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Abstract: This paper presents the sorption properties of a new adsorbent material prepared by impregnat-
ing Amberlite XAD 7 polymer with sodium β-glycerophosphate. For impregnation, the pellicular vacuum 
solvent vaporization method was employed. The functionalization was evidenced by energy dispersive X-ray 
analysis. The usefulness of this material and its performances were studied for the adsorption of the rare 
earth element La(III) in batch experiments. The influence of various parameters affecting the adsorption of 
lanthanum like contact time, initial concentration, pH value, and temperature was studied. The kinetic of 
the adsorption process was best described by the pseudo-second-order model. Sips isotherm was found to 
be the best fit of the equilibrium data. The maximum adsorption capacity of the functionalized material was 
of 33.8 mg La(III)/g. The values of thermodynamic parameters (ΔGo, ΔHo, ΔSo) showed that the adsorption 
process was endothermic and spontaneous. The results proved that Amberlite XAD 7 functionalized with 
sodium β-glycerophosphate is an efficient adsorbent for the removal of La(III) ions from aqueous solutions. 
Quantum chemistry was performed using Spartan software.
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Introduction
Rare earth elements, including lanthanum, are found in the earth’s crust and finding them where they can 
lead to an economic gain is a challenge. China is considered the country with the largest amount of exploited 
lanthanum (95 %) [1].

Lanthanum can deliver long-term toxic effects on humans due to accumulation, causing cancer by inha-
lation. Lanthanum can also be gradually accumulated in soil and groundwater presenting negative effects 
on humans and animals.

Due to the presence of lanthanum in household equipment such as color TV sets, fluorescent lamps, 
energy saving lamps and bottles, in industries such as manufacturing of optical glass, catalysts, polish glass, 
but also in the pharmaceutical industry in form of lanthanum carbonate, lanthanum has to be removed or 
recovered through different methods [2, 3].

Due to the increased demand of lanthanum separation, several physical-chemical methods such as 
extraction, ion exchange, co-precipitation and adsorption were developed [4–6]. One of the most convenient 
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methods of separating lanthanum is adsorption using different types of materials such as activated carbon 
[7], functionalized magnesium silicate [5], zeolite, commercial resins of Amberlite type [8], etc.

A new generation of Amberlite (XAD) resins used in general for the removal of metal ions, is studied due 
to their high porosity and to improved adsorbent properties obtained through functionalization with active 
groups (containing nitrogen, phosphorus or sulfur) [9]. Solvent-impregnated resins (SIRs) are known as 
selective materials for recovering metal ions from aqueous solutions [9–14]. In the present work, magnesium 
silicate was functionalized with groups containing phosphorus in the form of sodium β-glycerophosphate. 
Sodium β-glycerophosphate is considered green, being environmentally friendly, and has applications espe-
cially in the medical field [15].

The goal of this study was to evaluate the adsorptive performance of XAD7 functionalized with 
β-glycerophosphate, for the removal of lanthanum from aqueous solutions. Several parameters affecting the 
adsorption of lanthanum (contact time, initial concentration, pH value, temperature) were studied in batch 
experiments. Quantum calculations were performed using Spartan software in order to evaluate the HOMO, 
LUMO energy, and also the band gap. These parameters can be used in order to explain the possible interac-
tion between the adsorbent and adsorbed species [16].

Materials and methods

Functionalization and characterization of the solid support

Amberlite XAD 7 copolymer resin (Rohm and Hass Co., size 0.5–0.7 mm, surface area 380 m2/g) was used as 
solid support. Amberlite XAD 7 was functionalized with sodium β-glycerophosphate by pellicular vacuum 
solvent vaporization, using a Heidolph rotary evaporator. 0.5 g sodium β-glycerophosphate was dissolved in 
25 mL absolute ethanol (99.2 %, SC PAM Corporation SRL, Romania) and mixed with 5 g of solid support in a 
rotary evaporator, for 10 min, at atmospheric pressure. After that, the evaporation of the solvent occurred at 
323 K and a pressure of 2 Pa.

After the functionalized material was obtained, the presence of the extractant on the surface of the 
support was evidenced by energy dispersive X-ray analysis (EDX) using a Quanta FEG 250 instrument.

