profiles (thermogravimetric ana-

lysis and differential thermogravimetry) shows substantial differences
in the degradation profiles (Fig. AM6, see AMS): the chemical mod-
ification of PGMA is confirmed. The TGA profile for PGMA shows
several degradation steps:

Material Elemental analysis (wt%)

C H N P O*

PGMA 57.8 7.26 0.31 – 34.63
TA-PGMA 42.85 7.69 12.46 – 37.00
PPA-PGMA 34.72 7.09 9.48 4.9 48.71

* : obtained by difference to 100% (w/w fraction); n.d.: not determined.

Fig. 2. EDX analysis of PGMA support, PPA-PGMA sorbent and La(III)/Y(III)-
loaded sorbent.

Table 1
Elemental analysis of PGMA, Aminated-PGMA, PPA-PGMA.



(a) Stable plateau below 210 °C, with a weight loss limited to 2–3%,
which corresponds to the release of absorbed water.

(b) Sharp weight loss between 210 °C and 344 °C (with a maximum loss
rate identified at 320 °C on DTG curve); this is roughly consistent
with conventional TGA thermogram of PGMA [46]: the maximum
degradation rate was observed at 301 °C. The degradation is at-
tributed to random chain scission. The weight loss represents about
70%.

(c) Between 344 °C and 440 °C (maximum loss rate at 410 °C on DTG)
PGMA loses 27% of its total weight; this corresponds to the de-
gradation of shortened chains of the polymer with formation of a
limited char (less than 3%).

(d) Above 440 °C and up to 825 °C, PGMA is progressively losing the
remaining char fraction for achieving complete degradation.

In the case of PPA-PGMA, the thermal degradation profile is more
complex because of the presence of new organic chains that bear both
amine and phosphonic groups:

(i) Between 25 °C and 65 °C, the modified polymer, which is more

hydrophilic, is releasing absorbed water (weight loss represents
less than 14%).

(ii) Stable plateau between 65 °C and 230 °C, with a little loss of weight
(about 3%), probably associated to the release of constitutive
water (or more tightly bound to polymer chains).

(iii) In the range 230 °C–320 °C, a sharp decrease of weight is observed
(about 38%, with a maximum loss rate at 274 °C on DTG); this may
be assigned to the degradation of the sorbent by polymer scission
and/or to the degradation of amine chains.

(iv) Between 320 °C and 430 °C, a new weight loss is observed (corre-
sponding to 21% of total mass), which is assigned to the de-
gradation of phosphonate moieties and char formation.

(v) Above 430 °C and up to 925 °C, the char is progressively degraded,
but even at 925 °C, the residual amount of solid represents 13%
(w/w). Phosphorus-based compounds are frequently used as char-
forming additives for flame-retardant properties by improving char
formation and partially preventing polymer scission [47].

The chemical modification improves water absorption, increases
char formation, enhances thermal stability (lower slope of weight loss

Fig. 3. FTIR spectra of PGMA, TA-PGMA and PPA-PGMA and spectra of PPA-PGMA before and after metal sorption (selected wavenumber ranges).



[52], while the peak at 1718 cm−1 remains visible: this means that the
carbonyl groups are poorly affected by the chemical modification and
that the grafting occurs by epoxy ring opening. On the other side, new
bands appear at 1561 cm−1 and 1629 cm−1, attributable to NeH
bending modes in secondary and primary amines, respectively [52,53].
Similar modifications were observed in the case of cellulose modified
first with PGMA and secondly by supplementary grafting of poly-
ethyleneimine (PEI) [50], and on PGMA sorbent modified by grafting
ethylene diamine [49]. Additional changes, poorly resolved, are ob-
served around 3350 cm−1, due to the presence of NeH groups (Fig.
AM7, see AMS). The mode of grafting of amine compound on PGMA is
also confirmed by the disappearance of the peaks associated to epoxy
ring (i.e., at 904 cm−1, asymmetric vibration of epoxy ring) [52].

The final modification of TA-PGMA (occurring by reaction with
phosphorous acid in the presence of formaldehyde) brings new P-based
reactive groups. This is confirmed by the appearance of typical bands at
746 cm−1, assigned to υ(eP]O), at 932 cm−1, attributed to PeOeC
stretching [53] or to P-OH stretching [54], at 1045 cm−1, associated to
PeOeR bond and at 1244 cm−1, assigned to P]O bond [55]. These
new peaks confirm the successful grafting of phosphorus-based reactive
groups.

After La(III) and Y(III) binding, the intensity of the bands tends to
decrease at 3357 cm−1 and 2966 cm−1, respectively. These changes can
be directly associated to the binding of metal ions, which affects the

and increased residual solid). I n addition, the degradation profiles 
shows that, compared to raw PGMA, the thermal degradation begins at 
lower temperature (shift of about 30 °C).

3.1.5. FTIR analysis
The successive chemical modifications o f P GMA ( after grafting 

DETA and final grafting of phosphonomethyl groups) can be followed 
using FTI R spectrometry. FTI R spectrometry can also be used for 
identifying the functional groups that are involved in metal binding. 
These changes may be correlated to appearance, disappearance or shifts 
of characteristic bands [8,9]. Fig. 3 reports the evolution of FTIR 
spectra for the successive synthesized sorbents and also for metal-
loaded PPA-PGMA; spectra focused on selected wavenumber ranges are 
reported on Fig. AM7 (see AMS).

