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.Abstract 

The recovery of two rare earth metal ions (REs) [Y3+ and La3+, belonging to heavy and light REs, 

respectively] was studied using functionalized poly(glycidylmethacrylate) adsorbent (F-PGMA) modified with 

polyaminophosphonic acid moieties. By using CHNP/O, BET, SEM, pH-titration, XRD, XPS, and FTIR analysis 

techniques, the structure of the synthesized adsorbent was clarified. The adsorption properties toward Y3+ and 

La3+ were compared and the interaction behaviors were explained with XPS and FTIR analysis. The saturation 

adsorption capacities (in mmol.g-1) have the following order: La3+ (0.795) > Y3+ (0.744) at optimal pH0 5.0. The 

adsorption was endothermic with fast kinetics (180/240 min) and the adsorption half-time (t1/2) 16.2 and 29.3 min 

for La3+ and Y3+, respectively. Langmuir and pseudo-second-order equations (PSO) fit well experimental data. 

Also, the possible complexes structures were explained. According to the adsorption test in bi-system solution, 

KSC(La3+/Y3+) was about 1.7. Desorption and adsorbent recycling were successfully achieved using HNO3 

solution (0.5 M). The F-PGMA shows high durability over six cycles with desorption efficiency >93% and >95% 

for La3+ and Y3+, respectively. The adsorption process was described quantitatively using novel three-dimensional 

(3D) nonlinear mathematical model. The advanced theoretical studies were achieved by the MATLAB software, 

utilizing a variety of models. The data were then fitted using a successive approximations approach with many 

trails. The Floatotherm included Van't Hoff parameters model was revels the endothermic and spontaneous 

behaviors of the adsorption process. Vermeulen model of the binary system indicates that, the adsorption process 

was achieved with a synergism behavior and the Y element exhibited more competition than La. 

Keywords: Poly(glycidylmethacrylate), Multifunctionalization, Polyaminophosphonic groups, Lanthanum and 

yttrium, Nonlinear modeling,   Vermeulen binary system model 

 

1. Introduction 

Due to science and technology progression, the 

capability of rare earth elements (REs) which called 

"industrial gold" has been actively investigated in a 

variety of disciplines, and some REs are thought to 

be extremely beneficial additives in the high-tech 

industry and various fields (e.g., nuclear energy, 

photovoltaic, metallurgical industries, etc.) [1-5]. 

Many of the electronic gadgets we use on a daily 

basis and a wide range of industrial applications, 

including as automotive, electronics, aerospace, clean 

energy, and defense, all depend on REs. Because of 

their catalytic and luminous qualities, REs are also 

commonly used in high-tech and "green" products [6, 

7].  REs are a group of 17 strongly related heavy 

elements that comprise scandium, yttrium and the 

lanthanide group [2, 6]. Consequently, the separation 

and recovery of rare earths from industrial and 

mining wastewater is crucial for economic and 

technological reasons and also for the potential 

environmental threats [6, 7]. To date, numerous 

technological solutions have been utilized to cope 

with industrial wastes [1, 8]. 

More specifically, due to its high effectiveness and 

ease of operation on a wide scale, adsorption has 
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been proven to be one of the most successful methods 

for extracting and recovering REs3+ from 

wastewaters. [5-7, 9, 10]. Herein, the extremely 

reactive monomer glycidylmethacrylate (GMA), 

which has vinyl and epoxy functionalities, satisfies 

the criteria for post-polymerization and chemical-

modification [3, 4, 11]. Generally, the anchored and 

attached molecules have N–, O–, S– or P–atoms, or a 

mixture of these elements, can serve as basic centers 

for complexing cations and enabling selective 

separation [10-12]. By similarity with synthetic 

polymers/resins [11, 13], organophosphorus 

derivatives are recognized as effective metal 

complexing agents [14] and used as industrial 

chemicals in metal extraction [9], water treatment 

[11], and pollution control [4, 13]. Recently, 

computer technology development has made it easier 

to apply the nonlinear regression optimization 

method as a substitute for determining isothermal, 

kinetic, and thermodynamics parameter values [15, 

16]. Therefore, simulation suitable techniques for its 

representation and processing must be developed in 

order to handle data effectively. The importance of 

kinetics utilization for the chemical describes the 

mechanism and rate of adsorption of REs3+ (e.g., La3+ 

and Y3+) upon a specific adsorbent. Vermeulen model 

present an explicit multicomponent adsorption model 

for components; like binary or ternary system, which 

obeying whether Langmuir or/and any other isotherm 

in a mono system adsorption case. Consequently, e.g. 

Langmuir isotherm can be expanded using Taylor 

expansion series and correlated to produce the 

modified Vermeulen model [15, 17]. The purpose of 

this work is synthesis and utilizing a micron-sized 

functionalized poly(glycidylmethacrylate) adsorbent 

(F-PGMA) with polyaminophosphonic ligand for 

adsorption of two REs3+ typical for heavy REs (Y3+) 

and light REs (La3+). The physicochemical features 

are thoroughly described utilizing a variety of 

techniques. Additionally, the results of the nonlinear 

adsorption isotherm, kinetics, and thermodynamics, 

were studied and graphically simulated using 

MATLAB software. Furthermore, the type of 

reaction was determined as well as, the number of 

reactions was predicted. Finally, the competitive 

interactions and simultaneity La3+ and Y3+ adsorption 

behavior in an equimolar binary system was studied. 

2. Materials and Methods  

2.1. Adsorbent Preparation 

Prior research described the thorough synthesis 

of the parent PGMA and the subsequent 

functionalization using poly (phosphonic amine) [3, 

4, 9]. All other chemicals were obtained from 

Prolabo; they were used as received. More detailed 

information for the different materials used was 

displayed in Section A (see Supporting Information 

Section). 

 

2.1.1. PGMA Preparation 

To prepare the parent PGMA microparticles, the 

dispersion polymerization process was used [11]. 

Following the next procedure: the dispersion medium 

was made by combining 3 g of PVP K-30 with 90 

mL of a 90% ethanol/water solution in a 250 mL 

four-necked flask. Following that, 10 g of the 

monomer phase (GMA) and 0.2 g of the 2,2-

azobisisobutyronitrile (AIBN, polymerization 

initiator) were mixed together before being added to 

the dispersion medium. To eliminate the gas phase 

and dissolved oxygen, the mixture in the 

polymerization reactor was treated to 30 minutes of 

nitrogen gas bubbling. Subsequently, with 

mechanical stirring, the polymerization reaction was 

conducted at 70 °C in reflux for 24 h. Centrifugation 

was used to produce the PGMA microspheres, after 

that they had been properly washed with deionized 

water and ethanol. Afterwards, they were dried at 

room temperature under vacuum. 

 

2.1.2. PGMA Functionalization 

The polyaminophosphonic acid-functionalized 

PGMA was prepared through two sequential stages 

[4]. In the first one, the previously prepared PGMA 

microspheres (10 g) were suspended in ethanol (20 

mL) followed by addition of diethylenetriamine 

(DETA, 12 mL), then the reaction mixture was stirred 

for 18 h under reflux. The aminated PGMA was 

collected and recovered through filtration and 

repeatedly washed. In the second stage, phosphorous 

acid (5 g) was dissolved in 100 mL of HCl/water 

solution (1:1, v/v) followed by addition of the 

aminated PGMA (1 g), the mixture was then heated 

and refluxed in a 200 mL three-necked flask supplied 

with dropping funnel, thermometer and condenser. 

The formaldehyde solution (20 mL) was added drop 

wisely during 1 h and the mixture was kept under 

reflux for the next 24 h [9]. The final product of 

functionalized adsorbent (i.e., 

polyaminophosphonated-PGMA (F-PGMA)) was 

collected via filtration and extensively washed with 

ethanol and water. Finally, the sorbent was dried for 

24 h at 75 °C. The obtained F-PGMA was deeply 

characterized by XRD, FTIR, CHN, ZPC titration, 

TGA, and XPS techniques. More detailed 

information for the different characterization was 

displayed in Section A (see SIS). 