The pH value corresponding to the point of zero charge (pHpzc) of the functionalized material was deter-
mined using the batch equilibration technique [17, 18]. 0.1 g material was mixed with 25 mL of 0.01 M NaCl 
solutions with pH values in the range 2–12 (pHi). pHi was adjusted with 0.1 M NaOH or HNO3 solutions. The 
suspensions were shaken for 1 h at 200 rot/min and 298 K, using a Julabo SW23 mechanical shaker bath. 
After that, the solid material was separated by filtration and the pHf of the solutions was determined. For pH 
measurements, a CRISON MultiMeter MM41 was used.

Adsorption experiments

Adsorption experiments were carried out studying different parameters like: pH, contact time, temperature, 
and initial concentration of La(III). In order to study the influence of the contact time and temperature on the 
adsorption process, samples of 0.1 g functionalized material were mixed with 25 mL of 50 mg/L lanthanum 
solution for 15, 30, 45, and 60 min. This experiment was carried out at temperatures of 298 K, 308 K, and 318 K.

For studying the influence of the initial metal solution, amounts 0.1 g of material were shaken for 40 min 
and 298 K with 25 mL metal solution with following concentrations: 10, 50, 100, 150, 200, and 300 mg/L.

The influence of pH value on adsorption efficiency was studied and 298 K using samples of 0.1 g material, 
in 50 mg/L solutions with pH ranging from 2 to 6. The suspensions were shaken for 1 h.

Lanthanum solutions of different concentrations were obtained by appropriate dilution from a 1 g/L stock 
solution. The stock solution was prepared by dissolving the adequate amount of LaCl3·7H2O in distilled water.
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The samples were shaken at 200 rot/min. All suspensions were filtered; the filtrate was analyzed by 
inductively coupled plasma mass spectrometry using an ICP-MS Bruker aurora M90 to determine the residual 
concentration of lanthanum.

Results and discussion

Characterization of the functionalized material

Figure 1 presents the EDX spectrum of the solid support Amberlite XAD 7 functionalized with sodium 
β-glycerophosphate and the chemical structure of the extractant. Specific peaks of the solid support as well 
as of the extractant used are visible. The presence of Na and P peaks suggest a successful functionalization 
of the solid support.

For the determination of pHpzc, the values of the final pH (pHf) were plotted against the values of the 
corresponding initial pH (pHi) (Fig. 2). pHpzc represents the ordinate of the plateau [17, 18]. For any pHi value 

Fig. 1: (a) EDX spectrum of the functionalized material; (b) Chemical structure of sodium β-glycerophosphate.

Fig. 2: pHf versus pHi plot for functionalized material and influence of pH on adsorption efficiency.
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in this range (4–10), the material has buffering capacity and the value of pHf is about the same, representing 
the pHpzc (~ 8). This value of pHpzc suggests that on the obtained functionalized material both anionic and 
cationic species can be adsorbed.

Adsorption of La(III) on the functionalized XAD 7

Influence of pH on adsorption efficiency

Figure 2 reveals that pH of the solution has a marked effect on lanthanum adsorption efficiency calculated 
using the following equation:
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where C0 is the L (III) initial concentration (mg/L) and Ce is the concentration at equilibrium (mg/L).
To avoid the precipitation of lanthanum as La(OH)3, the maximum value employed for initial pH of the 

solution was 6. For pH values under pHpzc, the surface of the material will be positively charged due to protons 
adsorbed, favoring the adsorption of anionic species. For pH values above pHpzc, the surface will be negatively 
charged due to adsorption of OH− ions from solution, and therefore the adsorption of cationic species will be 
favored.

The efficiency of lanthanum adsorption was maximum (~ 85 %) at pHi = 6. As pHi decreased, the posi-
tive charge of the adsorbent surface increased and therefore adsorption efficiency decreased abruptly due to 
electrostatic repulsion. Further experiments were carried out at pH 5–6.

Influence of initial concentration of the lanthanum solution

Figure 3 presents the influence of the initial concentration of the La(III) solution on adsorption capacity. With 
increase of the initial metal concentration, the adsorption capacity increased until reaching a constant value 
of about 34 mg/g for initial concentrations above 200 mg/L.

