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ab s t r ac t
New adsorbent materials using different doping methods were obtained. Magnesium silicate was 
doped with environmentally friendly extractants like sodium β-glycerophosphate, tetraethylammo-
nium bromide, and thiourea. The methods used were the dry method, the ultrasound unconven-
tional method, and a new method, the pellicular vacuum solvent vaporization. The doped materials 
were characterized by Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy 
(SEM), energy dispersive X-ray analysis (EDX), and determination of the specific surface area (BET). 
The usefulness of these materials and their performances were studied on the adsorption of rare earth 
elements Eu(III), Nd(III), and La(III). The best adsorption capacity of 16 mg/g was obtained for Eu(III) 
on magnesium silicate doped with thiourea. Nonlinear regression analysis of adsorption data was 
made employing Langmuir, Freundlich and Sips models.
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1. Introduction

Numerous studies highlight that rare earth elements 
(REEs) are being used in high technology applications [1]. 
This includes catalyst, glassmaking, lighting and metallurgy, 
battery alloys, ceramics, and permanent magnets [2]. REEs 
are found in earth’s crust with many reserves in about 34 
countries [1]. It is also known that REEs can be used as fertil-
izers in agriculture [3] and as reagents in magnetic resonance 
imaging (MRI), in the medical field [4].

REEs can be removed from wastewater through tradi-
tional methods such as precipitation with chemical reagents, 

ion exchange [1], liquid-liquid extraction [3], biosorption [5], 
and adsorption [6]. Some methods such as alkaline precipita-
tion have disadvantages like low efficiency, high consumption 
of chemical reagents, and high costs. Adsorption is known as 
an advanced method for treatment of wastewater with REEs, 
featuring a number of advantages, namely: high efficiency, 
high adsorption capacity, the possibility of regeneration and 
use of adsorbents in multiple adsorption-desorption cycles, 
and selectivity for rare metals [6].

It is known that magnesium silicate possesses adsorption 
properties. Various studies revealed it in adsorption of 
dyes [7], phenols [8], and metals [9].

In order to improve the adsorption properties of inor-
ganic supports, doping with various functional groups 
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containing nitrogen, phosphorus and sulfur is employed. 
In the literature are described various doping methods like 
co-precipitation [10], dry method [11], and unconventional 
methods such as the use of ultrasounds [12].

In the present work, magnesium silicate has been doped 
with groups containing nitrogen in the form of tetraeth-
ylammonium bromide, phosphorus in the form of sodium 
β-glycerophosphate, and groups with sulfur and nitrogen in 
the form of thiourea. These extractants are considered green, 
being environmentally friendly [13]. From the literature, it 
is known that quaternary ammonium salts are used in two-
phase system for the extraction of metals [14–16]. Compounds 
with phosphorus in the form of sodium β-glycerophosphate 
have applications especially in the medical field [17–22], and 
compounds with sulfur as thiourea are mainly used in metal 
extraction such as gold, copper, and rhodium [23–25].

The goals of this study were the removal of REEs Eu(III), 
La(III), and Nd(III) from aqueous solutions by adsorption on 
magnesium silicate doped with extractants containing N, P 
and S, and to compare the performance of the obtained new 
adsorbent materials. For this purpose, the influence of the 
doping method as well as the nature of the dissolving solvent 
and the nature of the extractant on the adsorption capacity 
of the obtained materials were studied. The novelty of this 
paper consists in the use of the above-mentioned extractants 
for doping magnesium silicate, not mentioned before in lit-
erature for this use. The methods used for doping were the 
well-known dry method, an unconventional method using 
ultrasounds, and a novel method, the pellicular vacuum 
vaporization of solvent.

2. Materials and methods

2.1. Materials

Magnesium silicate purchased as Florisil (0.150–0.250 mm) 
(Merck, Darmstadt, Germany) was used as inorganic support.

