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Abstract
In this study, Acrylic acid (AA), acrylamide (AM), and 16,16-dimethylheptadecan-1-amine (PJM-T) were copolymer-
ized using gamma irradiation with 60Co γ-rays at a dose of 25 KGy to form a novel composite; Poly(acrylic acid-co-
acrylamide/16,16-dimethylheptadecan-1-amine P(AA-co-AM/PJM-T). P(AA-co-AM/PJM-T) is characterized by different 
physicochemical techniques and used as a sorbent for rare earth elements from monazite. The optimum pH for the sorption 
process at 25 ℃ is 4.5 and the equilibrium attained at 60 min. Different kinetics and isothermal models is applied. The maxi-
mum adsorption capacity is 182.15 ± 3.73 mg  g−1 at 25 ℃. The sorption reaction regulates a pseudo 2nd order mechanism 
and the process is spontaneous.

Keywords Polymer composites · Rare earth elements · Monazite · Sorption · Adsorption kinetics · Isotherm

Introduction

During the last centuries, REE has gained considerable 
importance due to the valuable need for these elements and 
their compounds in several fields. The physical and chemi-
cal properties of REEs make it suitable for electric, optical, 
and metallurgical technological fields [1–3]. REEs could be 
used in special alloys, magnets, catalysts, electric applica-
tions [4, 5], nuclear technologies, communications systems 
[6–8], medical purposes, and agricultural application [9].

Many ores for REEs are; monazite, lanthanite, xenotime, 
bastnäsite, allanite, loparite and phosphate rocks [10]. Mon-
azite could be a REE  (PO4)3− that's frequently found with 
other valuable minerals like ilmenite, rutile, zircon and cas-
siterite. There are 2 steps during the recovery of the REEs 
from its monazite ore. The 1st step is the decomposition of 
the ore and purification of REE compounds. In the 2nd step, 
this compound is separated into individual REE products by 
liquid–liquid extraction and/or ion exchange.

Several methods such as; precipitation, ion exchange, 
coagulation, flocculation, liquid–liquid extraction [11], 
solid—phase extraction [12], ionic liquid extraction [13], 
biosorption, and classical adsorption on different sorb-
ents have been used for separating different lanthanides 
from aqueous solutions. These chemical methods of sep-
aration rely up on the concentration of REEs. At higher 
REEs concentrations, precipitation as hydroxide or as oxa-
late is favourable. In addition to solvent extraction [12] is 
employed. At lower REEs concentrations, ion exchange resin 
[14], nano filtration membrane [15], synthetic composite, 
[16] and bio-adsorption [17] are strongly recommended.

Among them, the adsorption method is utilized in treat-
ment of REEs solutions due to its multiple superiorities of 
easy operation, low cost, high availability, and favorable 
retention efficiency [18].

16, 16-Dimethylheptadecan-1-amine (Primene JM-T; a 
primary amine) is especially employed in REE retention by 
solvent extraction and/or ion exchange. This can be due to its 
unique physical and chemical properties, resistance to oxi-
dation, Fluidity and low viscosity at different temperatures, 
color stability. Primene JM-T extracts negative or anionic 
species [19]. However; Primene JM-T is incredibly toxic to 
aquatic life and expensive. Thus, it is important to develop 
a novel sorbent to solve this defect.
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Advanced sorption materials [20–22] and organic sorb-
ents [23–25] like poly acrylic acid P (AA) which is cheap 
and non toxic. P(AA) was studied by authors efficiently in 
the adsorption of heavy metals [26–29]. Furthermore, P(AA) 
encompasses a great potential for adsorbing REE ions owing 
to its accessible carboxylic groups [30]. Enhancement of 
the hydrophilic character of poly carboxylic acids groups 
by polymerization with other hydrophilic monomers like; 
maleic acid)  SiO2/Al2O3 for sorption of Cesium, [31] acryla-
mide as N-donor functional moieties is studied. Authors 
declare that N-donor compounds have good sorption behav-
iour [32].

However, there's a limitation in studying co-polymeriza-
tion of Primene JM-T with hydrophilic polymers.

In the present paper; REEs are extracted from monazite 
ore by treatment with alkaline solution. Separation of REEs 
from  (PO4)3− and then from the impurities by direct pre-
cipitation are performed. The rare earth cake is still impure; 
should undergo further purification processes. A novel com-
posite poly (acrylic acid –co -acrylamide/16, 16-dimethyl-
heptadecan-1-amine) composite was used for this purpose 
after optimization of the sorption affecting factors like; pH, 
contact time, concentration and resin concentration. The 
mechanism of the sorption reaction is proposed by apply-
ing different kinetic models; pseudo 1st order, pseudo 2nd 
order, Elvoich and intra-particle diffusion. Furthermore, four 
isothermal models; Langmuir, Freundlich, Flory–Huggins 
and Temkin isotherm is applied.

