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Highlights  

 Synthesis of a novel polyamide containing pyrimidine and methine thiophene linkages.  

 NMR analysis for the confirmation of P(P-T-A) synthesis. 

 Synthesis of the magnetic calcium alginate/P(P-T-A). 

 Saturation magnetization of 15.28 emu/g for the nanocomposite. 

 Well-fitting of the REEs adsorption data by pseudo-second-order model. 

 

Abstract 

In this paper, a novel polyamide containing pyrimidine and methine thiophene linkages 

(poly(pyrimidine-thiophene-amide) (P(P-T-A))) was synthesized. Then, the magnetic calcium 

alginate nanocomposite containing P(P-T-A) (CA-P(P-T-A)-Ni0.2Zn0.2Fe2.6O4 (NZFO)) was 

synthesized for studying neodymium (Nd+3), terbium (Tb+3), and dysprosium (Dy+3) ions 

adsorption in the single ion solutions. The obtained results of X-ray diffraction (XRD), field 

emission scanning electron microscope (FE-SEM), energy-dispersive X-ray (EDX), nuclear 

magnetic resonance (NMR), thermogravimetric analysis (TGA), vibrating sample magnetometer 

(VSM), and Fourier transform infrared (FT-IR) indicated the successful synthesis of the 

materials. The value of saturation magnetization of the nanocomposite was reported to be 15.28 

emu/g, indicating an appropriate magnetic response. Under the optimum conditions, adsorption 

efficiency for Nd+3, Tb+3, and Dy+3 was 96.73, 94.82, and 97.58 %, respectively. According to 

the experimental results, it can be stated that the data of REEs adsorption were efficiently fitted 

by nonlinear pseudo-second-order kinetic model. Adsorption isotherms were also evaluated by 

fitting with Freundlich and Langmuir isotherm models. A better fit was achieved by Freundlich 

model in the case of Tb+3 and Dy+3 ions, while Langmuir isotherm fitting reported a better result 

Jo
ur

na
l P

re
-p

ro
of



4 
 

for Nd+3 adsorption data. Moreover, the changes in Gibbs free energy (ΔG°), enthalpy (ΔH°), and 

entropy (ΔS°) values presented a feasible and endothermic ions adsorption process onto the 

nanocomposite that occurred spontaneously under the investigated conditions. The obtained 

results indicated that the nanocomposite can be considered as a potential adsorbent for the 

efficient adsorption of the investigated ions. 

Keywords: Poly(pyrimidine-thiophene-amide), Calcium alginate, Magnetic, Nanocomposite, 

Adsorption, Rare-earth ions. 

1. Introduction 

In recent years, the extensive utilization of rare earth elements (REEs) in numerous 

innovative implements such as TVs, laser, liquid crystal displays (LCDs), screens, fluorescent 

lamps, particular magnets, etc., has been reported by researchers [1-3]. Owing to concentration 

on the extraction of REEs in a couple of nations, especially China, western countries consider the 

recycling of REEs as a vital issue. After publishing a report by the European Commission in 

2010 concerning the definition of fourteen elements, including REEs, as critical elements for EU 

economy, attentions have been heightening for gathering and recycling wastes that contain such 

critical elements, and numerous mandates have been forced to back up these goals in the EU-27 

[4]. 

The aforementioned reasons clarify why recycling the wastes of electrical and electronic 

equipment (WEEE) and particular magnets is receiving growing consideration. Besides, the 

quantity of such wastes created in western nations is not only enormous but also develops yearly. 

Thus, a real secondary mine, known as urban mine, is represented for the recovery of base, 

precious, and rare earth elements [5]. 
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In this manner, various techniques have been carried out for REEs recovery such as co-

precipitation, solvent extraction, ion exchange, hydrometallurgy, adsorption, and so on [6]. It is 

noticeable that adsorption has been demonstrated to be a highly applicable method for the 

treatment of water containing ions because of being an uncomplicated operation, highly efficient, 

and cost-effective [7]. So far, a variety of adsorbents such as resin, inorganic nanoparticles, 

biomaterials, and functional polymeric materials have been applied for recovering REEs and 

heavy metals [8,9]. The low adsorption capacity of the adsorbents is one of the reasons that 

motivates investigators to synthesis alternative adsorbents with better performance. 

Alginate, as a natural polymer, is the derivation of various types of brown algae. The 

properties of alginate such as biocompatibility, low cost, and capability of carboxyl groups of 

alginate for the formation of complexes with ions such as cobalt alginate (Co-Alg2), nickel 

alginate (Ni-Alg2), and copper alginate (Cu-Alg2) make it as a potential adsorbent [10]. The 

transformation of alginate aqueous solution into hydrogel can be taken place by adding metallic 

divalent cations. Numerous researches have reported the important role of the porous structure of 

ionotropic metal alginates for metal ions adsorption from aqueous media [11]. 

         Polyamides (PAs), known as one of polymeric materials possessing high performance, are 

commonly characterized by high melting point, good mechanical properties, good chemical 

resistance, and thermo-oxidative stability that are gathered all together to provide an extensive 

range of applications [12,13]. During recent years, many researchers have tried to use several 

procedures to enhance the processability of PAs using structural modification without any 

negative effects on their remarkable chemical, mechanical, and thermal properties in order to 

retain aromatic PAs application at the center of scientific research. The introduction of 

heteroaromatic rings, aliphatic parts, cardo moieties, bulky pendant groups, and non-coplanar 
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structural segments in the polymer backbone not only prevents their alignment and interrupts the 

hydrogen bonding but also enhances their processability [14]. 

