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In this paper, the removal efficiency of Cerium (Ce(lll)) and lanthanum (La(lll)) ions from aqueous
solution using Amberlite XAD-7 resin impregnated with DEHPA(XAD7-DEHPA) was studied in the
batch system. The adsorbent (XAD7-DEHPA) was characterized by SEM-EDX, FTIR and BET analysis
Techniques. The response surface methodology based on the central composite design was applied

to model and optimize the removal process and evaluate operating parameters like adsorbent dose
(0.05-0.065), initial pH (2-6) and temperature (15-55). Variance analysis showed that the adsorbent
dose, pH and temperature were the most effective parameters in the adsorption of Ce(lll)and La(lll)
respectively. The results showed that the optimum adsorption condition was achieved at pH =6, the
optimum amount of absorbent and the equilibrium time equal to 0.6 gr and 180 min, respectively.
According to the results, the adsorption percentage of Ce(lll) and La(lll) ions onto the aforementioned
resin were 99.99% and 78.76% respectively. Langmuir, Freundlich, Temkin and sips isotherm models
were applied to describe the equilibrium data. From the results, Langmuir isotherm (R? (Ce) =0.999,
R? (La) =0.998) was found to better correlate the experimental rate data. The maximum adsorption
capacity of the adsorbent (XAD7-DEHPA) for both Ce(lll) and La(lll) was found to be 8.28 and 5.52 mg
g respectively. The kinetic data were fitted to pseudo-first-order, pseudo-second-order and Intra
particle diffusion models. Based on the results, the pseudo-first-order model and Intra particle
diffusion model described the experimental data as well. In general, the results showed that (XAD7-
DEHPA) resin is an effective adsorbent for the removal of Ce(lll) and La(lll) ions from aqueous solutions
due to its high ability to selectively remove these metals as well as its reusability.

The unique and functional properties of rare earth elements (REEs) in various industries have caused these ele-
ments to be highly regarded in recent decades and referred to as industrial vitamins"? Lanthanum and cerium
are used as raw materials for high-tech industries. The applications of these elements in metallurgy, agriculture,
chemicals, ceramics petrochemical, opticals, electronics and nuclear technologies are diverse and the growth of
demand for these materials in international markets has led to an increase in the prices of rare earth elements
in recent years®—°. With the increase in demand for rare earth elements, the balance between the world demand
and the natural affluence of the REEs in ores, often created as the balance problem, is a serious issue for REEs
preparator®s,

These elements are found in nature in combination and in combination with each other, and their separa-
tion due to very similar physical and chemical properties requires many costly processes. Therefore the sepa-
ration and recovery of these elements from secondary sources have become very important®°. To recover
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and remove ions of rare earth elements from aqueous solution and effluents different methods such as solvent
extraction, chromatography, crystallization Partial, ion exchange, and adsorption are discussed'>'2. Many of
these methods are non-economic, expensive, low efficiency to remove ions, and combined with production They
are secondary contaminants and are useless for low concentrations. Selecting the best methods and materials
for wastewater treatment, it is very important that, the factors such as efficiency, cost and environmental issues
must be considered"”. In recent decades, due to the applications of solvent-impregnated resins in the removal
and separation of metal ions, the use of this method has been developed. The basic principle in this application
method includes ion exchange and solvent extraction'*. Solvent-impregnated resins (SIRs) have the advantages
of ion exchange resins and solvent extraction, but there are no environmental complexities and problems due
to solvent extraction in this method".

In SIRs, the chelating reagent sits on the resin with great power and acts like an ion exchanger. However, in
some cases, the mechanism of solvent extraction by SIRs is very similar to solvent extraction. During impregna-
tion and SIR preparation, the extraction was homogeneously dispersed into the porous tissue of the resin. The
extraction used must be able to act as a solvent extraction method and yet show a strong tendency for the resin
to adsorb ions'.