Experimental

Reagents and Methodology

All reagents used during this work were of analytical grade 
and used without further purification. Acrylic acid (AA) got 
from Elf Chem. Co., ATOFINA, and France. Acrylamide 
(AM) was supplied by Fuchen Chemical Co., Ltd., Tianjin, 
China. Methylene bis-acrylamide (MBA) was supplied from 
(Merck, Germany). 16, 16-dimethylheptadecan-1-amine 
(PJM-T) is purchased from Adwic.

Monazite concentrate (monazite content about 90%) is 
supplied by nuclear materials authority, Cairo-Egypt. Double 
distilled water was used for the preparation of the compos-
ite. Hydrochloric acid (HCl) and sodium hydroxide (NaOH) 
were supplied from ADWIC (Egypt) for pH—adjustment.

Co‑polymer Preparation

A general procedure for grafting copolymerization of 
Acrylic acid (AA) and Acrylamide (AM) with Methylene 
bis-acrylamide (MBA) as acrosslinker using gamma irradia-
tion technique was conducted as follows: 10% of prepared 

monomer composition (60 AA:40 AM) was dissolved in 
degassed, distilled water. Then added to the total solution, 
0.5 mass % MBA as a cross linker and 2% PJM-T were added 
to the reaction mixture then shaken overnight in a glass tube. 
The mixture is stirred at 400 rpm at room temperature for 2 h 
and ultrasonically treated for 10 min, after that it was sub-
jected to Co-60 gamma rays irradiation (25 kGy). The irradi-
ated product (grafted copolymer) was cut into small pieces 
and washed by acetone for removal of excess of unreacted 
monomers, washed with double distilled water and dried in 
an oven at 60 °C to a constant weight and then ground to 
the desired mesh size (< 300 μm) and keep for further use.

Figure 1 is a schematic diagram summarizes the prepara-
tion of P(AA-co-AM/PJM-T) composite. 10 ml of PJM-T 
mixed with 30 ml AA and 20 g acrylamide, 2.5 g MBA in 
500 ml deoxygenated water.

Gamma Radiation

Radiation is a very convenient method for graft initiation. It 
has advantages compared to chemical method as it is more 
efficient, economical, wide applicability and easily prepared 
[33]. Gamma Irradiation was carried out using the Co-60 
gamma cell. A cell of type yMC-20 (Russia) was used at 
the Cyclotron Project, Inshas site, Egypt. The monomers 
were exposed to a dose of gamma radiation 25 kGy. Gamma 
radiation leads to the formation of free radicals, so it acts as 
an initiator for the polymerization process. These free radi-
cals are active sites that cross linked with other monomers 
to get the grafted copolymer.

Predicted Mechanism for Polymerization Process

Possible mechanism reactions for the graft polymerization 
of P(AA-co-AM/PJM-T) in the presence of MBA as cross 
linker can be predicted as shown in Fig. 2 [34].

Preparation of REEs Solutions

Monazite was digested by alkaline method (caustic soda) 
[35]. 15 g of the digested REEs hydroxide cake was dis-
solved carefully in 50 ml conc. HCl acid in water bath 
at 85 °C. The initial concentration of REEs solutions is 
1608 mg  l−1 and different concentrations from REEs were 
prepared via dilution of the stock standard solution for all 
batches adsorption trials. The stock solution keep in dark 
glass bottle and pH is monitored and adjusted continu-
ously using small amounts of  NH3 or HCl to avoid metal 
precipitation.
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Instruments

The surface morphology of the prepared composites was 
examined using a scanning electron microscope (JEOL JSM-
5400, Japan). The FT-IR measurements were performed 
using a Bomen Miclson FT-IR spectrophotometer, model 
MB157, from Canada. Differential thermal and thermo-
gravimetric analyses were carried out using Shimadzu 
DT-60, Japan. The Samples were exposed to temperature 
up to 800 ℃ with a heating rate of 20 ℃  min−1 in the pres-
ence of nitrogen atmosphere to avoid thermal oxidation of 
the powder samples.. Shimadzu X-ray diffraction (XRD), 
model XD-Dl, Kyoto, Japan, was used to investigate the 
crystalline structure, with a diffraction angle (2θ) within the 
range 4–70°. Pore size distribution and corresponding poros-
ity calculated with the aid of pore-sizer chromatech 9320, 
USA. The concentration of REEs solutions is determined by 
Inductive Coupled Plasma Optical Emission Spectrometer 
(Prodig Axial high dispersion ICP-OES model, USA and 
UV- spectrophotometer (single beam multi-cells-positions 
model SP-8001.