Ionic Liquids (ILs) are considered as low melting salts that demonstrate a new kind of 

advanced and technological ionic solvents that can be considered to be used in a specific 

application [15,16]. Studying the dialkylimidazolium based ILs has gained substantial attention 

as promising alternative green solvents and catalysts in polymer synthesis. Hence, they have 

been considerably expanded, and consequently, a various number of alternatives are accessible 

or even commercially available. There have been numerous reports on the effective formation of 

PAs with high molecular weight by the polycondensation processes in ILs [17].           

In the present study, calcium alginate/(poly(pyrimidine-thiophene-amide)/Ni0.2Zn0.2Fe2.6O4 

(CA/P(P-T-A)/NZFO) was synthesized by the gelation process of sodium alginate in the 

presence of P(P-T-A) and NZFO and then used as a novel adsorbent for the REEs adsorption. 

XRD, FE-SEM, EDX, NMR, TGA, VSM, and FT-IR were the methods utilized for 

characterizing the synthesized materials. To reach the conditions for optimum adsorption, pH, 

adsorbent dosage, contact time, ionic strength, and initial concentration of the REEs as effective 

parameters on adsorption process were investigated. Fitting the data of REEs adsorption by the 

kinetic and isotherm models were performed, and to test the reusability of CA/P(P-T-A)/NZFO, 

four cycles of adsorption-desorption were experimented. 

2. Materials and methods 

2.1. Materials and reagents 

Sodium alginate was bought from PanReac AppliChem. Dy(NO3)3.5H2O was provided by 

Alfa Aesar. Fe(NO3)3.9H2O, Nd(NO3)3.6H2O, Zn(NO3)2.6H2O, Tb(NO3)3·6H2O, 

Ni(NO3)2·6H2O, triphenyl phosphite (TPP), 2-amino-4,6-dihydroxypyrimidine, terephthalic acid, 
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glutaraldehyde, dimethyl sulfoxide (DMSO), 2-thiophenecarboxaldehyde, and methanol were 

bought from Sigma-Aldrich. Each salt was dissolved in deionized water (DW) to prepare the 

stock solution of 1000 mg/L for each ion. HNO3 or NaOH with the concentration of 0.1 M was 

utilized for pH adjustment. 

2.2. Synthesis of Ni0.2Zn0.2Fe2.6O4 magnetic nanoparticles 

Ni0.2Zn0.2Fe2.6O4 magnetic nanoparticles were synthesized by hydrothermal method. A 

mixed solution of 0.2 M Ni2+, 0.2 M Zn2+ and 2.6 M Fe3+
 was prepared in HCl solution, and then 

NaOH solution was added into the mixed solution under nitrogen gas, and pH of the mixture was 

adjusted to 10.5. To this mixture, 0.3 g of CTAB was added, and then it was placed into an 

autoclave (Teflon-lined stainless steel) at 200 ⁰ C of an oven for 8 h for hydrothermal treatment. 

In the following, the temperature of the autoclave was naturally decreased to the room 

temperature (RT), and the precipitate was collected and rinsed several times using DW to reach 

neutral pH. Finally, the obtained particles were dried at 50 °C. 

2.3. Ionic liquid synthesis 

The RT Ionic Liquid (IL) was synthesized based on the procedure introduced in the 

literature [18]. 

2.4. Synthesis of 5,5' -(thiophene-2- ylmethylene)bis(2-aminopyrimidine-4,6-diol) (TMAPD) 

TMAPD was synthesized according to the following procedure: A mixture containing 2.54 

g (0.02 mol) of 2-amino-4,6-dihydroxypyrimidine, 1 mL (0.01 mol) of 2-

thiophenecarboxaldehyde, and 20 mL of DMSO was stirred for 6 h at 110 °C. After completion 

of the reaction tested by thin-layer chromatography, the temperature of the solution was 

decreased to the RT, and a violet powder obtained by pouring the solution into 400 mL of cold 

DW (-5 °C) was filtered, rinsed several times using DW and then dried using vacuum oven at 
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100 °C. The reaction yield was 92 % (3.20 g), and the obtained compound has not shown sharp 

melting point and started to be decomposed above 300 °C. FT-IR (KBr, cm-1): 3153-3477 

(stretching of O-H and NH2), 3049 (stretching of C-H aromatic), 2944 (stretching of C-H 

aliphatic), 1651 (stretching of C=N), 1586 (stretching of C=C), 1232 (C-N) and 1163 (C-O). 1H 

NMR (DMSO-d6, δ in ppm) (Fig. 1): 5.33 (s, 1H, CH), 6.61 (s, 4H, -NH2), 6.78-6.80 (d, 1H, Ar-

H, J= 5.6 Hz), 6.93-6.94 (d, 1H, Ar-H, J= 5.6 Hz), 7.42-7.44 (d, 1H, Ar-H, J= 5.2 Hz), 10.95-

11.28 (m, 4H, broad, hydroxy pyrimidine). 13C NMR (100 MHz, (DMSO-d6, δ in ppm) (Fig. 2): 

30.98, 115.41, 128.27, 128.55, 137.86, 140.13, 143.76, 170.77. 

