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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Simple one-pot synthesis of
aminophosphonate-based sorbents for
Nd(III) sorption.

• At pH 4.5, maximum sorption capacity
reaches 1.28-1.40 mmol Nd g− 1.

• Sorption is exothermic and spontaneous,
isotherms fitted by Sips equation while

• Equilibrium reached in 60 min; kinetics
fitted by pseudo-first order rate
equation.

• Preference for Nd and La among rare
earth elements (in pre-treated ore
leachate).
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A B S T R A C T

The rare earth elements (REEs) recovery of becomes a strategic issue due to intense use in high-tech industry. 
One of the most important challenge in the valorization of minerals or waste resources concerns the REEs 
separation from heavy metals as well as their proper separation within the REEs’ family. Two aminophosphates 
(AP) derivatives were previously prepared for uranium recovery from wastes by one-pot reaction of p-phtha
laldehyde, trimethylphosphite and thiocarbazide (in different proportions, leading to Mono-AP and Bis-AP 
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sorbents). Herein, these sorbents are successfully tested for sorption of Nd(III).). For Mono-AP and Bis-AP, the 
maximal sorption capacity reaches 1.3 and 1.4 mmol Nd g− 1, respectively at optimum pH (i.e., 4.5). The 
functionalization grade weakly affects sorption property at equilibrium (equilibrium is attained in 120–180 min). 
Uptake kinetics is described by PFORE). Sorption isotherms are fitted by the Sips equation. Neodymium sorption 
is exothermic and spontaneous, the entropy change remains below 6 J mol− 1 K− 1 (being higher for Bis-AP). Metal 
desorption is successfully operated with HCl (0.2 M) solutions and at the sixth cycle, the reduction in sorption 
and desorption efficiencies do not exceed 7% and 4%. The materials are tested for the REEs recovery of from pre- 
treated acid leachate of monazite concentrate. In this work which focuses on the REEs recovery, the sorbents 
show first a marked (unexpected, in terms of physicochemical characteristics) preference for Nd, but also (to a 
lesser extent) for La>Ce>Pr (i.e., heavy REEs). The mechanisms involved in Nd(III) sorption (investigated uti
lizing XPS and FTIR analyses) affirm the cross contributions of phosphonate moieties, amine groups (and to a 
lesser extent thiocarbonyl) with differences between Mono-AP and Bis-AP in terms of relative contributions.   

1. Introduction

The increasing industrial global need in industry for REEs (rare earth
elements) is directly associated with the strong development of high- 
tech devices and applications that incorporate these strategic metals: 
electronic devices, photovoltaic panels, super-magnets, catalysts, special 
ceramics, metallurgy and nuclear industry [1,2]. Playing with the gap 
between supply and demand recently became a geopolitical and 
economical threat in the frame of world globalization. At national and 
regional levels, strong incentives have been promulgated for developing 
strategic and ambitious politics for valorization of wastes and recycling 
of spent devices and materials. For example, the directives from Euro
pean Commission addressed the problem of WEEE (waste electronic and 
electric equipment) [3], which may have substantial proportions of 
noble and valuable metals, and REEs [4,5]. Another incentive for 
creating procedures for metal ions recovery from industrial wastes (both 
solids, sub-products, or water flow) is associated with their toxicity and 
their strong impacts on human and living beings. More strict regulations 
are being established regarding the release of pollutants into the envi
ronment [6]. These environmental and strategic constraints may explain 
that numerous studies have been documented for the last decades on the 
development of new processes for REEs recovery from solid wastes and 
contaminated wastewater [7,8]. The challenge consists in turning waste 
products to valorizable materials [9–11]. 

In most cases, after physicochemical separation (using gravimetric, 
magnetic processes). 

The transfer of REEs to the aqueous phase during the treatment of 
grinded solids (tailing, low-grade ores, wastes, etc.) requires a first step 
of leaching [12,13]. It is noteworthy that REEs in mineral deposits are 
frequently associated with radionuclides; their valorization from sec
ondary mining resources requires separating valuable REEs from haz
ardous metals; this is another important challenge in this field [14]. 
Based on the composition of the leachates (kind of leaching agent, 
relative concentrations of target metals and competitor ions, etc.) 
different techniques can be used [15,16]: precipitation [14], solvent 
extraction ([17–20], relayed supported membranes [21,22] and 
impregnated resins systems [23]). Chelating resins [24–26], 
ion-exchange resins [27,28], or carbon-based sorbents [29,30] are 
frequently offering competitive solutions for the treatment of dilute 
solutions. The selectivity for target metals can be enhanced using 
ion-imprinted materials such as resins [31] or functionalized 
silica-based composite [32]. Over the past few decades, interest has also 
been maintained in alternative materials. Over the past few decades, 
interest has also been maintained in considering the use of bio-based 
materials: the weaker sorption properties may be compensated by 
cheaper costs [33]. 

Usually diluted solutions are preferentially processed using sorbents 
and resins (opposed to liquid extraction systems). These sorbent mate
rials are frequently oriented by analogy with solvent extractants by 
grafting on synthetic or bio-based supports the active moieties (which 
showed good performance in solvent extraction system). Therefore, the 
functional groups the most frequently used incorporate sulfur (S as NR2, 

–S– groups, RSC(=O), –SH) [34,35], phosphorus (P as: P–OH groups
and/or P = O) [36], oxygen (O in > –C––O groups, –O–, –OH, –COOH)
[37] and nitrogen (N as in >NH, –NH2, –N = N–, C(=O)NH2, –CN
groups). In the case of mono-functional grafted derivatives, the 
increased content of reactive groups directly improves the sorption ef
ficiency. When the grafted groups are different, the sorption efficiency 
enhancement may be accompanied by loss in selectivity for target 
metals: this is driven by (HABS) principles ([38,39]); complementary 
groups may attract other metal ions. However, the literature also 
showed that bifunctionality may also bring substantial synergistic ef
fects through modulation of the accessibility to reactive groups [40], 
intraligand cooperation controlled by intraligand hydrogen bonding and 
hydrophilic behavior [41]. These modulations may contribute to 
enhanced sorption and improved selectivity. Hence, Dudarko et al. [42] 
demonstrated that the bi-functionalization of SBA-15 (mesostructured 
silica) using both phosphonic groups and EDTA significantly increased 
the adsorption capacity of rare earth elements (e.g., as Dy and Nd) and 
their separation from heavy metals. 

Aminophosphonate compounds have been widely used in organo
catalysis and transition-metal catalysis [43,44], but also in solvent 
extraction of metal ions [45,46]. Logically, this high reactivity was 
adapted for the design of new resins and sorbents [47–49]. Hence, 
amino-phosphonate sorbents were studied for uranium recovery [25, 
50–52]. The type of substituent on aminophosphonate moiety may in
fluence the reactivity [53]. Hence, in the case of aminophosphonate 
produced using one pot procedure of salicylaldehyde, with diphenyl
phosphite and amine precursors, the triamine groups (from dieth
ylenetriamine) are less favorable in terms of both sorption capacity and 
selectivity for lead recovery than using a diamine precursor (from eth
ylenediamine) [52]. Imam et al. [51] functionalized chitosan with 
α-aminophosphonate moieties bearing either methyl or phenyl groups 
for U(VI) sorption: methyl-derivative was more efficient (i.e., two times) 
due to the combination of proper inductive effect, steric hindrance and 
acid-base properties. The steric arrangement of reactive groups may also 
contribute to higher sorption capacity and/or enhanced selectivity. 

Recently, a new sorbent has been synthesized by one-pot procedure 
of trimethylphosphite, p-phthalaldehyde, and thiocarbazide [54]. 
Changing the proportions of the three precursors (2:1:2 vs. 1:1:1) 
allowed synthesizing two sorbents Bis-AP and Mono-AP, respectively, 
that have various textural characteristics as well as variable contents of 
active groups (thiocarbonyl, phosphonate, and amine). While U(VI) 
sorption capacity was slightly increased with the 
bis-aminophosphonation (in conjunction with a depletion of mass 
transfer properties, due to depreciation of textural properties and steric 
hindrance), the major benefits were observed in terms of selectivity 
(with both synthetic solutions and ore leachate) and stability at recy
cling. Depending on the frequent presence of REEs in uranium-rich de
posits, these two sorbents (herein called Bis-AP and Mono-AP, 
respectively, with synthesis yields as high as 84.8% and 88.9%, 
respectively) are investigated for the Nd(III) recovery. A brief reminder 
reports the main characteristics of the materials [54]; this is followed by 
an exhaustive study of the Nd(III) adsorption characteristics of Bis-AP 



The synthesis of the materials was described in a previous study 
(including the materials and reagents used for their production) (Enas 
et al., 2023). The synthesis consists in a three component reaction (i.e., 
p-phthalaldehyde, trimethyl phosphite and thiocarbazide), with various
molar ratios (i.e., 2:1:2 and 1:1:1) for producing Mono-AP and Bis-AP
materials, respectively. The reaction took place in the presence of cop
per triflate (i.e., Cu(OTF)2; Innochem, Beijing, China) as Lewis acid
catalyst, in acetonitrile solvent, and for 72 h, at ambient temperature. By
the end of the procedure, the materials had been air-dried (in addition to
being kept within a desiccator till usage). The synthesis route and the
sorbents structure are illustrated in Scheme S1 (see Supplementary In
formation, detailed procedure was previously described, [54]).

Neodymium solutions were prepared by dissolving of NdCl3 (Sigma- 
Aldrich, Merck KGaA, Darmstadt, Germany) into 1 mL of concentrated 
(16.38 M) H2SO4 with heating followed by diluting to 1 g L− 1 (stock 
solution) in demineralized water. Prior to use, stock solution was diluted 
with demineralized water to provide metal solutions for sorption 
studies. 

2.2. Characterization 

The characterization of the sorbents was previously described [54] 
for the determination of morphology (by scanning electron microscopy) 
and particle size distribution (microscopy and image analysis), textural 
properties (BET analysis), crystallinity (X-ray diffraction), chemical 
content (elemental analysis, sand sample acid digestion followed by P 
spectrophotometric analysis using vanadate/molybdate procedure), 
pHPZC (pH-drift titration method). Semi-quantitative EDX analysis was 
performed on Thermo Fisher Scientific model Prisma E with Color SEM 
Technology and integrated energy-dispersive X-ray spectroscopy was 
used for the acquirement of SEM images. Detailed analytical procedures 
and characterization results were previously described [54]. Specific 
complementary experiments were performed for characterizing the 
interaction modes between sorbents and Nd(III). A 4100 Jasco spec
trophotometer (Jasco Corporation, Tokyo, Japan) was used to collect 
Fourier Transform infrared spectra, while X-ray photoelectron spec
troscopy was performed on a Perkin Elmer PHI 5600 (Perkin Elmer In
struments, Waltham, MA, USA), with monochromatic X-ray Al Kα 
radiation source (200 W energy) of samples deposited on indium sheets. 