Point of Zero Charge

Point of zero charge  (pHpzc) is that the pH at which the sur-
face charge is zero [36]. The surface charge at pH lower 

than  (pHpzc) is positive and that at pH higher than  (pHpzc) is 
negative. The small value of  pHpzc is considered as sign for 
an efficient sorbent because it gives a verity of pH for the 
sorption of cations.  pHpzc can be determined practically by 
adjusting pH for a series of flasks each one contains 0.5 g of 
the adsorbent with 20 ml of 0.01 M (NaCl) and the pH was 
adjusted from 1.0 to 7.0  (pHinitial). The solution was shaken 
for 24 h and the final pH of the solutions was measured 
 (pHfinal).  pHpzc is determined by plotting pHinitial against ∆pH 
(pHfinal–pHinitial).

Sorption Studies

Sorption studies were carried out onto P(AA-co-AM/PJM-
T) using Egyptian high-grade monazite sample. Sorption 
parameters. i.e. pH (2–4.5), contact time (15–120), initial 
concentration (200–2000 mg  l−1) and resin ratio (V/m) var-
ied to select the best conditions for sorption. 0.1 g of the 
sorbent contacted with 20 ml of the adsorbate solution and 
after sorption time; samples were filtered and thus separated 
from the solution.

The Sorption efficiency of the REE ions at each interval 
of time is given by Eq. (1).

Fig. 1  Schematic diagram for P(AA-co-AM/PJM-T) preparation



1173Journal of Polymers and the Environment (2022) 30:1170–1188 

1 3

Fig. 2  Predicted mechanism for polymerization process
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Adsorbed amount q (mg  g−1) is calculated using Eq. (2):

where q, is the amount sorbed (mg  g−1).  Co,  Cf are the initial 
and final concentrations of the REE ions, respectively. m is 
the weight of the P(AA-co-AM/PJM-T) (g) and V is that the 
volume of solution (l).

Kinetic Modeling

Kinetic modelling can give a proposal for the mechanism 
of the sorption reaction. Four kinetics models are applied 
through this study; Pseudo 1st order, pseudo 2nd order, 
Elovich model and intra-particle diffusion model.

Pseudo 1st Order & Pseudo 2nd Order Models

The pseudo-first order equation is given by Eq. (3) [37]

where  qe and  qt are the sorbed amounts of REE ions; 
(mg  g−1) at equilibrium time and at any time t, respectively; 
 k1  (min−1) is the 1st order rate constant.

The pseudo-second order is given by the Eq. (4) [38]

where  k2 (g  mg−1  min−1) is the 2nd order rate constant.

Elovich Model

It’s applied for chemisorptions reaction and give by Eq. (5) 
[39]

where α and β are the Elovich coefficients. α (mg  g−1  min−1) 
represents initial adsorption rate and β expressed desorp-
tion constant (g  mg−1) during any experiment related to the 
activation energy involved in chemisorptions.

Intra‑ particle diffusion model

The intra-particle diffusion model is applied using Eq. (6) 
[40]
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where  kid is the intra-particle diffusion rate constant (mg  g−1 
 min−1/2) and C is the intercept.

Isotherm Modeling

Four isotherm models are applied through this study; Lang-
muir [41], Freundlich [42], Flory–Huggins [43] and Temkin 
isotherm [44].

Langmuir Model

By Eq. (7), Langmuir isothermes model could be applied

where  Q0 is the Langmuir adsorption capacity (mg  g−1), b is 
the constant related to free energy of sorption where ∆Go (b 
α  e−ΔG/RT) and  Ce is the equilibrium concentration.

Freundlich Model

Freundlich model is illustrated by Linear Eq. (8)

where,  Kf is Freundlich constants and n, related to adsorp-
tion capacity and intensity.

Flory–Huggins Model

Flory–Huggins Eq. (9) and the linear relation is given by 
Eq. (10):

where, θ = 1–CeCo, the degree of surface coverage, nFH the 
number of occupied sites, and KFH, the Flory Huggins equi-
librium constant  (Lmol−1). The equilibrium constant KFH is 
used to know the spontaneity of ∆Go with the aid of Eq. (11):

where ∆Go is the standard free energy, R is the universal gas 
constant, 8.314  Jmol−1  K−1, and T is temperature in Kelvin.
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Temkin Model

Temkin assumes a linear variation of the adsorption heat 
with the degree of overlap. The model is given by the Eqs. 
(12, 13) [44]

where: BT =
RT

bT
, AT, bT are constants, AT (L  mol−1) is related 

to the maximum binding energy, bT is said to be the adsorp-
tion heat.

The loaded P(AA-co-AM/PJM-T) by REE was desorbed 
in several concentrations (0.01, 0.1, 0.5 and 1 M) of HCl 
as desorbing solution at room temperature for an hour. The 
mixture was filtrate to isolate the P(AA-co-AM/PJM-T) com-
posite from the liquid phase, and then the concentration of 
REE ions measured. The desorption efficiency % was cal-
culated using Eq. (14):

where Caq is related to the concentration of REE within the 
aqueous phase, Cs is that the concentration of REE within 
the P (AA-co-AM/PJM-T) composite.