2.5. P(P-T-A) synthesis by TMAPD polycondensation reaction in TPP/IL  

The synthesis of P(P-T-A) was carried out from a compound containing multi polar 

thiophene, amine, and free hydroxyl chelating groups. It was particularly synthesized from a 

diamine-phenol compound in 1,3-dipropyl imidazolium bromide as an ionic liquid without using 

toxic triphenyl phosphite/N-methylpyrolidone/pyridine/LiCl that is needed in the common direct 

polycondensation. P(P-T-A) was synthesized by polycondensation of TMAPD using TPP-IL as 

catalyst and solvent by the following procedure: A flask of three-necked round-bottomed with 

the volume of 50 mL was fitted with a mechanical stirrer, a water cooled condenser, and argon 

gas, and then a mixture containing 1 mmol of TMAPD, 1 mmol of terephthalic acid, 0.7 g of 1,3-

dipropyl imidazolium bromide {[1,3-(pr)2im]Br} as IL, and 1.29 mmol of TPP was placed. The 

solution became sticky as the reaction continued at 110 °C for 2.5 h. In the following, the 

reaction mixture temperature was decreased to the RT, and the precipitation of P(P-T-A) was 

performed using 100 mL of methanol. After filtration, hot water was used for washing the 

precipitate. Afterward, the it was further refined in a Soxhlet apparatus using methanol for 24 h 

to eliminate the oligomers with low molecular weight. FT-IR (KBr, cm-1): 3164-3337 (stretching 

Jo
ur

na
l P

re
-p

ro
of



9 
 

of O-H and NH2), 3054 (stretching of C-H aromatic), 2958 (stretching of C-H aliphatic), 1683 

(stretching of C=O amide), 1641 (stretching of C=N), 1593 (stretching of C=C), 1215 (C-N) and 

1167 (C-O). 1H NMR (DMSO-d6, δ in ppm) (Fig. 3): 5.37 (s, 1H, CH), 7.25-7.27 (m, 2H, Ar-H), 

7.44 (s, 1H, Ar-H), 7.99-8.00 (d, 2H, Ar-H, J= 3.2 Hz), 8.06-8.08 (d, 2H, Ar-H, J= 5.2 Hz), 

11.01 (s, 1H, OH amide), 11.32 (m, 4H, broad, hydroxy pyrimidine). 

 

2.6. Synthesis of CA-P(P-T-A)-NZFO magnetic nanocomposite 

Sodium alginate powder was dissolved in DW with the concentration of 1.5 % (w/v) to 

prepare a sodium alginate solution. 0.5 g of P(P-T-A) and 0.7 g of Ni0.2Zn0.2Fe2.6O4 were fully 

dispersed in the sodium alginate solution with vigorous stirring for 24 h to achieve a 

homogeneous solution, A. Afterwards, solution A was added dropwise to the solution of CaCl2 

(0.05 M) and 2 % glutaraldehyde for gelation process, and then the mixture was mixed for 24 h. 

The desired product was collected by an external magnetic field, rinsed several times using DW 

until reaching the solution pH to 7, and dried at 50 °C. Finally, it was powdered. 

2.7. Apparatuses 

To analyze the morphology and chemical characterization of the products, FE-SEM and 

EDX were respectively applied using Zeiss Neon-40, Germany. 400 MHz and 100 MHz of 

Bruker Advance DRX instrument were respectively used to record 1H NMR and 13C NMR 

spectra by DMSO-d6 as a solvent. FT-IR spectrophotometer (PerkinElmer, USA) was employed 

to identify the functional groups of the products. XRD (GBC MMA instrument) was used to 

characterize the crystallinity of the product in the range of 2θ = 10–70° at RT. To record the 

thermal decomposition properties of the products, a thermogravimetric analyzer (TGA) (Mettler 

TGA/SDTA 851e/LF/1100 thermobalance) under N2 atmosphere at a rate of 10 °C/min was 
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applied. The magnetic properties of the products were studied by a vibrating sample 

magnetometer (VSM, Daghigh Kavir Corporation, Iran). 

2.8. Adsorption experiments  

The experiments related to batch ions adsorption using CA/P(P-T-A)/NZFO were 

performed by a laboratory shaker adjusted at 180 rpm. To explore the influence of solution pH, 

the pH values of metal ions solutions (30 mg/L) were adjusted from 1.5 to 5.5 using a pH meter.  

Each solution containing 0.03 g of the adsorbent was shaken for 20 min at 25 °C. In order to 

perform kinetic experiments, the mixtures of 0.03 g of the nanocomposite and 50 mL of the 

solutions (REEs concentration: 30 mg/L) were agitated at various contact times (ranging from 

2.5 to 70 min). For finding the adsorbent dosage influence on the adsorption process, various 

quantities of the nanocomposite in the range of 0.01-0.06 g were utilized by keeping the pH of 

the solutions at the optimized constant value. 0.04 g of the nanocomposite and the solutions at 

the concentrations ranging from 30 to 300 mg/L at RT were applied for isotherm study. The 

ionic strength of the solution was taken into consideration for its influence by the presence of 

NaNO3 with the concentration in the range of 0.02-0.1 M. To assess the influence of temperature 

on the ions adsorption, the tests at various temperatures (25, 35, and 45 °C) were conducted. 

After the adsorption process, the nanocomposite was collected using an external magnet, and 

finally Agilent 4100 MP-AES Spectrometer was utilized to analyze the REEs concentration in 

the solutions. All the experiments were performed three times, and the experimental error was 

below 3 %. The average data were reported. The metal ions adsorption efficiency and the 

capacity of the ions adsorption by using CA/P(P-T-A)/NZFO were computed by the bellowing 

equations: 

Adsorption efficiency (%) = (C0- Ce)/Co × 100                                                               (1) 
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qe = (C0- Ce) × V/m                                                                                                          (2) 

qt = (C0- Ct) × V/m                                                                                                           (3) 

Where the parameters are as follows: 

qe (mg/g): the adsorbed ion quantity onto the nanocomposite at equilibrium, qt (mg/g): the 

adsorbed ion quantity onto the nanocomposite at time t (min), C0 (mg/L): the initial ion 

concentration, Ce (mg/L): the REEs concentration at equilibrium, Ct (mg/L): the REEs 

concentration at time t, V (L): the volume of solution, and m (g): the nanocomposite weight. 