 

2.2. Metal Adsorption and Desorption 

A steady volume of aqueous solution (25 mL, 

Co: 50 mg.L−1) was added upon a functionalized 
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PGMA adsorbent mass (m: 0.01 g) to perform batch 

experiments. At room temperature (T: 25 ±1°C), the 

flasks were kept agitated for 24 h (agitation speed: 

200 rpm). Phase separation was carried out, as well 

as the residual content (Ceq, mmol.L−1) in the aqueous 

phase was calculated. Additionally, calculate the 

mass balance from the equation of metal 

concentration in the adsorbent (qeq) that equals [(Co-

Ceq)V/m], where the initial and final metal 

concentration denoted by Co and Ceq, (mg.L-1), 

respectively, as well as m(g) and V(L) are the weight 

of adsorbent and volume of aqueous metal solution, 

respectively. Meanwhile, the distribution coefficient 

Kd can be evaluated by the informatively of 

equilibrium ratio [qeq/Ceq]. The influence of several 

parameters as: pH, uptake kinetics, adsorption 

isotherms, temperature, as well as, metal desorption 

and adsorbent recycle throughout the course of six 

successive adsorption and desorption cycles were 

studied to investigate of adsorption performance. The 

standard deviation was less than 7% and the 

experiments were repeated twice. The experimental 

steps of adsorption settings were achieved (pH:5.0, 

C0: 200 mg.L-1, V/m: 50 mL/20 mg, time: 180min, T: 

25 oC). The metal analysis and mass balance 

estimation are performed before proceeding to metal 

desorption. The desorption step was completed, by 

contacting the collected adsorbent with HNO3 (25 

mL, 0.5 M) for 90 min at room temperature. The 

desorption efficiency (DE, %) (DE = CD x V(L) x 

100/qd x md) and regeneration rate (RE, %) (RE = qd 

x 100/qe); where CD (mmol.L-1) is the 

RE3+concentration in desorption solution, V(L) is the 

desorption solution volume, qd (mmol.g-1) is the 

adsorption capacity for metal loaded material before 

desorption experiment, qe (mmol.g-1) is the 

adsorption capacity at the first cycle, and md (g) is the 

amount of the adsorbent used in the desorption 

experiments. The adsorption yield after regeneration 

for six cycles was compared to the value reached for 

the first cycle. 

 

3. Results and Discussion 

3.1. Adsorbent Synthesis  

Scheme 1 depicts the synthesis of PGMA and its 

subsequent functionalization using 

polyaminophosphonic acid to produce F-PGMA. To 

open the epoxide ring, diethylenetriamine and amino 

groups are grafted after the production of parent 

PGMA (micro-particles < 75 m) using the dispersion 

polymerization technique [3, 11]. 

Methylenephosphonic groups are eventually grafted 

to produce the transitional substance via the 

interaction of phosphonic acid groups onto amine 

functions by formaldehyde. When the methylene 

phosphonic group is added to the PGMA 

macromolecule together with phosphonic acid and 

formaldehyde, one or two phosphonomethyl moiety 

for polysubstituted structure, i.e., the grafted polymer 

may have both mono- and di-substituted amines (e.g. 

Polymer –NH–CH2 –PO3H2 and/or Polymer –N(–

CH2 –PO3H2)2), may be yielded [4, 9]. In order to 

identify these reactive groups, a number of analytical 

approaches have been employed. 
 

 
Scheme 1. Synthesis of functionalized 

polyglycidylmethacrylate: F-PGMA. 

 

3.2. Adsorbent Characterization 

3.2.1. Morphology and Textural Features 

PGMA particles are depicted in a SEM picture in 

Fig. 1a. This illustration depicts large objects of 

erratic size. Assessing the distribution of particle 

sizes was made possible by the image-processing 

programme (Foxit PhantomPDF) (appearing in the 

same figure). A rough, unusual spherical form 

characterizes the particles. 52.92 ±6.61 µm is the 

estimated average particle size. The XRD patterns of 

natural and functionalized PGMA materials are 

displayed in Fig. 1b. The weak crystallinity of the 

PGMA substrate is consistent with the poorly 

resolved XRD patterns. There are different peaks 

which compatible with the XRD fingerprint of 

amorphous PGMA were appeared as: at 17.7°as a 

major peak, at 9.5-13°, 28-31°, and 40-44°; that 

characterized by weak and broad shoulders [9]. 

Although the overall structure is kept, the XRD peaks 

intensity and width display a relative reduction 

reveals that to the substitution of PGMA by 

diethylenetriamine and aminophosphonomethylation 

potentially enhances the disorder in the polymer 

structure (with detection of peaks at angles close to 

the values reported for pristine PGMA). N2 

adsorption/desorption isotherms have been used to 

investigate the textural properties of F-PGMA (Fig. 

1c). The obtained information of the chemical 

reaction obeys to Langmuir categorization criteria for 

Type II isotherms. It is remarkable that the profile 

exhibits a mesoporous hysteresis loop, which is 

extremely weak. For single point and multipoint 

analyses, respectively, the specific surface area (SBET: 

in m2.g-1) is roughly 24.96 and 50.54 m2.g-1 having 

approximately 2.52 nm as an average pore diameter. 

Furthermore, the pore volume was about 0.0438 cm3. 

STP.g-1. According to Wei et al. [16], PGMA has an 

SBET of about 29 m2.g-1; the SBET increased with the 

presence of divinylbenzene co-polymers. This order 

of magnitude is comparable with the reported values 

of SSA for PGMA. 
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Fig. 1. SEM image and particle size analysis for PGMA 

(a), XRD patterns for PGMA, TA-PGMA and F-PGMA 

materials (b), Textural analysis of F PGMA–N2 adsorption 

and desorption isotherms(c), and ZPC analysis (d). 

 

3.2.2. pH Zero-Point Charge (ZPC) 

For the purpose of calculating the ZPC of 

PGMA, TA-PGMA, and F-PGMA, the pH-drift 

approach was employed (Fig. 1d). The subsequent 

chemical alterations have a significant impact on the 

acid-based characteristics of PGMA derivatives. As 

anticipated, adding DETA to the polymer (TA-

PGMA) results in the addition of basic groups (i.e., 

amine groups) to the polymer; thus, the ZPC rises 

from 5.81 to 8.49 are directly associated with the 

amine groups pKa values in DETA, which are 3.58, 

8.86, and 9.65 [18]. According to Chen et al. [19], 

ZPC value for wheat residue grafted with DETA was 

close to 5, which is significantly lower than the level 

attained with TA-PGMA. For DETA-functionalized 

graphene oxide, a closer ZPC value (i.e., 8.2) was 

observed.  

Following phosphonomethylation, ZPC was 

significantly displaced, which indicates that the 

quantity of substitution is quantitative and that the 

majority of alkaline amine groups have vanished. The 

acid-base characteristics of aminophosphonic acids 

were analyzed, it was discovered that the second 

pKa2 value was significantly higher than the stronger 

acid group (i.e., in the range 5-6), which has a pKa1 

value in the range of 0.5-1.5 (correlated with the -O 

group; that is, stronger than the acidity of carboxylic 

groups, which is in the range from 2.2 to 3) [20]. As a 

result of the internal hydrogen transfer between P-OH 

and amino groups, aminophosphonic acids exhibit a 

zwitterion action [20]. Consequently, the P=O 

group's electron-attractive interactions decrease the 

electron density surrounding the amino groups as 

well as lowers the pKa values of them. Sahni et al. 

[21] described the following mechanisms to 

breakdown of the various reactive groups by ES 467 

ion-exchange resin (contains 

aminomethylphosphonic acid moieties) according to 

the pH values: i) at the value equals 1.0, amino 

groups and P-OH groups were protonated and 

partially deprotonated respectively (R-CH2-N+H2-

CH2-P=O(OH)(O-)),, and ii) at the value approaching 

6, a complete deprotonated process of the hydroxyl 

groups on the phosphonate group were achieved (R-

CH2-N+H2-CH2-P=O(O-)2). Otherwise, by increasing 

the value of pH to 11, a deprotonation process was 

occurred at the amine groups as well as all hydroxyl 

groups (anionic aminophosphonate compound: R-

CH2-NH2-CH2-P=O(O-)2). This matches with the 

titration profile for F-PGMA seen on Fig. 1d [4]. 

Therefore, the electrostatic attraction/repulsion of the 

adsorbent for charged metal ions (pure electrostatic 

effects) and for the competition of protons is 

predicted using this acid-base behaviour (chelation 

and ion-exchange properties). It undoubtedly that 

additional factors related to metal speciation, in 

addition to the protonation/deprotonation of reactive 

groups on the adsorbent, may have an efficient 

impact upon the adsorbent's affinity for metal ions. 