Result and Discussion

Characteristics of the Adsorbent

Adsorbent Morphology

The morphology for P(AA-co-AM/PJM-T) composite 
Fig. 3a shows a dense packed morphology with well definite 

(12)qe =
RT

bT
ln(ATCe)

(13)qe = BT ln AT + BT ln Ce

(14)Desorption% =
Caq

Cs

%

dimensions of the polymeric matrix. Sorption of rare earth 
ions onto P(AA-co-AM/PJM-T) (Fig. 3b) leads to fracture 
surface i.e. The smoothing of the surface decreases.

FT‑IR Analysis

FT-IR analysis in Fig. 4a showed the characteristic absorp-
tion peaks for the functional groups of P(AA-co-AM/
PJM-T) composite. The two broad absorption signals at 
3439  cm−1 [45] and 1641  cm−1 were attributed to OH of 
AA. However, the absorption peak at 3213  cm−1 is assigned 
to NH for PJM-T and acrylamide. CH group is represented 
by the absorption peak at 2960  cm−1. A peak at 1735 is 
assigned to C = O [45] while that at 1456   cm−1 belongs 
to stretching band of CN and 1166  cm−1 is another peak 
related to NH group [46]. The signal at 1661  cm−1 is the 

Fig. 3  SEM of a P (AA-co-AM/
PJM-T). b Loaded RE ions onto 
P(AA-co-AM/PJM-T) com-
posite
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characteristics (N–H) stretching peak [47]. Two existed sig-
nals at 1078–1128  cm−1 are attributed to the 2nd stretch 
OH group. The peaks at range 1166–811 are due to C–H 
stretching of CHO group that at range 579–525 assigned to 
 CH2 aliphatic compounds. For loaded P(AA-co-AM/PJM-
T) with REEs in Fig. 4b; the intensity of bands of –OH and 
–NH decrease due the participating of these groups in the 
coordination of REEs. CO as well as CN bands are shifted 
to 1732, 1407  cm−1, respectively. In any cases, binding of 
REEs strongly affects the chemical environment of N−, 
OH− groups. Several bands in the range 900–400 related to 

REEs-O stretching bands. Figure 4c for P(AA-co-AM), The 
broad and strong absorption band near 3435  cm−1 represents 
the stretching vibration of –OH group in AA and -NH group 
in AM the peak at 1646  cm−1 was the stretching vibration 
band of carbonyl group in AM. The 1459  cm−1 is related to 
the stretching vibration of C–N bond in graft copolymer. The 
absorbance at 2924.5  cm−1 is assigned to –C–H stretching 
of the acrylate unit.

Fig. 5  EDX–mapping spectra of P(AA-co-AM/PJM-T) composite
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Energy Dispersive (EDX) Spectroscopy

The energy dispersive spectra of P(AA-co-AM/PJM-T) com-
posite are shown in Fig. 5. The spectrum of the compos-
ite revealed an intense carbon band, oxygen and nitrogen 
bands due to the main constituents of acrylic acid chains, 
acrylamide and PJM-T of the copolymer. The composite has 
the highest percentage of carbon followed by nitrogen and 
oxygen.

X‑ray Diffraction Analysis

X ray diffraction may be a tool for recognition of the degree 
of crystalline of P(AA-co-AM/PJM-T) composite. Figure 6 
clarify that P(AA-co-AM/PJM-T) is amorphous structure 
with non crystalline peak at 2θ = 20.4 such as atactic struc-
tures of PAA [48].

Thermogravimetric Analysis

Thermogravimetric analysis is depicted in Fig. 7a. The ther-
mal stability of P(AA-co-AM/PJM-T) composite decrease 
because the temperature is raised and also the composite 
losses its weight in three decomposition steps. The 1st step 
starts from 170 ℃ to 222 ℃ with weight loss of 1.94%. This 
step accompanied by endothermic peak at 220 ℃ due to 
loss of adsorbed water. The second step starts at 340 ℃ 
with 42.3% weight loss. The endothermic peak at 340 ℃ 
attributed to loss of water from PAA and formation of poly 
acrylic acid anhydride [39]. Then the third step accelerated 
from 400 ℃ to 800 ℃ with 92.07% weight loss and can be 
ascribed to the degradation of composite. An exothermic 
peak at 528 ℃ because of burning of organic substances 
[49].