2.9. Batch reusability study 

The reusability experiments were done by separating the nanocomposite loaded with the 

related ions from the solutions. In the following, DW was used to rinse the nanocomposite 

several times, and then it was contacted with 0.2 M HNO3 (50 mL) for 2 h in order to desorb the 

ions. After separating the nanocomposite using an external magnet, the ions in the solutions were 

determined using Agilent 4100 MP-AES Spectrometer. 

3. Results and discussion 

3.1. Characterization of the synthesized products 

The peaks in the NZFO XRD pattern detected at 2θ values ranging from 10° to 70° shown 

in Fig. 4 correspond with JCPDS 08-0234 (nickel zinc ferrite standard pattern) [19]. For the 

estimation of the average size of the NZFO from the XRD pattern based on the Scherrer equation 

[20], its strongest reflection (2θ = 35.50°) was applied by considering its FWHM. The average 

size of NZFO particles was calculated to be 27.68 nm. 

The morphology of the NZFO shown in Fig. 5A is homogenously spherical with a size of ˂ 

100 nm. As shown in Fig. 5B, the size of CA is micrometer, and NZFO and P(P-T-A) are 
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distributed on its surface or embedded. The results of FE-SEM images are a confirmation for the 

successful synthesis of the magnetic nanocomposite. 

Fig. 6 indicates the EDX recorded for the analysis of the elements existing in the 

synthesized materials. The available peaks in Fig. 6A are zinc, nickel, iron, and oxygen that 

prove NZFO formation. The sulfur and calcium peaks along with the peaks of zinc, nickel, iron, 

and oxygen are shown in the EDX spectrum of the nanocomposite (Fig. 6B). It could be 

suggested the complete release of Na+ ions from sodium alginate matrix as a result of the 

crosslinking reaction of Na+-alginate with Ca+2. 

The FT-IR spectra of CA, NZFO, P(P-T-A) and the nanocomposite are indicated in Figs. 

7A-7D. The FT-IR spectrum of CA shows O-H stretching vibration at 3389 cm-1. Besides, the 

asymmetrical stretching of carboxyl groups at 1622 cm-1, the symmetrical stretching of carboxyl 

groups at 1423 cm-1, and C-O-C stretching at 1052 cm-1 are characterized in the related figure 

[12]. For FT-IR of NZFO, the positions of the peaks are at 3424 and 1633 cm-1, assigning to the 

stretching vibration of O-H [11]. The CTAB peaks are also detected as follows: anti-symmetric 

vibration of C-H at 2925 cm-1 and symmetric vibration of C-H at 2853 cm-1 [23]. In the related 

figure, two peaks are shown at 567 and 478 cm-1 that are assigned to the stretching vibrations of 

inherent metal at the tetrahedral site (Fe-O), and the stretching of octahedral metal (M-O), 

respectively [11]. The P(P-T-A) peaks are O-H and NH2 stretching at 3164-3337 cm-1, C-H 

aromatic stretching at 3054 cm-1, C-H aliphatic stretching at 2958 cm-1, C=O amide stretching at 

1683 cm-1, C=N stretching at 1641 cm-1, C=C stretching at 1593 cm-1, C-N at 1215 cm-1 and C-O 

at 1167 cm-1. The FT-IR of the nanocomposite proves that its synthesis was done successfully by 

the observation of the peaks related to CA, P(P-T-A), and NZFO.     
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Fig. 8A presents the resulting P(P-T-A) thermo-stability. The curve of TGA indicates five 

steps for the P(P-T-A) weight loss. At the first step that is up to around 100 ◦C, 1.17 % weight 

loss is seen, attributing to the evaporation of water. From around 100 to 290 ◦C (second step), 

P(P-T-A) weight loss is 9.6 % because the aliphatic groups are degraded primarily. The range of 

300 to 330 ◦C is the third step of weight loss for P(P-T-A), in which the polymers aromatic 

groups are gradually degraded, and their further decomposition leads to 44.16 % weight loss at 

the forth step. The polymer residue is completely degraded at the final step and converted to CO2 

and H2O. The nanocomposite TGA curve is presented in Fig. 8B. As compared with P(P-T-A) 

TGA curve, an increase is observed in the thermal stability of the nanocomposite, meaning the 

shift of decomposition temperature to a higher temperature. This increase could be as a result of 

the inorganic presence in the composite, meaning that combining the composite with NZFO 

causes an increase in thermal stability. 

The value of 45.87 emu/g obtained for the magnetic saturation of NZFO (Fig. 9A) 

indicates its superparamagnetic behavior. Combining NZFO with CA and P(P-T-A) causes that 

saturation magnetization decreases to 15.28 emu/g (Fig. 9B). In spite of this difference, using a 

magnetic field externally could easily separate the REEs-loaded nanocomposite from aqueous 

medium for the avoidance of secondary pollution (Fig. 9C). 

3.2. Effect of pH 

Solution initial pH value, as an essential parameter in the adsorption process, must be 

optimized to reach a favorable adsorption efficiency. In this research study, pH of the solutions 

was adjusted in the range of 1.5-5.5 to study the behavior of the REEs adsorption. The 

experiments at pH ˃ 5.5 were not studied to avoid the REEs precipitation in the solutions. 

According to the results in Fig. 10A, the amounts of REEs adsorption at low pH values are low 
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because of the fact that the active sites of CA/P(P-T-A)/NZFO are protonated, causing the 

limitation of the available active sites for the ions adsorption. Amine groups are also partially 

protonated at low pH values. Consequently, electrostatic repulsion forces cause a limitation in 

the interaction between the protonated amine groups and metal ions. The active sites protonation 

decreases at higher pH values because of decreasing H+ concentration, leading to higher 

adsorption efficiency [24]. Although the adsorption efficiencies of the ions at the pH of 4.5 are 

close to those obtained at pH of 5.5, pH of 5.5 was chosen for performing other parameters of 

adsorption process in order to reduce the acidity of the solution and perform the experiments in 

conditions closer to environmental or wastewater pH. According to the results, it should be also 

noted that CA/P(P-T-A)/NZFO is not selective towards an ion among Nd3+, Tb3+, and Dy3+. 