The equilibrium adsorption capacity was calculated using eq. 2:

Fig. 3: Influence of the initial metal concentration on the adsorption of La(III) on the functionalized material.



A. Gabor et al.: Sorption properties of Amberlite XAD 7      1147

	
0( )e

e

C C V
q

m
−

=
�

(2)

where C0 and Ce have the same meaning as above, V is the volume of the solution (L), and m is the amount of 
adsorbent material (g).

Kinetic studies and activation energy

Figure 4 presents the influence of contact time on the adsorption of La(III) onto Amberlite XAD 7 functional-
ized with sodium β-glycerophosphate. The adsorption capacity increased fast within the first 30 min, after 
which no significant changes appeared. The adsorption capacity had a slight increase with rising the tem-
perature, suggesting that the adsorption process is endothermic in nature.

The experimental data were fitted with the Lagergren pseudo-first order kinetic model [19] and the Ho 
and McKay pseudo-second-order model [20] given in eqs. (3) and (4), respectively:
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where qe is the adsorption capacity at equilibrium (mg/g) and qt is the adsorption capacity at time t, t is the 
contact time (min), k1 is the pseudo-first-order rate constant (1/min) and k2 the pseudo-second-order rate 
constant (g/mg·min).

For the pseudo-first order model, the linear plot ln(qe – qt) against t was drawn (Fig. 5). From the slope 
and intercept, the rate constant k1 and the equilibrium adsorption capacity qe, calc were calculated. The linear 
plot t/qt against t was drawn for the pseudo-second model (Fig. 6) and the rate constant k2 and the equilib-
rium adsorption capacity qe, calc were be determined from the intercept and slope. The kinetic parameters 
calculated for the two kinetic models and the correlation coefficients R2 are presented in Table 1.

Analyzing the obtained results of the two kinetic models, one can conclude that the pseudo-second order 
model describes better the experimental data, based on the higher correlation coefficient and the smaller dif-
ference between the experimental and calculated equilibrium adsorption capacity.

Fig. 4: Influence of contact time on the adsorption of La(III) on the functionalized material.
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Fig. 5: Pseudo-first order plots for the adsorption of La(III) on the functionalized XAD7.

Fig. 6: Pseudo-second order plots for the adsorption of La(III) on the functionalized XAD7.

Table 1: Kinetic parameters for the adsorption of La(III) on the functionalized material.

Temperature (K) qe, exp (mg/g) k1 (1/min) qe, calc (mg/g) R2

Pseudo-first order
298 10.56 0.130 19.68 0.8634
308 10.65 0.127 18.77 0.8589
318 10.76 0.128 18.65 0.8502

k2 (g/mg·min)

Pseudo-second order
298 10.56 5.54·10− 3 13.38 0.9596
308 10.65 5.74·10− 3 13.39 0.9621
318 10.76 5.84·10− 3 13.46 0.9638
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For the adsorption of La(III) on Amberlite XAD 7 functionalized with sodium β-glycerophosphate, the 
activation energy Ea (kJ/mol) was calculated using the Arrhenius equation eq. (5) and the rate constant k2 
calculated from the pseudo-second order kinetic model.

	
= −2ln ln aEk A

RT �
(5)

where k2 is the rate constant (g/min·mg), A is the Arrhenius constant (g·min/mg), E is the activation energy 
(kJ/mol), R the ideal gas constant (8.314 J/mol·K), and T is the absolute temperature (K).

By plotting ln k2 against 1/T (Fig. 7) the activation energy can be calculated. A value of 2.08 kJ/mol was 
obtained, which suggests a physisorption of the lanthanum ions on the functionalized material. The positive 
value of Ea also shows that the adsorption process is endothermic in nature [21].

Thermodynamic studies

To establish if the adsorption of La(III) on the functionalized material is spontaneous, the value of free Gibbs 
energy was calculated using the Gibbs–Helmholtz eq. 6:

	 o o oG H T S∆ ∆ ∆= − � (6)

where ΔSo is the standard entropy change and ΔHo is the standard enthalpy change.
Using the van’t Hoff equation (eq. 7) and the linear plot of lnKd against 1/T (Fig. 8), the standard enthalpy 

change ΔHo and the standard entropy change ΔSo can be calculated.
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where T is the absolute temperature (K) and R the ideal gas constant.
The ration between the equilibrium adsorption capacity and the equilibrium concentration represents 

the equilibrium constant Kd (eq. 8):

	
d

e

e

q
K

C
=

�
(8)

Fig. 7: Arrhenius plot of the adsorption of La(III) on the functionalized material.
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The standard enthalpy change ΔHo and the standard entropy change ΔSo were be calculated from the inter-
cept and slope of the linear plot of ln Kd against 1/T (Fig. 8). Table 2 summarizes the calculated thermody-
namic parameters.