2.3. Sorption and desorption experiments 

Sorption-desorption tests were performed in batch systems with 
agitation speed fixed to 200 rpm. Otherwise stated, 25 ± 1 ◦C was the set 
temperature; otherwise stated (meaning for the thermodynamics study, 
where the sorption isotherms were collected at T: 35, 45, 55 ± 1 ◦C). To 
prepare the solutions, the stock solution was diluted using distilled 
water; the pH was adjusted using sulfuric acid and sodium hydroxide 
solutions. The dose of the sorbent was maintained at 0.5 g L− 1 (S.D = m/ 
V, wherein v is the soln. volume (L) and m is sorbent mass. During the pH 
factor investigation, the contact time was set at 120 min and C0:035 
mmol Nd L− 1(initial metal ion concentration). For uptake kinetics, pH0 
(i.e., the initial pH) of the solution was fixed at 4.5. For sorption iso
therms, the C0 was ranged from 0 to 2.1 mmol Nd L− 1 (pH0 4.5 and 
contact time: 60 min). Throughout the sorption process, the pH wasn’t 

monitored, but the equilibrium pH (i.e., pHeq) had been systematically 
measured (via a digital pH-meter of the type JENWAY 3310, within an 
error of ± 0.01). In batch systems, desorption studies were also carried 
out with HCl (0.2 M) for metal desorption. The sorbent was abundantly 
rinsed by water after elution step (which took place in 60 min) before 
being re-used. Neodymium concentration in initial solution and 
collected samples (after filtration) was measured using ICP-AES analysis 
inductively-coupled plasma atomic emission spectrometry, Prism ICP, 
Teledyne Leeman, Labs. Hudson, NH, USA. To calculate the sorption 
capacity (q, mmol g− 1), the equation q =

(
C0 − Ceq

)
× V/m (mass bal

ance equation) was deduced. 
To evaluate the desorption efficiency (DE, %), the amount eluted 

with HCl solution from Nd-loaded sorbent was compared to the amount 
initially sorbed). Sorption experiments are repeatedly carried out and 
the mean results are reported in the figures (with standard deviation). In 
the figure captions, the effective conditions of the experiments are 
briefly described. 

For fitting experimental data of sorption isotherms and uptake ki
netics, conventional equations were employed. Table S1 (check out 
Supplemental Information) lists these equations: (a) Sips and Langmuir 
equations to fit the sorption isotherms and (b) PFORE and PSORE, and 
RIDE (Crank equation) to fit the uptake kinetics. Alternative equations 
(such as Dubinin-Radushkevich, Freundlich and Temkin equations) 
were also unsuccessfully applied to mode the isotherms (not shown). 
Akaike Information Criterion (AIC, [55]) and R2 (determination coeffi
cient) were used to monitor the fit efficiency. 

2.4. Application to ore processing 

Sorbents were applied on monazite ore samples (alkaline leachates) 
from Abou-Kashaba, near Rosetta, Rashid City, Egypt, near Alexandria. 

Egyptian monazite (purity: 97%) as an orthophosphate mineral 
linked to Th and REEs, is primarily composed of REOs (rare earth ox
ides), accounting for approximately 60% of the mineral’s composition 
(which is mainly consisting of light REEs (LREEs): 26.55% (Ce2O) and 
34.35% (the other REE2O3), U3O8 (0.44%) and ThO2 (5.9%). 

Alkaline leachates are typically chosen over acid leachates, essen
tially due to their cost competition and ease of control, although metal 
extraction from monazite may proceed either way. 

Actually, a lower temperature is often needed for alkaline leaching 
than for acid treatment. Additionally, the byproducts (trisodium phos
phate) may also be easily turned into fertiliser. 

[56]. Schematizing the alkaline leaching in accordance with Eqs. 
(1–2) [57]: 

2RE(PO4)+ 6Na→RE2O3.3H2O
(
or RE(OH)3

)
+ 2Na3PO4 (1)  

Th3(PO4)4 + 12Na→3ThO2.3H2O
(
or Th(OH)3

)
+ 4Na3PO4 (2) 

The alkali thermal treatment of monazite (by 50% NaOH (S/L: 1:1; 
time: 3 h; T: 140 ◦C in autoclave) produces a concentrated mix of hy
drous/oxide cake (of REEs) that can be leached at 80 ◦C by hydrochloric 
acid solution, followed by dilution with water. Th and U cake can be 
isolated from REEs applying specific neutralization procedure at pH: 
5.8–6 using an alkali (i.e. ammonia), while the REOs recovery can be 
achieved by raising the pH to 8.0–8.2 [57–59]).Table S2 displays the 
chemical analysis of the REEs concentrate (in wt%). The REOs concen
trate (1 g) was digested with 10 mL HCl (1 M) for 1 h at 80◦ to produce 
the rare earth pregnant liquor solution (PLS). Finally, the solution’s 
volume was diluted to 200 mL. the schematization of the reactions can 
be provided by Eqs. 3, 4: 

RE2O3.3H2O+ 6HC→2RECl3 + 9H2O (3)  

RE(OH)3 + 3H2→RECl3 + 3H2O (4) 

The high Ce2O3 content may impact the sorption of Nd, hence Ce(III) 

and Mono-AP from synthetic solutions, including pH effect, sorption 
isotherms, uptake kinetics, selectivity against competitor metals, recy-
cling of sorbents and metal desorption (6 cycles). In the last part of the 
work, the sorption performances are also tested for the rare earth ele-
ments recovery from pre-treated monazite concentrate (with a special 
attention paid to the separation of REEs). 

2. Materials and methods

2.1. Material synthesis



Ce3+ + MnO4
- + 10 H2O → 3 Ce(OH)4(s) + MnO2(s) + 8 H+ (5) 

Cerium can be valorized by re-precipitation with Na2CO3 and calci
nation at 900 ◦C to yield ceric oxide (CeO2). The residual neodymium 
concentration was reduced from 274.34 to 241.45 mg Nd L− 1; cerium 
precipitation caused partial loss of neodymium: to complete the sorption 
studies the leachate was diluted twice (to 400 mL) using demineralized 
water after processing Ce(III) precipitation; Nd concentration was 
diluted to 120.73 mg Nd g− 1). In the precipitated (diluted) pregnant 
liquor solution (PPLS), the supplementary loss of Nd(III) did not exceed 
12%. Also, the cerium precipitation contributes to precipitating variable 
proportions of REEs (in the range 15.03% for Gd to 53.97% for Yb. 

The sorption tests were performed in batch systems at selected 
conditions of: agitation speed: 200 rpm; T; 25 ± 1 ◦C; time: 60 min and 
pH0: 3.8), the pH0 was set to 3.8 to avoid REEs precipitation. After 
equilibrium, the solution was subjected to an ICP-AES analysis to 
determine the residual REE concentration after being filtered. 

3. Result and discussion

3.1. Characterization of sorbents (and their interactions with Nd(III))

3.1.1. Reminder of physicochemical properties
Mono-AP and Bis-AP sorbents were previously characterized [51]. 

Table S3 summarizes these characteristics. The surface morphology of 
the developed raw sorbents particles was assessed using SEM (Fig. 1). 
Fig. 1a and b illustrate the surface morphology of both Mono-AP and 
Bis-AP sorbents, revealing a semi-spherical shape with some irregular 
particles and a compact structure with a relatively smooth surface. 
Moreover, the images suggest that the Bis-AP type is characterized by a 
slightly smaller average particle size (≈11.2 ± 5.7 µm) and a more 
regular spherical structure compared to Mono-AP (≈16.2 ± 8.6 µm), 
which shows a wider size dispersion. This is clearly indicated in the 
low-magnification images (Fig. 1a & b). However, following Nd(III) 
binding, a notable increase in surface roughness and compactness, along 
with visible interparticle spaces, was observed in the SEM image 
(Fig. 1c). This is particularly evident in the high-magnification image 
(Fig. 1c). This analysis was analyized using SEM (Thermo Fisher Sci
entific model Prisma E with Color SEM Technology and integrated 
energy-dispersive X-ray spectroscopy was used for the acquirement of 
SEM images). The color images demonstrate the validation of Nd(III) 
loading through observable changes in the raw sorbents. Mono-AP (A) 
initially appears bright yellow, while Bis-AP (C) has a distinct fat color. 
After Nd(III) loading, both sorbents exhibit a noticeable shift to a nearly 
similar dark or slightly brown color, as depicted in (B) for Mono-AP and 
(D) for Bis-AP, as illustrated in Fig. 1 (the lower panel). The fully colored
particles in (D), in-line with the experimental capacities and efficiencies.

In addition, the bi-functionalized material (little more crystalline) 
shows lower specific surface 58 vs. 95 m2 g− 1) and pore volume asso
ciated with largest pore size (8.4 vs. 2.0 nm); meaning that the two 
sorbents can be ranked as mesoporous materials according IUPAC 
classification of pore size. The double grafting of aminophosphonate 
groups is confirmed by higher N and P contents, corresponding to sug
gested formula: C11H17N4O4PS and C14H28N8O6P2S2. The pHPZC of the 

Fig. 1. SEM images analysis of Mono-AP (1), and Bis-AP (2) sorbents, before (a&b) and after Nd(III) sorption (c): at low magnification (at 1000 X (a)) and at high 
magnification (4000 X (b) and 5000 X (c)). The color images of raw sorbents (A) Mono-AP and (C) Bis-AP before, and after Nd(III) loading (B) and (D), respectively. 

should be separated using previously reported separation technique 
[60]. Ce(III) is precipitated as Ce(IV) (ceric hydroxide (Ce(OH)4)) by 
combined oxidation and hydrolysis (using a mixture of 0.2 M KMnO4 
and 0.3 M Na2CO3). Cerium (III) oxidation can be schematized accord-
ing to Eq. 5:  



––
Additionally, the broad peak located at 1583–1519 cm− 1 (specified 

to aromatic C––C bonds) and adsorption band detected at 
1334–1315 cm− 1associated with the stretching vibratio of C––S bonds 
[68], and the broad band located at 1583–1519 cm− 1 (assigned to C––C 
bond, in aromatic rings) demonstrate the effective synthesis of the sor
bents through the one pot reaction of thiocarbazide, trimethylphosphite, 
and p-phthalaldehyde. Hence, the FTIR spectra of Bis-AP and Mono-AP 

(Fig. 2) include different functional groups (i.e., –C––S, P = O, -NH2 and 
-NH-), which may be involved in the interactions with Nd(III).