3.3. Effect of contact time 

From the experimental data presented in Fig. 10B, the equilibrium state of the adsorption 

process occurs after approximately 50 min of contact time. At first, the rate of reaction is 

relatively fast, and the values of adsorption efficiencies in the first 2.5 min are 60.59 % (Nd+3), 

55.92 % (Tb+3), and 57.31 % (Dy+3), and then a lower rate is seen and eventually no more 

notable adsorption is obtained beyond 50 min for each ion. At the beginning of the process, the 

higher REEs adsorption efficiency is as a result of a large number of vacant functional groups of 

CA/P(P-T-A)/NZFO. In the continuation of the process, the formation of a monolayer by the 

adsorbed ions leads to exhaustion in the adsorbent capacity, and then the rate of metal ions 

transportation from the adsorbent exterior sites to its interior sites controls the uptake rate of the 

ions. It could be also noted that by considering the constant number of the active adsorption sites 

and the adsorption of only one ion by each active site in a monolayer, a rapid uptake of the ions 

by the adsorbent surface takes place initially. In the following, it decreases by intensifying the 
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competition of the ions in the solution for occupying and decreasing the available active sites 

[25]. 

3.4. Adsorption kinetics 

To explore the kinetics of adsorption, the nonlinear models of intra-particle diffusion 

(IPD), pseudo-second-order (PSO), and pseudo-first-order (PFO) written in Table 1 were 

utilized for fitting the REEs adsorption data [26,27]. The validity of each model was compared 

by Chi-square (χ2) according to Eq. (4), since the coefficient of determination (R2) may not be 

reasonable to select the best adsorption model in view of the fact that it only presents the fit 

between equations and experimental data, while the correlation between predicted and 

experimental values of the adsorption capacity is explained by χ2. The lower values of χ2 indicate 

a better fit. 

χ2 = ∑
(𝑞𝑒,𝑒𝑥𝑝−𝑞𝑒,𝑐𝑎𝑙)

𝑞𝑒,𝑐𝑎𝑙

𝑛
𝑖=1

2

                                                                                                    (4) 

Where the parameters are as follows: 

n: data points number, qe,exp: experimental adsorption capacity, and qe,cal: computed adsorption 

capacity. 

Table 1 presents the kinetic parameters acquired by modeling the experimental data (Figs. 

S1-S3). The values of R2 obtained from fitting the data with PSO model are higher than the 

values acquired by PFO and IPD models. The χ2 values acquired from PSO model (0.11–0.46) 

are lower in comparison with the values obtained from PFO (4.58–6.67) and IPD (3.81-5.52) 

models that strongly confirm PSO model as the best model to describe the REEs adsorption by 

CA/P(P-T-A)/NZFO. Furthermore, a comparison between the experimental equilibrium 

adsorption capacity (qe,exp) and computed equilibrium adsorption capacity (qe,cal) shows that the 

quantities given by PSO model are closer to the experimental data than those provided by PFO 
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and IPD models, describing the adsorption process by chemisorption mechanism. The 

equilibrium adsorption of Dy+3 (48.13 mg/g) is higher than that of Nd+3 (48.05 mg/g) and Tb+3 

(47.43 mg/g). The initial sorption rate “h” has been extremely used to evaluate the rates of 

adsorption. In this study, the values of “h” for the REEs show that CA/P(P-T-A)/NZFO can 

adsorb Nd+3 (29.41 mg/g min) more rapidly than Dy+3 (27.68 mg/g min) and Tb+3 (26.05 mg/g 

min) from aqueous solution. It is also apparent from that the rate constant (K2) of Nd+3 (0.01274 

g/mg min) is higher than that of Dy+3 (0.01195 g/mg min) and Tb+3 (0.01158 g/mg min), 

indicating a higher affinity between Nd+3 ions and CA/P(P-T-A)/NZFO, which may be owing to 

the faster adsorption rate of Nd+3 compared with Dy+3 and Tb+3. Based on IPD model, qt versus 

t0.5 should follow a linear plot that passes through the origin if it is the sole rate-limiting step 

[28]. As stated by the results, it may be deduced that IPD is not only the rate-limiting factor.  

3.5. Effect of adsorbent dosage 

One of the major factors that has a considerable influence on the ions adsorption is 

adsorbent dosage, determining the adsorbent potential via the number of biding sites that are 

accessible and active for the ions adsorption while the concentration is at constant value. The 

nanocomposite dosage effect on the adsorption efficiency of the REEs is illustrated in Fig. 10C. 

It is clear that the ability of the nanocomposite to adsorb the REEs enhances from 51.14 to 98.11 

% for Nd+3, 49.33 to 95.62 % for Tb+3, and 50.66 to 98.15 % for Dy+3 by enhancing the dosage 

of adsorbent from 0.01 to 0.04 g. The increase in the ions adsorption by enhancing the adsorbent 

dosage is due to enhancement in the number of active sites and available surface area [29]. The 

state of equilibrium is obtained by means of the quantity of the nanocomposite required for 

maximum adsorption efficiency, and this is achieved by using 0.04 g of the adsorbent for the 

REEs. It is not remarkably changed by increasing the adsorbent dosage beyond 0.04 g. 