 

3.2.3. Elemental Analysis 

By contrasting the elemental analysis of the 

product (CHN analysis) at different synthesis stages, 

it is possible to track the PGMA chemical alteration 

(Table 1). According to the theoretical composition 

of PGMA, the polymer can be approached by the 

heptameric formula (C7H10O3)7, which results from 

the conversion of C, H, and N constituents weight 

percentages in molar units [7]. On the other hand, the 

immobilization of the polyamine enables the nitrogen 

content to increase to 12.46% since the reaction with 

DETA takes place (w/w or 8.90 mmol N/g) 
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(diethylenetriamine, DETA). By contrasting the 

theoretical fractions of DETA and TA-PGMA for 

nitrogen permit to evaluate the substitution degree 

was to be around 63%. In the presence of 

formaldehyde, the reactivity of phosphonic acid 

groups with amine functionalities performed the 

grafted methylene phosphonic groups onto the 

transitional product (TA-PGMA). 

Meanwhile, in the (F-PGMA), the calculate 

weight percentage (P) was attained 4.9 % (i.e., 1.582 

mmol P/g). Logically, in the performed materials 

(PGMA and F-PGMA), the C (42.85%) and N 

(12.46%) mass fractions (w/w) were observed a 

drastically reduced on matrix backbone with 

simultaneous manner according to the chemical 

grafting process to be 34.72% and 9.48% (w/w), 

respectively. Assuming the mechanism of 

phosphomethylation to follow the reaction described 

on Scheme 1, the amine groups can be grafted by 

either one phosphomethyl moiety on secondary 

amine, or two phosphomethyl moiety on primary 

amine. By simulating the grafting of 1 to 4 

phosphomethyl groups on TA-PGMA, and the 

product's appropriate weight fraction of N in the 

result is 9.48%. This number is approaching to the 

computed value (i.e., 9.77%) for a derivative grafted 

with only one phosphonate moiety on the polymer 

backbone H2PO3:R-N ratio (actually the simulated 

value would be 1.67 P mole per mole of TA-PGMA). 

In F-PGMA, the N/P molar ratio is extremely close to 

4.28, according to the chemical analysis. This 

demonstrates without a doubt that the replacement on 

amine groups is not complete. 

 

3.2.4. FTIR Analysis 

FTIR spectroscopy can be used to track the 

sequential chemical alteration of PGMA (after the 

grafting of DETA and the ultimate grafting of 

phosphonomethyl groups), as well as identification of 

the functional groups involved in metal binding. 

These modifications could be linked to the 

emergence, removal, or movement of identifying 

bands [22, 23]. Fig. 2a describes the development of 

FTIR spectra for the various synthetic materials, as 

well as for metal-loaded F-PGMA.  

The following groups can be utilized to 

determine the polymer's fingerprint based on the 

structure of PGMA: (a) carbonyl groups ʋ(-COO-) at 

1718 cm-1 [24], and (b) the oxirane ring exhibiting 

vibrations as asymmetrical stretching and 

asymmetrical expansion, identified by the two packs 

that appeared at 843 cm-1 and 904 cm-1, respectively  

 

[11, 25, 26]. Meanwhile, an appeared peak 

approximately at the wavelength 757 cm-1 was 

identified to an existence of epoxy ring, as well as 

stretch vibrations of C–O were recorded at the 

wavelength from 1300-1100 cm-1[27]. Furthermore, 

the FTIR spectrum of TA-PGMA following DETA-

grafting is characterized with vanishing of bands 

indicative of the epoxy ring [4, 11], while at the 

wavelength of 1718 cm-1 is still discernible. These 

obtained results indicate that no significant alteration 

occurred to carbonyl groups after chemical 

modification through grafting. Moreover, from 

another point of view, there are two new bands were 

existing at the wavelength of 1561 cm-1 and 1629 cm-

1 that can be associated with N–H bending modes in 

secondary and primary amines, respectively [12]. N–

H groups cause additional poorly resolved alterations 

to be displayed at 3350 cm-1. The dis-appearance of 

the peaks connected to the epoxy ring (at 904 cm-1, 

asymmetric vibration of epoxy ring) [11] also 

supports the mode of grafting amine compound on 

PGMA. New P-based reactive groups are added to 

TA-PGMA during its final modification, which 

happens when it reacts with phosphorus acid in the 

existence of formaldehyde. The emergence of 

common bands confirms this, at 746 cm-1 υs(–P=O), 

at 932 cm-1 υs(P-O-C) [15, 28] or to P–OH [29], at 

1045 cm-1 υs(P–O–R), and at 1244 cm-1 υs(P=O) [15, 

30]. Consequently, the successful grafting of reactive 

groups based on phosphorus is confirmed by these 

novel peaks. 

 

3.2.5. XPS Analysis 

XPS spectroscopy is a helpful not only for better 

understanding the nature of the interactions between 

the metal ions and the adsorbent, but also for 

detecting the alterations in the polymer's chemical 

composition throughout the different synthesis stages 
[3]. As a result of DETA grafting onto epoxy groups, 

Fig. 2b demonstrates the chemical alteration of 

PGMA caused by the introduction of N-based 

reactive groups as well as P-based reactive groups 

(related to main amino groups' 

phosphonomethylation). 

 

Table 1. Elemental analysis and ZPC values for PGMA, TA-PGMA, and F-PGMA 

Material   
C H N P O 

ZPC 
(%) mmol.g-1 (%) (%) mmol.g-1 (%) mmol.g-1 (%) * mmol.g-1 

PGMA Aver. 57.8 48.13 7.29 0.28 0.2 0 - 34.63 21.64 5.81 

  S.D. 0.03   0.07 0.05             

TA-PGMA Aver. 42.81 35.65 7.71 12.56 8.97 0 - 36.92 23.08 8.49 

  S.D. 0.08   0.09 0.03             

F-PGMA Aver. 34.69 28.88 7.06 9.36 6.68 5.16 1.67 43.73 27.33 2.65 

  S.D. 0.09  0.11 0.04   0.15         

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



Nilly A. Kawady et. al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 66, No. 4 (2023) 

134 

The adsorbent is distinguished by the 

establishment of typical bands of La and Y elements 

following contact with a binary Y3+/La3+ solution. 

Fig. 2b displays the XPS survey for the PGMA, and 

F-PGMA before and after loading with Y3+ and La3+ 

mixture. The graph enables an identification of the 

various forms connected to P, O, and N elements in 

their various chemical settings. The repeated grafting 

of amine groups and phosphonate groups has almost 

no impact on the proportions of the various chemical 

groups correlated to C and O. 

 

 

 
Fig. 2. FTIR spectra of PGMA, TA-PGMA and F-PGMA 

before and after La/Y adsorption (a) and XPS survey for 

the PGMA, and F-PGMA before and after loading with Y3+ 

and La3+ mixture (b). 

 

The mild influence on the O1s signal could be 

attributed to the sparse substitution of phosphonate 

on amine groups; the only notable alteration is linked 

to a vital change in the BE of the peak at 534.7 eV. 

(Shifted toward lower BE; 534.2 eV). The 

identification of P-O, deprotonated, and protonated 

phosphonate groups is accomplished by the presence 

of weakly resolved peaks in the deconvolution 

analysis of the P2p signal. The electronic signal at 

different energies 402.9 eV and 400.8 eV recorded 

two deconvoluted peaks were existed, further 

supports both protonated and deprotonated amine 

groups existing together, respectively (at comparable 

atomic fractions). After metal adsorption, the chlorine 

element nearly completely vanishes from the 

adsorbent but is still detectable on F-PGMA (under 

two kinds and four deconvoluted peaks, likely related 

to protonation of amine groups and residual remains 

of absorbed chloride anions). 

 

3.2.6. Thermal Properties 

The chemical alteration of PGMA is proven by 

comparing the TGA and DTG profiles 

(thermogravimetric analysis and differential 

thermogravimetry), which reveal significant 

variations in the degradation profiles (Fig. S1, see 

SI). The PGMA TGA profile reveals multiple stages 

of deterioration, including (a) below 210 °C a plateau 

stage exhibited while stability occurrence through a 

slightly weight loss around 2-3 %, (b) between 210 

and 344 °C a sharp weight loss was almost 

determined 70% at 320 °C on DTG curve, which 

approximately matches with PGMA's typical TGA 

thermogram [31]. As well as at the temperature of 

301 °C produced the highest deterioration rate. 