Due to the lack of movement of the extraction in the pores of the resin, more amounts of it are retained in
the resin. Other advantages of this method include good mechanical stability, high surface area and reusing
possibility'”.

In general, various studies have been performed on the separation and removal of rare earth elements using
different methods. Archana Kumari et al.'® investigated the extraction of rare earth metals from chloride medium
by organometallic complexation using di-2-Ethylhexyl phosphoric acid (D2EHPA) and the best separation factors
for Nd/La is 17.73 at pH 2 and for Pr/La is 12.69 at pH 1.7 were obtained. The sorption of rare earth elements was
investigated using bone powder by Monica Butnariu et al."®. Studies have shown that the maximum sorption of
these elements occurs in PH =4 and the equilibrium time is <240 min. Sorption data were also better described
by Langmuir isotherms compared to Redlich-Peterson and Freundlich isotherms.

Measuring kinetic of extraction of Sm(III) by the single drop technique from nitrate solution using bis(2,4,4-
trimethylpentyl) dithiophosphinic acid (Cyanex 301) and 2-Ethylhexyl phosphoric acid (D2EHPA). Torkaman
et al.?’ showed that the Cyanex 301 extractant provided a slower extraction rate than that of the D2EHPA extract-
ant, therefore, the extraction rate of Sm(III) with D2EHPA was better than that of Cyanex 301. Furthermore,
they concluded that the extraction process is mainly controlled by the diffusion mechanism.

Zhuo Chen et al.?! have studied The extraction process of Nd(III), Eu(III) and Er(III) using membrane dis-
persion micro-extractors, The residence time and the dispersed droplets’ diameter determine of aqueous phase
flow rate, The findings of this study showed that As the aqueous phase flow rate increases, the efficiency first
decreases and then increases.

Torkaman et al.** investigated the solvent extraction of gadolinium (III) by Cyanex301, D2EHPA and a com-
bination of extractants from an aqueous nitrate solution, The results showed that the best extraction efficiency
was done at pH 4, the concentration of DEHPA 0.06 M and and concentration of Cyanex301 0.5 M. Moreover,
they reported that a mixture of extractants performed better for gadolinium extraction than their single system.

Removal studies of trivalent samarium using activated biochar derived from cactus fibers from Aqueous
Solutions were investigated. Various parameters affecting initial metal concentration, contact time, pH, ionic
strength and temperature on samarium adsorption were investigated. Maximum samarium uptake was noted
to be 350 g/kg, under pH=6.5 (Loukia Hadjittofi et al.)?*.

Devlina Das et al.?* have studied the Recovery of La(III) from an aqueous solution with biosorbents of plant
and animal origin in the batch and column systems. According to the results, the maximum adsorption capacity
of La(III) under optimum conditions (biomass dose: 0.3, 0.2 g/L. time: 4, 3 h. pH: 6. initial metal concentra-
tion: 300 mg/L. temperature:50 °C) of fish scales and neem sawdust onto the aforementioned biosorbents were
200.0 mg/g and 160.2 mg/g, respectively.

In recent years, many statistical and mathematical methods have been used to design effective factors in
chemical processes. Response surface methodology (RSM) is one of the statistical and mathematical methods for
designing and optimizing processes. This method can have the effects of parameters showing the independent
and relative importance of the interaction between two or more variables in the process. The RSM method not
only specifies the optimal conditions but also suggests a suitable regression model, using different designs such
as central composite design (CCD) or box-Behnken design (BBD)**.

The objective of the present paper is to investigate the performance of Amberlite XAD-7 resin impregnated
with DEHPA to remove Ce(III) and La(IIT) from an aqueous solution in the batch adsorption process. This work
focused on the modification of the Amberlite XAD-7 surface with a simple chelating agent named DEHPA. This
novel sorbent is subsequently applied for heavy metal adsorption namely Ce(III) and La(III).