The following extractants were used (Table 1): tetraeth-
ylammonium bromide (99%, Merck, Darmstadt, Germany), 

sodium β-glycerophosphate (99%, Merck, Darmstadt, 
Germany), thiourea (98%, Merck, Darmstadt, Germany). To 
dissolve the extractant, several solvents were used: absolute 
ethanol (99.2%, SC PAM Corporation SRL, Romania), ace-
tone (100%, VWR Prolabo Chemicals, France), toluene (VWR 
Prolabo Chemicals, France), n-hexane (Merck, Darmstadt, 
Germany). REEs solutions of 1,000 mg/L concentration were 
used: lanthanum standard for AAS (Analytical Fluka, Sigma-
Aldrich. co. LLC St. Louis, MO, USA); europium standard 
for AAS (VWR Prolabo Chemicals, Belgium); neodymium 
standard for AAS (VWR Prolabo Chemicals, Belgium). To 
prepare solutions of different concentrations, distilled water 
was used.

The support material was doped using different methods. 
For doping using ultrasounds, an ultrasonic bath SONOREX 
SUPER 10 P Bandelin was employed. The doping by pellic-
ular vacuum solvent vaporization was performed using a 
Heidolph rotary evaporator. The drying of the samples was 
carried out in an NITECH oven.

REEs adsorption on the doped materials was performed 
using a Julabo SW 23 shaker at 200 rot/min. REEs were ana-
lyzed by inductively coupled plasma-mass spectroscopy 
using an ICP-MS Bruker aurora M90 instrument.

2.2. Preparation of the doped materials

The doping of magnesium silicate was accomplished 
through the dry classical method, the unconventional 
method using ultrasounds, and a new method, the pellicular 
vacuum solvent vaporization. The same amounts of reagents 
were used in all methods. Amounts of 0.05–0.2 g extractant 
were dissolved in 25 mL solvent and mixed with 5 g magne-
sium silicate.

Doping the material by the dry method [11,26–28] con-
sists in keeping in contact the extractant dissolved in the 
solvent with the solid support for 24 h at ambient tempera-
ture (298 K). The suspension obtained was kept 24 h in an 
oven at 323 K, to evaporate the solvent and to dry the doped 
material.

Table 1
Materials used for the preparation of the doped sorbents

Support Extractant Abbreviation Chemical structure
Magnesium silicate Sodium glycerophosphate β-Na-β-Gly-P

Tetraethylammonium bromide TEABr

Thiourea Thi
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For the method using ultrasounds, contact between sup-
port and dissolved extractant was 10 min in an ultrasonic 
bath with 35 Hz frequency at 298 K. The suspensions were 
then treated as for the dry method.

Doping the material by pellicular vacuum solvent vapor-
ization was carried out as follows: extractant dissolved in sol-
vent was mixed with the solid support for 10 min in a rotary 
evaporator at 323 K and atmospheric pressure, and then the 
solvent was evaporated at 323 K at a pressure of 2 Pa.

2.3. Characterization of the doped material

The doped materials were characterized by Fourier 
transform infrared spectroscopy (FTIR) in KBr using a 
Shimadzu Prestige-21 FTIR spectrophotometer in the range 
4,000–400 cm–1, by scanning electron microscopy (SEM) and 
energy dispersive X-ray spectroscopy (EDX) using an FEI 
Quanta FEG 250 instrument, and by specific surface area 
measurements (BET) using a Quantachrome NOVA 1200E 
instrument. In the present work, we present only the results 
for the materials obtained by pellicular solvent vaporiza-
tion, using ethyl alcohol as solvent and a 0.2:5 g extractant: 
support ratio.

2.4. REEs batch adsorption studies

The influence of several parameters on the adsorption 
of REEs was studied in batch experiments: the nature of the 
solvent used to dissolve the extractant (ethyl alcohol, ace-
tone, n-hexane, toluene); the extractant: solid support ratio 

(0.05, 0.1, and 0.2 g extractant: 5 g magnesium silicate), the 
nature of the extractant (Na-β-Gly-P, TEABr, and Thi), the 
method used to dope the support, and the initial concentra-
tion of the REEs (10, 50, 100, 150, and 200 mg/L).

For this purpose, samples of 0.1 g doped materials were 
weighed and were mixed with 25 mL REEs solution (Eu(III), 
Nd(III), La(III)). The contact time was 1 h, at 298 K, after 
which the samples were filtered and the residual concentra-
tion of REEs was determined by inductively coupled plas-
ma-mass spectroscopy.