Jo
ur

na
l P

re
-p

ro
of



17 
 

3.6. Effect of concentration  

The capacity of adsorption of CA/P(P-T-A)/NZFO was investigated by the influence of the 

initial REEs concentration. As presented in Fig. 10D, initial REEs concentration enhancement 

leads to a reduction  in adsorption efficiency from 96.73 to 19.33 % for Nd+3, 94.82 to 29.59 % 

Tb+3, and 97.58 to 30.95 % for Dy+3, while adsorption capacity at equilibrium for the REEs by 

the nanocomposite increases. By performing the experiments at 300 mg/L of the REEs, the 

capacity of adsorption obtained at 25 ◦C was respectively calculated to be 72.49 mg/g for Nd+3, 

110.95 mg/g for Tb+3, and 116.05 mg/g for Dy+3. When the REEs concentration is low in the 

solution, the ratio of surface area and the total available adsorption sites to the initial number of 

the ions in the solution is relatively high that leads the adsorption of the ions to be independent of 

the initial concentration of the ions; thus, the ions are easily adsorbed. By an increase in the 

REEs concentration, limitation in the total available adsorption sites results a reduction in the 

nanocomposite capacity towards the REEs adsorption [33]. The increase in adsorption capacity 

of the nanocomposite at higher initial concentration could be related to enhancement in mass 

transfer driving force that could overcome all the mass transfer resistances of the ions between 

the aqueous and solid phase, resulting in the higher probability of collision between the ions and 

adsorbent [31]. 

3.7. Adsorption isotherms 

Langmuir and Freundlich in the form of nonlinear were utilized for fitting the adsorption 

data of the REEs. Langmuir model hypothesis is mentioned as follows: uniform and equivalent 

active sites on adsorbent surface, the adsorption process in a monomolecular layer, and no 

fundamental interaction between substances adsorbed on the surface of adsorbent. Freundlich 
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model hypothesizes a multilayer adsorption onto the heterogeneous surface of adsorbent. The 

models are written in Table 2 [32,33]. 

The fitting of the isotherm data by the models are indicated in Fig. S4. The obtained values 

for the coefficient of determination (R2) and parameters are presented in Table 2. According to 

the values of RL, there are four cases that are mentioned as following: the process of adsorption 

with RL = 0 is irreversible. It is linear if RL = 1 while it is favorable if 0 < RL < 1. In contrast, it is 

unfavorable if RL > 1 [34]. The values of RL for the REEs are between 0 and 1, suggesting that 

the adsorption process of the REEs by the nanocomposite is favorable. The n values are ˃ 1 

(nNd+3 = 9.85, nTb+3 = 4.91, and nDy+3 = 5.54), showing that the interaction between the 

nanocomposite and the REEs was strong. It is apparent from the obtained results that the Tb+3 

and Dy+3 data are fitted well with Freundlich model, expressing a multilayer adsorption of these 

ions that takes place on a surface with non-uniform structure. In contrast, the best fit for Nd+3 

adsorption data is obtained by Langmuir model according to the values of R2 and χ2, indicating 

that the adsorption of Nd+3 is monolayer adsorption. The value of the maximum monolayer 

adsorption capacity (qm) of Nd+3 calculated by Langmuir model at 25 ◦C is 71.44 mg/g, which is 

close to the experimental data. Table 3 compares the capacity of adsorption acquired by various 

adsorbents. 

3.8. Effect of ionic strength 

The efficiency of the REEs adsorption affected by ionic strength is indicated in Fig. 11A. 

The results show a significant effect of NaNO3 on the REEs adsorption by the nanocomposite. 

When 0.02 M NaNO3 is used, the adsorbent efficiency for the REEs decreases from 96.73 to 

91.53 %, 94.82 to 88.83 %, and 97.58 to 93.3 % for Nd+3, Tb+3, and Dy+3, respectively. By 

increasing NaNO3 concentration from 0.02 to 0.1 M, a significant decrease in the ability of the 

Jo
ur

na
l P

re
-p

ro
of



19 
 

adsorbent to adsorb the ions is seen due to the competition of Na+ from the dissolution of NaNO3 

with the ions for interacting with the functional groups on the nanocomposite surface [58]. As for 

adsorption of Nd+3 and Tb+3, Nd+3 ˃ Tb+3 can be seen for the order of adsorption efficiency at 

low concentration of NaNO3, while it changes to Tb+3 ˃ Nd+3 at higher concentration of NaNO3. 

This result suggests that ion exchange interaction could be a mechanism for the process of the 

REEs adsorption by the synthesized nanocomposite. 

3.9. Temperature effect on the REEs adsorption 

Different temperatures ranging from 25 to 45 ◦C were applied for the batch adsorption of 

the ions by the nanocomposite (0.04 g) at 90 mg/L of the ions and pH = 5.5. The results 

presented in Table 4 show that raising temperature ranging from 25 to 45 ◦C results an increase 

in adsorption efficiency of the nanocomposite from 61.71 to 69.15 % for Nd+3, 66.79 to 77.25 % 

for Tb+3, and 69.33 to 79.73 % for Dy+3. An enhancement in adsorption efficiency is mostly as a 

result of the surface activity increase that proposes an endothermic adsorption process between 

the REEs and nanocomposite. 

3.10. Thermodynamic parameters evaluation 

Gibbs free energy (∆G◦, kJ/mol), enthalpy (∆H◦, kJ/mol), and entropy (∆S◦, kJ/mol K), as 

the parameters of thermodynamic, were computed using the equations as following [59]: 

Kd = qe/Ce                                                                                                                                                                    (5) 

Ln Kd = ∆S◦/R - ∆H◦/RT                                                                                         (6) 

∆G◦ = - RT Ln Kd                                                                                                                                                     (7) 

Where the parameters are as follows: Kd: the coefficient of distribution, Ce (mg/L): the 

concentration of the REEs in the solution at equilibrium, T: the temperature (K), and R: the gas 
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constant (8.314 J/mol K). Based on the plot of Ln Kd versus 1/T (Fig. 11B), the computed values 

of ∆H◦ (from the slop) and ∆S◦ (from the intercept) are presented in Table 4. 