Herein, the analysis is focused on the comparison of the sorbent’s
spectra at various steps of usage (Fig. 2): raw sorbent, after metal
sorption, after sorption-desorption six cycles, after being conditioned at
the sorption pH (pH0 4.5) and after sorbent conditioning in HCl solute
(0.3 M) the solution of metal desorption (sorbent elution solution). This
sequence allows identifying the effective contribution of the interactions
of the sorbent with the solute (independently of the variations caused by
the changes in the environmental conditions of pH). Table S4 summa
rizes the assignments of FTIR bands; their comparison may help isolating
the specific changes associated with metal binding. The Occurrence,
delocalization, or evanescence of specific peaks and shifts in some peaks’ 
relative intensities may all be related to these interactions [44]. The
FTIR spectra of the sorbents are significantly changed by Nd(III) sorp
tion: the increase in the intensities (at 3353–3227 cm− 1) that belong to
–NH2 and–NH- groups. The bands at 1602 cm− 1, 1604 cm− 1 (associated
with –NH2 and >NH groups) are shifted to 1605 cm− 1 and 1607 cm− 1.
Also, the bands in the region: 1493 cm− 1 as well as 1506 cm− 1 associ
ated with ν(C-N) are shifted to 1496 cm− 1 and 1509 cm− 1.

The vibrations of both Nd-N bond of C-N and Nd-N of N–H (of –NH2 
and >NH groups) caused these changes. After metal binding, the peaks 
at796–761, 958–935 and 1264–1240 cm− 1 specified with υ(P-CH), υ(P- 
O- C) and υ(P = O) are delocalized (with simultaneous reduction in the 
intensity consistently with previous observations on U(VI) binding by 
aminophosphonate-based sorbents [53]). Nd(III) sorption has a negli
gible effect on the C––S peak at 1327 cm− 1; the shifting ~1 cm− 1). It is 
noteworthy that in the Mono-AP sorbent, the peak at 1216 cm− 1relatd to 
aldehydic C-H group is delocalized to 1214 cm− 1wherese the peak at 
1720 cm− 1corresponding to aldehydic C––O group is delocalized to 
1714 cm− 1. FTIR spectra of the metal-loaded sorbents show delocal
ization, intensities reduction of the peaks that correspond to CHO- group 
(in Mono-AP sorbent) and phosphonate and amine groups (or at least 
alteration of their chemical surroundings) affirming the role of such 
functional groups in binding with Nd(III). 

A new band at 637–620 cm− 1 has been shown after neodymium 
sorption that can be correlated with the SO4

− 2 anion [69]. The FTIR 
spectrum revealed many variations in comparative intensity for 
different bands at 600–800 cm− 1 region, associated with N-Nd and (O- 
Nd- O) stretching [70]. The stability of the two sorbents after recycling 
has been confirmed by comparing the FTIR spectra following six cycles 
of adsorption and desorption. 

The FTIR spectra of the sorbents (loaded with Neodymium) are only 
partly returned to their initial sorbents spectra after desorption (Fig. 2), 
with the peaks being moved but not entirely restoring to their initial 
wavenumbers. There are apparent shifts in amine group’s bands at 
1264–761 cm− 1 and at the typical phosphonate peaks at 
1264–761 cm− 1. This implies that the amine and phosphonate groups 
are significantly affected by the sorbents regeneration. 

3.1.3. XPS characterization 
Before and after Nd(III) sorption, the sorbents’ XPS spectra are 

shown in  Fig. 3 with conventional N 1 s (at Binding Energy, BE: 
~401 eV), O 1 s (BE: ~533 eV), C 1 s (BE: ~286 eV), S 2 s (BE: 
~227–230 eV), P 2 s (BE: ~191–192 eV), S 2p (BE: ~163–166 eV), and 
P 2p (BE: ~133–134 eV). After Nd(III) sorption, some shifts are observed 
and neodymium presence has been attested through the occurrence of 
the small peak associated with Nd 4d (BE: ~124–127 eV). This analysis 
is completed in Tables S5 and S6 by the comparison of high-resolution 
spectra for N1s, P 2p, O 1 s, C 1 s, S 2p, and Nd 3d5/2 for the two sor
bents prior to and afterwards neodymium binding. This is completed by 
the table of assignments (BE values and atomic percentage) in Table S7. 

The comparison of the XPS spectra shows roughly similar profiles 
between Mono-AP and Bis-AP for P 2p, N 1 s, O 1 s, C 1 s, and, while the 
signal associated with S 2p is substantially different between the two 
sorbents; meaning that the bi-functionalization strongly affect the 

Fig. 2. FTIR spectra of Mono-AP (a) and Bis-AP (b) sorbents at different stages 
of use (raw, after conditioning at pH 4.5, after Nd(III) sorption at pH 4.5, after 
conditioning with HCl (similar to desorption test), and after 6 recycling steps). 

sorbents has slightly increased (from 5.5 to 6.1) as a result of these 
chemical changes, meaning that Bis-AP bears a positive global charge on 
a wider pH range. 

3.1.2. FTIR analysis 
Imam et al. [51] has already documented the interpretation of these 

FTIR spectra. Briefly, in the region 4000–2000 cm−  1, the two sorbents 
showed similar FTIR profiles with broad bands, at around 3335–3227 
and 3188–3156 cm−  1, that are attributed to –NH2 as well as –NH vi-
bration, respectively [53,61,62]. Vibrations associated with stretching 
of aromatic and aliphatic C-H groups were detected at 2981–2973 cm−  1 

and 2891–2850 cm−  1, respectively (δC-H vibrations were also identified 
at 1418–1414 and 1399–1381 cm−  1, respectively; and out-of-plane δC-H 
vibration at 899–870 cm−  1). –NH2 as well as –NH groups were also 
detected at 1606–1594 cm−  1, while νC-N was observed at 
1506–1493 cm−  1 and ωN-H at 831–824 cm−  1 [63–65]. Three sets of 
bands were detected; at 796–761 cm−  1 (attributed to P-CH vibration),at 
1073–1042 cm-1, 958–935 cm-1, 610–602 cm-1 (P-O-C symmetrical 
stretching) [66,67] and at 1264–1240 cm−  1 for υ-P O [51]. 



environment of thiocarbonyl group. Minor changes are observed on the 
relative intensity of the bands around ~288ev and ~286 eV and, 
meaning that the differential substitution of aminophosphonate affects 
the environment and the intensity of C-based groups (increase in the 
density of methyl and C-O-P groups and decrease of the AF of C-OH 
functions). The decrease of C-OH groups is affirmed by the evanescence 
of the peak at 534.8 eV for Bis-AP. The bis-functionalization decreases 
also the AF of C-N groups (at 403.0 eV (accompanied with a shift toward 
lower BE). 

The Nd(III) adsorption on the sorbents is clearly demonstrated by the 
occurrence of a broad band in the range 988–968 eV (Nd 3d5/2 signal), 
where he signals’ deconvolution reveals the existence of two bands 
appearing at ~983 eV and ~978 eV, which are associated with bonds of 
Nd(III) with N-based and O-based (in phosphonate units); the third 
component correspond to the superposition of Auger emission of O KLL 
band. It is noteworthy that the AFs for N-based and O-based bonds are 
hardly impacted with the sorbent nature (also, with the extent of ami
nophosphonation). In the case of Mono-AP, the main modifications are 
recognized for O 1 s signal (decrease of the peak at ~531 eV, compen
sated by the increase of the other signals), for C 1 s signal (enhancement 
of ~287 eV signal and occurrence of a new small band at ~291 eV), the 
N 1 s signal (increase of the peak at ~403 eV, shifted to ~402 eV and 
appearance of a small peak at ~405 eV). The S 2p signal is also char
acterized by an inversion between the two components after neodymi
um sorption. It is noteworthy that neodymium is present in the solution 
as a mixture of free metal and sulfate species (Nd3+ and NdSO4

+, 
respectively). The S 2p of sulfate species is expected to occur at higher 
BEs (such as ~169 eV); apparently sulfate anions are not appearing on 
the sorbent during neodymium sorption. Surprisingly, in the case of Bis- 
AP (despite little higher sorption than with Mono-AP) the differences in 
the core level spectra are less marked after metal sorption; the “global 
profiles” of the signals are weakly changed. The relatives AF values have 
been recognized as the most substantial modifications. 

The most significant changes are observed in terms relatives AF 
values. For example, for C 1 s the variations for Bis-AP are reciprocal to 
those observed with Mono-AP (increase of 284.8 eV signal and decrease 
of 286 eV and 288 signals). For O 1 s, the trends are similar for the two 
sorbents. For N 1 s, the trends are also reversed between Mono-AP and 
Bis-AP, meaning probably a greater contribution of amine-based reac
tive groups; i.e., -N-H and -NH2, because of higher density of amino 
functions). The signal P 2p (and its deconvoluted components) shows a 
greater relative contribution of O-P signal (associated to the active group 
in phosphonate). Reciprocally to Mono-AP, for Bis-AP the contribution 
associated with C-S-C is weakly reduced to increased proportion of S––C 
group. 

From these changes, it appears that neodymium (as free trivalent Nd 

(III) cation) is bound through interactions with amine groups (-NH and/
or -NH2), O-based groups (as phosphonate moieties). The contribution of
thiocarbonyl groups cannot be neglected (weak effect on BEs and AFs).
The differences observed in core-level spectra between Mono-AP and
Bis-AP (especially inversions in the effect of metal sorption between the
components) show that the relative contribution of the different mech
anisms in Nd(III) sorption changes with the functionalization.