3. Results and discussion

3.1. Characterization of the doped materials

3.1.1. SEM and EDX analysis

To prove the presence of the functional groups after dop-
ing magnesium silicate with the extractants (Na-β-Gly-P, 
TEABr, and Thi), X-ray energy dispersive spectroscopy was 
performed, as shown in Fig. 1.

The EDX spectra of the obtained doped materials reveal 
the presence of specific peaks for each extractant used. 
Besides peaks of magnesium silicate (O, Mg, Si), in Fig. 1(a) 
the N and Br peaks characteristic for the extractant TEABr 
are present. The same situation is seen in Figs. 1(b) and (c) 
were the peaks of Na and P appears, characteristic for the 
extractant Na-β-Gly-P and respectively, the peaks of N and S, 
characteristic for the extractant Thi.

Fig. 2 presents the surface morphology of magnesium sil-
icate after doping. In contrast to the image of the support [26], 

Fig. 1. EDX spectra of the materials obtained by doping magnesium silicate with different extractants: (a) TEABr; (b) Na-β-Gly-P;  
(c) Thi.

   

Fig. 2. Surface morphology of the materials obtained by doping magnesium silicate with different extractants: (a) TEABr; 
(b) Na-β-Gly-P; (c) Thi.

(a) (b) (c)
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SEM images recorded after functionalization show white 
spots that confirm the presence of the extractants clusters on 
the surface of the support. Compared to the other extractants, 
Thi appears to be better dispersed on the support surface.

3.1.2. Fourier transform infrared spectroscopy

The FT-IR spectrum of commercial magnesium silicate 
(Figs. 3(a), 4(a), 5(a)) shows a broad band at ~3,400 cm–1 
assigned to O-H bond stretching vibrations. The large and 
intense 1,070 cm–1 band with a weak shoulder at 1,230 cm–1 
and the band at 673 cm–1 are characteristic for stretching 
vibrations of Si-O bonds. The band from 800 cm–1 is assigned 
to bending vibrations of the Si-O-Si bonds. The vibration 
around ~1,640 cm–1 represents d(O-H) vibrations in H2O [29].

The FTIR spectrum of tetraethylammonium bromide 
(Fig.  3(b)) has two weak bands at 3,420 and at 1,634 cm–1 
assigned to O-H bond stretching and bending vibrations in 
H2O (moisture), and a strong band at 2,984 cm–1 correspond-
ing to the stretching vibration of the aliphatic C-H bond. The 
bands at 1,490, 1,443, 1,404, 1,373 (shoulder), and 1,336 (shoul-
der) cm–1 are characteristic for bending of CH2 and CH3 ali-
phatic groups. The bands at 1,176, 1,055, and 1,005 cm–1 may 
be assigned to the stretching of C-N bond in amines, and the 
bands at 899 and 793 cm–1 to the rock of CH3 and CH2 groups.

The FTIR spectrum profile of MgO3Si + C8H20N+Br– 
(Fig. 3(c)) shows that the bands of the components overlap. 
Some of the stronger characteristic bands of TEABr are still 
visible as weak bands at 2,997 and 1,487 cm–1. The other 
extractant bands are overlapped by the support bands.

Thiourea shows wide bands in the IR spectrum (Fig. 4(b)) 
due to the C=S and C-N bonds, and NH2 groups. The bands in 
the range 3,400–3,100 cm–1 correspond to antisymmetric and 
symmetric N-H stretching vibrations. The band at 1,616 cm–1 
corresponds to δ(NH2) vibration. The band at 1,471 cm–1 is 
assigned to asymmetric stretching of C-N bond. The bands 
of thiourea at 1,412 and 731 cm–1 correspond to the antisym-
metric and symmetric C-S stretching vibrations. The band at 
1,082 cm–1 is associated to ns(C-N). Other frequencies may be 
assigned as: 630 cm–1 t(NH2), 496 cm–1 δs(S-C-N), and 453 cm–1 
δs(N-C-N) [30].

The spectrum of magnesium silicate doped with thiourea 
(Fig. 4(c)) shows the bands characteristic to the support, 
which overlap in most cases the bands of the extractant. 
Some of the most intense bands of thiourea are still visible, 
but they are very weak: 3,198, 1,406, and 735 cm–1.