The value of ∆G◦ is negative and small that increases by increasing temperature, which 

indicates a reduction in Gibbs energy in the adsorption process. The ∆G◦ negative values 

demonstrate that the process is naturally spontaneous and feasible. The positive ∆H◦ values 

confirm the nature of adsorption to be endothermic, and the values of ∆S◦ ˃ 0 describe that at the 

interface of nanocomposite-solution, randomness increases during the process of REEs 

adsorption [56]. According to the obtained parameters of thermodynamic, the possibility of 

applying CA/P(P-T-A)/NZFO for the REEs adsorption is confirmed. 

3.11. Reusability studies 

The regeneration of an adsorbent is important in designing a process of adsorption. To 

explore the reusability of the nanocomposite, desorption test was performed by using HNO3 

solution with the concentration of 0.2 M. Firstly, the nanocomposite was loaded with 30 mg/L 

solutions of the REEs. The concentration of each metal was determined by the ICP after the 

separation of the loaded adsorbent with an external magnet. The loaded nanocomposite was 

completely rinsed using DW to wash the unadsorbed ions and then dried at 40 ˚C. Secondly, 50 

mL of HNO3 solution at RT was used for 2 h of desorption process at 180 rpm of a shaker. After 

finishing the process, each metal concentration was calculated. Four adsorption-desorption 

cycles were performed to test the nanocomposite reusability. Desorption efficiencies were 

obtained to be > 89 % (Nd+3), 91 % (Tb+3), and 95 % (Dy+3). As illustrated in Fig. 11C, after the 

fourth cycle, the adsorption performance declines from 96.12 to 91.78 % for Nd+3, 93.91 to 

90.36 % for Tb+3, and 96.85 to 93.56 % for Dy+3. The results represent an efficient regeneration 

of the nanocomposite by HNO3 solution with the concentration of 0.2 M and reutilization with an 
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insignificant decline in its adsorption efficiency that could confirm the economy of the 

adsorption process. The reasons for the decrease in adsorption efficiency after the forth cycle 

might be due to the chemically bonding of the ions with the functional groups that cannot be 

desorbed easily, decrease in the functional groups during acid treatment, and a few decrease in 

the dosage of adsorbent during cycles. Nevertheless, the obtained results reveal that the 

adsorbents can be potentially used for the adsorption of the REEs. 

3.12. REEs competitive adsorption 

The synthesized nanocomposite with the dosage of 0.04 g was applied in a ternary solution 

of the REEs with the ratio of 1:1:1 (30 mg/L of each ion) for evaluating the competitive 

adsorption of the REEs. In a multi-component system, antagonism, synergism, and non-

interaction effects take place depending on the value of qmix/q0 [60]. The qmix/q0 values were 0.23 

(Nd+3), 0.51 (Tb+3), and 0.51 (Dy+3). The values of qmix/q0 are ˂ 1, indicating antagonism effect 

of each ion on the adsorption of other REEs. Adsorption efficiency reduction was seen with the 

values of 22.3 % (Nd+3), 48.05 % (Tb+3), and 50.28 % (Dy+3). The EDX spectrum (Fig. 12) 

recorded after the REEs adsorption process shows the related peaks of the REEs, which prove 

their successful adsorption by the synthesized nanocomposite. 

4. Conclusion 

In this study, CA/P(P-T-A)/NZFO magnetic nanocomposite was synthesized and 

characterized using various methods including XRD, FE-SEM, EDX, NMR, TGA, VSM, and 

FT-IR. The synthesized nanocomposite adsorption efficiency was investigated by conducting 

comprehensive experiments in aqueous solutions for the REEs adsorption. The optimum 

conditions for maximum adsorption efficiency were pH = 5.5 and 0.04 g of the nanocomposite in 

the solutions containing the REEs at the concentration of 30 mg/L. The REEs adsorption kinetic 
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onto the nanocomposite was well explained by PSO in comparison with PFO and IPD models. In 

addition, the equilibrium adsorption data were tested by using the nonlinear models of 

Freundlich and Langmuir. A well description of the adsorption data of Tb+3 and Dy+3 was 

obtained by Freunlich model. As for the adsorption of Nd+3, Langmuir was found to be a suitable 

model for fitting the adsorption data, and 71.44 mg/g was the maximum capacity for Nd+3 

adsorption. The calculated parameters of ∆H◦, ∆G◦, and ∆S◦ showed that the adsorption of the 

REEs was endothermic. An eluent of HNO3 (0.2 M) was used for the desorption of the REEs, 

and the results of adsorption-desorption cycles indicated that the nanocomposite adsorption 

efficiency decreased from 96.12 to 91.78 % for Nd+3, 93.91 to 90.36 % for Tb+3, and 96.85 to 