Random chain scission is thought to be responsible 

for the degeneration. (c) in the range between 344 

and 440 °C PGMA loses from its total weight 

approximately 97%, which consistent with the 

degradation of the polymer's shorter chains leading to 

the creation of a small amount of char (less than 3%). 

(d) finally, above 440 °C and up to 825 °C a 

complete degradation stage was accomplished, where 

PGMA is gradually loses the remaining char fraction. 

Because F-PGMA contains novel organic chains 

with both amine and phosphonic groups, the thermal 

degradation profile is more complicated in this case: 

i) hydrophilicity of the modified polymer enhanced at 

temperature range from 25 and 65 °C releasing 

absorbed water (weight loss represents less than 

14%). ii) slightly weight loss of roughly 3%, perhaps 

due to the release of constitutive water, and a stable 

plateau between 65 and 230 °C (or more tightly 

bound to polymer chains). (iii) sharp decrease of 

weight is observed between 230 and 320°C 

approximately 38%, with a maximum loss rate at 274 

°C appeared in DTG curve may be attributed to 

degradation of the adsorbent through polymer 

scission as well as amine chains. (iv) degradation of 

phosphonate moieties and char formation in the range 

between 320 and 430 °C, and a new weight loss 

equating to 21% is observed. (v) gradually 

degradation of the char is observed in the range of 

430 °C and up to 925 °C, however, the residual 

proportion of solid is 13% (w/w) even at 925 °C. By 

enhancing char formation and partially suppressing 

polymer scission, phosphorus-based compounds are 

commonly employed as char-forming additives for 

flame-retardant qualities [34]. Improvements in char 

formation, water absorption, and thermal stability are 

all results of the chemical alteration (lower slope of 

weight loss and increased residual solid). The 

degradation profiles further demonstrate that, in 

comparison to raw PGMA, the thermal degradation 

starts at a lower temperature (shift of about 30 °C). 
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3.3. Metal Interaction Mechanism 

3.3.1. FTIR Analysis 

The bands' intensities start to decline after the 

binding of Y3+ and La3+ at 3357 and 2966 cm-1, 

respectively. Consequently, the environment of the 

OH and NH groups is changed as a result of the metal 

ions binding, which is directly responsible for these 

modifications (overlaying the pertinent, inadequately 

resolved bands). The obtained spectrums before and 

after Y3+ adsorption were comparable except for 

some differences and are summarized as follows: i) 

the blue shift of the band at 503 to 531 cm-1, which 

relates to the Y-N bond, as well as 1045 cm-1 shifted 

to 1074 cm-1, ii) the peak at 932 cm-1 that 

corresponds to P-O-C stretching was vanished, and 

iii) a new peak at 633 cm-1, which is typically linked 

to the creation of the Y-O bond, and the development 

of a peak at 1018 cm-1 [30]. While as, the peak at 

1250 cm-1 does not have a substantial impact by Y3+ 

adsorption, however Popa et al. [30] reported that the 

bands at 1050 cm-1 and 1250 cm-1  were blue-shifted 

in the case of Cu(II) and Mn(II) binding to 

aminophosphonate-based ligands (P=O and P-O-C 

bonds). On the other hand, concerning La3+ 

adsorption, the alterations are significantly more 

noticeable as follows: i) shift of the band at 506 cm-1 

to 529 cm-1, which relates to the La-N bond, ii) the 

appearance of peak at 633 cm-1 corresponding to La-

O bond formation, as well as a new peak was 

noticeable at 826 cm-1 related to La-C=O bond, iii) 

the peak at 932 cm-1 was vanished, iv) A prominent 

peak was displayed at 1310 cm-1, which is the 

specified region corresponding to C-N stretch 

vibration in amines [28]. as well as the peak at 1250 

cm-1correspond to the blue-shift of the P-O-C bond 

on the adsorbent. Whatever the case, the chemical 

environment around N- and P- reactive groups is 

significantly impacted by the binding of La3+. The 

band that was detected at 1050 cm-1 (P=O) is 

redshifted to 1038 cm-1 and experiences a significant 

intensity boost following lanthanum binding. At the 

range between 400-800 cm-1 in the FTIR spectrum 

demonstrated a specified M-OH vibrations and O-M-

O stretching bands that characterize LDH (layered 

double hydroxide) intercalated biopolymer 

nanocomposites [32]. 

 

3.3.2. XPS Analysis 

Metal-related bands' interpretations demonstrate 

the coexistence of numerous metal styles where Cl, 

OH, and P-O- groups are most likely associated. 

Also, the appearance of La3d5/2 peaks on Fig.S2 were 

displayed in the form of two multiplet-split couples 

with energies of 836.2/839.9 and 837.9/841.7 eV, 

respectively.  As well as both La(OH)3 and La2(CO3)3 

were appeared at energies 3.9 and 3.5 eV, 

respectively, recording an energy gap (ΔBE) closed 

to 3.7 eV. Moreover, alterations that appeared on O1s 

and P2p signals may be related to phosphonate-La3+ 

formation, while the other may be linked to chloride 

(see below). On the other hand, HCl was utilized to 

adjust the pH, which was also used to produce stock 

solutions. Other species could coexist, nevertheless, 

due to the very tiny atomic fraction of chloride. In 

addition, interactions with amine groups may result 

in the formation of hydroxo or hydroxo-chloride 

complexes, or the BEs may remain the same while 

the percentage of free amine groups increases after 

metal sorption. On the other hand, deconvolution of 

the spectra for Y3d signals reveals 6 peaks, 3 pairs 

(Y3d3/2 and Y3d5/2 bands) associated with chloride 

species (with the greatest binding energies) and 

phosphonate species. It's interesting to observe that 

the adsorption of metal ions causes the P–O peaks to 

move toward lower BEs with greater electronic 

density as well as lower relative intensity, also BEs 

for phosphonate groups are relatively stable, and the 

intensity of protonated and deprotonated phosphonate 

is simultaneously increasing and decreasing, 

respectively. Consequently, metal adsorption for the 

P–O group primarily affects the chemical 

environment of the O element, by shifting the BE 

from 531.8 eV to 530.8 eV, since the intensity falls at 

the same time. The O relative intensities altered 

significantly, whereas other signals are not altered in 

terms of BEs (i.e., C-O-C increased as well as C-OH 

and P-OH decreased). These findings are in 

agreement with FTIR analyses and show how 

phosphonate groups contribute to metal binding 

through the coexistence of various complexes or 

through various interactions with the nearby reactive 

groups. 

 

 
 

Scheme 2. Possible structures of Y3+(a) and La3+(b) 

complexes in F-PGMA with aminophosphonate moieties. 

 

3.4. Linear Adsorption Studies 

Batch adsorption studies were carried out to 

assess the capability of F-PGMA to adsorb REs3+ as 

(Y3+ as well as La3+) through the following 

parameters: 

 

3.4.1. Effect of pH 

The pH factor had a substantial impact upon the 

metal ions' ability to bind to F-PGMA in a batch 

adsorption experiment with metal ions like 
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([Y3+/La3+]0 ~75 mg.L-1) at varied pH levels from 1.0 

to 6.0 for 12 h at 25 oC . Due in major part to the 

positively charged surface of the F-PGMA, which 

repels metal cations by repulsion force, the F-PGMA 

demonstrated a low adsorption when the pH is below 

2. Otherwise, the decline in adsorption capacity is 

brought on by REs3+ and H+ ion competition at the 

various active centers of adsorbent. The H(I) ion has 

a significant adsorption competition due to its small 

size [10, 33]. Whilst, Y3+/La3+ adsorption capacity 

considerably enhanced when the pH value was higher 

than 3.0 and until reach 6.0. The highest capabilities 

of adsorption in mmol.g-1 were  achieved at pH0 

equals 5.0 in the La3+ (0.608) > Y3+ (0.540) followed 

by a small increase for both (Fig. 3a). This is 

probably because of the free metal ion exchange or 

interact with F-PGMA active sites [34]. Therefore, 

the pH0: 5.0 were selected for further studies. 