The FTIR spectrum of sodium β-glycerophosphate 
(Fig.  5(b)) shows characteristic vibrations of glycerine: 
O-H stretching at 3,200–3,400 cm–1, C-H stretching at 2,950 
and 2,874 cm–1, C-O stretching at 1,130 cm–1, CH2 bend at 
1,477 cm–1, O-H in-plane bending at 1,350 cm–1, and O-H out-
of-plane bending at 770 cm–1. Other bands may be assigned 
to: 1,680 cm–1 (O-H) bending in H2O, 1,080 cm–1 P=O bond, 
974 cm–1 P-O-R group [31,32]. The band at 528 cm–1 may be 
assigned to phosphate n4 stretching and the bands in the 
region 1,200–800 cm–1 to n4 stretching [22].

The IR spectrum of the mixture MgO3Si + sodium β-glyc-
erophosphate (Fig. 5(c)) illustrates a visible overlapping of 
the absorption bands of the two components. The broad 
band around 3,300 cm–1 for O-H bond stretching and the 

Fig. 3. FTIR spectra of the (a) solid support magnesium silicate, 
(b) TEABr extractant, and (c) doped material.

Fig. 4. FTIR spectra of the (a) solid support magnesium silicate, 
(b) Thi extractant, and (c) doped material.
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one at 1,678 cm–1 for O-H bending in H2O are also present 
in the both spectra of the single components. In the range 
1,550–400 cm–1 the bands are overlapped. Some of the bands 
of sodium β-glycerophosphate are still visible, but they are 
very weak or are shoulders of broader, more intense bands: 
2,950, 1,470, 987, and 526 cm–1.

3.1.3. BET measurements

Using BET measurements, one can obtain data that give 
information about pore size distribution, surface area and 
total pore volume. Before measurements, all samples were 
degassed in vacuum for 5 h at room temperature. The pres-
ence of the hysteresis loop for support and the doped materi-
als indicates a type IV isotherm (Fig. 6). According to IUPAC, 
this hysteresis is of type H3, which indicates slit shape pores 
or plate like particles [33]. Other information from hysteresis 
is that in H3 case, the sample does not have a limit of adsorp-
tion near 1 P/Po.

The results obtained for the doped samples are 
close (Table 2) and the values for all parameters are 
smaller than those of the support MgSiO3: surface area 
230.15 m2/g, average pore diameter 3.441 nm, total pore 
volume 0.4374 cm3/g [26]. The surface area of the sup-
port determined with BET (Brunauer-Emmett-Teller) 
method decreased after doping from ~230 to ~190 m2/g. 
The smallest specific surface area was obtained for the 
material doped with Thi, which seems better dispersed 
on the support surface (Fig. 2). The total pore volume also 
decreased from ~0.44 to ~0.39 cm3/g.

The shape of the isotherms did not change after doping, 
which suggests that the structure was maintained. This is also 
confirmed by the pore size distribution. Inset in Fig. 6 presents 
the pore size distribution calculated using the BJH (Barrett-
Joyner-Halenda) method. It can be observed that for all sam-
ples the distribution is narrow, which leads us to suppose that 
the porosity is ordered and did not change after doping. The 
average pore size of all samples was around 3.4 nm.

The decrease of the specific surface area and the total 
pores volume, with maintaining of structure and pore size 
distribution, suggests that the extractants were attached to 
the surface of the support and entered into the largest pores, 
the smallest ones being only partially blocked.

3.2. REEs adsorption on the doped materials

3.2.1. Influence of extractant nature, solvent nature, 
extractant: support ratio, and doping method on the 
adsorption performance of the obtained materials

Data regarding the maximum adsorption capacity of the 
doped materials toward REEs depending on the extractant 
nature and solvent, as well as the extractant (g): support (g) 
(E:S) ratio for the doping methods used are listed in 
Tables 3–5.

The equilibrium adsorption capacity qe (mg/g) was 
calculated using Eq. (1):

q C C V
me =
−( )o e 	 (1)

Fig. 5. FTIR spectra of the (a) solid support magnesium silicate, 
(b) Na-β-Gly-P extractant, and (c) doped material.