Also, individual and simultaneous effects of process variables, environment pH, adsorbent dose and tem-
perature are discussed in the adsorption process using the RSM based on the CCD at five levels. This paper also
compares Ce(III) and La(III) adsorption equilibrium data with the Langmuir, Freundlich, Temkin and Sips
isotherms and compares the Ce(III) and La(III) adsorption kinetic data with the pseudo-first-order, pseudo-
second-order and Intra particle diffusion models.

Experimental

Materials. Amberlite XAD-7 resin was a non-ionic resin with an acrylic ester structure produced by Fluka.
Dimensions of the prepared resin are 297 to 841 microns, its dry and wet densities are equal to 1.24 and 1.05 g/
cm? respectively, its surface area is 450 m*/g and its average pore volume is 1.14 cm?/g.
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DEHPA (di-2-ethylhexyl) phosphoric acid with a molar mass of 322.43 g/mol and a density of 98 was sup-
plied by the German company Merck. D2EHPA extraction has acidic properties as an organic extractant and
extracts at a low pH value.

Lanthanum nitrate (La(NO;);.6H,0), cerium nitrate (Ce(NO;);.H,0) salts for the solution of metal ions,
sodium hydroxide (NaOH), nitric acid (HNO;) used to adjust the pH of the solution were all made by Merck.
Organic solvent toluene (C,H;CH;) with 99.99% purity was prepared from Merck company and used as a diluent.
All chemicals used in the present study were of analytical grade and were used without further purification.

Instrumentation and characterization of SIR. In this study, an Italian-made Gallenkamp mechani-
cal shaker was used to stir the solutions. To measure the solution concentration of Ce(III) and La(III) ions,
the inductively coupled plasma-atomic emission spectrometry (ICP-AES) device model AXTurbo150 of Varian
company was used at wavelengths of 379.478 and 413.464 nm, respectively. To determine the pH of the solution,
a pH meter of the Swiss model 780 was used.

Characterization of the impregnated resins (SIRs) using the fourier transform infrared (FTIR), PerkinElmer
Spectrum, 10.30.06, USA, between 400 and 4000 cm™' wavenumber was obtained. For the determination of
surface area and porosity were used scanning electron microscopy (SEM), VEGA//SEM, Tescan, A.S, Czech
Republic, was integrated with Scanning Electronic Microscope- Energy Dispersive X-ray (EDX), Rontech,
German.

Impregnation procedure. To impregnate Amberlite XAD-7 resin with DEHPA, the first 20 g of resin was
washed three times with double distilled water to remove its impurities and prepare the internal pores of the
resin for the impregnation process with the extraction. The washed resin was then passed through a filter and
dried completely at room temperature for 48 h. Then, 15 g of dry resin with 30 ml of DEHPA was contacted at
0.5 M in toluene at room temperature on a stirrer at a constant speed for two hours. The resin grains were then
separated from the organic phase and washed several times with 2 M nitric acid (HNO;) to make the sub-filter
solution free of the organic phase. Finally, the resin grains were washed with distilled water and dried completely
at room temperature for 48 h. The schematic of the impregnation process of Amberlite XAD-7 resin with solvent
is shown in Fig. 1.

Central composite design. Examining the impact of independent variables on the process increases the
number of experiments, time and cost. Response surface methodology is a set of effective and practical methods
for accurate and economical evaluation of variables and process response and can perform process optimization
in addition to modeling. In the response surface method, it is possible to obtain large amounts of data with fewer
tests. In this method, in addition to evaluating the main and interaction effects of different parameters, the opti-
mal value of each parameter can be calculated. The surface response method can be done using different designs
such as Box-Behnken design, face-centered cube design (FCCD) and central composite design. The CCD is a
quadratic application design in the RSM that uses 5 levels for each independent variable, consisting of a central
point and two factorial points that are+ 1 unit away from the center point. There are also two-star points that
make it possible to estimate the curvature and are far from the center point +o’~%.
To predict response behavior, a quadratic polynomial equation is defined according to Eq. 1.