Based on the structure of PGMA the most significant groups that can 
be used for identifying the fingerprint of the polymer are: (a) the car-
bonyl groups (υ(eCOOe),) at 1718 cm−1 [48], and (b) the oxirane ring 
characterized by asymmetrical expansion and stretching vibrations, at 
843 cm−1 and 904 cm−1, respectively [13,49,50]. Another peak, close 
to 757 cm−1, has also been assigned to epoxy ring [51]. In the range 
1300–1100 cm−1, the peaks have been assigned to CeO stretching vi-
brations [51].

After DETA-grafting, the FTIR spectrum of TA-PGMA is character-
ized by the disappearance of the bands representative of epoxy ring

Fig. 4. XPS spectra of PGMA, PPA-PGMA, and PGMA after sorption of La(III) and Y(III). 



chloride being very low, other species may co-exist. Other possibilities
may consist of interactions with amine groups: the BEs are not changed
but the fraction of free amine groups increases after metal sorption, or
to hydroxo or hydroxo-chloride complexes. In the case of Y 3d signals, 6
peaks can be identified on the deconvolution of the spectra: 3 pairs (Y
3d3/2 and Y 3d5/2 bands) appear, associated to chloride species (at the
highest binding energies), and phosphonate species. It is noteworthy
that the sorption of metal ions induces a shift toward lower BEs (higher
electronic density) for PeO peaks (with lower relative intensity), a
relative stability of BEs for phosphonate groups, and the simultaneous
decrease of the intensity of deprotonated phosphonate and increase of
the intensity of protonated phosphonate. The chemical environment of
O element is mainly affected by metal sorption for PeO group: the BE is
shifted from 531.8 eV to 530.8 eV (with simultaneous decrease in in-
tensity). Other signals are not shifted in terms of BEs, but the relative
intensities of O strongly change (increase for CeOeC and decrease for
CeOH and PeOH).

These results are consistent with FTIR analysis and demonstrate the
contribution of phosphonate groups in metal binding with co-existence
of different complexes, or different interactions with the neighboring
reactive groups.

3.1.7. Molecular modeling of metal interactions with PPA-PGMA
A detailed discussion of DFT calculations is presented in the

Additional Material Section (Section III). It is noteworthy that the si-
mulation was performed on isolated free ligand; obviously, the im-
mobilization of the ligand at the surface of the polymer matrix in-
troduces additional and important constraints. However, this allows a
first approach of the binding mechanisms.

Taking into account the increased sorption of target metals with
increasing the pH, it is assumed, for the modeling approach, that metal
binding occurs after deprotonation of aminophosphonic acid groups.
Selection of the optimal energetically efficient structures is based on
attractive and repulsive forces that result in a more favorable orienta-
tion of the interacting system. Comparison of binding energies, bond
lengths (between metal and reactive atoms on the sorbent or in water),
Mülliken charges (for relevant reactive atoms), HOMO and LUMO
surfaces, and energy gaps help in understanding experimental findings.

Fig. 5 shows the structures suggested by DFT modeling for the in-
teraction between the methyl-aminophosphonic ligand and La(III) and
Y(III) metal ions. The metal ions coordinate to the ligand through tet-
radentate mode. The metal ion binding to the ligand occurs through:

(a) One bond with one deprotonated oxygen atom from phosphonate
group (via ionic bond),

(b) Two bonds with nitrogen donors (amine groups, via coordinate
bond),

(c) One bond with one oxygen donor from OH groups (via coordinate
bond).

In order to complete their coordination sphere, the metal ions are
also bound to two chloride ions, and one oxygen donor atom from
water molecules (hydration). This is consistent with the EDX analysis of
sorbents after metal loading: a substantial amount of chlorine is iden-
tified. On the other hand, XPS analysis does not allow clearly identi-
fying the interaction of amine groups to metal binding: small changes to
relative intensity of the bands with limited shifting in binding energies
are observed. Oxygen donors of phosphonate groups are binding metal
ions more strongly than nitrogen donors of amine groups, as a con-
sequence of short MeO bond lengths and higher negative charge on the
oxygen atoms.

3.1.8. pHPZC

The pH-drift method was used for the determination of the pHPZC of
PGMA, TA-PGMA, and PPA-PGMA (Fig. AM8, see AMS). The successive
chemical modifications strongly influence the acid-based properties of

environment of OH and NH groups (superimposition of the relevant 
poorly resolved bands). In the case of Y(III)-loaded sorbent, the spec-
trum is similar to the sorbent spectrum: the main changes concern the 
blue shift of the band at 503 cm−1 (moved to 531 cm−1; this corre-
sponds to YeN bond), the disappearance of the peak at 932 cm−1 