DSC provides qualitative and quantitative information 
to the thermal properties of P (AA-co-AM/PJM-T) such as 
the melting and degradation temperatures, glass transition 
temperature, melt and crystallization enthalpy, specific and 
latent heats, polymorphism, and purity of the materials. 
Figure 7b shows the DSC curve of PAA. As can be seen 
from this curve, there are an endothermic peak at 220 °C, at 
which the sample consumes energy values 304.6 J/g, respec-
tively. In addition, the curve shows two exothermic peaks at 
154.4 °C and 458 °C with emitted heat values of − 81.71 
and − 16.81,  respectively.. The endothermic peak at 220 °C 
due to water loss while the exothermic peak at 400 °C cor-
responds to degradation of composite. The first exothermic 
peak at 154.4 due to amorphous aggregate of the composite.
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Surface Characteristics

Surface characteristics of any sorbent give an indication 
for its efficiency for the sorption process. Total pore area 
includes macro, meso and micro pores. However, the average 
pore diameter is 119.4 nm (more than 50 nm) closely related 
to the presence of macropores. The presence of macrospores 
responsible for the cracking of the surface. The difference 
between apparent density and bulk density is reasonable 
evidence for existence of open pores available for sorption 
process. The results for surface characteristics are listed in 
Table 1.

Sorption Study

Effect of  [H+] Concentration

The sorption process is extremely affected by the change 
in pH parameter due to ionization of surface functional 
groups. Different sorption experiment within pH range 
(2–4.5) performed to determine the optimum pH. Figure 8 
represents the relation between amount sorbed  (qe) and pH 
and it is obvious that as the pH increase; the sorbed amount 
increases. This is owing to the increase of the total net nega-
tive charges of the sorbent surface attracting metal ions and 
a less competition between  H+ and REE ions [50].

The  pHZPC (pH of zero point charge) is an important phys-
icochemical parameter depends on the surface chemistry of 

the sorbent. P(AA-co-AM/PJM-T) composite has a negative 
surface charge related to Acrylic acid. The pH of the point of 
zero charge of P(AA-co-AM/PJM-T) composite is 3 shown 
in Fig. 9; the charge of the surface is positive at pH < 3. At 
pH values above this given value, the electric charge of the 
adsorbent is (−ve) and can attract the REE ions (+ ve). So, 
it's necessary to choose the working pH > 3.

The optimum pH is chosen at pH 4.5 due to formation of 
rare earth hydroxides precipitate at higher pH. This is con-
firmed by Hydra/Medusa chemical equilibrium software [51] 
starting with rare earth ions (III) concentration 200 mg  l−1, 
25 ℃ and different  [H+] concentration (1–12). Figure 10 
illustrates rare earth ions (III) predominate at pH up to 5. In 
Fig. 10a Ce(III), Nd(III), Sm(III) and Pr(III) are predomi-
nate species at pH < 6. At pH > 6, the predominate species 
are Ce(OH)3, Nd(OH)3, Sm(OH)3, Pr(OH)3 and complex 
ions like Ce(OH)2

+, Ce(OH)+2, Nd(OH)2
+, Nd(OH)+2, 

Sm(OH)2
+, Sm(OH)+2, Pr(OH)2

+, Pr(OH)+2 at pH > 10 the 
predominate species are Ce(OH)4

−, Sm(OH)4
−, Pr(OH)4.

The same in Fig. 10b; the predominate species are Eu(III), 
Gd(III), Dy(III), Tb (III) while the Lu(III) is predominate 
species at pH < 5 (Fig. 10c).

Effect of Contact Time

The effect of time on adsorption process studied at inter-
vals (15–120 min) and represented in Fig. 11. The equilib-
rium time of the sorption reaction was reached rapidly at 

Table 1  Total pore area and pore size analysis and the corresponding porosity of P(AA-co-AM/PJM-T) composite

Sorbent Total pore area
(m2g−1)

Average pore diameter
(nm)

Bulk density
(g  mL−1)

Apparent density
(g  mL−1)

Porosity
(%)

P(AA-co-AM/PJM-T) 8.53 ± 0.4265 119.4 ± 5.97 0.622 ± 0.0311 0.929 ± 0.0465 33.07
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Fig. 10  Speciation diagrams for some rare earth ions at 25 ℃
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nearly an hour. The sorbed amount increases at time inter-
val (15–60 min) due to the gradual occupancy of accessible 
sites on abundant availability of active sites on P(AA-co-
AM/PJM-T) [52]. At 60 min, the equilibrium time, com-
plete occupancy of the P(AA-co-AM/PJM-T). The optimum 
sorbed amount is 36  mgg−1.

Effect of Concentration

The effect of initial REE ions concentration on the sorbed 
amount is shown in Fig. 12. The concentrations in the range 
from 200 to 2000 ppm of the REE ions have been studied. 
The adsorbed amount  (qe) of rare earth ions was found to 
decrease as the REE ions concentration increase. This is 
owing to P(AA-co-AM/PJM-T) as a sorbents have a fixed 
number of active sites and at higher concentrations of rare 
earth ions, the driving force to P(AA-co-AM/PJM-T) sur-
face/liquid interface increases till the active sites become 
saturated [53, 54].