Fig. 6. Nitrogen adsorption-desorption isotherms and pore size 
distribution of the support and the doped materials.

Table 2
The surface area, pore diameter and total pores volume of the 
doped materials

Doped material Surface 
area,
m2/g

Average pore 
diameter,  
nm

Total pore 
volume, 
cm3/g

MgSiO3+Na-β-Gly-P 193.52 3.439 0.3813
MgSiO3+TEABr 193.72 3.436 0.3921
MgSiO3+Thi 190.03 3.425 0.3891
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Table 3
Maximum adsorption capacities reached after doping by the dry method

Extractant Maximum adsorption capacity, qm (mg/g)
Solvents Ethyl alcohol Acetone n-hexane Toluene
E:S ratio 0.05:5 0.1:5 0.2:5 0.05:5 0.1:5 0.2:5 0.05:5 0.1:5 0.2:5 0.05:5 0.1:5 0.2:5
Metal ion

Na-β-Gly-P Eu(III) 10.96 11.03 11.05 10.25 10.23 10.33 10.18 10.21 10.21 9.97 10.12 10.08
Nd(III) 10.42 10.40 10.45 10.40 10.41 10.41 10.38 10.40 10.39 10.36 10.39 10.40
La(III) 11.39 11.43 11.49 10.50 10.46 10.63 10.31 10.32 10.30 9.93 9.59 9.85

TEABr Eu(III) 10.19 10.19 10.21 10.11 10.13 10.14 10.07 10.09 10.10 9.97 10.00 10.02
Nd(III) 10.31 10.34 10.36 10.26 10.29 10.32 10.20 10.22 10.24 10.15 10.17 10.19
La(III) 12.22 12.46 12.41 11.13 11.14 11.19 9.91 10.16 10.25 8.97 9.00 9.01

Thi Eu(III) 10.21 10.23 10.25 10.18 10.20 10.22 10.07 10.09 10.11 9.95 9.97 9.99
Nd(III) 10.45 10.47 10.50 10.41 10.43 10.45 10.33 10.36 10.39 10.25 10.27 10.30
La(III) 10.46 10.48 10.47 10.20 10.21 10.23 10.21 10.20 10.25 9.99 9.99 9.74

Table 4
Maximum adsorption capacities reached after doping using ultrasounds

Extractant Maximum adsorption capacity, qm (mg/g)
Solvents Ethyl alcohol Acetone n-hexane Toluene
E:S ratio 0.05:5 0.1:5 0.2:5 0.05:5 0.1:5 0.2:5 0.05:5 0.1:5 0.2:5 0.05:5 0.1:5 0.2:5
Metal ion

Na-β-Gly-P Eu(III) 2.85 2.87 2.91 2.78 2.79 2.81 2.73 2.74 2.76 2.63 2.65 2.67
Nd(III) 5.18 5.19 5.21 5.12 5.14 5.16 5.06 5.09 5.11 4.95 4.99 5.03
La(III) 4.46 4.49 4.51 4.39 4.40 4.41 4.32 4.34 4.35 4.23 4.25 4.27

TEABr Eu(III) 5.21 5.23 5.25 4.96 4.98 5.01 4.82 4.84 4.86 4.74 4.75 4.76
Nd(III) 6.79 6.81 6.83 6.72 6.74 6.76 6.59 6.62 6.64 6.49 6.51 6.53
La(III) 9.64 9.68 9.70 9.57 9.58 9.60 9.49 9.51 9.53 9.35 9.37 9.39

Thi Eu(III) 4.18 4.22 4.24 4.13 4.14 4.15 4.07 4.05 4.07 4.00 4.01 4.02
Nd(III) 5.46 5.48 5.50 5.42 5.44 5.47 5.35 5.37 5.39 5.28 5.30 5.32
La(III) 7.31 7.34 7.35 7.23 7.25 7.28 7.14 7.16 7.18 7.10 7.11 7.13

Table 5
Maximum adsorption capacities reached after doping by pellicular vacuum solvent vaporization

Extractant Maximum adsorption capacity, qm (mg/g)
Solvents Ethyl alcohol Acetone n-hexane Toluene
E:S ratio 0.05:5 0.1:5 0.2:5 0.05:5 0.1:5 0.2:5 0.05:5 0.1:5 0.2:5 0.05:5 0.1:5 0.2:5
Metal ion