(PeOeC stretching), the shift of the peak at 1045 cm−1 (moved to 
1074 cm−1, with appearance of a peak at 1018 cm−1), and the ap-
pearance of a new peak at 633 cm−1 (usually associated to the forma-
tion of MeO bond) [53]. In the case of Cu(II) and Mn(II) binding to 
aminophosphonate-based ligands, Popa et al. [55] reported that the 
bands at 1050 cm−1 and 1250 cm−1 (P]O and PeOeC bonds) were 
also blue-shifted. Here, the band at 1250 cm−1 is not significantly af-
fected by Y(I I I ) sorption. The changes are much more marked in the 
case of La(III)  sorption. The shift of the band at 506 cm−1 (LaeN bond), 
the disappearance of the band at 932 cm−1 and the appearance of the 
MeO bond at 633 cm−1, are also observed. However, a new peak is 
observed at 826 cm−1 (which is associated to M−CO bond). A strong 
peak is observed at 1310 cm−1; this is usually a region where CeN 
stretch vibration in amines is observed [53]; however, this could also 
correspond to the blue-shift of the PeOeC bond (appearing at 
1250 cm−1 on the sorbent). In any case, the binding of La(III) strongly 
impacts the chemical environment of N- and P- reactive groups. The 
band observed at 1050 cm−1 (P]O) is red-shifted to 1038 cm−1, with a 
strong increase in intensity after lanthanum binding. In the case of LDH 
(layered double hydroxide) intercalated biopolymer nanocomposites, 
the FTIR spectrum showed several bands in the range 400–800 cm−1 

that correspond to MeOH vibrations and OeMeO stretching [5].

3.1.6. XPS analysis
XPS spectroscopy is a useful and complementary tool for identifying 

the changes in the chemical composition of the polymer during the 
synthesis but also for improving the understanding of the chemical 
interactions between the sorbent and the metal ions. Fig. 4 shows that 
the chemical modification of PGMA introduces N-based reactive groups 
(due to DETA grafting on epoxy groups) and also P-based reactive 
groups (associated to phosphonomethylation of primary amino groups). 
After the contact with a binary La(I I I )/Y(I I I ) solution, the sorbent is 
characterized by the appearance of typical bands of La and Y elements.

The high resolution spectral bands of C 1s, O 1s, N 1s, P 2p, Y 3d and 
La 3d bands are plotted on Fig. AM8 (see AMS). The figure allows 
identifying the different forms associated to P, O  and N  elements, in 
their different chemical environments. The proportions of the different 
chemical groups associated to C and O are poorly affected by the suc-
cessive grafting of amine groups and phosphonate groups. The limited 
substitution of phosphonate on amine groups may explain the moderate 
impact on O 1s signal: the only significant change is associated to a shift 
in BE of the peak at 534.7 eV (shifted toward lower BE; i.e., 534.2 eV). 
The deconvolution analysis of P 2p signal shows the appearance of 
poorly resolved peaks that allow identifying PeO, deprotonated, and 
protonated phosphonate groups. The coexistence of protonated and 
protonated amine groups (at similar atomic fractions) is also demon-
strated by the presence of two deconvoluted peaks at 402.9 eV and 
400.8 eV, respectively. Chlorine element is present on PPA-PGMA 
(under two types and 4 deconvoluted peaks, probably associated to 
protonation of amine groups and residual traces of absorbed chloride 
anions) but almost disappears on the sorbent after metal sorption.

The interpretation of metal-related bands shows the co-existence of 
different m etal f orms ( probable a ssociation w ith C l, O H a nd PeO− 

groups). Indeed, La 3d5/2 peaks appearing on Fig. AM8c show 2 couples 
of multiplet-splits at 836.2/839.9 eV, and 837.9/841.7 eV, respectively: 
the ΔE is closed to 3.7 eV (values of 3.9 eV and 3.5 eV were reported for 
La(OH)3 and La2(CO3)3, respectively). The changes observed on O 1s 
and P 2p signals (see below) suggest that one of these forms is asso-
ciated to phosphonate-La(I I I ) interaction, while the other may be as-
sociated to chloride. The pH was controlled with HCl, which was also 
used for preparing stock solutions. However, the atomic fraction of



of protons (chelation and ion-exchange properties). Obviously, other
parameters associated to metal speciation may affect the affinity of the
sorbent for metal ions, in addition to the protonation/deprotonation of
reactive groups on the material.

3.2. Sorption studies

3.2.1. Effect of pH and interpretation of sorption mechanisms
The pH is expected to influence both (a) the speciation of metal

ions, by formation of hydrolyzed species (including unfavorable pre-
cipitation), or specific complexes in the presence of ligands, and (b) the
surface properties of the sorbents, by protonation and deprotonation of
reactive groups [13,16]. The presences of phosphonic acid and amine
groups induce various proton exchange reactions; however, their affi-
nity for metal ions is modulated by the pH of the solution [13,16,18].
Fig. 6 and Fig. AM10 (see AMS) show the effect of equilibrium pH on
the sorption of La(III) and Y(III) (sorption capacity and pH variation,
and sorption efficiency, respectively).

Fig. 5. Tentative structures of complexes between Y(III) or La(III) and aminophosphonate ligand.

Fig. 6. Effect of pHeq on sorption capacity (and comparison of pH0 and pHeq)
(Co: 75 mg metal L−1 (0.548 mmol La L−1 and 0.823 mmol Y L−1);
Temperature, T: 26 °C; Sorbent dosage, SD: 0.4 g L−1; Contact time, time: 12 h).

PGMA derivatives. As expected, grafting DETA on the polymer (TA-
PGMA) brings basic groups (i.e., amine groups) on the polymer: the 
pHPZC increases from 5.9 to 8.43. This is directly correlated to the pKa 

values of amine groups in DETA (i.e., 3.58, 8.86 and 9.65) [56]. In the 
case of wheat residue modified by grafting of DETA, Chen et al. (2010) 
reported pHPZC value close to 5: this means much lower than the level 
obtained with TA-PGMA. Closer pHPZC value (i.e., 8.2) was reported for 
DETA-functionalized graphene oxide [57].