Four models of sorption: Langmuir, Freundlich, 
Flory–Huggins and Temkin, were applied to identify the fit 
model to adsorption reaction.

Effect of V/m Ratio

Impacted volume to weight ratio (V/m) on adsorption of RE 
ions was studied in the range from 0.2–0.5  Lg−1 to evalu-
ate the preferred volume/weight of sorbent for high uptake 
percentage. As present in Fig. 13, the uptake efficiency 
inversely related with V/m ratio. Thus, the best V/m ratio 
was chosen at 0.2.

Kinetic Modeling

Pseudo 1st –Order & Pseudo 2nd Order

The sorption reaction is more fitted with the kinetic model 
that has a highest correlation factor  R2 and the  qe(cal) identity 
with  qe(exp.). Figure 14a, b illustrates the plots for pseudo 1st 
order fitting and pseudo 2nd order fitting. Table 2 lists the 
values of  qe(exp.),  k1 for pseudo 1st order,  k2 for pseudo 2nd 
order and the correlation coefficient  (R2) of the two models. 
From the result, pseudo 1st order plot shows a straight line 
with correlation factor  R2 = 0.987 proposing that pseudo 
1st order model is applicable. However,  R2 for pseudo 2nd 
order plot is 0.999 which is more than that of pseudo 1st 
order. The calculated adsorption capacity is identical with 
the experimental one for both models. So, it's clear that, the 
sorption reaction fit pseudo 2nd order kinetic model and the 
adsorption process can be regulated by the chemisorptions 
process.

Elovich Model

Figure 14c depicts Elovich model fitting. The calculated 
parameters for Elovich, (α, β) in Table 2 show that the 
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Fig. 11  Sorption of rare earth ions onto P(AA-co-AM/PJM-T) at 
25 ℃ and initial concentration 200 mg  l−1
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sorption reaction mechanism can be interpreted by Elovich 
equation. The correlation factor  (R2) is greater than 0.98. 
The data shows that Elovich model involves chemisorptions 
of the prepared composite toward rare earth ions ensure 
pseudo 2nd order model.
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Table 2  The values of parameters of Kinetic models fitting for rare earth ions sorption onto P (AA-co-AM/PJM-T) composite at 25 ℃

Pseudo 1st order kinetic fitting parameters Pseudo 2nd order kinetic fitting parameters qe (exp)
mg  g−1

Elvoich model fitting parameters

k1,
min−1

qe(calc.)
mg  g−1

R2 K2
gmg−1  min−1

Qe(calc.)
mg  g−1

R2 α β R2

0.0623
 ± 4.9×10–3

37.17 ± 2.57 0.98 0.063 ± 3.15×10−3 36.83 ± 0.891 0.99 36 4.966 0.088 ± 0.53 0.98

Table 3  The value of parameters of intra-particle for rare earth ions 
sorption onto P(AA-co-AM/PJM-T) composite at 25 ℃

Intra-particle diffusion model fitting parameters

Time range, min Kdi, g  mg−1  min−1 C R2

0–15 9.253 ± 0.49 −12.75 ± 1.54 0.99
20–45 4.121 ± 0.21 6.498 ± 1.18 0.99
60–120 – 36 –
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Intra‑particle Diffusion Model

The relation between qt and t½ for the adsorption of rare 
earth ions belongs to the intra particle diffusion fitting, 
Fig. 14d the straight lines with intercept i.e. not crossing the 
origin point; this means that the film diffusion mechanism is 
dominated during this study.

The thickness of the surface extrapolated from the 
intercept describes the participation of the surface adsorp-
tion within the rate-determining step. The great value of 
the intercept, the greater is its participation. It’s obvious 
that the intra-particle diffusion kinetic model for the rare 
earth adsorption reaction occurred through 3 stages. The 
primary stage (0–15 min) is that the mass transfer of rare 
earth ions and this occurs instantaneously and this stage 
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Table 4  The values of parameters of equilibrium isotherm models fitting for rare earth ions sorption onto P(AA-co-AM/PJM-T) composite at 
25 ℃

Langmuir isotherm model Freundlich isotherm model Flory–Huggins isotherm model Temkin isotherm 
model

Qo
(mgg−1)

b
(L  mg−1)

RL R2 KF
(mgg−1)

n R2 KFH nFH R2 At bt
kJmol−1

R2

182.15
 ± 3.73

0.0131
 ± 2.5 ×  10−3

0.295 0.995 138.48 ± 12.83 9.33 ± 8.1 0.91 2.97 ×  10–3 0.638 ± 0.08 0.94 0.146 8.305 0.90
∆Go =  RTlnKFH−14.393  kjmol−1
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is not considered by the kinetic. The second stage from 
(20–60 min; is the film diffusion of the rare earth ions from 
the solution to the surface of the composite and this the rate 
determining step. The third one (from 60 to 100 min) is that 
the equilibrium saturation. Table 3 shows the coefficients 
calculated from the second part of the linear plot.