In case of the pH0 value was higher than ZPC 

value, the metal–ligand interaction agrees with the 

ZPC-values because of the deprotonation process 

were accomplished through the reactive groups as: 

hydroxyl, phosphonate, as well as amino groups in 

different materials [15]. Therefore, the repulsion 

decreases, the ability to coordinate with sorbents 

improves, and the capacity for adsorption increases 

[35, 36]. The pH0 fluctuation following metal ion 

adsorption is shown in Fig. S3. At pH0: 3.0 to 6.0, the 

pH changed dramatically and tended to decline: the 

pH stabilizes at 3.3 for La3+ and 3.4 for Y3+. The pHeq 

did not vary between pH0: 1.0 and 2.0. Consequently, 

the acid-base properties of F-PGMA are consistent 

with this "buffering effect"[15]. In Fig. 3b, the 

distribution ratio (D: qeq/Ceq, L/g) is plotted as a 

logarithmic function of pHeq. The linear relationship 

between the log10D plot and pHeq is caused by the 

stoichiometric anion/cation exchange with bounded 

metal species during the ion-exchange reaction [10], 

achieving slope with approximately values 0.4605 

and 0.5996 for Y3+ (R2:0.9073) and La3+ (R2: 0.9283), 

respectively. As illustrated in Scheme 2, the ion-

exchange mechanism is significantly controlling the 

adsorption process as indicated by the good 

correlation coefficient for all (R2 > 0.91) [12, 15]. 

 

3.4.2. Effect of Contact Time and Linear Kinetic 

Studies 

F-PGMA was connected with Y3+/La3+ at a 

concentration of ([M]~200 mg.L-1) to study the 

adsorption kinetics. Comparisons was made between 

the adsorption uptake kinetics (Fig. 3c) according to 

the reaction time as follows: i) within the first 15 min 

for Y3+/La3+, the adsorption kinetics is quite quick, 

reaching roughly 32% and 43% respectively. ii) after 

180 min, between 93.2% for La3+ and 99.8% for Y3+ 

from the total capacities were reached. After that, Y3+ 

demonstrated a slower adsorption followed by 

adsorption equilibrium over the next 180 min, 

whereas La3+ took 240 min. The adsorption capacity 

was finally arranged and attained qe, in mmol.g-1 at 

0.790 (La3+) > 0.739 (Y3+), suggesting that F-PGMA 

is an effective adsorbent. 

To comprehend the dynamics of better 

adsorption, the adsorption data was examined as a 

function of time with the mathematical equations in 

Table S1, (see SI) [37]. using three models as 

follows: i) the pseudo-first-order kinetic (PFO), ii) 

pseudo-second-order kinetic (PSO), and iii) intra-

particle diffusion models [9, 10]. Furthermore, by 

using the kinetic models to fit the experimental 

adsorption data, the parameters of these kinetic 

models may also be discovered. The kinetic 

parameters are listed in Table 2. 

Comparing the predicted and experimental 

adsorption capacities (qe, Table 2) revealed that the 

experimental data achieved a best fitting to the PSO 

kinetic model, in contrast to the PFO data, which 

highly underestimated values (14.8-23.7%), while, 

the PSO model differences slightly overstated values 

(4.60-8.6%). Moreover, the correlation coefficient 

also arranged as follows: PSO > R2 (0.99) > PFO. 

Consequently, chemical adsorption is anticipated to 

be the phase that determines rate [36, 38], since the 

experimental data best support the PSO. According to 

Kyzas et al. [39], the faster appears to be the case 

when comparing the apparent rate coefficients for 

PSO (k2, mmol.g-1.min-1). Consequently, these values 

roughly fall into the same order: 
 

Table 2. Kinetics and isotherm adsorption parameters 

K
in

et
ic

s 

m
o

d
el

s 

Metal 

ion 
qm,exp.* 

PFO PSO sRIDE  

K1×10-3 

(min-1) 
qe,1.* R2 K2×10-3* qe,2

* R2 Kid,1
*** Kid,2

*** Kid,3
*** 

La3+ 0.79 14.28 0.673 0.9899 39.79 0.858 0.9919 0.0722 0.0416 0.0001 

Y3+ 0.739 21.19 0.605 0.9851 79.15 0.779 0.9972 0.0784 0.0298 0.0003 

Is
o

th
er

m
s 

m
o

d
el

s 

Metal 

ion 
qm,exp.* 

 Langmuir isotherm Freundlich isotherm    

qm,L.* 
bL,  

L.mmol-1 
R2 n kF* R2 

   
La3+ 0.789 0.818 13.0149 0.9987 6.84 0.7310 0.9730    
Y3+ 0.736 0.774 5.1523 0.9980 4.94 0.6012 0.9375 

   
   

Units: *: mmol.g-1, **: g.mmol-1.min-1, and ***mmol.g-1.min-0.5 

 

 The quicker adsorption equilibrium is confirmed 

by the fact that Y3+ (79.15×10-5) > La3+ (39.79×10-5). 
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It was also possible to calculate the half-sorption time 

(t0.5), which is the amount of time needed for the 

adsorbents to reach 50% of their maximal sorption 

capacity according to the given k2 values. As stated 

(t0.5= 1/k2.q2), the t0.5 could be utilized as a measure 

of the adsorption rate [12, 15], however, it was equals 

to 16.2 min  for Y3+ and 29.3 min for La3+ in 

agreement with the k2 and experimental findings. 

Hubbe et al. [40] stated that, the PSO's profiles fitting 

indicates that an intraparticle diffusion regulates the 

adsorption process. A multi-linear plot with three 

main stages (initially, external surface adsorption, 

and gradual adsorption stage), the Weber and Morris 

plots were utilized to evaluate the sRIDM for rate 

control activities in the adsorption process (Table 2 & 

Fig. S3, see SI) [46]. This implies that the adsorption 

rate is influenced by an intraparticle diffusion as well 

as the boundary layer. The adsorption segment is the 

final and is almost saturated [35, 41, 42]. 

 

3.4.3.  Linear Adsorption Isotherms 

Y3+/La3+ adsorption were examined as a function 

of initial metal concentration at ([M]0 ~26-400 mg.L-

1) and pH0 value equals 5.0 for 3/4 h, to assess 

adsorbent capabilities. The adsorption equilibrium 

results are demonstrated in Fig. 3d. As initial and 

equilibrium metal concentration increased, the 

equilibrium adsorption capacity grew dramatically 

and appeared to be steady above approximately 200 

mg.L-1. This is most likely caused by the F-PGMA 

surface's adsorption site saturation [36, 38], and the 

the maximum adsorption capacity (qm,exp in mmol.g-1) 

of F-PGMA was achieved 0.74 and 0.79 for Y3+ and 

La3+, respectively.  

The F-PGMA displayed competitive adsorption 

capacity performance when compared to other 

adsorbents, this is caused by the abundance of its 

active sites, the enormous F-PGMA surface areas, 

and the strong attraction of aminophosphonic groups 

for metal ions. An empirical theory called the 

Langmuir isotherm makes the assumption that 

monolayer adsorption takes place on a homogenous 

surface. However, the adsorption process that takes 

place on a heterogeneous surface is typically 

described using the Freundlich model [36]. 

Therefore, Freundlich and Langmuir isotherm linear 

models were used to match the adsorption data in 

order to comprehend the adsorption mechanism of F-

PGMA for metal ions [37]. In terms of correlation 

coefficient (R2) values, the isotherm data suited the 

Langmuir better than the Freundlich model. 

Additionally, the hypothesized adsorption capabilities 

and the actual measurements were in good agreement 

with Langmuir model that achieving ∆qm,cal.=3.71-

7.32%, otherwise Freundlich model exhibiting 

∆qm,cal.=7.36-18.28%. Consequently, the obtained 

data imply that an ion monolayer has formed on the 

F-PGMA surface (Fig. S5 and Table 2). 

 

 

 

 
Fig. 3. Effect of pH: qe vs. pHinitial (a), Plot of logD10 vs. 

pHeq (b), adsorption kinetics (c), adsorption isotherms (d), 

temperature effect (e), and Thermodynamics of adsorption–

Van’t Hoff plots of ln bL vs 1/T (f). 

 

3.4.4. Linear Adsorption Thermodynamics 

The thermodynamic characteristics of Y3+/La3+ 

adsorption were examined at pH0: 5.0 and C0: 200 

mg.L-1, the adsorption capabilities were tested at four 

different temperatures ranging from 299 to 328 K. 