K K K
Y =B+ BiXi+ D BiXi + Y BiXiX; (1)

i=0 i=0 i,j=0

where Y is the predicted answer, B¢ is constant coeflicients, B; is the linear coefficient, B;; is quadratic coefficient
and Bj; is the interaction coefficient also K is the number of independent variables and xi and xj demonstrate
the independent variable. Also, the rate of change of the variable per unit is denoted by Ax. In Eq. 2, x; is the
encoded value of i variable the actual value. The variable is represented by X; and the actual value of the variable
is represented by x, at the central point®*-*2

Xi — X
Xj = Ax (2)

Batch adsorption. The adsorption of Ce(III) and La(III) ions in the batch system was investigated as a
function of pH, contact time, initial concentration of metal ion solution and process temperature. For adsorp-
tion experiments, the first 20 ml of a solution containing Ce(III) and La(III) ions with a certain concentration
was transferred to 100 ml polyethylene containers and its pH was adjusted using nitric acid (HNO;) and sodium
hydroxide (NaOH) 0.1 M. Then a certain amount of resin to Excess solution and polyethylene containers were
placed in a mechanical shaker for a specified period of time at a specified temperature. After the desired time,
the resins were separated from the solution using filter paper and the equilibrium concentrations of Ce(III) and
La(III) ions in the solution were measured using an inductively coupled plasma-atomic emission spectrometry
(ICP-AES). All experiments were repeated twice.

The amount of adsorbed metal ions per unit mass of resin (resin adsorption capacity for metal ions (mg g™)
was calculated using the following Eq. (3):

v
q=(ci—c)x o 3)
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Figure 1. The schematic of the impregnation process of Amberlite XAD-7 resin with a solvent.

And the percentage of metal ion adsorption was calculated by the following Eq. (4):

Ci—Ce

% Adsorption =

x 100 (4)

Here, C; and C, are the initial and equilibrium concentrations (mg L), respectively. V is the volume of the
solution (L) and M is the mass of the dry adsorbent (g)*.

Desorption studies. The ability to recover the adsorbent for several adsorption and desorption cycles is
one of its most important characteristics for the economic evaluation of the adsorption process*.

After adsorption tests to reuse the used resins, they were washed with nitric acid (HNO;) at concentrations
of 0.1 and 2 to release the lanthanum and cerium metals and reusable. To do this, the used resins are contacted
with 10 ml of nitric acid (HNO;) with the mentioned concentrations for 24 h in a shaker at 150 rpm, and then
the resin is separated using filter paper and rinsed with distilled water. Then placed at room temperature to dry
and be reusable.
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Figure 2. FTIR spectra of the Amberlite XAD-7.
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Figure 3. FTIR spectra of the Amberlite XAD-7 resin impregnated with DEHPA (XAD-DEHPA).

Results and discussion

Characteristics of DEHPA-impregnated XAD-7 resin. FTIR. Figures 2, 3 and 4 indicate the FT-IR
adsorption frequencies and the assignments of the specific bands of the Amberlite XAD-7, XAD7-DEHPA and
XAD7-DEHPA after adsorption of La(III) and Ce(III), respectively.

From the spectrum of XAD—7 (Fig. 2), the aliphatic C-H group stretching CH; group can be seen at
2975 cm™ and 1477 cm ™. The bond at 1745 cm™ is due to the C=O stretching frequency. The peak at 1390 cm™
can be assigned to the C-H deformation of CH;. As can be seen from the figure, C-O stretching in ester group
at 1146 and 1294 cm™. Moreover, the wide sharp peak at 3440 cm™ corresponds to O-H®.

In the spectra of XAD7-DEHPA (Fig. 3), the bands at 780, 876 and 1029 cm ™" are assigned to P-C-O stretch-
ing. The presence of two bodies located at 1229 and 2340 cm™ is indicated by P=0 and P-OH stretching. The
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mentioned bands are due to the presence of an organophosphorus acid-specific group on Amberlite XAD-7
and are proof of the success of the process of impregnation of Amberlite XAD-7 using DEHPA extraction'®>.