However, after phosphonomethylation, the trend is completely re-
versed and the pHPZC decreases to 2.69. The pKa value of methylpho-
sphonate moiety is closed to 2.35. In the case of chitosan functionali-
zation with methyl and phenyl aminophosphonate moieties, Imam et al.
[19] reported diverging trends for the value of pHPZC: phenyl-derivative 
drives the pHPZC to 3.13 while methyl-derivative raises its value to 6.24. 
The strong displacement of pHPZC after phosphonomethylation suggests 
that the most alkaline amine groups have disappeared and that the level 
of substitution is quantitative. The analysis of acid-base properties of α-
aminophosphonic acids showed that the stronger acid group has a pKa1 

value in the range 0.5–1.5 (associated to eO group; i.e., stronger than 
the acidity of carboxylic groups, which is close to 2.2–3) while the 
second pKa2 is much higher (i.e., in the range 5–6) [58]. Aminopho-
sphonic acids have a zwitterion effect d ue t o t he i nternal hydrogen 
transfer between PeOH and amino groups [58]. The electron attractive 
forces of P]O group reduces the electron density around the amino 
group, which, in turn, decreases their pKa values. In the case of ES 467 
ion-exchange resin (which bears aminomethylphosphonic acid moi-
eties), Sahni et al. [59] reported the mechanisms of dissociation of the 
different reactive groups: at pH 1, the amino group is protonated and 
one of the PeOH groups is deprotonated (zwitterion: Re-

CH2eN+H2eCH2eP]O(OH)(O−)), while at pH close to 6, the hy-
droxyl groups on the phosphonate group are completely deprotonated 
(ReCH2eN+H2eCH2eP]O(O−)2). While raising the pH to 11, amine 
group is deprotonated, while all the hydroxyl groups are deprotonated 
(anionic aminophosphonate compound: ReCH2eNH2eCH2eP]O 
(O−)2). This is roughly consistent with the titration profile observed for 
PPA-PGMA on Fig. AM9 (see AMS) [19]. This acid-base behavior helps 
in predicting the electrostatic attraction/repulsion of the sorbent for 
charged metal ions (pure electrostatic effects) and for the competition



sorbent is poorly porous; the small size of sorbent particles allows
achieving a relatively fast uptake: the slow diffusion to access internal
reactive groups represents a limited fraction of total sorption. This poor
porosity may induce resistance to intraparticle diffusion.

The PFORE, PSORE, RIDE (Crank equation) have been used to si-
mulate the kinetic profiles (Fig. 7); the parameters of the models were
determined by non-linear regression. The sRIDE equation (multi-seg-
ment Weber and Morris equation) was also used or identifying different
modes of resistance to intraparticle diffusion (associated to different
porous characteristics or steps in the diffusion process: film diffusion,
diffusion into porous network of different pore sizes) (Fig. AM13, see
AMS). Within the first 30 min of contact, the steep linear section cor-
responds to the sorption controlled by film diffusion and sorbent
swelling, the second section (with a lower slope) lasts for 3 h and

Fig. 7. La(III) and Y(III) uptake kinetics using PPA-PGMA – Modeling with the
PFORE, the PSORE and the RIDE (Crank) equations (pH: 5.01; Co: 200 mg L−1;
T: 26 °C; SD: 0.4 g L−1).

Under selected experimental conditions, at low pH (below 3), the 
protonation of all reactive groups induces a strong repulsion effect: the 
competition of protons limits the sorption of cationic metal species. Fig. 
AM11 (see AMS) shows the speciation diagram of La(I I I ) and Y(III), 
under the conditions corresponding to pH studies (HCl acid used for pH 
control, etc.): REEs are only present as cationic species. Free REEs are 
largely predominating: REE-Cl2+ species represent less than 20% of 
total metal concentration, and their concentration becomes negligible 
when the pH rises to 2–3. On this pH range, the equilibrium pH does not 
significantly changes during metal sorption; this is consistent with the 
titration curve obtained for the determination of pHPZC (Fig. AM9, See 
AMS): the sorbent has a kind of buffering effect between pH 1 and 2.69 
with a negligible ΔpH. At pH above 3, the sorption capacity of both La 
(III) and Y(III) sharply increases: the profiles of the two metal ions are 
very close; this means that simply playing with the pH will not allow 
separating these two metal ions. With a pHPZC close to 2.69, the sorbent 
progressively deprotonates above pH 3: the repulsive effect of proto-
nated surface (protonated amine groups) decreases and the phosphonic 
groups bear increasing fraction of P-O- groups; both contribute to in-
crease sorption efficiency. Th e pH  of  th e so lution sh arply decreases 
(Fig. 6): for pH0 values in the range 4–7, the equilibrium pH varies 
between pH 3.2 and 3.4; protons are released and replaced with La(III) 
and Y(III). The sorption mechanisms involve ion-exchange of protons 
with metal cations on ePO− reactive groups. In addition, the depro-
tonation of reactive groups enhances metal complexation on phospho-
nate and free amine groups. This is again consistent with the titration 
curve (Fig. AM8, see AMS). Maximum sorption capacities are obtained 
for solutions with initial pH controlled to 5–6 (but with equilibrium pH 
close to 3.4): the two metal ions have approximately the same sorption 
capacity close to 0.65 mmol g−1. Fig. AM12 (see AMS) shows the log-
plot of the distribution coefficient (Kd = qeq/Ceq) vs. pHeq. The profiles 
for both La(III)  and Y(III)  are characterized by two segments. The slopes 
of the segments the most useful (i.e.; at pH above 3) are close to 0.92 for 
La(III) and 1.25 for Y (III). This kind of plot is useful in ion-exchange 
processes for identifying the stoichiometric ratio for the exchange be-
tween protons and metal ions. This means that one proton could be 
released from the aminophosphonate moiety (or protonated amine 
groups) and exchanged with one REE ion. Actually, the binding process 
is probably driven by the deprotonation of reactive groups with pH 
increase; and this deprotonation favors the chelation of target metals 
with amine and phosphonic groups on PPA-PGMA. The effective 
binding process probably involves ion-exchange and chelating me-
chanisms, with relative contributions that depend on the pH of the 
solution.