(Fig. 3e).  

 

Table 3. Thermodynamic parameters of metal ions adsorption 

Metal La3+ Y3+ 

T, 

 K 
∆Ho 

(kJ.mol-1) 
∆So  

(J.mol-1. K-1) 
∆Go 

(kJ.mol-1) 
T∆So 

(KJ.mol-1) 
R2 

∆Ho 
(kJ.mol-1) 

∆So  

(J.mol-1.K-1) 
∆Go 

 (kJ.mol-1) 
T∆So 

(KJ.mol-1) 
R2 

299 

5.97 74.08 

-16.20 22.16 

0.987 5.68 67.73 

-14.58 20.26 

0.993 
308 -16.86 22.83 -15.19 20.87 

318 -17.60 23.57 -15.86 21.55 

328 -18.34 24.31 -16.54 22.22 
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Enthalpy (ΔHo, kJ.mol-1) and entropy (ΔSo, 

J.mol-1.K-1) changes were calculated using the Van't 

Hoff equation, as follows: lnD = (-H°/R) 1/T + S°/R, 

whereas the free energy change (ΔG°, kJ.mol-1) was 

derived from ΔG° = ΔH° − TΔS°) [43, 44], as well as 

at each temperature, the distribution coefficients (D: 

qeq/Ceq in L.g-1) after corrections and unit conversion 
(L.g-1 to L.mol-1)  were calculated and processing 

with no dimensions (adjusting for molality in the 

water) according to Lima et al.  [43].  

An acceptable fit of the experimental data is 

made between the thermodynamic parameters listed 

in Table 3 and the linear plots of lnD vs. 1/T. (Fig. 

3f). 

The thermodynamic parameters were evaluated 

as follows: i) The absolute ΔH°, which provide 

evidence that the process is endothermic according to 

its positivity (ranging from 5.68 to 5.97 kJ.mol-1) 

exhibit favourable implications irrespective of the 

cation type, as the higher temperatures make the 

process more advantageous. ii) The absolute ΔS°, 

which support the randomness of the chemical 

reaction, by its positive value that evaluated between 

67.73 and 74.08 J.mol-1.K-1 as a sign of increased 

randomness after F-PGMA-metal interaction at the 

solid-liquid boundary [45]. iii) The absolute ΔG°, 

which express the spontaneity of the chemical 

reaction, its negative values from -14.58 to -18.34 

kJ.mol-1 demonstrated spontaneous manner of the 

system [12, 46]. Table 3 shows that, entropic rather 

than enthalpy changes influence the reaction 

(│ΔH°│< │TΔS°│) [15]. 

 

3.4.5. Adsorption with Preference 

Both equilibrium and dynamic experiments 

demonstrate that, the F-PGMA has relatively 

comparable adsorption capabilities for both elements 

heavy (Y3+) and light (La3+) REs. Separating 

individual element looks challenging particular for 

REs. A binary solution with equimolar 

concentrations, was used for further and additional 

experiment: (~1.0 mmol.L-1) for heavy RE (Y3+: 

~89.0 mg.L-1) and light RE (La3+: ~138.99 mg.L-1). 

 

After equilibration, the adsorption capacities are 

~0.57 and ~0.36 mmol.g-1 for La3+ and Y3+,                   

respectively. The molar ratio of Y3+/La3+ in the 

solution was initially ~1.0; after metal adsorption, it 

increased to 1.12 in the adsorbent. Fig. 4 shows the 

molar ratios (in relative percentage, %) of the bi-

metal ions in the aqueous solution, treated raffinate as 

well as the F-PGMA adsorbent's surface. Notably 

that, the solution had significantly changed before 

and after treatment. It is the first evidence that Y3+ 

and La3+ had a minor differential and concentration 

impact in the adsorbent. When comparing the metal 

ions on the adsorbent surface, La3+ represents about 

61.0% (~0.57 mmol.g-1) of the entire adsorption 

capacity (0.93 mmol.g-1), while Y3+ was enhanced 

and enriched in the raffinate solution. However, to 

achieve metal separation, would have needed 

multiple enrichment processes and these changes 

were not very noticeable. The overall adsorption 

capacity was about 0.93 mmol.g-1, which is slightly 

higher and close to the highest adsorption capabilities 

discovered for the La3+ binding 

.  

Fig. 4. The proportion of the bi-metal ions in aqueous 

solution (a), F-PGMA surface (b), and raffinate after 

treatment (c). 

 

3.4.6. Metal-desorption and Recycling 

Costs associated with metal recovery can be 

significantly decreased if adsorbent material can be 

effectively reused over many adsorption/desorption 

cycles [36]. To test F-PGMA efficiency, capacity and 

durability for reused repeatedly, it was equilibrated 

with Y3+/La3+ solutions and then desorbed by HNO3 

solution (0.5 M). The F-PGMA is reusable with a 

high efficiency in metal adsorption capacity 

throughout six reuse cycles, indicating its strong 

stability and simple regeneration approach. The 

adsorption and desorption efficiencies are greater 

than 93% (Table 4). After six cycles, the adsorption 

and desorption efficiencies were 93.4 and 94.2%, for 

La3+ and 95.2 and 95.3% for Y3+, respectively. 

 
Table 4. F-PGMA adsorption/desorption efficiencies 

Cycle 

no. 

La3+ Y3+ 

Adsorptio

n, % 

Desorptio

n, % 

Adsorptio

n, % 

Desorptio

n, % 

1 100.0* 97.75 100.0* 98.25 

2 96.79 97.22 97.69 98.02 

3 96.26 96.68 96.93 97.92 

4 94.96 95.73 95.58 96.98 

5 94.05 94.91 93.12 96.04 

6 93.41 94.24 95.20 95.35 

* Based on the efficiency of first adsorption cycle 

 

3.5. Nonlinear Adsorption Studies in 3D 

The equilibrium uptake of Y3+ and La3+ can be 

affected by numerous variables; the most important 

one is the pH factor that has a direct impact upon the 

adsorption process, also the initial concentration of 

metal ions as well as contact time are another 

considerable factors in the adsorption process that 

impacts the process's economic efficiency and the 

adsorption kinetics[47]. On the other hand, the 

solution temperature has a huge influence to change 

the nature of adsorbents causing expansion of its 

particles followed by mobility alteration of adsorbate 
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ions and the solid/liquid interface, which controlled 

the rate of reaction within its vital role to describe the 

type of an exhibited interaction. To understand the 

Y3+/La3+ adsorption behaviour, the chemical reaction 

must be reached to the equilibrium state for each 

factor affecting the reaction [8]. The experimental 

results are fitted with the generalized non-linear 

Langmuir isotherm model; therefore, the theoretical 

studies will be started by applying the nonlinear 

model of Langmuir in this section (Table S1) [4, 47]. 

 

3.5.1. The Relation between Initial Metal Ion 

Concentration and Initial pH 

With the generalized non-linear Langmuir model 

via simultaneous variation of initial pH and initial 

concentration of Y3+/La3+ against the equilibrium 

uptake (qe in mmol.g-1); MATLAB simulates this 

relation in 3D (Fig. 5) [15, 47]. The suggested model 

clarifies the maximum uptake which represented to 

the adsorption process capacity, and it can be 

calculated from Eq. (1) for La3+ and Y3+ (~0.79 and 

~0.74 mmol.g-1, respectively), as well as the 

Langmuir constants (bL) were evaluated as 93423.25 

and 31203.02 L.mmol-1, respectively. The simulated 

powers (e, f, g, m, and n) that verified the suggested 

model showed in Table 5. Also, the free energy of 

this system can be estimated from Eq. (2), was found 

to be -28.465 and -25.738 kJ.mol-1 for La3+ and Y3+, 

respectively, these values are in agree with the 

experimental results.  

This confirm the well-fitting with the 

mathematical model. 

 

       (1) 

   (2) 

 

Fig. 5a confirms a good accuracy to describe a 

single component adsorption on the F-PGMA using 

the Langmuir equation. These different probabilities 

relations clarify that the adsorption process was 

affected by the initial concentration than the 

equilibrium pH for La3+, on the contrary for Y3+ 

adsorption (i.e., the initial pH is more effective than 

the initial concentration) [15]. 