The negative values obtained for the free Gibbs energy suggest that the adsorption of La(III) on the 
functionalized material is spontaneous. By increasing the temperature, the free Gibbs energy becomes 
more negative suggesting that the adsorption is more favorable at higher temperature. The positive value 
of ΔHo confirms the endothermic nature of the process, suggested by the slight increase of equilibrium 
adsorption capacity (qe) and pseudo second order rate constant (k2) with increasing temperature. The 
value of ΔHo in the range 2.1–20.9 kJ/mol suggests physical adsorption. The standard entropy change ΔSo 
has a positive value, suggesting that the adsorption determines a higher randomness at the solution/solid 
interface. However, the value of ΔSo is very low, indicating that no remarkable changes in entropy occur 
[21, 22].

Equilibrium studies

The adsorption isotherm of La(III) onto XAD 7 functionalized with sodium β-glycerophosphate is pre-
sented in Fig. 9. It can be observed that as the initial concentration of La(III) increased, the adsorption 
capacity increased up to an equilibrium concentration of about 34 mg/g (qm, exp). This value is larger than 
that reported previously for La(III) adsorption onto magnesium silicate functionalized with tetrabutylam-
monium dihydrogen phosphate (~ 9 mg/g) [5] and onto Amberlite XAD-4 impregnated with Aliquat-336  
(~ 4.7 mg/g) [8].

The experimental data were fitted to three non-linear adsorption isotherm models: Langmuir, Freundlich 
and Sips.

Fig. 8: Plot of ln Kd vs. 1/T.

Table 2: Thermodynamic parameters for the adsorption of La(III) on the functionalized material.

ΔHo (kJ/mol)   ΔSo (J/mol·K)  
 

ΔGo (kJ/mol)   R2

298 K   308 K   318 K

4.27   17.3   − 0.89   − 1.06   − 1.24   0.9727
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Equation 9 expresses the non-linear Langmuir isotherm [23]:
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where qe is the equilibrium adsorption capacity (mg/g), Ce is the equilibrium concentration of metal ions 
in the solution (mg/L), qL the Langmuir maximum adsorption capacity (mg/g), and KL is the Langmuir 
constant.

The Freundlich non-linear isotherm is written as in eq. 10 [24]:
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where qe is the equilibrium adsorption capacity (mg/g), Ce is the equilibrium concentration of metal ions in 
the solution (mg/L), KF and nF are characteristic constants.

The Sips non-linear isotherm is written as in eq. 11 [25]:
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where qS (mg/g) is the maximum adsorption capacity, KS is a constant related to the adsorption capacity of the 
adsorbent, nS is the heterogeneity factor.

Langmuir isotherm presumes that the adsorption of the adsorbate takes place as a monolayer on the 
homogeneous surface of the adsorbent, the activation energy for the adsorption is uniform for all adsorbed 
molecules, and all adsorption sites are equal. Freundlich isotherm presumes that the surface of the adsorbent 
is heterogeneous, the distribution of adsorption heat is non-uniform and the adsorption can take place as 
multilayer. Sips isotherm is a combination of the Langmuir and Freundlich isotherms, at low concentrations 
of the adsorbate having the characteristics of the Freundlich isotherm, and at high concentrations the char-
acteristics of Langmuir isotherm.

Table 3 shows the adsorption parameters for the three isotherm models used to describe the adsorption 
process of La(III) on Amberlite XAD 7 functionalized with sodium β-glycerophosphate. The determined iso-
therm parameters were used to calculate the Freundlich, Langmuir and Sips plots presented in Fig. 9.

According to the obtained parameters, the non-linear Sips adsorption model represents the best fit of the 
experimental data. This model has the highest value of the correlation coefficient, and calculated maximum 
adsorption capacity (qs) closer to the experimental value (qm, exp).