The pH was not increased above 7 to prevent metal precipitation 
and/or formation of REE hydroxo colloids, which may reduce the 
sorption efficiency [5 ,6,60], in  ad dition to  lo cal pr ecipitation phe-
nomena.

3.2.2. Uptake kinetics
Fig. 7 shows the kinetic profiles for the sorption of La(III) and Y(III) 

on PPA-PGMA. The first step in the process, within 60 min of contact, 
corresponds to 70–80% of total metal sorption, while the equilibrium is 
reached within 180–240 min. The first step corresponds to the sorption 
at the surface of sorbent particles (with possible contribution of sorbent 
swelling phenomena), while the second step (more slowly) accounts for 
the sorption of metal ions in the core of the particles (though in-
traparticle diffusion) [ 61–63]. Resistance t o i ntraparticle d iffusion is 
usually an important limiting step in the control of uptake kinetics (in 
addition to resistance to film d iffusion, pr edominant du ring th e first 
minutes of contact, bulk diffusion, and the proper reaction rate). Using 
small particle sizes obviously limits the effect o f r esistance t o in-
traparticle diffusion; this effect can be even minored when the sorbent 
is highly porous (high specific surface area, pore size, pore volume, etc)
[64–66]. The textural properties (analyzed by BET method) showed 
that the specific surface area was relatively small (i.e., 16 m2 g−1). The



corresponds to the control of mass transfer by resistance to intraparticle
diffusion. Above 3 h, a very weak sorption is observed corresponding to
the diffusion of metal species through the porous network of smaller
pore size.

Table 2 summarizes the parameters of the different models, and the
relevant correlation coefficients. The best correlation was obtained
using the RIDE: the determination coefficients are close or higher than
0.99. On the other hand, the PFORE shows higher determination
coefficients than the PSORE; in addition, the values of qeq,1 are closer
(under estimated) to experimental values (qeq,exp) than qeq,2 (much over
estimated). The PFORE is thus the most appropriate reaction rate
equation for fitting experimental profiles. Yttrium sorption is little
faster than lanthanum uptake: the equilibrium is reached after 180 min
for Y(III) compared to La(III), where a contact time of 240 min is ne-
cessary for reaching equilibrium. The hydrated radius of Y(H2O)83+

(square antiprism structure) is close to 1.019 Å while La(H2O)93+ (tri-
capped trigonal prism structure) has a larger hydrated radius (close to
1.216 Å) [67].

The fit of experimental profiles using the Crank equation allows
determining the effective diffusivity coefficient (De) in the sorbent for
La(III) and Y(III): 1.39 × 10−11 m2 min−1 and 2.07 × 10−11 m2 min−1,
respectively. These values are about 3 orders of magnitude lower than
the self-diffusivity of La(III) and Y(III) in water: 3.71 × 10−8 m2 min−1

and 3.30 × 10−8 m2 min−1, respectively [68]. This strong difference
confirms that the resistance to intraparticle diffusion plays an important
role in the control of mass transfer.

As a conclusion, the sorption is controlled within the first 30 min of
contact by the combination of resistance to film diffusion and sorbent
swelling, while the resistance to intraparticle diffusion plays a major
role in the second phase of the mass transfer. The reaction rate is best
fitted by the pseudo-first order reaction equation.

3.2.3. Sorption isotherms and thermodynamics
The sorption isotherms represent the distribution of the solute be-

tween the liquid and the solid phases at equilibrium, for different solute
concentrations, at fixed temperature [69]. Fig. 8 shows the sorption
isotherms for La(III) and Y(III), at pH0 5 and 26 °C, while Table 3 re-
ports the relevant parameters of the models used for fitting experi-
mental profiles. The profiles exhibit the characteristic shape of

Langmuir isotherms with a saturation plateau; this means that the
Freundlich equation (which is a power-like function) is not appropriate
for modeling this kind of profile (confirmed by the low values of de-
termination coefficients). Fig. AM14 (see AMS) shows the comparison
of the fits for the different models. Usually, introducing a third fitting
parameter, as in the Sips equation, improves the quality of the math-
ematical simulation of experimental sorption isotherms; this is not the
case here. Table 3 also compares the modeling of experimental data
using the Langmuir equation with both the linear and the non-linear
methods. Unexpectedly, the linear regression analysis allowed a little
better fit of sorption isotherms (considering the calculated value of the
maximum sorption capacity; i.e., sorption capacity at saturation of
monolayer). The deviation of the qmax, between calculated and ex-
perimental values, ranges between 3% and 6%.