3.2. Nd(III) Sorption properties (synthetic solutions) 

3.2.1. pH effect 
With the double-grafting of aminophosphonate moieties the sor

bent’s pHPZC is slightly switched to greater value (from 5.5 to 6.1); this 
means that the overall sorbent charge remains protonated over a 
broader pH spectrum. The overall charge reaches a maximum around pH 
4. This active protonation groups may influence how metal binding is
affected by pH since the positive charge induces repulsion effects against
metal cations. Obviously, the metal ion speciation may also be influ
enced by the pH, which can then modulate the effect of surface charge of
the sorbent. For Nd(III) (under preparation conditions of the solutions,
at initial Nd(III) concentration: 0.35 mmol L− 1), Fig. S1 shows that
cationic species hugely control all pH range: higher than pH 3, anionic
species (as Nd(SO4)2

- ) are negligible, while at pH 1, anionic species
represents less than 13% (decreasing almost linearly with pH until
reaching stable fraction close to 0.75% at pH 3 and above). At pH 1.5–2,
NdSO4

+ represents about 76% of total species (≈19% for Nd3+), while
above pH the distribution between cationic sulfate species and free Nd3+

species stabilizes around 56.6% and 42.5%, respectively.
The pH-edge profiles of Nd(III) sorption are similar for Mono-AP and 

Bis-AP (Fig. 4): the sigmoid curves begin with negligible sorption ca
pacities (less than 0.07 mmol/g) at pHeq 1.21–1.50 (Nd(III) probably 
bound under anionic form). In acidic solutions, the Bis-AP shows little 
higher efficiency in neodymium removal (probably because there is a 
higher density of active functional groups). Sorption slightly increases 
with increasing the pH, (as a result of the competing effects between 
protons) neodymium being sorbed as anionic species (below pH 3) and 
by proton exchange (with free Nd3+ and NdSO4

+) and by complexation 
with phosphonate moieties. The sorption capacity progressively and 
sharply rises above pHeq 3 and up to pHeq 5. 

This may be a result of the progressive decrease of reactive group’s 
protonation, the decreased competition of protons (especially above pH 
4). Regarding the two sorbents the differences in sorption capacities 
between the two sorbents are negligible. At pHeq 5, the sorption capacity 
stabilizes for Mono-AP, while it continues increasing up to pHeq 5.8 for 
Bis-AP (where qeq stabilizes). The stabilization in sorption capacity for 
different pH values can be related to the sorbents’ acid-base character
istics (surface charge): the pH stabilization change corresponds to the 
shift in pHPZC values. Several studies have demonstrated the significance 
of the phosphonate group environment for the sorption properties of 

Fig. 3. XPS survey scans for Mono-AP (a) Bis-AP (b) sorbents before and after 
Nd(III) sorption. 

Fig. 4. Effect of pH on Nd(III) sorption using Mono-AP and Bis-AP (C0: 
0.35 mmol Nd L− 1; SD: 0.5 g L− 1; T: 25 ◦C; Time: 2 h; v- 200 rpm). 



identify the proton interchange ratio within ion-exchange processes 
(slope of log10 D vs. pHeq); by extension this is employed here to 
correlate the sorption with the displacement of protons. The slope is 
varying between + 0.39 for Bis-AP and + 0.44 for Mono-AP. This slope 
(≈+0.4) is dis-correlated with the potential stoichiometric ratio be
tween reactive groups and metal species; the result indicated that the 
sorption process is not simple one that proceeds through different modes 
on interactions involving active functional moieties and/or different 
species. In the situation of REEs extraction with R4N+-EHEHP-, Quinn 
et al. also reported that the slope values (i.e., +1.5/+2.2) were sys
tematically lower than the expected value (i.e., +3) [77]. On the 
opposite hand, Huang et al. compared different phosphonate-based 
extractants for La(III) recovery from aqueous solutions; the slope anal
ysis showed a consistent + 3 slope that confirmed the simple 
ion-exchange process [78]. 

Based on the characterization of the interactions of the sorbents with 
Nd(III) through pH effect and the XPS and FTIR analysis, the potential 
tentative mechanisms for Nd(III) binding onto the sorbents are shown in  
Scheme 1. Virtanen et al. proposed different zwitterionic structures for 
the complexation of REEs with bis-aminophopshonate ligand (depend
ing on the metal/ligand stoichiometric ratio, which is conditioned also 
by the solution pH) [79]. The coordinating sphere may involve 2 H2O 
molecules (at 1:1 ratio), 2 amino moieties and two phosphonate groups, 
while at higher M/L ratio, the contributions of H2O and amino pro
gressively decreased (i.e., 1 molecule), at M/L 1:2, and disappeared at 
M/L 1:3, being progressively replaced with phosphonate (i.e., RP-O- 

moieties). 
As well, the bonds established between Ln3+ ions and ligands are of 

electrostatic nature, and stable complexes are exclusively achieved with 

Scheme 1. Tentative mechanisms for the binding of Nd(III) on Mono-AP and 
Bis-AP sorbents. 

relevant sorbents [51–53]: these investigations stressed the donating 
effect of auxiliary groups on the sorbents’ affinity to target ions. In the 
case of the complexation of divalent cations by phosphonatome-
thylcholine, the effect of charge hold by distant methylammonium 
groups was highlighted [71]: the stability constants are linearly corre-
lated with the ligand acid-base characteristics (i.e., pKc vs pKa). In the 
case of phosphate-bearing sorbents, Alexandratos and Zhu [72] corre-
lates the binding capability of PO moieties to metal ions with the 
abundance of lone-pair electrons and the activation effect of hydrogen 
bonding; this balance is controlled by the proper properties of the 
auxiliary amine groups vicinal to phosphate groups. They also pointed 
out the importance of the polarizability of phosphoryl oxygen for the 
interaction with metal ions (and the greater affinity for trivalent cations 
opposed to divalent cations in acidic solutions). 

In the case of microporous di(2-ethylhyxyl) phosphonate impreg-
nated silica-polymer (HDEHP), Sc(III) sorption was reported to increase 
with sulfuric acid concentration [73], while for other REEs, a maximum 
sorption was reported with H2SO4 concentration from 0.5 to 1 M H2SO4. 
Zhang et al. correlated this specific behavior to the difference in sol-
vatation effect of Sc(III) against other REEs that require higher acidity 
for expressing this solvation mechanism. For Nd(III) liquid-liquid 
extraction employing a combination of phosphonic acid/ phosphoric 
acid ester extractant (HDEHP/HEH-EHP), the extraction efficiency 
continuously increased with pH (below precipitation region) [74]. 
Similar trends were reported for Pr(III) extraction using a mixture of 
ionic liquid (A336/NO3 and a phosphonate based extractant (DEHEHP) 
[75]. Burdzy et al. presented a comprehensive comparison of REEs 
sorption in presence of citrate anions by a series of ion-exchange and 
chelating resins [76]. Based on the speciation of Nd(III) ions, substantial 
changes were reported. Hence, for chelating ion exchangers (such as 
Purolite S957) the adsorption performance was hardly affected by the 
solution pH. For Purolite S950 (chelating resin), and Lewatit SP112 
(cation exchanger), the formation of Nd-citrate complexes (with pH 
increase) decreases sorption affinity, while for Amberlite IRA 67 (anion 
exchanger) a maximum sorption was observed at pH 4. For strongly 
basic anionic exchangers (Lewatit M500, M600, MP500, Amberjet 4200, 
4400, 4600, and amberlite IRA 458 and IRA 958), the sorption is 
depreciated in acidic solutions because of charge repulsion between 
predominant cationic species and positively charged binding sites on the 
resins. These results leaded to large variations in the selection of the 
sorption pH that is optimum for individual metals for the different 
resins; this also opens the route for metal separation (in relation with 
metal speciation as well as intrinsic characteristics of the resins and). 

Fig. S2 compares the evolution of equilibrium pH for Mono-AP and 
Bis-AP; generally, the pH increases after metal sorption (the weakest 
variations are obtained at pH0: 6.05). The largest pH increase is obtained 
at pH0 4.54–5.04 (consistently with the titration of the sorbent in the 
determination of the pHPZC, not shown). The pH increase is significantly 
highly noticed for Bis-AP (+1.22) than for Mono-AP (+0.59) (Consis-
tently with the sorbents acid-base characteristics). The pHeq is consis-
tently increased with neodymium sorption onto the sorbents that is 
highly recognized for Bis-AP (as a result of the greater amount of 
functional groups which in turn may bind extra Nd(III) ions). The di-
versity of the pH can be attributed to the dissolution of –OH moieties (at 
high pH levels) due to potential mechanism of ligand interchange 
around the level of neodymium species and/or the simultaneous proton 
binding with neodymium. The same trends were observed for uranyl 
sorption onto similar aminophosphonate-based sorbents [51]. 

In the La(III) solvent extraction by two phosphonate-based extrac-
tants, the equilibrium pH decreased after extraction because of the ion 
exchange mechanisms (between La3+ and protons): involving the 
decrease of the pH. The sorption of neodymium may involve ion- 
exchange mechanisms (on proton-exchangeable sites and/or proton-
ated functional moieties) and chelation (which may also be accompa-
nied by proton exchange). The pHeq plot vs. log of distribution ratio (D, L 
g−  1, qeq/Ceq) is reported in Fig. S3. This graph is typically employed to 



organophosphorous extractant-impregnated silica-polymer composite 
[83]. For alginate/clinoptilolite composite, the k2 values significantly 
decreased with increasing concentration of Nd(III) (from 0.72 to 
0.010 g mmol− 1 min− 1 with C0: 25–200 mg Nd L− 1; i.e., 
0.17–1.39 mmol Nd L− 1) [84]. The RIDE allows approaching the sor
bent’s effective diffusivity value (De, m2 min− 1, derived from the Crank 
equation). Despite the relatively fast kinetics, it was expected that 
shorter equilibrium time can be achieved by reducing the 
micro-particles size of the sorbent. This indicated the non-negligible 
effect of the intraparticle diffusion resistance on the resistance control. 
The magnitude order of De (from 1.8 × 10− 14 to 3.8 × 10− 14 m2 min− 1) 
confirmed this indication. This is significantly less than the Nd(III) free 
diffusivity ( 3.70 × 10− 8 m2 min− 1) in aqueous solutions [85], as an 
affirmation of the contribution of intraparticle diffusion resistance in Nd 
(III) sorption as well as PFORE (proper reaction rate). For alginate/cli
noptilolite composite, Fila et al. reported effective pore diffusivity
decreasing in the range( 9.1 -× 0.97 10− 16 m2 min− 1) with increasing
metal concentration) [84].