 
Fig. 5. Generalized Langmuir including pH and C0 (a) and two parallel reactions including Arrhenius in PSO reaction (b). 
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3.5.2. The Relation between Equilibration 

Time─Temperature 

Modeling of experimental kinetic data provides a 

description of the uptake mechanisms and 

phenomena that control the adsorption process. Fig. 

5b displays the Time-Temperature findings response 

to adsorption capacities graphed in 3D space of 

extended relationships. The applied nonlinear fitted 

equation of the PSO including Arrhenius was 

expressed as a function of time dependent 

temperature Eq. (3) [47]. 

 
q(t,T)=qm1-(a1*exp(t.*(Ar1*exp(DE1*1000./(8.314*T))))+(qm1-

a1)*exp(t.*(Ar2*exp(DE2*1000./(8.314*T)))))              (3)    

                                                                       

The suggested model Eq. (3) predicted that there 

are two chemical reactions were occurred following- 

in total- the PSO model including Arrhenius (Fig. 5b) 

with a satisfactory coefficient of determination [15]. 

Fig. 6 displays all parameters (Table S2). The easier 

adsorption kinetics is, the lower the Ea (activation 

energy). Notably, Ar2 > Ar1 for both elements 

(La3+/Y3+) confirms the suggested claim: that 

chelation mechanism is a quicker process than ion-

exchange one [15]. 

The level in which the mathematical findings 

coincide with the experimental results is measured by 

the error percentage (Error (%)=((qe,exp.-

qe,Calc.1)*100))/qe,exp.), which is used to assess the 

validity of the mathematical technique. The results of 

the mathematical equation's validation and 

comparison are shown in Table 6. The accuracy and 

reliability of the mathematical approach is evaluated, 

and found that it is at maximum ±10.826 %. The 

calculated uptake correction of La3+ and Y3+ were 

evaluated, by applying the general model of sin3 and 

Gauss3, respectively using the MATLAB software, 

that achieved more fitting with lesser error ±2.858 % 

(Eq. 4, 5) (Table 6). 

 

For La3+: qt,cor = a1*sin(b1*x+c1) + a2*sin(b2*x+c2) + 

a3*sin(b3*x+c3)                                           (4) 

 
For Y3+: qt,cor= a1*exp(-((x-b1)/c1).^2) + a2*exp(-((x-

b2)/c2).^2) +a3*exp(-((x-b3)/c3).^2)          (5)    

 

3.5.3. Determination of Reaction Type 

Modeling of experimental data for the 

heterogeneous reactions is commonly used since 

Levenspiel 1999 postulation of a new model known 

as a shrinking core model [17]. The main function of 

the shrinking core model utilization is to determine 

the type of the occurred reaction from its mechanism. 

There are three different controlling mechanisms 

were happened; i) diffusion control through a product 

layer, ii) surface reaction control, and iii) diffusion 

control through liquid film layer [48] as following in 

Eqs (6–8), respectively. 

(6) 

                            (7) 

     (8) 

 

where, t is the reacted time, kc is the reaction rate 

constant, and X is the fraction of particle reacted. 

The value of kc used in the subsequent computation, 

which is derived from the best model and yielded the 

greatest determination coefficient (R2), was used to 

identify the reaction mechanism. The predicted non-

linear model was fitted from the 3D relation of 

Xf(qt/qm) against time and absolute temperature (Fig. 

6a) as in Eq. (9). According to Table 6, the reaction 

constant values for both elements follow the pattern 

kC > kD < kf , with an R2 value (0.996/4) (TableS2), 

indicating that the reaction is being regulated by a 

solid diffusion reaction[17]. 

 

Table 6. Adsorption capacity (qe) comparisons using experimental and mathematical data (qe) and correlation factors for the 

two parallel reactions including Arrhenius (PSO) for both La3+ and Y3+.                

Metal ion La3+ Y3+ 

t (min) T (K) qe,exp qe,calc Error% qe,cor Error% qe,exp qe,calc Error% qe,cor Error% 

5 299 0.146 0.141 3.947 0.143 2.100 0.193 0.192 0.529 0.194 -0.170 

15 302 0.251 0.278 -10.826 0.258 -2.858 0.321 0.320 0.173 0.320 0.126 

30 304 0.402 0.384 4.535 0.389 3.194 0.427 0.434 -1.629 0.428 -0.122 

45 307 0.454 0.459 -0.987 0.472 -3.751 0.537 0.516 3.881 0.536 0.239 

60 310 0.530 0.518 2.204 0.521 1.744 0.584 0.576 1.350 0.585 -0.319 

90 312 0.594 0.607 -2.147 0.596 -0.301 0.648 0.652 -0.528 0.644 0.620 

120 315 0.675 0.666 1.280 0.666 1.345 0.685 0.692 -1.021 0.692 -1.024 

180 318 0.736 0.734 0.349 0.752 -2.181 0.739 0.727 1.607 0.731 1.091 

240 320 0.790 0.764 3.274 0.781 1.185 0.739 0.737 0.218 0.739 -0.058 

300 323 0.791 0.778 1.536 0.789 0.223 0.740 0.740 -0.105 0.741 -0.256 

360 326 0.791 0.785 0.755 0.791 -0.016 0.741 0.741 -0.043 0.742 -0.151 

480 328 0.791 0.790 0.161 0.792 -0.148 0.742 0.742 -0.001 0.742 -0.090 

      

 



Nonlinear Regression of Rare Earth Metal Ions [Y3+ and La3+] Adsorption Upon Multifunctionalized Poly(glycidylmethacrylate) 

__________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 66, No. 4 (2023) 

141 

However, kC is a function of the rate constant of 

the chemical reaction, kD is a function of the rate 

constant of the solid diffusion reaction, and kf is a 

function of the rate constant of the film diffusion 

reaction. Herein the solid diffusion reaction has a 

crippling effect to the rate of reaction consequently, 

to overcome that effect must decrease the adsorbate 

(La+ and Y+) size, increase the surface area and/or 

increase the porosity of adsorbent and increase speed 

of agitation. 

 
f(Xf,T)=((1/kf)*Xf+(1/kD)*(1-3*(1Xf).^{(2/3)}+2*(1-

Xf))+(1/kC)*(1-(1-

Xf).^{(1/3)})*(exp(Ar1*exp(E1*1000/(8.314*T)))+exp(Ar2*

exp( E2*1000/(8.314*T)))))                                    (9)     

3.5.4. Vermeulen model   

Most of the time, the experimental data of 

adsorption can be fairly well reconstructed by the 

Langmuir, Freundlich, ….etc. for adsorption of single 

components as well as applying LeVan─Vermeulen 

model for multicomponent mixture adsorption [17]. 

LeVan and Vermeulen considered the 

thermodynamic inconsistencies of the competitive 

Langmuir model and improved the model using the 

ideal adsorbed solution theory (IAST) model. The 

multicomponent competitive isotherm equation 

developed by LeVan and Vermeulen takes into 

account the various capabilities of the dissolved 

substances in the mixture [49]. The validity of this 

model depends on whether the pure component 

exhibits the Langmuir isotherm.  

As shown below is the general LeVan and Vermeulen 

Eq. 10 [50]:    

     (10) 

 

The qm* value was evaluated from,  

where, qm,  and Ki are maximum amount of adsorbate 

adsorbed, and adsorbate–adsorbent affinity constant 

for component i, respectively.  