Na-β-Gly-P Eu(III) 13.53 13.56 13.58 13.49 13.50 13.51 13.32 13.36 13.36 13.33 13.33 13.34
Nd(III) 11.41 11.46 11.50 11.28 11.30 11.32 11.19 11.21 11.23 11.10 11.09 11.11
La(III) 10.64 10.68 10.69 10.59 10.62 10.64 10.57 10.58 10.60 10.50 10.52 10.53

TEABr Eu(III) 15.58 15.60 15.62 15.48 15.50 15.52 15.37 15.38 15.40 15.24 15.26 15.28
Nd(III) 13.12 13.14 13.16 13.09 13.12 13.15 13.05 13.05 13.08 13.00 13.02 13.04
La(III) 10.64 10.68 10.69 10.60 10.61 10.63 10.49 10.50 10.53 10.41 10.44 10.45

Thi Eu(III) 16.14 16.16 16.18 16.08 16.10 16.12 16.00 16.03 16.06 15.89 15.91 15.93
Nd(III) 14.45 14.48 14.50 14.38 14.41 14.43 14.34 14.36 14.39 14.27 14.25 14.29
La(III) 11.45 11.51 11.53 11.32 11.34 11.37 11.25 11.27 11.30 11.20 11.22 11.24
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where Co and Ce (mg/L) are the initial concentration of REEs 
solution, and the concentration at equilibrium, V (L) is the 
volume of the solution, and m (g) is the amount of adsorbent 
material.

From the data, we concluded that regardless of the nature 
of the extractant and doping method, the largest adsorption 
capacity was reached when ethyl alcohol was used as a sol-
vent for the extractant. In most cases, the increase of the 
extractant: support ratio from 0.05:5 to 0.2:5 led to an insig-
nificant increase of adsorption capacity.

In the case of doping by the dry method, the adsorp-
tion capacity was between 10 and 12 mg/g. When using 
ultrasounds for doping, the adsorption capacity varied 
between 2 and 7 mg/g. When using the pellicular vacuum 
solvent vaporization for doping, the adsorption capacity 
was between 11 and 16 mg/g, this being the most efficient 
doping method.

However, we should mention that for lanthanum, the 
best results were obtained by doping with TEABr by the dry 
method (12.5 mg/g, Table 3). Adsorption capacities obtained 
for lanthanum in this study, using dry method and pellicu-
lar vacuum solvent vaporization, for all extractants dissolved 
in ethyl alcohol, were higher than those obtained previously 
(9.13 mg/g) using as extractant tetrabutylammonium dihy-
drogen phosphate dissolved in ethyl alcohol and the dry 
method [26].

3.2.2. Adsorption isotherms

An adsorption isotherm describes the amount of com-
ponent adsorbed on the adsorbent surface vs. the adsorbate 
amount in the fluid phase at equilibrium. The equilibrium 
adsorption capacity qe (mg/g) was calculated using Eq. (1). 
REEs adsorption isotherms of the materials doped using the 
pellicular vacuum solvent vaporization and the extractant 
dissolved in ethyl alcohol (extractant: support ratio 0.1:5 g) 
are shown in Fig. 7.

It can be observed that with increasing initial concentra-
tion of the metal solution, the adsorption capacity increases 
reaching the maximum adsorption capacity qm for equilib-
rium concentrations above 60 mg/L. Among the studied 
metals, Eu(III) has been best adsorbed by the doped mate-
rials, yielding an adsorption capacity of 13.56 mg/g for the 
magnesium silicate doped with Na-β-Gly-P, 15.60 mg/g in 
the case of doping with TEABr and 16.16 mg/g in the case of 
doping with Thi. The lowest values were obtained for La(III) 
(10.68 mg/g) when using Na-β-Gly-P and TEABr as extract-
ants and a higher value was obtained when using the extract-
ant Thi (11.51 mg/g). Best adsorption capacities of all REEs 
studied metals were obtained in the case of doping the solid 
support, magnesium silicate, with thiourea.

3.2.3. Modeling of adsorption isotherms

In this paper, the experimental data were analyzed by 
Langmuir, Freundlich, and Sips (Langmuir-Freundlich) 
adsorption isotherm models.