3.2.3. Sorption isotherms 
The Nd(III) adsorption isotherms by Mono-AP and Bis-AP at different 

temperatures are shown in Fig. 6. The sorption isotherms (representing 
qeq vs. Ceq) allow reaching other characteristics of the interactions be
tween metal ions and sorbents: (a) the qm, mmol Nd g− 1 (maximum 
sorption capacity), and (b) the sorbent’s tendency to bind to a particular 
metal (correlated to the isotherm curve’s initial slope, which is derived 
from Eq. 6). 
[

∂q(Ceq)

∂Ceq

]

Ceq→0
= qm,L × bL (6)  

Where qm,L and bL are the constants of the Langmuir equation (See 
Table S1) [86]. The sorption homogeneity is assumed by the Langmuir 
equation (involving interactions of the same energy between the metal 
ions and the sorption sites), without multilayer coverage and without 
interactions between sorbed molecules. The equalization of desorption 
and sorption ratios manifested the mechanisticity of Langmuir equation. 
A quasi linear initial slope following by a curved section and a final 
asymptotic trend (which corresponds to the saturation plateau) are the 
systematic characteristics of sorption isotherms. The existence of this 
plateau dismisses Freundlich equation employment to fit the experi
mental profile (Table S1), empiric equation associated with heteroge
neities in the adsorption energies and lateral interactions among 
adsorbed molecules. Freundlich equation was tested but AIC as well as 
R2 values confirmed that this equation fails to fit experimental curves 
(not shown). The Freundlich and equations are combined in the Sips 
equation (see Table S1) that generally allows reaching a better fit of the 
curves section of the isotherm. The mathematical fitting of the empirical 
profile is simplified by the introduction of the third-adjustable param
eters (though the physicochemical significance of the model is lost). The 

Fig. 5. Uptake kinetics for Nd(III) recovery using Mono-AP and Bis-AP – 
Modeling with the PFORE (C0: 0.35 mmol Nd L− 1; SD: 0.5 g L− 1; pH0: 4.5; T: 
25 ◦C; v- 200 rpm). 

Table 1 
Uptake kinetics for Nd(III) sorption using Mono-AP and Bis-AP – Model 
parameters.  

Model Parameter Unit Mono-AP Bis-AP 

Experimental qeq,exp. mmol g− 1 0.518 0.571 
PFORE qeq,1 mmol g− 1 0.511 0.563  

k1 min− 1 0.066 0.080  
R2 0.995 0.991  
AIC  -98 -89 

PSORE qeq,2 mmol g− 1 0.572 0.622  
k2 g mmol− 1 min− 1 0.150 0.170  
R2 0.992 0.990  
AIC  -93 -88 

RIDE De × 1014 m2 min− 1 3.8 1.8  
R2 0.993 0.991  
AIC  -93 -89

polydentate chelating ligands. Similar to the aquo ions [Ln(OH2)n]3+, 
the coordination numbers of complexes vary throughout the series. For 
instance, the smaller Yb3+ forms a 7-coordination complex [Yb(aca-
c)3(OH2)], whereas the larger La3+ forms an 8-coordination complex [La 
(acac)3(OH2)2][80]. Moreover, Dudarko et al.[42], reported that Nd(III) 
ions can coordinate with various interaction modes, encompassing co-
ordination numbers 8 and 9. Thus, Nd(III) forms 8-coordination com-
plexes within a single ligand molecule and/or between two molecules 
(Scheme 1). 

3.2.2. Uptake kinetics 
Fig. 5 represents kinetic curves. Time (equilibrium) hardly changes with 

the type of sorbent. During 60–90 min, the equilibrium is attained. This 
means that the textural characteristics of the sorbents (size, pore size, 
porosity, and surface area) have limited effect on mass transfer prop-
erties. As expected, the increased active groups amount improved neo-
dymium sorption: the residual relative concentration slightly decreases 
(from 0.33 to 0.26 for Mono-AP to Bis-AP, respectively). For the Ln(III) 
adsorption (i.e., Nd(III), Ce(III) and La(III)) onto composite biochar, 
Kolodynska et al. reported equilibrium times close to 120 min [81]. Park 
and Tavlarides synthesized a phosphorus based sol-gel sorbent and re-
ported equilibrium times close to 120–150 min for Nd(III) sorption [36]. 

Sorption kinetics may be affected by the physical properties of the 
sorbent (in terms of diffusion procedures, such as resistance to intra-
particle, film and bulk diffusion), the process parameters (agitation 
speed, temperature) but also the proper reaction rate of the sorption at 
molecular level (herein considered through PFORE and PSORE t, i.e., he 
pseudo-first and pseud film and bulk resistances diffusion may be 
ignored (except at short contact time), more attention is thus paid to-
wards intraparticle diffusion mechanism (RIDE, Crank equation, [82]). 
A reminder of conventional equations is shown in Table S1. The statis-
tical criteria and the fitting parameters (with the three models) of 
empirical curves for the two sorbents are compared in Table 1. For 
Mono-AP sorbent, the PFORE fits better kinetic curves (as indicated by 
both the AIC (Akaike information criterion), and R2 (the determination 
coefficient). For Bis-AP, the three models cannot be distinguished as the 
differences between the AIC values |Δ(AIC)| are insufficiently large (the 
should exceed 2). However, the PFORE allows closer evaluation 
(underestimated by less than 1.5%, while for the PSORE model qeq is 
overestimated by 10.4–8.9%) as shown by the contrast between exper-
imental qeq values and calculated ones. Fig. 5 shows PFORE experi-
mental profiles represented by solid lines while Fig. S4 reports the RIDE 
and the RIDE fits. As expected from the trends observed in Fig. 5, the 
bis-phosphonation weakly increases the k1 (apparent rate coefficient): 
the k1 value increases from 6.6 × 10−  2 to 8.0 × 10−  2 min−  1. The value 
of k2 ranges between 0.15 and 0.17 g mmol−  1 min−  1; this is smaller than 
the value (1.59 g mmol−  1 min−  1) reported for Nd(III) sorption onto 
composite biochar [81] or (2.62 g mmol−  1 min−  1) for 



Sips fitting represented by solid lines is reported in Fig. 6 whereas the 
Langmuir fits appear in Fig. S5 (for comparison). Table 2 compares the 
statistical criteria as well as the parameters for the two sorbents applying 
Langmuir as well as Sips equations at different temperatures. Compared 
with Langmuir equation, the experimental data are highly correlated 
with the Sips equation. 

The isotherm calculations were executed to obtain the predicted 
removal efficiencies as a function of the mass of both Mono-AP and Bis- 
AP sorbents for the different ranges of Nd(III) ions concentrations. This 
indicates that the required Mono-AP and Bis-AP weights for any range of 
concentrations could be pre-estimated prior to the actual sorption pro
cess. Namely, the weight of Mono-AP and Bis-AP required to intake Nd 
(III) ions in a concentration range (from 0.18 to 1.43 mmol L− 1) in one- 
liter volume solution was calculated to be 0.517 and 0.509 g L− 1,
respectively at 25 ± 1 ◦C (according to the Sips parameters equation
nonlinear form, in Table 2). These mass values align with the sorption
capacities of these sorbents.

The Temkin equation (Table S1) was also unsuccessful (not shown); 
this model supposes the binding to proceed through multilayer with 

interactions between the sorbent and the sorbate (with the linear 
decrease of the sorption heat via surface covering) [87]. D-R (the 
Dubinin-Radushkevich equation), originally designed to simulate sorp
tion isotherms in solid/gas systems was extended to solid/liquid equi
libria. Usually, this equation is employed for discussing the mode of 
interaction discriminating between physisorption and chemisorption. 
Recently, Puccia et al. comprehensively discussed the literature and 
showed that for solid/liquid systems, the discrimination based on the 
absolute value of the energy of adsorption is critically oriented by the 
units of concentrations used for modeling: molar unit systematically 
drives to chemical adsorption conclusion while mg L− 1 unit leads to 
physical sorption [88]. Therefore, they suggest restricting the ambition 
of the calculation to mathematical fit and comparative analysis. Herein, 
Table S8 and Fig. S6 display the sorption isotherms fits by D-R equation; 
though the fits were worse than for Langmuir and Sips equations, the 
D-R equation is more appropriate than Freundlich and Temkin models.

Table 2 (and Table S8) and Fig. 6 both confirm that the bis- 
functionalization slightly increases sorption properties compared with 
mono-functionalization: qm,exp (the maximum adsorption capacity) in
creases by 9.6% at T: 25 ◦C. It is noteworthy that this benefit progres
sively decreases with increasing temperature; at T: 50 ◦C, the 
enhancement is less than 3%. Similar trend is observed for qm,S (decrease 
from 8.1% to 1.0%). This is a first indication that the thermodynamics of 
Nd(III) sorption on Mono-AP and Bis-AP are not following the same 
trends. Comparing bL and bS (affinity coefficients) reveals substantial 
increase with the bis-functionalization; however, the improvement is 
not “homogeneous” (between 11% and 39%): it depends on the model 
used and the temperature. The sorption exothermicity is indicated by 
the sorption capacity reduction by rising temperature; the enthalpy 
change calculation affirmed this indication (ΔH◦, kJ mol− 1, derived by 
the van’t Hoff (Eq. 7) application) [89]: 

ΔG◦ = − RTlnK0
eq = ΔH◦ − TΔS◦ (7a)  

lnK0
eq = −

ΔH◦

R
×

1
T
+

ΔS◦

R
(7b)  

With : K0
eq = b∗

L ×
C0

Sorbate

γSorbate
(7c) 

And ΔS◦, entropy change in J mol− 1 K− 1; ΔG◦, free Gibbs energy 
change in kJ mol− 1; R: gas constant; C◦

Sorbate, unitary standard con
centration of sorbate (≈1 mol L− 1),bL* , the Langmuir constant in L 
mol− 1 unit; and γSorbate; dimensionless activity coefficient (≈1 for 
diluted solutions). 