Isotherm Modeling

Langmuir Isotherm Modeling

The relation of Langmuir isotherm and its calculated param-
eters are shown in Fig. 15a and Table 4, respectively. The 
linear relation with correlation factor  (R2 = 0.995) assumes 
the applicability of the sorption process to Langmuir model. 
The monolayer adsorption capacity at 25 ℃ and pH 4.5 is 
182.15 ± 3.73mg  g−1. Furthermore, the value of  RL shows in 
Table 4, 0.295 is more than 0 and less than 1. This implies 
that, the sorption reaction of rare earth ions onto P (AA-co-
AM/PJM-T) at 25 ℃ is favourable.

Freundlich Isotherm Modeling

Applying Freundlich Eq. (8). The linear plot in Fig. 15b indi-
cates a probability for the sorption reaction fitting to Freun-
dlich. The calculated parameters for Freundlich isotherm in 
Table 4 clarify that the value of 1/n is not up to unity; this 
means that, the sorption process is concentration depend-
ent. The values of correlation coefficient  R2, (0.91) are less 
than that of the Langmuir model (0.995); thus, Langmuir 
isotherm is more regulated for the sorption process.

Flory–Huggins Isotherm Modelling

Figure  15c represents the graphical representation of 
Flory–Huggins model and the obtained characteristic con-
stants values of this model are presented in Table 4. ∆Go 
calculated using the values of the equilibrium constant  KFH; 
and found to be −14.393 kJ/mol indicates a spontaneous 
nature of the sorption process.

Temkin Isotherm Modeling

AT and  BT depicted from the intercept and the slope of the 
plot applying Temkin Eq. (13) in Fig. 15d. The data illus-
trated in Table 4, indicate that  bT, is 8.305  kJmol−1 which 
confirm chemical adsorption. Value of correction factor  (R2) 
is (0.9) which gives a probability for regulation with the 
model.

Desorption studies

Desorption process is an important process to low the cost 
and decrease the need to continual supply of the adsorbent. 
Thus, the more desorption percentage is the more effi-
cient process and a remark or the good sorbent [55]. The 
desorption efficiency was studied (Fig. 16a). For  HNO3, 
 H2SO4, HCL,  Na2CO3 and distilled  H2O. The desorption 
efficiencies of sorbed rare earth ions is in the order  H2SO4 
>  HNO3 > HCl >>  >  Na2CO3 >  H2O, this may due to lan-
thanide contraction [56] and the affinity of the composite 
for  RE3+ is effected by pH. The  pHpzc of the P(AA-co-AM/
PJM-T) composite is 3. This means the surface charge is 
positive at pH < 3 and surface affinity to  RE3+ decrease due 
to repulsion [57]. The  Ka value of the acids is in the order 
HCl >  H2SO4 >  HNO3 >  H2O,  Na2CO3 is a strong alkaline 
compound. Exception for the desorption efficiency using 
HCl due to common ion of  Cl− and use of HCl in dissolv-
ing of the digested  RE3+ hydroxide in caustic soda process. 
Considering the economy,  H2SO4 is chosen for desorption 
process.

Desorption processes with  H2SO4 (Fig. 16b) has been 
worked using various concentrations 0.25, 0.5, 0.75 and 
1 M. Among these concentrations 0.75 M shows desorption 
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efficiency percent 99.8% equal to 1 M concentration. As 
the concentration of  [H+] increases,  H+ compete  RE3+ 
and ion exchange takes place. So, it's recommended to use 
0.75 M  H2SO4 as an eluent for P(AA-co-AM/PJM-T)/RE 
ion desorption.

Regeneration of the Adsorbent

The adsorbent synthesis or the sorption process cost can be 
minimized by effectively reusability of adsorbent materials. 
As a result, in real applications, the estimation of adsor-
bent stability and reusability is critical. For assessing the 
practical application of P(AA-co-AM/PJM-T) composite, 
we evaluated its reusability by recovering REEs from the 
prepared stock solution followed by REE release and sorbent 

regeneration. The desorption agent in this investigation was 
0.75 M  H2SO4 solution, and the desorption time was 1 h. The 
reusability performance (adsorption–desorption–adsorption) 
was depicted in Fig. 17. The sorption capacity of P(AA-co-
AM/PJM-T) composite decreased after the first cycle from 
36 mg  g−1 to 20 mg  g−1. After second cycle, the sorption 
capacity decreased from 20 mg  g−1 to 8 mg  g−1 then fur-
ther decrease to 2.4 mg  g−1 in the third cycle. The sorption 
capacity did not change in the subsequent cycles fourth and 
fifth cycle. It can be inferred that both ion exchange and the 
covalent bonding between metal ions and composite play a 
role in the adsorption process.