The maximum sorption capacities are of the same order of magni-
tude: 0.793 mmol La g−1 and 0.774 mmol Y g−1. The initial slope of the
curve, which is correlated to the affinity of the sorbent for target metal,
is little higher for La(III) than for Y(III): the b coefficient is close to
13 L mmol−1 for La(III) vs. 5.15 L mmol−1 for Y(III). The experimental

Metal qeq,exp (mmol g−1) PFORE

qeq,1 (mmol g−1) k1 × 102 (min−1) R2

La(III) 0.791 0.780 2.21 0.983
Y(III) 0.742 0.727 3.12 0.985

PSORE

qeq,2 (mmol g−1) k2 × 102 (min−1) R2

La(III) 0.791 0.880 3.29 0.951
Y(III) 0.742 0.795 5.85 0.920

RIDE – Crank equation

De × 1011 (m2 min−1) R2

La(III) 1.39 0.986
Y(III) 2.07 0.996

sRIDE

kid,1 (mmol g−1 min−0.5) kid,2 (mmol g−1 min−0.5) kid,3 (mmol g−1 min−0.5)

La(III) 0.0722 0.0416 0.0001
Y(III) 0.0784 0.0298 0.0003

Experimental conditions: pH: 5.01; Co: 200 mg L−1; T: 26 °C; SD: 0.4 g/L.

Fig. 8. La(III) and Y(III) sorption isotherms using PPA-PGMA – Modeling with
the Langmuir equation (pH: 5.10; T: 26 °C; SD: 0.4 g L−1; time: 4 h).

Table 2
Uptake kinetics for La(III) and Y(III) sorption using PPA-PGMA – Parameters of the models.



profiles are very close for the two metal ions, it is thus possible an-
ticipating difficulties in separating the two metals from multi-
component solutions; this is addressed below. The chemistry of the two
metals are very similar and the softness parameter is relatively close for
La(III) (i.e., −0.75) and for Y(III) (i.e., −0.69) [68]. These metal ions
can be ranked among the hard acids; according to the hard and soft acid
and base theory (HSAB, or Pearson’s rules) they will preferentially react
with hard bases such as organic phosphorous compounds [70,71]. This
can explain the affinity of the aminophosphonate-based sorbent for Y
(III) and La(III), while their close chemical properties may limit their
selective separation.

The dimensionless parameter, RL, also called separation factor, is
obtained by: RL = 1/(1 + b·Co), where Co is the initial concentration of
the RE(III) ions. The values of RL provide information on the nature of
the sorption process [69]; when RL = 0 the sorption is irreversible,
while for 0 < RL < 1 the sorption is favorable. The case of RL = 1 is
associated to a linear sorption system (Henry equation), while the
sorption is considered unfavorable when RL > 1. The coefficient RL

was calculated, at different initial concentrations, RL value lies between
0.03 and 0.29 for La(III), and between 0.06 and 0.43 for Y(III). These
values are systematically below 1: this means that the sorption is fa-
vorable; in addition, the favorability increases with the metal con-
centration, tending to irreversible behavior at the highest concentra-
tions.

Complementary tests performed at different temperatures allowed
evaluating the thermodynamic parameters for La(III) and Y(III) binding
on PPA-PGMA (Table 4). The sorption is endothermic (positive value of
enthalpy change), spontaneous (negative value of Gibbs energy change)
and entropically driven (positive value of entropy change). The Addi-
tional Material Section (Section IV, Figure AM IVa, b) shows a more
detailed discussion of experimental data.

3.2.4. Comparison of sorption properties with other sorbents
Table 5 reports La(III), and Y(III) sorption capacities of different

sorbents. Though the experimental conditions are not systematically
identical (making thus the strict comparison difficult), these data de-
monstrate that PPA-PGMA has comparable sorption capacities for La
(III) and Y(III) than most of the reported materials. Remarkable sorp-
tion levels were reported with polycarboxymethyl cellulose (PCM-cel-
lulose) [60], activated carbon from rice husk [6] and grapefruit peel
[11] in the case of La(III) removal, while in the case of Y(III) removal
alginate-based materials (impregnated with organophosphonic ex-
tractant) were highly efficient [72].