Based on Table 2 and Fig. S7, it was possible determining the 
different thermodynamic variables which are listed within Table 3. The 
exothermic nature of Nd(III) sorption on Mono-AP and Bis-AP is 
confirmed by enthalpy change negative values (− 21.8 and 
− 24.6 kJ mol− 1, respectively). The two sorbents have comparable 

Fig. 6. Nd(III) sorption isotherms using Mono-AP (a) and Bis-AP (b) at different 
temperatures – Modeling with the Sips equation (C0: 0.18–2.12 mmol Nd L− 1; 
SD: 0.5 g L− 1; pH0: 4.5; T: 25 ◦C; Time: 1 h; v- 200 rpm). 

Table 2 
Effect of temperature on Nd(III) sorption isotherms for Mono-AP and Bis-AP – parameters for Langmuir and Sips equations.  

Sorbent Mono-AP Bis-AP 

Parameter T (◦C) 25 35 45 55 25 35 45 55 
qm,exp. (mmol Nd g− 1) 1.282 1.210 1.163 1.088 1.405 1.294 1.198 1.120 

Model Langmuir 
qm,L. (mmol Nd g− 1) 1.470 1.440 1.453 1.386 1.550 1.496 1.430 1.378 
bL (L mmol− 1) 7.269 5.205 3.889 3.294 10.16 6.883 5.232 4.074 
R2 0.986 0.984 0.977 0.980 0.990 0.988 0.984 0.981 
AIC -46 -46 -43 -60 -47 -48 -46 -60 
Model Sips 
qm,S. (mmol Nd g− 1) 1.319 1.280 1.223 1.170 1.426 1.356 1.263 1.182 
bS ((L mmol− 1)nS) 29.70 15.80 16.26 10.98 36.19 21.21 18.10 15.22 
nS (-) 0.642 0.674 0.593 0.629 0.694 0.690 0.647 0.617 
R2 1.000 0.995 0.994 0.994 0.998 0.998 0.996 0.997 
AIC -74 -52 -51 -69 -58 -59 -55 -75



enthalpy changes. It is noteworthy that the entropy change is negligible 
for Mono-AP (i.e., − 0.7 J mol− 1 K− 1) and very low for Bis-AP (about 
6 J mol− 1 K− 1). Consequently, ΔG◦ is poorly affected by temperature, 
varying from the mono-sorbent (− 21.5 kJ mol− 1) to the bis-sorbent 
(− 26.5 kJ mol− 1). The sorption spontaneousity and feasibility are 
indicated by the ΔG◦ negative values. Low values of ΔS◦ indicate that 
the sorption randomness is poorly affected by the sorption mechanism: 
almost unchanged for Mono-AP and little increase in randomness for Bis- 
AP. These changes in thermodynamic trends can be explained by 
different mobility in water exchange and ion-exchange, as involved in 
Nd(III) sorption (on either the sorbent or the metal species). 

Table 4 compares Nd(III) sorption properties of Mono-AP and Bis-AP 
with a series of alternative sorbents. The optimal pH value, the required 
contact time for equilibrium, and Langmuir parameters (in addition to 
experimental maximum sorption capacity) are reported. Obviously, the 
global performance is influenced by the pH, the temperature (herein, the 
values are systematically for temperature in the range 20–25 ◦C), the 
sorbent dose (for kinetics). Despite this variability, Table 4 helps in 
getting a rapid overview on the relative potential of these sorbents. Two 
materials show outstanding performances for neodymium removal from 
aqueous solutions: (a) with graphene oxide/carboxymethyl cellulose, 
qm,exp. is up to 4.58 mmol Nd g− 1 at pH 3 [90] (with low affinity coef
ficient), and (b) around 3.54 mmol Nd g− 1 at pH 5 with magnetic 
glutamine-derivative of polyacrylonitrile/divinyl benzene sorbent [91]. 
Though the textural properties of the graphene oxide derivative have not 
been characterized [90], it is well known that exfoliated graphene oxide 
materials exhibit outstanding specific surface area (typically higher than 
2000 m2 g− 1, which is probably significantly reduced after grafting 
CMC); this may contribute to the high levels of sorption together with 
the high density of carboxylate groups. For the magnetic glutamine 

derivative [91], which implies numerous synthesis steps, the density and 
configuration of grafted amine groups (associated with sulfur-based 
moiety) may explain the high levels of sorption. Apart these two sor
bents and in a spectrum of 1.2–1.6 mmol Nd g− 1, a group of materials 
show comparable sorption capacities. In addition to Mono-AP and 
Bis-AP, phosphorylated algal-PEI beads shows good sorption capacity 
(qm,exp.: 1.46 mmol Nd g− 1), with medium affinity (bL: 1.25 L mmol− 1), 
and fast kinetics (equilibrium time: 40 min) [92]. Dudarko et al. showed 
the remarkable improvement of sorption performance with the 
post-functionalization of EDTA-grafted SiO2 sorbent [42]: the confor
mation of the sorbent (arrangement of different functional moieties: 
carboxylate, phosphonate and amine groups) at pH 3.5, allowed 
increasing the qm,exp. value from 0.329 to 1.56 mmol Nd g− 1 (while the 
affinity coefficient remains unchanged). Bis-AP and Mono-AP exhibit 
promising global sorption properties. 

3.2.4. Metal desorption and sorbent recycling 
An important criterion especially in designing complex adsorbents is 

the metals desorption for adsorbent recycling. In many cases the neo
dymium sorption is favored my mild acidic or neutral pH values; 
therefore, shifting the pH to stronger acidic conditions may be used for 
reversing the sorption process and eluting target metal. Hence, HCl so
lutions were frequently used for chitosan/iron(III) hydroxide for the 
elution of Nd(III) at pH 3.5 [93], pH 1–1.8 solutions in the case of alginic 
acid beads [94], pH 1 solutions for Sargassum sp. biomass [95] or 
extractant-impregnated magnetic alginate microcapsules [96]. In the 
case of alginate-silica composite, to achieve the complete Nd(III) 
desorption, HCl concentration was raised to 0.5 M [97]. For neodymium 
desorption, Mohamed et al. utilized a 1 M HNO3 solutions to completely 
elute Nd(III) from ionic liquid-impregnated silica material [98]. Nitric 
acid concentration was decreased to 0.5 M for metal desorption in the 
case of phosphonate-functionalized PGMA [99]. Lower nitric acid con
ditions (i.e., 0.1 M) were sufficient for Nd(III) elution from Loquat leaves 
[100]. In the case of expanded vermiculite, Brião et al. used 0.3 M CaCl2 
solutions (based on Nd(III)/Ca(II) ion-exchange) [101,102]: 
calcium-based desorption was little more efficient than 0. M nitric acid 
solution. For the desorption of U(VI) from chitosan derivatives bearing 
α-aminophosphonate (AP) moieties, 0.05 M sodium bicarbonate solu
tions were successfully used; in this case the affinity of uranyl for 
forming stable complexes was privileged. 

Herein, the sorption involving ion-exchange and chelation 

Sorbent Mono-AP Bis-AP 

Temperature (◦C) ΔH0 ΔS0 ΔG0 ΔH0 ΔS0 ΔG0 

25 -21.76 -0.71 -21.55 -24.60 6.0 -26.40 
35 -21.54 -26.46 
45 -21.53 -26.52 
55 -21.53 -26.58 

Units: ΔH0 and ΔH0, kJ mol-1; ΔH0, J mol-1 K-1. 

Table 4 
Comparison of Nd(III) sorption properties with alternative sorbents.  

Sorbent pH Time K1/OR K2* qm,exp. qm,L bL Ref. 

Kluyveromyces marxianus 1.5 1440 - 0.063 0.083 5.62 [108] 
Magnetic phosphonic extractant-loaded alginate beads 4 600 6.49 - 1.035 4.90 [96] 
Aminomethylphosphonic derivative of chitosan 5 420 5.05 0.201 0.409 7.79 [109] 
Chlorella vulgaris algae 5 90 1.01 - 1.308 4.18 [110] 
Ionic liquid impregnated silica 3.5 180 0.022 min− 1 0.095 0.102 23 [98] 
Magnetic glutamine-derivative PAN/DVB 5 60 3.06 min− 1 3.54 3.63 208 [91] 
Chitosan/Fe(OH)3 composite 4 420 5.63 0.080 0.095 4.33 [93] 
Zirconium titanate/PAN 4.5 1440 - - 0.035 0.98 [111] 
Diglycolic acid functionalized polyethylene terephthalate nanofibers 6 100 - 0.876 0.859 0.039 [112] 
EDTA/phosphonic bifunctionalized SiO2 3.5 60 - 1.56 1.56 7.21 [42] 
Phosphoryl-functionalized algal-PEI beads 5 40 1.13 1.46 1.92 1.25 [92] 
Purolite A-400 (Cl-form) 6 n.d. - 0.30 0.69 0.875 [113] 
MMA-grafted poly-D-galacturonic acid methyl ester 6 90 0.04 min− 1 - 0.036 47.6 [114] 
Straw derived biochar 5 120 - 0.497 0.954 3.74 [115] 
Graphene oxide/carboxymethyl cellulose 3 5 - 4.58 4.53 0.0027 [90] 
Amino-alkylphosphonic functionalized PGMA 4.5 240 0.411 0.736 0.776 9.59 [99] 
Biochar/alginate beads 5 1440 9.81 0.763 0.753 42.0 [84] 
Glutenin extract-clay 5.5 60 0.36 * 10− 5 0.361 0.517 11.5 [116] 
Amino-based grafted-SiO2 5.8 1080 - 0.83 1.12 0.16 [117] 
Bentonite 4 30 - 0.25 0.246 83.4 [118] 
Mono-AP 4.5 90 0.066 1.28 1.47 7.27 This work 
Bis-AP 4.5 90 0.150 1.41 1.55 10.2 This work 

n.d.; not documented; Units: time, min; qm: mmol Nd g-1, bL: L mmol-1. *Unit: K1 (in min-1)/OR K2 (in g mmol-1 min-1).

Table 3 
Thermodynamic parameters for Nd(III) sorption on Mono-AP and Bis-AP 
sorbents.  



further developments of conditioned sorbents with practical target. 
Herein, a simple and rapid column experiment (This test is merely a 

preliminary investigation and will be considered in future work) was 
conducted to assess the practical applications in treating aqueous ef
fluents. For the preparation of a free-standing column involves the use of 
a one-milliliter (1 mL) syringe. 0.25 g of each sorbent powder was well- 
mixed with 0.5 g of sand (size fraction below 125 µm) to enhance the 
porosity in a one-milliliter syringe (1 mL, internal diameter (Ø: 
4.606 mm)) to get sample column for a small test for dynamic adsorp
tion experiments. Notably, glass wool is placed at the bottom of the 
syringe to prevent sorbent and sand from escaping the column. Under a 
set of conditions (C0: 0.711 mmol L− 1, pH0: 4.0, Temperature: 25 
± 1 ◦C, and flow rate 40 mL h− 1) for 300 mL Nd(III) solution. This 
experiment resulted in an approximately 99.7% removal efficiency for 
both sorbents. This rapid test provides meaningful and effective results 
for real-world applications. 