The Langmuir model is the most commonly used and is 
based on the assumption that the adsorption takes place only 
until a monomolecular layer of adsorbate forms, all positions 
are energy equivalent and the surface is uniform, while the 

ability of a molecule to adsorb at a given position is indepen-
dent of the occupying adjacent positions. Langmuir isotherm 
nonlinear expression is given by Eq. (2) [34]:

q q K C
K Ce

L L e

L e

=
+1

	 (2)

Fig. 7. Adsorption isotherms of REEs on magnesium silicate 
doped by pellicular vacuum solvent vaporization (a) Na-β-
Gly-P; (b) TEABr; (c) Thi.
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where qe is the equilibrium adsorption capacity (mg/g), Ce is 
the equilibrium concentration of REEs in solution (mg/L), KL 
is Langmuir constant and qL is Langmuir maximum adsorp-
tion capacity (mg/g).

Another often-used isotherm is Freundlich isotherm, 
which describes the adsorbent surface as heterogeneous, and 
assumes that the distribution of adsorption heat is uneven 
and the process occurs as multilayer adsorption due to the 
unlimited reaction sites available. Freundlich isotherm non-
linear expression is given by Eq. (3) [35]:

q K C n
e F e

F= 1/ 	 (3)

where KF and nF are the characteristic constants that can be 
related to the relative adsorption capacity of the adsorbent 
and the intensity of adsorption.

Sips isotherm is derived from Langmuir and Freundlich 
isotherm models. At low concentrations of adsorbate, it 
reduces to Freundlich isotherm, and at high concentrations, 
it predicts a monomolecular adsorption characteristic to the 
Langmuir isotherm. Sips isotherm nonlinear expression is 
given by Eq. (4) [36]:
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/
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where qs is the maximum absorption capacity (mg/g), Ks is a 
constant related to the adsorption capacity of the adsorbent 
and ns is the heterogeneity factor.

Nonlinear regression analysis was applied to determine 
the parameters of the Langmuir, Freundlich and Sips 
isotherms and the regression coefficients R2 found in 
Tables 6–8 (the highest values of the regression coefficients 
are in bold). The parameters were used to calculate the 
Langmuir, Freundlich and Sips plots shown in Figs. 8–10 for 
each metal ion sorbed on the different adsorbent materials 
obtained.

The parameter values 1/nF < 1 and 1/nS < 1 indicate a high 
affinity of the adsorbents for REEs, a favorable adsorption 
and a convex isotherm for all REEs on all obtained materials, 
occupying first the highest energy positions then followed by 
those with less energy [37]. The values of the heterogeneity 
factors 1/nF and 1/nS are between 0.17 and 0.43. Their large 
deviation from 1 indicates that the surface of the obtained 
adsorbent material is highly heterogeneous. This is also seen 
in SEM images of the doped materials (Fig. 2), which show 
clusters of extractants on the surface of the support.

Data in Tables 6–8 show that for Nd(III) and La(III) 
adsorption, regardless of the extractant used for doping, and 
for Eu(III) adsorption onto magnesium silicate doped with 
Na-β-Gly-P, Langmuir isotherm has the lowest correlation 
coefficient R2, suggesting that this model gives the lowest 
fit of the adsorption data. Freundlich and Sips models have 
higher and close values for the correlation coefficient R2. This 
suggests that these isotherm models fit better the experimen-
tal data. In most cases, when the heterogeneity factor 1/nS is 
higher, the Sips model gives a better fit than the Freundlich 
model. For Eu(III) adsorption onto magnesium silicate doped 
with TEABr and Thi, Langmuir model has the highest R2 
value and therefore better fits the experimental data. For 

Table 6
Isotherm parameters for Eu(III) adsorption onto the doped 
materials

Parameter Na-β-Gly-P TEABr Thi
Experimental values

qm,exp (mg/g) 13.56 15.60 16.16
Isotherm model

Langmuir qL (mg/g) 14.99 17.91 17.44
KL (L/mg) 0.109 0.0809 0.178
R2 0.8973 0.8936 0.9322