3.2.5. Sorption selectivity
Previous experimentations (considering both pH effect, equilibrium

and kinetics) show that La(III) and Y(III) have very close behaviors in
terms of interactions with PPA-PGMA. The selective separation appears
difficult to achieve. A complementary experiment was performed on
binary equimolar La(III) and Y(III): the equimolar concentration was set
at 2 mmol L-1; with SD: 0.4 g L-1, pH0: 5.06, T: 26 °C, contact time: 8 h.
At equilibrium, the sorption capacities for La(III) and Y(III) reach
0.50 mmol La g−1 and 0.39 mmol Y g−1, respectively. The cumulative
sorption capacity is 0.89 mmol g−1: this is about 10% higher than the
maximum sorption capacity obtained for La(III) on mono-component
sorption isotherm. This means that La(III) and Y(III) bind to the same
reactive group (ePeO−) but also that some other functional groups
may also contribute to bind additional species at high metal con-
centration (including substituted amine groups). The distribution
coefficients (Kd = qeq/Ceq) were determined for both La(III) and Y(III)
for calculating the selectivity coefficient (SC): SC(La/Y) = Kd(La)/
Kd(Y): SC(La/Y) tends to 1.31, under selected experimental conditions.
This means that the sorbent has a little preference for La(III) over Y(III);
however, not enough for allowing the selective separation of the two
metals. XPS (Fig. 4) and EDX (Fig. AM4, see AMS) analyses have con-
firmed the simultaneous sorption of the two metals and their homo-
geneous distribution at the surface of PPA-PGMA particles.

3.2.6. Metal desorption and sorbent recycling
The metal desorption from loaded sorbent is essential for the global

balance and competitiveness of the process. Indeed, the elution of the
support is an important step for the concentrating effect and the re-
covery of valuable metals, for the accumulation of hazardous metals.
An efficient desorption also contributes to facilitating the re-use of the
sorbent. For low-cost metals or for expensive sorbents, the recycling of
the sorbent is imperative. A nitric acid solutions (0.5 M) was selected
for testing the desorption of La(III) and Y(III), on the basis of previous
results obtained with different types of sorbents [4,60,73,74]. Table 6
reports the sorption/desorption performances for 6 successive cycles.
Under comparable experimental conditions, the sorption efficiency
progressively decreases; however, for La(III), the difference between
the first and the last cycles is less than 7%, while for Y(III), the loss is
even lower (i.e., less than 5%). On the other side, in terms of

Model Parameter La(III) Y(III)

Experimental qmax (mmol g−1) 0.793 0.730
Langmuir (LR) qmax (mmol g−1) 0.818 0.774

b (L mmol−1) 13.0 5.15
R2 0.922 0.979

Langmuir (NLR) qmax (mmol g−1) 0.742 0.765
b (L mmol−1) 49.5 5.44
R2 0.941 0.979

Freundlich kF 0.731 0.604
n 7.23 5.36
R2 0.899 0.979

Sips qmax,S (mmol g−1) 1.510 0.913
bS (L mmol−1) 0.950 2.177
nS 4.15 1.71
R2 0.700 0.938

(R2: determination coefficient calculated on the comparison of experimental
data to simulated data – not on linearized data) (Experimental conditions: pH:
5.10; T: 26 °C; SD: 0.4 g L−1; Time: 4 h).

Table 4
Thermodynamic parameters of La(III) and Y(III) ions sorption.

Metal ion Temp. (K) ΔH° (kJ mol−1) ΔS° (J mol K−1) ΔG° (kJ mol−1) TΔS° (kJ mol−1) R2

La(III) 299 5.97 115.1 −28.47 34.432 0.987
308 −29.50 35.468
318 −30.65 36.619
328 −31.80 37.770

Y(III) 299 5.68 105.04 −25.74 31.423 0.993
308 −26.68 32.368
318 −27.73 33.418
328 −28.79 34.468

Experimental conditions: pH: 5.01; Co: 200 mg L−1; Time: 4 h; SD: 0.4 g L−1.

Table 3
La(III) and Y(III) sorption isotherms – Parameters of the models.



desorption, the changes in desorption efficiencies (DE) are less than 3%
for both La(III) and Y(III); for the 6 cycles, the DE is systematically
above 94–95%. At least with synthetic and pure solutions, the sorbent
can be highly efficiently re-used. Fig. AM15 (see AMS) compares the
FTIR spectra of the sorbent as produced and after five cycles of sorption
and desorption. Though a complete element analysis was not carried
out on the material, the very similar FTIR spectra indicate that the

sorbent is stable. This is consistent with the stability of sorption per-
formance.

3.2.7. Test on ore leachates
Section V (from Additional Material Section) describes the leaching

of monazite ores (composition, process and characterization of lea-
chates). Table 7 reports the concentrations of selected REEs and Y(III)
in the pH-controlled leachates (at pH 3.92), before and after sorption on
PPA-PGMA. The sorption capacities are also reported in Table 7. The
cumulative sorption capacity reaches 0.639 mmol REE g−1. This value
is lower than the maximum sorption capacities reported in Table 5 for
PPA-PGMA, for the recovery of La(III) and Y(III) from synthetic solu-
tions: 0.733 mmol La g−1 and 0.789 mmol Y g−1, respectively. Despite
the complexity of the solution, the possible changes in the speciation of
the metals (due to carbonate/bicarbonate salts), and the potential
competitor effect of other heavy metals, the cumulative sorption ca-
pacity remains close to reference values (loss lower than 19%). The
second important question concerns the separation effect between light
(from La to Nd) and heavy REEs (from Sm to Lu); due to very close
chemical properties, Y is associated to HREEs. The study on synthetic
solutions showed poor selectivity. This is confirmed for the treatment of