3.4. Metal recovery from ore leachate 

3.4.1. Pre-treatment of real industrial solution 
Table S9 displays the monazite ore concentrate composition: the 

total fraction of REE-oxides represents up to 76%. The concentrate 
acidic leaching produces a pregnant liquor solution (PLS) containing a 
wide variety of REEs. In terms of mass fraction, cerium is the predom
inant REE (29.5%), together with neodymium (15.2%) and lanthanum 
(14.1%). Light REEs (LREEs), which includes also Pr(III) (9.1%), Pm(III) 
and Sm(III) (6.7%) represent about 75%. Among heavy REEs (HREEs), 
the most important elements are Y(III) (8.0%), Gd(III) (7.2%), and Dy 
(III) (6.1%). The PLS was diluted and precipitated at pH 5.8–6 using
alkali/ammonia solution. This pre-treatment leads to partial precipita
tion of Ce(III), which is present at high concentration in the leachate.
During this operation, substantial amounts of REEs are lost: from
15–17% for Gd(III) and Y(III), to 53–61% for Ce(III), Yb(III), and Lu(III).
Neodymium loss does not exceed 12%. In PPLS, the major elements are
Ce(III) (20.5%), Nd(III) (19.2%), and Y(III) (15.5%).

3.4.2. Recovery of Nd(III) from pre-treated leachate 
In Table S9, the residual concentrations (after sorption step) are 

compared for Mono-AP and Bis-AP. The trends are similar for the two 
sorbents, Bis-AP recovers the REEs with little higher efficiency than the 
mono-functionalized material. Apparently, the most significant differ
ences between the two sorbents are registered for LREEs; hence, the 
differential effect of the functionalization is negligible for HREEs. This 
table also shows that the efficiency of Bis-AP decreases according the 
series: Nd> >La> > Pr> >Ce>Eu>Yb> >Lu> >Gd~Sm>Dy≈Y. With 
the exception of Sm(III), the sorbents fixed better LREEs than HREEs, 
under selected experimental conditions. The semi-quantitative EDX 
investigation for the adsorbents collected following the PPLS treatment 
before and after calcination (Table S10) affirmed these results. This 
overall observation motivates a deeper study of the selectivity proper
ties. Fig. 7 illustrates different representations through the comparison 
of sorption capacities, distribution ratio and SCmetal/Nd, which is defined 
as: 

Sorbent Mono-AP Bis-AP 

Operation SE (%)  DE (%)  SE (%)  DE (%)  
Cycle Aver. St. Dev. Aver. St. Dev. Aver. St. Dev. Aver. St. Dev. 

1 100.00 0.00 97.88 0.31 100.00 0.00 98.48 0.18 
2 96.92 0.13 97.70 0.10 97.94 0.56 97.67 0.40 
3 95.82 0.49 96.99 0.21 96.89 0.41 96.95 0.19 
4 94.87 0.80 96.56 0.50 95.53 0.08 96.18 0.14 
5 93.06 1.20 95.25 0.54 94.57 0.02 95.20 0.11 
6 92.51 0.34 93.55 0.16 93.58 0.14 94.08 0.03 
6th vs. 1st -7.49 -4.33 -6.42 -4.401

mechanisms suggests using acidic solutions for Nd(III) elution. Hydro-
chloric acid solution of moderate concentration (i.e., 0.2 M) was 
selected for evaluating the possibility to reuse the sorbent for six suc-
cessive cycles. Table 5 demonstrates that throughout the materials 
recycling, sorption and desorption efficacies gradually and lightly 
decline. The variability in performances is comparable for the two sor-
bents: at the sixth cycle, the sorption loss represents 7.5% and 6.4% for 
Mono-AP and Bis-AP, respectively. The stability of the sorbent is little 
better when the material is bis-functionalized. The differences are 
insignificant in terms of desorption. These results are confirmed by the 
weak evolution of the FTIR (see Section 3.1.2.) while the sorbent is 
reused. In the case of alginate-silica sorbent, the sorbent loss about 20% 
of its sorption efficiency at the first recycling, while the sorption levels 
are weakly affected for the next six cycles [97]: this was explained by a 
change in the conformation of the biopolymer under acidic conditions 
(alteration of the structure driven by the egg-box model with Ca(II) in 
sorbent synthesis). For extractant-impregnated magnetic alginate beads, 
Zhang et al. reported a continuous loss in sorption and desorption effi-
ciencies at recycling [96]; the loss reaches at the third cycle ≈ 10% and 
≈ 5%, respectively. This was explained by the incomplete desorption 
that contributes to decrease the amount of available functional moieties. 
For expanded vermiculite, the sorption efficiency was remarkably stable 
for five cycles; despite large variations in the desorption yield (especially 
during the first cycles; variability explained by the release of other 
remaining ions) [102]. The Mono-AP and Bis-AP interest in for recov-
ering REEs such as neodymium from aqueous solutions is confirmed by 
the good stability of these sorbents with regard to sorption and 
desorption efficiencies. Based on the experimental conditions (respec-
tive volumes of sorption phase and eluent phase), the concentration 
effect is limited to 2:1; for practical applications this would require 
investigating more deeply the Vsorption/Vdesorption criterion. 

3.3. Nd(III) dynamic studies 

The essential factor for the practicality of a potential sorbent in 
sorption processes lies in its capacity to function effectively within a 
continuous system (i.e., columns method). However, the particle size is 
not compatible for practical application in fixed-bed columns, due to 
particle size so thin that filled column would be associated with 
blockage, head loss pressure. Based on the current conditioning of the 
sorbent (as microparticles) the study in fixed-bed reactor would only be 
possible in shallow bed reactor (which are poorly representative of 
practical application) [103], or with fluidized bed reactor [104]. For 
practical application two possibilities are opened: (a) combining the 
polymer with magnetic core (for facilitating practical solid/liquid sep-
aration after sorption step) for application in batch reactor, or (b) 
agglomerating (granulating)/encapsulating the microparticles (at the 
expense of probable kinetic limitations due to resistance to diffusion) for 
fixed-bed application. This work is thus more oriented toward the 
interpretation of the effect of synthesis conditions (molar ratio of pre-
cursors) and optimization of sorption properties (in relation with the 
structure of the sorbents). The evaluation of synthesis conditions and the 
demonstration of the merits of optimized sorbent open the way to 

Table 5 
Performances of sorption and desorption for 6 successive cycles of re-use.  



SCMetal/Nd =
DMetal

DNd
=

qeq,Metal × Ceq,Nd

Ceq,Metal × qeq,Nd
(8) 

SCNd/Nd = 1 is taken as reference; the lower the coefficient, the 
stronger the Nd(III) sorbent selectivity rather than co-ions. 

qeq up to 0.66 mmol Nd g− 1 for Bis-AP (little higher than for Mono- 
AP; (0.58 mmol Nd g− 1)) (Fig. 7a). The accumulative sorption capacity 
of Bis-AP and Mono-AP rises to 1.40 and 1.30 mmol Nd g− 1, respec
tively; the sorbents are not specific to neodymium. However, the sor
bents have marked preference for LREEs: the cumulative sorption 
capacity of the REEs the most efficiently sorbed (i.e., Nd, La, Ce, and Pr) 
represent 95–96% of total sorption. The distribution ratio reflects the 
concentration effect of the sorbents for target metals (Fig. 7b): D values 
are systematically larger for Bis-AP than for Mono-AP. The highest dis
tribution ratio is systematically found for Nd(III) (for Bis-AP and Mono- 
AP at 1.3 and 1.06 L g− 1, respectively), following the order (among 
LREEs): Nd>La>Pr>Ce (to be opposed to the concentration scale in the 
PPLS: Ce≈Nd>La>Pr): there is a complete inversion regarding the 
concentrating effect of Ce. The comparison of the SCMetal/Nd values 

confirm these trends and also that Bis-AP is relatively less selective for 
Nd(II) (and others LREEs) than Mono-AP (Fig. 7c). The higher density of 
reactive groups opens more active sites for the binding of other metals 
ions; in addition, HREEs are characterized by smaller ionic sizes (ref
erences), which allows these REEs to better accommodate the geometry 
of reactive groups in the modified sorbent. 

How correlating the differences in sorption performances with the 
physicochemical specific properties of REEs? Fig. S8 shows the disper
sion of the distribution ratio of REEs (bubble size proportional to D) in 
the plot frame Rp vs. χ (solution-phase electronegativity, [105]) for the 
two sorbents. Though the distribution ratios cannot be linearly corre
lated to these parameters, the sorbents show marked preference for the 
metal ions having both low χ values (i.e., <3.2), and high Rp values (i.e., 
>1.1). In addition, the Bis-AP appears less selective for these preferred
LREEs against members of HREEs such as Eu, Lu and Yb (as shown by
larger size of corresponding bubbles). In the case of phosphite skeleton
loaded on covalent organic polymers, Ravi et al. reported the preference
ranking for selected REEs: La < Ce < Nd < Eu [106], which was
correlated with the their decreasing ionic radius (linked to higher co
ordination). For the precipitation of REEs using alkyl substituted ami
nobisphosphonates, Virtanen et al. observed a higher efficiency for the
precipitation of HREEs compared with LREEs when using
alkyl-substituted aminobisphosphonates [79]. They reported that the
most favorable separation factor (between adjacent REEs) were ob
tained for HREEs. These trends are clearly opposed to the conclusions
raised for sorption onto Mono-AP and Bis-AP. In Fig. S9, the distribution
ratios are plotted against the softness parameters [85], the Shannon
ionic radius of hydrated REEs [107], and the enthalpy of hydration
[105], for the two sorbents. It is not possible designing a clear (linear)
correlation between the recovery of individual metals (D ratio, in PPLS
multicomponent solutions) and these specific physicochemical param
eters. These panels clearly demonstrate that: (a) distribution ratio
cannot be readily correlated with these properties (despite the prefer
ence for LREEs), and (b) sorbents show clear preference for neodymium
against other REEs.