93.56 % for Dy+3 after the forth cycle. 
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Fig. 1. The monomer 1H NMR. 
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Fig. 2. The monomer 13C NMR. 
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Fig. 3. P(P-T-A) 1H NMR. 
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Fig. 4. (A) NZFO XRD pattern; NZFO photograph (B) prior to drying and (C) after drying under 

an external magnetic field. 
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Fig. 5. Image of FE-SEM for (A) NZFO and (B) CA-P(P-T-A)-NZFO. 
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Fig. 6. Spectrum of EDX for (A) NZFO and (B) CA-P(P-T-A)-NZFO. 
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Fig. 7. Spectrum of FT-IR for (A) CA, (B) NZFO, (C) P(P-T-A), and (D) CA-P(P-T-A)-NZFO. 
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Fig. 8. Curve of TGA for (A) P(P-T-A) and (B) CA-P(P-T-A)-NZFO. 
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Fig. 9. Curve of magnetization for (A) NZFO and (B) CA-P(P-T-A)-NZFO; (C) Separation of 

the REEs-loaded nanocomposite by an external magnetic field. 
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Fig. 10. (A) pH effect, (B) contact time effect, (C) adsorbent dosage effect, and (D) initial 

concentration effect on the REEs adsorption. 
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Fig. 11. (A) Ionic strength influence on the REEs adsorption, (B) Ln Kd versus 1/T for ∆H◦ and 

∆S◦ calculation, and (C) CA-P(P-T-A)-NZFO reusability for the REEs adsorption. 
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Fig. 12. CA-P(P-T-A)-NZFO EDX spectrum after the REEs adsorption. 
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Table 1. Kinetic constants for the REEs adsorption onto CA-P-(P-T-A)/NZFO. 

    Nd+3 Tb+3 Dy+3 

PFO 

 

qt = qe (1 − exp−K
1

t ) 

K1 (1/min)  0.343 0.314 0.329 

qe (mg/g)  45.38 44.69 45.37 

R2  0.8249 0.8927 0.8794 

χ2  6.67 4.58 5.03 

 

 

PSO 

 

qt = K2qe
2t/1 + K2qet 

K2 (g/mg min)  0.01274 0.01158 0.01195 

qe (mg/g)  48.05 47.43 48.13 

h (mg/g min)  

(initial adsorption rate) = K2qe
2 

 29.41 26.05 27.68 

R2  0.9878 0.9974 0.9964 

χ2  0.46 0.11 0.15 

 

IPD 

qt = Kit0.5 + C                                                                                                                     

Ki (1/min)  9.58 9.98 9.88 

R2  0.8999 0.8708 0.8745 

χ2  3.81 5.52 5.24 
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Table 2. Isotherm constants for the REEs adsorption onto CA-P(P-T-A)-NZFO. 

    Nd+3 Tb+3 Dy+3 

 

Langmuir 

 

qe =   
b qm Ce

(1+bCe)
          

 

b (L/mg) 0.88 0.199 0.364 

qm (mg/g) 71.44 98.34 99.91 

RL (dimensionless factor) = 
1

1+𝑏𝐶𝑖
  

Ci: the highest initial metal concentration 

0.004 0.016 0.009 

R2 0.9563 0.8428 0.7989 

 χ2 8.4 112.03 157.44 

 

Freundlich 

 

qe = K Ce
1/n                

K (mg1-1/n L1/n/g) 44.4 36.58 43.18 

n 9.85 4.91 5.54 

R2 0.8534 0.9812 0.9877 

 χ2 28.24 13.37 9.64 
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Table 3. Adsorption capacity comparison of different adsorbents for the REEs adsorption. 

 

Adsorbent 

 qm (mg/g)   

Reference 
 Nd+3 Tb+3 Dy+3  

Fe3O4-C18-chitosan-DETA 
 27.1  28.3  [35] 

EDTA functionalized chitosan  74    [36] 

Phosphonic acid functionalized silica 

microspheres 

 45    
[37] 

γ-Fe2O3-NH4OH@SiO2 (APTMS)    23.2  [38] 

Cellulose functionalized with thiourea  73    [39] 

MIL-101-PMIDA  70.9    [40] 

A layered thiostannate, 

(Me2NH2)1.33(Me3NH)0.67Sn3S7・

1.25H2O (FJSM-SnS) 

 126    

[41] 

Oxidized multi-walled carbon 

nanotubes 

   78.12  
[42] 

Lanthanide-ion imprinted polymers  126.5    [43] 

Macroporous polymeric resin (TVEX-

PHOR) 

  24.93   
[44] 

TA-MWCNTs   8.55   [45] 

PAAm–YZ   42.9   [46] 

Poly(acrylamide-expanded perlite) 

[P(AAm-EP)] 

  118.3   
[47] 

P(HEMA–Hap)   109.66   [48] 

Poly(amidoxime-hydroxamic acid)   125   [49] 
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resins 

CaHAP/NF   130.43   [50] 

Acryloyl–phenyl thiourea   74.23   [51] 

Hybrid Lewis base ligands 

functionalized alumina-silica 

   125.4  
[52] 

CA@Fe3O4 NPs  41    [53] 

11-Molybdo-vanadophosphoric acid 

supported on Zr modified mesoporous 

silica SBA-15 

   50  

[54] 

MPS (22 nm)-2NH-2COOH    44.8  [55] 

o-CNCs/GO-IIPs    48.14  [56] 

Imprinted mesoporous silica materials    22.33  [57] 

CA-P(P-T-A)-NZFO  72.49 108.82a 113.08a  This study 

a Calculated from Freundlich isotherm 
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Table 4. Temperature influence on the REEs (90 mg/L) adsorption and the calculated 

thermodynamic parameters. 

  Adsorption efficiency (%) 

Temperature (ºC) 

25 

35 

45 

 

 

 

Nd+3 Tb+3 Dy+3 

61.71 66.79 69.33 

65.13 71.78 73.93 

69.15 77.25 79.73 

Thermodynamic parameters 

  Nd+3 Tb+3 Dy+3 

ΔHº (kJ/mol)  13.72 21.78 23.03 

ΔSº (kJ/mol K)  0.052 0.079 0.084 

 Temperature (ºC)    

 

ΔGº (kJ/mol) 

25 -1.736 -1.184 -2.574 

35 -1.268 -2.962 -3.136 

45 -2.715 -3.813 -4.122 
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