Freundlich KF (mg/g) 5.307 5.606 6.907
1/nF 0.205 0.224 0.192
R2 0.9156 0.8878 0.9073

Sips qs (mg/g) 20.93 29.90 21.64
Ks 0.312 0.207 0.430
1/ns 0.385 0.363 0.434
R2 0.9135 0.8508 0.9308

Table 7
Isotherm parameters for Nd(III) adsorption onto the doped 
materials

Parameter Na-β-Gly-P TEABr Thi
Experimental values

qm,exp (mg/g) 11.46 13.14 14.48
Isotherm model

Langmuir qL (mg/g) 12.32 14.59 15.26
KL (L/mg) 0.143 0.103 0.242
R2 0.8658 0.8798 0.9273

Freundlich KF (mg/g) 5.101 5.114 6.598
1/nF 0.176 0.206 0.176
R2 0.9476 0.9526 0.9219

Sips qs (mg/g) 17.46 24.79 18.31
Ks 0.420 0.267 0.565
1/ns 0.326 0.312 0.423
R2 0.9577 0.9504 0.9677

Table 8
Isotherm parameters for La(III) adsorption onto the doped 
materials

Parameter Na-β-Gly-P TEABr Thi
Experimental values

qm,exp (mg/g) 10.64 10.64 11.51
Isotherm model

Langmuir qL (mg/g) 12.11 11.56 12.83
KL (L/mg) 0.0737 0.122 0.0916
R2 0.8218 0.8454 0.8506

Freundlich KF (mg/g) 4.263 4.503 4.851
1/nF 0.194 0.186 0.185
R2 0.9289 0.9451 0.9364

Sips qs (mg/g) 33.38 16.59 27.46
Ks 0.145 0.367 0.214
1/ns 0.248 0.340 0.259
R2 0.8979 0.9519 0.9139
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Eu(III) adsorption onto magnesium silicate doped with Thi, 
Sips model has a R2 value close to that of Langmuir isotherm, 
and the highest value of the heterogeneity factor 1/nS (0.434), 
suggesting that in this case the adsorption mechanism is clos-
est to the monolayer adsorption.

The maximum adsorption capacities of the REEs studied 
metals reached using the thiourea doped magnesium silicate 

were between 0.08 and 0.1 mol/kg. These values are close 
to other data reported in literature such as: 0.08 mol/kg for 
Nd(III) [38]. There were also reported higher capacities: 0.35 
[39] and 1.18 mol/kg [40] for La(III), and 0.40 mol/kg for Nd(III) 
[39], but one should take into account that we obtained envi-
ronmentally friendly adsorbents using a facile and non-pol-
lutant method, and a very small extractant: support ratio.

Fig. 8. Isotherm models for REEs adsorption onto magnesium 
silicate doped with Na-β-Gly-P (a) Eu(III), (b) Nd(III), (c) La(III).

Fig. 9. Isotherm models for REEs adsorption onto magnesium 
silicate doped with TEABr (a) Eu(III), (b) Nd(III), (c) La(III).
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4. Conclusions

Magnesium silicate was doped with different environ-
mentally friendly extractants (sodium β-glycerophosphate, 
tetraethylammonium bromide, and thiourea) through differ-
ent methods: dry method, a method using ultrasounds, and 
the pellicular vacuum solvent vaporization. The doped mate-
rials were characterized by FTIR, SEM and EDX demonstrat-
ing the successful doping of the solid support. Of the three 

doping methods, the pellicular vacuum solvent vaporization 
presented several advantages. Stirring time and drying time 
were significantly shorter, and the adsorption capacities of 
the materials obtained by this method were higher compared 
to the dry method and the method using ultrasounds. The 
obtained materials were used in order to remove some REEs 
(Eu(III), Nd(III), La(III)) from aqueous solutions. Best results 
were obtained when ethyl alcohol was used as solvent for 
the extractants, compared to using acetone, toluene, and 
n-hexane. The highest adsorption capacities were obtained 
for magnesium silicate doped with thiourea: 16.2 mg/g for 
Eu(III), 14.5 mg/g for Nd(III), and 11.5 mg/g for La(III). Our 
results show that these new obtained materials are efficient 
adsorbents and have potential applications in technologies 
for REEs recovery and for wastewater treatment.
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