Two indices have been designed for qualifying the metals according 
their covalent and/or ionic behavior [39]: 

Covalent Index(CI) : CI = X2 × rH (9a)  

Ionic index(II) : II =
Z2

rH
(9b)  

Where rH the ionic radius of hydrated species, X is the Pauling electro
negativity and Z the formal charge of the metal ion (here +3). Fig. S10 
confirms that the LREEs are preferentially adsorbed on the sorbents, 
especially Nd>La>Ce>Pr; these elements are characterized by low 
values of Ionic Index. The sorption capacity tends to decrease with 
increasing the II for LREEs with the remarkable exception of neodymi
um. On the opposite hand, the plot of q vs. CI does not show significant 
correlation. The CI is not a good “marker” for anticipating the sorption 
of the REEs on Mono-AP and Bis-AP. 

To evaluate the relative benefit of the bis-functionalization, a mod
ulation factor (β) can be calculated as: 

β = 100 ×

(
D(Bis − AP)

D(Mono − AP)
− 1

)

(10) 

This parameter allows showing that Bis-AP increases the extraction 
of Nd(III) (compared with Mono-AP) according the series (Fig. S11): 

Gd> >Eu> >Pr> >Lu> >Yb> >Nd≈Ce≈Sm≈La, meaning that the 
sorption of LREEs is less promoted by the increased amino
phosphonation (also explaining the lower selectivity). Furthermore, the 
sorption of yttrium has been decreased, and that of dysprosium event 
more. 

Fig. 7. Recovery of REEs from pre-treated ore leachate using Mono-AP and Bis- 
AP – Comparison of sorption capacities (a), distribution ratio (b), and selectivity 
coefficients SCmetal/Nd (SCNd/Nd as reference) (c) (SD: 0.5 g L− 1; v- 200 rpm; 
Time: 1 h). 



4. Conclusions

The one-pot reaction of trimethylphosphite, p-phthalaldehyde and
thiocarbazide allowed synthesizing efficient sorbents for uranyl sorption 
(playing with different molar ratio between reagents). The current work 
shows the remarkably efficient neodymium recovery from aqueous so
lutions at moderate pH (around pH 5). The increase in amino
phosphonate content (doubling thiocarbazide and trimethylphosphite 
molar ratio) slightly increases (by ≈10%) the maximum Nd(III) 
adsorption capacity. uptake kinetics is also slightly enhanced, as is the 
ability of the material to be recycled (during six consecutive cycles of 
sorption and desorption). Applied to the recovery of REEs from complex 
solution (a pretreated pregnant liquor solution issued from acid leachate 
of monazite concentrate), the sorption capacities have been enhanced by 
the increased amount of active functional moieties. The sorbents show a 
preferential sorption of light REEs (specifically, for Nd, La, Ce, and Pr, 
which are naturally more present in the leachate) against heavy REEs. 
This can be correlated to two major criteria: the ionic radius and the 
ionic index. It is noteworthy that increasing the density of amino
phosphonic groups has an adverse effect on the selectivity (increase in 
the binding of HREEs). Among LREEs, neodymium shows an 
outstanding affinity for these sorbents that cannot be correlated with the 
intrinsic physicochemical properties (i.e., softness, ionic radius of hy
drated species, etc.). 

Spectral methods (i.e., FTIR and XPS) show a diversity of functional 
moieties are involved in Nd(III) sorption of Nd(III (which reflects the 
structure of the sorbent that bears thiocarbonyl, amino, and phosphonic 
groups). These reactive groups that belong to different groups In 
accordance HSAB theory may explain the sorption of Nd(III) through 
different mechanisms (such as chelation and ion exchange based on the 
pH (reactive groups deprotonation and speciation effects). A remarkable 
stability of the two sorbents has been shown by the sorbents analysis 
after several adsorption and sorption cycles (reflected by the stability of 
sorption and desorption efficiencies). 

The aminophosphonic adsorbents are highly effective in neodymium 
removal (even in complex solutions); however, the comparison of Bis-AP 
and Mono-AP shows that the performance slightly improve by 
increasing the amount of aminophosphonic moieties but probably not 
enough to justify the doubling of reagents in the synthesis path. 
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[44] H. Fernández-Pérez, P. Etayo, A. Panossian, A. Vidal-Ferran, 
Phosphine− phosphinite and phosphine− phosphite ligands: preparation and 
applications in asymmetric catalysis, Chem. Rev. 111 (2011) 2119–2176. 

[45] S. Kuang, Z. Zhang, Y. Li, G. Wu, H. Wei, W. Liao, Selective extraction and 
separation of Ce(IV) from thorium and trivalent rare earths in sulfate medium by 
an alpha-aminophosphonate extractant, Hydrometallurgy 167 (2017) 107–114. 

[46] S. Kuang, W. Liao, Progress in the extraction and separation of rare earths and 
related metals with novel extractants: A review, Sci. China Technol. Sci. 61 
(2018) 1319–1328. 

[47] S.D. Alexandratos, X. Zhu, M. Florent, R. Sellin, Polymer-supported bifunctional 
amidoximes for the sorption of uranium from seawater, Ind. Eng. Chem. Res. 55 
(2016) 4208–4216. 

[48] J. Muller, B. Prelot, J. Zajac, S. Monge, Synthesis and study of sorption properties 
of polyvinyl alcohol (PVA)-based hybrid materials, React. Funct. Polym. 144 
(2019). 

[49] Y. Zhou, Y. Gao, H. Wang, M. Xia, Q. Yue, Z. Xue, J. Zhu, J. Yu, W. Yin, Versatile 
3D reduced graphene oxide/poly(amino-phosphonic acid) aerogel derived from 
waste acrylic fibers as an efficient adsorbent for water purification, Sci. Total 
Environ. 776 (2021) 145973. 

[50] S. Iftekhar, V. Srivastava, M. Sillanpaa, Synthesis and application of LDH 
intercalated cellulose nanocomposite for separation of rare earth elements 
(REEs), Chem. Eng. J. 309 (2017) 130–139. 

[51] E.A. Imam, I. El-Tantawy El-Sayed, M.G. Mahfouz, A.A. Tolba, T. Akashi, A. 
A. Galhoum, E. Guibal, Synthesis of α-aminophosphonate functionalized chitosan 
sorbents: effect of methyl vs phenyl group on uranium sorption, Chem. Eng. J. 
352 (2018) 1022–1034. 

[52] R.R. Neiber, A.A. Galhoum, I. El-Tantawy El Sayed, E. Guibal, J. Xin, X. Lu, 
Selective lead (II) sorption using aminophosphonate-based sorbents: effect of 
amine linker, characterization and sorption performance, Chem. Eng. J. 442 
(2022) 136300. 

[53] M.M. Rashad, I.E. El-Sayed, A.A. Galhoum, M.M. Abdeen, H.I. Mira, E.A. Elshehy, 
S. Zhang, X. Lu, J. Xin, E. Guibal, Synthesis of α-aminophosphonate based 
sorbents – Influence of inserted groups (carboxylic vs. amine) on uranyl sorption, 
Chem. Eng. J. 421 (2021) 127830. 

[54] E.A. Imam, A.I. Hashem, A.A. Tolba, M.G. Mahfouz, I.E.-T. El-Sayed, A.I. El- 
Tantawy, A.A. Galhoum, E. Guibal, Effect of mono- vs. bi-functionality of 
aminophosphonate derivatives on the enhancement of U(VI) sorption: 
physicochemical properties and sorption performance, J. Environ. Chem. Eng. 11 
(2023) 109951. 

[55] O. Falyouna, O. Eljamal, I. Maamoun, A. Tahara, Y. Sugihara, Magnetic zeolite 
synthesis for efficient removal of cesium in a lab-scale continuous treatment 
system, J. Colloid Interface Sci. 571 (2020) 66–79. 

[56] A.M. Abdel-Rehim, An innovative method for processing Egyptian monazite, 
Hydrometallurgy 67 (2002) 9–17. 

[57] A. Sroor, Passive and active measurements of Egyptian monazite samples, Appl. 
Radiat. Isot. 58 (2003) 281–285. 

[58] O.A. Desouky, A.M. Daher, Y.K. Abdel-Monem, A.A. Galhoum, Liquid-liquid 
extraction of yttrium using primene-JMT from acidic sulfate solutions, 
Hydrometallurgy 96 (2009) 313–317. 

[59] C.K. Gupta, N. Krishnamurthy, Extractive Metallurgy of Rare Earths, CRC Press, 
Boca Raton (FL), USA, 2005, 2005. 

[60] C. Morais, J. Benedetto, V. Ciminelli, Recovery of cerium by oxidation/hydrolysis 
with KMnO4–Na2CO3, in: C.A. Young, A.M. Alfantazani, C.G. Anderson, D. 
B. Dreisinger, B. Harris, A. James (Eds.), Hydrometallurgy 2003 - Fifth 
International Conference in Honor of professor Ian Ritchie, TMS, The Minerals, 
Metals & Materials Society, 2003, pp. 1773–1782. 

[61] S. Omwoma Lugasi, New Synthetic pathways for thiocarbohydrazide and 
salicylaldehyde azine compounds, Asian J. Chem. Sci. 3 (2017) 1–8. 

[62] D.P. Singh, R. Kumar, V. Malik, P. Tyagi, Template synthesis, spectroscopic 
studies and biological activities of macrocyclic complexes derived from 
thiocarbohydrazide and glyoxal, J. Enzym. Inhib. Med. Chem. 22 (2007) 
177–182. 

[63] J.R. Mohrig, C.N. Hammond, P.F. Schatz, Infrared spectroscopy” in techniques in 
organic chemistry., 2006. 

[64] B.C. Smith, Organic nitrogen compounds II: primary amines, Spectroscopy 34 
(2019) 22–25. 

[65] L.F. Zhang, G. Liu, Y.G. Wang, J. Shen, R.F. Li, J.K. Du, Z.F. Yang, Q.B. Xu, 
Modification of coal tar pitch with p-phthalaldehyde to reduce toxic PAH content, 
Energy Sources Part A 38 (2016) 737–743. 

[66] A.M. Borreguero, M.M. Velencoso, J.F. Rodríguez, Á. Serrano, M.J. Carrero, M. 
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