Fig. 9: Adsorption isotherm of the adsorption of La(III) on the functionalized material.
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The values smaller than 1 calculated for the parameters 1/nF and 1/nS indicate favorable adsorption and 
convex isotherm for La(III) on the functionalized material. The values of the heterogeneity factors 1/nF and 
1/nS are between 0.2 and 0.4. Their large deviation from 1 indicates that the surface of the obtained adsorbent 
material is highly heterogeneous [5, 26].

Computational calculation
Quantum calculation involved in present study were performed by using the DFT method with B3LYP func-
tional set and 6-311 G (d, p) basis set using Spartan 14 software [27].

HOMO and LUMO energy calculation is the most important parameter used into the quantum chemistry 
calculation [16], because these orbital are taking place into the chemical stability [28]. Highest occupied 
molecular orbital (HOMO) is associated with molecule affinity to donate electrons, hence the lowest unoc-
cupied molecular orbital (LUMO) can be associated with the molecule ability to accept electrons [28–30], and 
the energy gap between these two orbital is related with molecular chemical stability [31, 32]. When a mol-
ecule have a small energy gap is easier polarized, which is related with a high chemical reactivity, because 
they easily offer electrons to acceptor molecules [16, 32]. Another parameter which characterizes the molecu-
lar charge distribution is represented by the dipole moment. In same time, molecule dipole moment is used 
to describe the charge movement across the studied molecule [28].

Highest occupied molecular orbital and also the lowest unoccupied molecular orbital determined for 
β-glycerolphosphate are shown in Fig. 10.

According to B3LYP/6-311 G (d, p) calculation, HOMO energy, LUMO energy and also the energy band 
gap are:

HOMO energy 0.23 eV
LUMO energy 1.21 eV
Band gap (HUMO energy –LUMO energy) 1.44 eV

= −
=

= −

Lower energy gap is related with the charge transfer who can take place within the organic molecule 
[29–33]. A molecule with a small energy gap is highly polarizable and is generally associated with a high 
chemical reactivity [32], explaining in this way the interaction with La (III) ions.

Conclusions
This paper presents an investigation on the sorption properties of a new developed adsorbent material. 
Amberlite XAD 7 polymer was functionalized with sodium β-glycerophosphate by pellicular vacuum solvent 

Table 3: Parameters of isotherm model for the adsorption of La(III) on the functionalized material.

Langmuir isotherm
qm, exp (mg/g) KL (L/mg) qL (mg/g) R2

33.8 0.0477 41.8 0.7216

Freundlich isotherm
KF (mg/g) 1/nF R2

6.52 0.349 0.5231

Sips isotherm
KS qS (mg/g) 1/nS R2

2.38·10− 5 33.2 0.241 0.9866
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vaporization method. The presence of sodium β-glycerophosphate on the functionalized material was proved 
by EDX. The point of zero charge of the material was determined as pHpzc ~ 8. The influence of various param-
eters affecting the adsorption of lanthanum like contact time, initial concentration, pH value, and tempera-
ture was studied in batch experiments. Kinetic studies showed that the optimum contact time between La(III) 
solution and the functionalized material was of 30 min. The data were modeled using the pseudo-first-order 
and the pseudo-second-order kinetic models. The kinetics of the adsorption process was best described by 
the pseudo-second-order model. The positive value of activation energy (2.08 kJ/mol) suggested that the 
adsorption process was endothermic and the mechanism was physisorption. Non-linear regression analysis 
of the equilibrium data was performed using Freundlich, Langmuir and Sips isotherm models. Sips isotherm 
was found to be the best fit of the equilibrium data. The maximum adsorption capacity of the functional-
ized material was of 33.8 mg La(III)/g. The values of thermodynamic parameters (ΔGo, ΔHo, ΔSo) were calcu-
lated and showed that the adsorption process was endothermic and spontaneous. The results showed that 
Amberlite XAD 7 functionalized with sodium β-glycerophosphate is an effective adsorbent for the removal of 
La(III) ions from aqueous solutions. Quantum chemistry was performed using Spartan Software. Based on 
that were estimated the HOMO, LUMO and band gap energy.
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