Real Application

Concentration of rare earth ions  (RE3+) liquor produced 
from monazite digestion is measured before sorption process 
with the aid of Ion coupled plasma. The result illustrated in 
Table 5. The concentration of  (RE3+) after sorption process 
is measured by shaking 20 ml of the liquor digested solution 
for 24 h at 25 ℃ with 0.1 g of P(AA-co-AM/PJM-T) and 
pH adjusted at 4.5. The sorption efficiency of  RE3+ onto 
P(AA-co-AM/PJM-T) is shown in Table 5 and illustrated in 
Fig. 18. The results are confirmed by the energy dispersive 
X-ray spectra of loaded P(AA-co-AM/PJM-T) composite 
with REEs (Fig. 19a). Beside Carbon, nitrogen and oxygen 
bands, the main constituents of P(AA-co-AM/PJM-T), the 
spectrum shows La, Ce, Nd, Pr, Sm, Gd, Yb, and Er, Dy 
bands besides Si, Cl, Ca and Al consistent with the elemen-
tal formula of monazite [58].

The roughness of the surface of P(AA-co-AM/PJM-
T) becomes rough at the end of the sorption processes as 
depicted in Fig. 19b. Furthermore, the mapping images of 
loaded P(AA-co-AM/PJM-T) composite with REEs indicate 
that REEs ions are adequately adsorbed at the surface of the 
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Table 5  Sorption efficiency of  RE3+ onto P(AA-co-AM/PJM-T) for 
24 h at 25 ℃ by (ICP-OES)

Element Sorption efficiency (%)

La 87.2 ± 4.36
Ce 84.11 ± 4.21
Pr 81.22 ± 4.061
Nd 82.57 ± 4.13
Sm 87.4 ± 4.37
Eu 95.2 ± 4.76
Gd 84.3 ± 4.215
Tb 84.17 ± 8.417
Dy 84.94 ± 4.247
Ho 83.1 ± 4.155
Er 82.8 ± 4.14
Tm 84.3 ± 4.215
Yb 93.8 ± 4.69
Lu 77.7 ± 3.885

La Pr Sm Gd Dy Er Yb
-100

0

100

200

300

400

500

600

700

800

 Monazite solution before Sorption process
 Monazite solution after Sorption process 

Lg
m ,.cnoC

-1

Reare earth ions
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posite at 25 ℃
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composite and they are distributed uniformly. La, Ce, Nd, 
and Pr are taken as examples of REEs to confirm sorption 
process.

Comparison with Other Adsorbents

There are several adsorbents that are used for  RE3+ sorption 
from different minerals [59–65]. Compared the maximum 
sorption capacity  (qmax) of other  RE3+ adsorbents with  (qmax) 
of the P(AA-co-AM/PJM-T) adsorbent is listed in Table 6. It 
was observed that the adsorption capacity of P(AA-co-AM/
PJM-T) adsorbent has reasonable adsorption capacities of 
182.15 ± 3.73 mg  g−1 for  RE3+. Thus, P(AA-co-AM/PJM-T) 

showed high potential for sorption of  RE3+ could be used for 
recovery of REE from its ores.

Conclusion

Poly (acrylic acid-co-acrylamide/16, 16-dimethylheptade-
can-1-amine) [P (AA-co-AM/PJM-T)] was successfully co-
polymerized using gamma irradiation with 60Co γ-rays at 
a dose of 25 KGy. The prepared composite characterized 
by several physic chemical methods and its applicability 
for adsorbing REEs elements from acidic aqueous solu-
tions was investigated. The best adsorption parameters at 

Fig. 19  a EDX spectra of loaded P(AA-co-AM/PJM-T) composite with REEs after contacting with liquor produced from monazite digestion for 
24 h. b SEM of loaded P(AA-co-AM/PJM-T) composite with REEs after contacting with liquor produced from monazite digestion for 24 h
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25 ℃ of REEs ions are; 0.1 g [P (AA-co-AM/PJM-T)] with 
20 ml REE ions solution, contact time 60 min, pH = 4.5. 
Kinetic and isotherm models applied. The results indicated 
that, the sorption reaction is regulated by pseudo 2nd order 
model than pseudo 1st order model. The adsorption mecha-
nism was checked for Langmuir, Freundlich, Flory–Hug-
gins and Temkin isotherm models. Langmuir adsorption 
capacity of rare earth ions onto P(AA-co-AM/PJM-T) is 
182.15 ± 3.73 mg   g−1. P(AA-co-AM/PJM-T) applied on 
liquor solution of the digested monazite with total concen-
tration of for rare earth ions 1608 mg  L−1 and the sorption 
efficiencies (%) of the single ions range from 95.2% for  Eu3+ 
and 77.7% for  Lu3+. Thus, [P (AA-co-AM/PJM-T)] is high 
selective for REEs.
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