Metal ion Sorbent pH Time (min) qmax. (mmol g−1) Reference

La(III) Iron oxide loaded Ca-alginate beads 2.3 1680 0.014 [8]
3.5 0.711
5 0.859

Activated carbon from rice husk 3.5 60 1.263 [6]
Grapefruit peel 5 60 1.233 [11]
DTPA @ magnetite nanoparticles 6 90 0.446 [9]
Lewatit TP 207 resin 3.6 30 0.821 [75]
Lewatit TP 260 resin 5.2 30 0.763
SnO2–TiO2 NCs nanocomposites 5 60 0.473 [76]
Polydopamine /nanofibrous mats 4.5 1440 0.429 [35]
EHPNA loaded microcapsules 3 10 0.137 [72]
PAC-Cellulose 5 180 0.730 [60]
PCM-Cellulose 1.225
Cellulose-Zn/Al LDH nanocomposite 7 10 0.666 [5]
PPA-PGMA 5 240 0.789 This work

Y(III) Sodium alginate 6 60 1.114 [77]
Calcium alginate 2.045
Nano Maghemite 6.9 50 0.155 [78]
(CeO2-CdO) nanomaterials 6 90 0.954 [79]
Cellulose-Zn/Al LDH nanocomposite 7 10 1.150 [5]
PPA-PGMA 5 240 0.733 This work

Table 6
Metal desorption and sorbent recycling – Relative efficiencies.

Cycle no. La(III) Y(III)

Sorption Eff. (%) Des. Eff. (%) Sorption Eff. (%) Des. Eff. (%)

1 100* 97.75 100* 98.25
2 96.79 97.22 97.69 98.02
3 96.26 96.83 96.93 97.92
4 95.73 95.73 95.58 96.98
5 94.05 94.91 93.12 96.04
6 93.41 94.24 95.20 95.35

* Reference value for metal ion sorption efficiency (at first cycle). (HNO3:
0.5 M; T: 26 °C; SD: 0.8 g L−1; Time: 1 h).

Table 7
Composition of the acid leachate of monazite ore and sorption of selected REEs using PPA-PGMA sorbent.

REE Family REE (III) Co (mg L−1) Ceq (mg L−1) qeq (mg g−1) qeq (µmol g−1)

Light REEs La 176.91 171.77 12.85 92.5
Ce 375.13 364.69 26.10 186.3
Pr 55.39 53.25 5.35 38.0
Nd 235.76 226.09 24.18 167.6
Sm 89.10 87.36 4.35 28.9

Heavy REEs Eu 5.72 5.19 1.33 8.8
Gd 108.25 106.33 4.80 30.5
Tb 0.58 0.49 0.23 1.4
Dy 81.26 80.45 2.03 12.5
Ho 15.29 14.76 1.33 8.1
Er 6.36 6.09 0.68 4.1
Yb 1.82 1.63 0.48 2.8
Lu 0.35 0.32 0.07 0.4
Y 137.30 135.26 5.10 57.4

Σ 639.2

(Experimental conditions: pH = 3.92; SD = 0.4 g L−1; time = 4 h; temperature = 25 ± 1 °C; agitation speed = 200 rpm).

Table 5
Comparison of La(III) and Y(III) sorption capacities for selected sorbents.



4. Conclusions

Poly(glycidylmethacrylate) micro-particles were successfully func-
tionalized, first with diethylenetriamine, and finally by N-methylpho-
sphonation, to prepare a sorbent (PPA-PGMA). The sorbent is ex-
tensively characterized by a wide diversity of analytical methods
(including thermogravimetric analysis, FTIR, SEM and SEM-EDX ana-
lyses, XPS analysis, elemental titration and acid-base titration) to con-
firm the successive modifications and more specifically the grafting of
amino-methylphosphonic acid groups. Molecular modeling helps for
the interpretation of the interactions of metal ions mainly with phos-
phonate-based moieties, though amine groups may also contribute, as a
complement to physicochemical tools.

The sorbent is highly efficient for the sorption of La(III) and Y(III),
at pH0 close to 5 (equilibrium pH value close to 3.3–3.5). The

mechanisms involved in metal binding depend on the pH, the proto-
nation of reactive groups and the surface charge of the polymer. At the
optimum pH (higher than the pHPZC: 2.69) the most reactive groups are
the O donor atom on phosphonate groups.

The sorption isotherms are fitted by the Langmuir equation; the
maximum sorption capacities are very close for La(III) and Y(III) (i.e.,
0.79 mmol La g−1 and 0.73 mmol Y g−1). The maximum sorption ca-
pacities and the affinity coefficients are of the same order of magnitude;
this makes difficult the separation of the two metals (as confirmed by
sorption test in bi-component solutions: SC(La/Y) = 1.38). The sorption
process is endothermic and spontaneous with increase in the random-
ness of the system.

Uptake kinetics are efficiently modeled using the pseudo-first order
rate equation and the Crank equation (for modeling resistance to in-
traparticle diffusion): the effective diffusivity is 2–3 orders of magni-
tude lower than the self-diffusivity of metal ions in water. The contact
time for reaching the equilibrium ranges between 3 and 4 h, under
selected experimental conditions.

Metal-loaded can be regenerated, over 6 cycles of sorption-deso-
rption, using 0.5 M HNO3 solutions for metal desorption. The sorption
and desorption efficiencies decrease by less than 7% at the sixth cycle.
This makes PPA-PGMA a very promising sorbent. The sorbent was
successfully tested for metal recovery from monazite leachates; how-
ever, it was not possible selectively separating the REEs: the little
preference for LREEs is not sufficient for achieving their separation
from HREEs.
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