During the adsorption process in the binary 

system, the metal ions were equimolar prepared, so 

the interaction is described by the ratio of the 

maximum capacity of adsorption (qm) to the 

equilibrium one (qe), which is represented by three 

cases: i) If qm/qe < 1 the adsorption behavior is 

known by an antagonism nature, ii) If qm/qe > 1, the 

adsorption process behavior is recognized as 

synergism behavior, iii) If qm/qe=1, that means there 

is no effect of the mixture so the adsorption behavior 

is non interactive[17]. Inglzakis and poulopoulos 

reported that Helfferich 1962 made an approximation 

for the Vermeulen equation. This approximation after 

that was deployed successfully and sounded as 

Vermeulen equations for 1st and 2nd order.    The 

suggestion of mixing fits this system efficiently as 

shown in Fig. S6 

Fortunately, in this work, the occurred 

adsorption process achieved with a synergism 

behavior. The applied modified Vermeulen model 

achieved a well fitting which expressed a mixed 

behavior of reaction as in Eq. (11) as follow: 
 

f(t)=(a*(1-exp(-k1*x))+(1-a)*((1-exp(-k2*x)))^0.5     (11) 

  

 where, a is the fraction of Vermeulen model, k1 is 

the rate constant of the 1st Vermeulen reaction, k2 is 

the rate constant of the 2nd Vermeulen reaction, and 

f/m express the ratio between the occurred two 

reactions equals a/1-a. The results are expressed that 

two models of reactions were happened enclosed a 1st 

order Vermeulen film reaction and 2nd order 

Vermeulen as film reaction while mixture equals 1-a 

(Fig. S6). The first reaction of La express an 

approximately 1/5 of the whole reaction contribution 

whereas in the case of Y as 1/7, which mean that the 

2nd order reaction was achieved faster than the first 

one for both La and Y. As for the competitiveness of 

the elements during the chemical reaction, by plotting 

the relation between time and the fraction tends to 

unity~0.9999, it was observed that the Y element 

exhibited more competition than La according to the 

obtained values of the rate constant of reaction where 

k1-Y (0.02101)> k1-La (0.0143) and k2-Y (0.01628) 

>k2-La (0.0106)  (Table 6).   

 

3.5.5. Thermodynamic Analysis        

       Further information with thermodynamics 

features emerges, when analyzing adsorption reaction 

using the generalized Langmuir equation in 3D 

representation (Fig. 6b). By including the Van't-Hoff 

connection in the generalized Langmuir form, the 

Floatotherm model was developed (Eq. 12) and used 

to compute the thermodynamic parameters and 

visualize them in 3D representation.  

 
q(pH0,C0,T)=qm*(exp(-

DH*1000/(8.314*T)+DS/8.314))*pH0^m*C0^n/(1+(exp(-

DH*1000/(8.314*T)+DS/8.314))*pH0^f*C0^e)^g      (12)                                   
 

Table 6 demonstrated the calculated adsorption 

capacity and the most important parameters of 

thermodynamics, with different initial pHs (pH0) and 

different initial concentrations (C0) (mmol.g-1) at 

different temperatures (T: Kelvin). The positive sign 

of ∆H refers to an endothermic reaction and its 

magnitude was about 5.97 and 5.68 kJ.mol-1 for La3+ 

and Y3+, respectively. Likewise, the negative sign of 

∆G values (in kJ.mol-1) is related to a spontaneous 

reaction and its magnitude for La3+ (16.2-18.3) > Y3+ 

(14.6-16.5) describes the more favorability for La3+ 

ions. On the other hand, ∆S (74.08 and 67.73 kJ.mol-

1.K-1 for La3+ and Y3+, respectively) is an important 

parameter to demonstrate by the fact that raise in 

entropy taken place due to exchange of metal ions 

causing more mobility of ions in the adsorption 
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process. All these data are in agree with the 

experimental data. 
In Table S2, the mathematical approach's 

accuracy and dependability for adsorption efficiency 
for La3+ and Y3+ is shown. The maximum deviation 
was ±5.0 %, except for Y3+ only one point (pH0: 3.06, 
C0: 0.84 mmol.L-1, and temperature 302K) was 
overestimated by 9%.  

On the other hand, according to the obtained data 

from simulation process, the creation of an automatic 

control system must be evaluating the correlation 

factor, which has the uptake values as close as 

possible to the reality. In this work, by drawing the 

relation between the measured uptake experimentally 

against the simulating uptake by utilizing the Gauss 

model to obtain the lowest possible value of error 

percentage. the correlation of La3+ and Y3+ uptake 

were calculated as shown in Table 5 by applying 

general model Gauss2 {f(x) =a1*exp(-((x-b1)/c1).^2) 

+ a2*exp(-((x-b2)/c2).^2)} for La3+ and general 

model Gauss3 {f(x) =a1*exp(-((x-b1)/c1).^2) + 

a2*exp(-((x-b2)/c2).^2)+a3*exp(-((x-b3)/c3).^2)} for 

Y3+, Where qe,exp is an experimental uptake, qcalc1 is 

the calculated uptake with respect to two variables 

(pH0 and C0), qcalc2 is the calculated uptake in relation 

to three variables (pH0, C0, and T), and x=qLacalc2. 

 

4. Conclusion 

Polyglycidyl-methacrylate (PGMA) 

functionalized with polyamine and further with 

phosphonic acid (F-PGMA) was synthesized and 

thoroughly characterized. The characteristics of this 

synthesized adsorbent were as follows: particle size 

52.92 ±6.6 µm, specific surface area (SBET: 50.54 

m2.g-1), average pore diameter 2.52 nm and pore 

volume of 0.0438 cm3 STP.g-1. 

The maximal adsorption capacity for Y3+ and 

La3+ was 0.74 and 0.79 mmol.g-1, respectively at 

optimal pH0 ~5.0. The equilibrium is achieved after 

180/240 min of contact and matches the pseudo-

second order (PSO) equation well. The Langmuir 

model efficiently fits the adsorption isotherms and 

the REs3+ (Y3+/La3+) adsorption process is 

endothermic, spontaneous, and followed by 

increasing the randomness in the system. Y3+/La3+ 

desorption is exceedingly efficient using HNO3 (0.5 

M) and could be recycled at least six times. F-PGMA 

displays outstanding functionality, durability, 

performance, strength, and stability. Furthermore, a 

mathematical simulation (using MATLAB codes) is 

being developed and built based upon the 

experimental data. The mathematical formulae were 

validated and confirmed with measured values and 

the output findings. 

 

 

 
Fig. 6. Shrinking Core Model (a) and Floatotherm model including initial pH0, C0, and T with Van't Hoff simulation (b). 



Nonlinear Regression of Rare Earth Metal Ions [Y3+ and La3+] Adsorption Upon Multifunctionalized Poly(glycidylmethacrylate) 

__________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 66, No. 4 (2023) 

143 

Table 6. Different probabilities of variables of Generalized Langmuir model, Pseudo 2nd order model, Shrinking 

core Model, Modified Vermeulen Model, Floatotherm model (Parameters, constants and goodness of fit). 
a) Generalized Langmuir including pH0 and 

C0 

b) Pseudo 2nd order model 

including Arrhenius Eq. 
c) Shrinking core model d) Modified Vermeulen Model e) Floatotherm model 

parameters 3+La +3Y parameters 3+La 3+Y parameters 3+La 3+Y parameters 3+La 3+Y parameters 3+La 3+Y 

e 1.133 0.940 Ar1 0.005 0.009 Ar1 0.005 0.0094 a 0.1891 0.1306 m 11.840 2.211 

f 0.042 0.008 Ar2 0.115 0.215 Ar2 0.115 0.2149 k1 0.0143 0.02101 n 0.954 1.672 

g 1.331 1.332 ∆E1** 2.642 2.043 ∆E1** 2.642 2.043 k2 0.0106 0.01628 e 0.533 0.615 

m 2.140 1.948 ∆E2** 0.836 1.153 ∆E2** 0.836 1.153 1-a 0.8109 0.8694 f 12.240 0.027 

n 1.658 1.470 a 1.796 0.579 kC 0.7424 9366 f/m 01:04.3 01:06.7 g 0.961 2.799 

***mq 0.790 0.740 ***mq 0.791 0.742 kD* 0.0036 0.0053 2R 0.9978 0.997 ***mq 0.810 0.750 

∆G** -28.465 -25.738 SSE 0.002 0.0007 kf 4309 12100    ∆H** 5.965 5.683 

SSE 0.004 0.002 2R 0.998 0.999 ***mq 0.791 0.7417    ∆S, 

KJ/mol.K 
74.078 67.728 

2R 0.994 0.996 2AdjR 0.997 0.999 SSE 124.20 159.3    , 299**∆G -16.195 -14.577 
2AdjR 0.981 0.990 RMSE 0.015 0.008 2R 0.996 0.994    , 308**∆G -16.862 -15.187 

RMSE 0.004 0.028    2AdjR 0.994 0.993    ∆G**, 318 -17.603 -15.864 
      RMSE 4.550 5.153    ∆G**, 328 -18.344 -16.542 
            SSE 0.005 0.0022 
            2R 0.994 0.995 
            2AdjR 0.991 0.992 
            RMSE 0.026 0.019 
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