The FTIR spectrum of XAD7-DEHPA after adsorption of La and Ce in Fig. 4 shows the -wavelength of some
XAD7-DEHPA peaks has changed after the adsorption process. Also, multiple new peaks at 600-800, 1500-1800
and 3000-4000 cm™ regions appear which may be due to the adsorption of Ce(III) and La(III) ions on Amberlite
XAD-7 resin impregnated with DEHPA.

SEM-EDX. SEM images of the Amberlite XAD-7 resin before and after being impregnated with DEHPA are
shown in Figs. 5 and 6, respectively. The figures provide the morphologies of the XAD-7 resin and XAD7-
DEHPA. The XAD-7 resin exhibited a spherical shape and its high magnification image shows rich pores that
can afford abundant space for impregnating extractant reagent DEHPA. By comparing Figs. 5 and 6, changes
in morphology can be seen. As can be seen from Fig. 6, the outer surface of the resin has become more opaque
after the impregnation process. It is noted that the surface of the XAD7-DEHPA sample (Fig. 6) was similarly
constant which implied that the main structure of XAD-7 was retained after the impregnation with DEHPA. It
enables XAD7-DEHPA to be a suitable material for ion adsorption in aqueous solutions.

SEM images of XAD7-DEHPA after adsorption Ce(III) and La(III) are shown in Fig. 7. As can be seen from
the figure, the adsorption Ce(III) and La(III) on Amberlite XAD-DEHPA resin surface change the morphology
of the beads. In addition, after adsorption, the resin surface became uneven and rough, which could be ascribed
to the resin surface being surrounded by La and Ce ions.

Elemental mapping can a visual impression of the distribution of elements on the XAD-DEHPA resin. Fig-
ure 8a—e shows a series of maps acquired. The results demonstrate that there is a distribution of C, O, P, Ce and
La element species after the adsorption process on the XAD 7-DEHPA resin.

Besides, Fig. 9, indicates the EDX spectrum XAD 7-DEHPA after the adsorption process. The existence of P,
0, and C in the spectrum strongly confirms the successful impregnation process using DEHPA, also the presence
of the characteristic peak of La(IIT) and Ce(III), which also proves the adsorption of ions on the XAD7- DEHPA
resin.

BET surface area. 'The BET analytical technique is employed to evaluate the specific surface area and pore
volume. The surface area and pore size distributions of XAD-7 and XAD7-DEHPA were analyzed by N, adsorp-
tion-desorption isotherms are shown in Table 1. The BET surface area was found to be 450 and 58.44 (m?/g),
also the measured Barrett-Joyner-Halenda (BJH) average pore volume were 1.14 and 0.49 (cm? g™*) for XAD-7
and XAD7-DEHPA, respectively. According to the results, after the impregnation process, BET surface area and
BJH pore volume of the Amberlie XAD-7 resin decreased due to the filling of its pores by the DEHPA extractant.
Therefore, increasing the pore diameter of the XAD-7 resin after impregnation from 85.63 to 137.08 A° can be
an explanation for filling the internal cavities of the particles.
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Figure 4. FTIR spectra of the Amberlite XAD-7 resin impregnated with DEHPA (XAD-DEHPA) after
adsorption of Ce(IIT) and La(III).
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Figure 6. SEM image of Amberlite XAD-7 resin surface after impregnation with DEHP.

Preliminary Investigation of the Impregnation of Resin. In order to evaluate the effect of the impreg-
nation process, several initial adsorption tests were performed using both XAD-7 and XAD7-DEHPA resins
under the same conditions (as 200 mg/L, PH=5 and temperature of 25 °C with 0.5 g of both types of XAD-7
and XAD7-DEHPA resins for 24 h). The results are shown in Table 2. The results confirm that the adsorption of
Ce(III) and La(III) ions on the resin increased after the impregnation process.

Modeling and statistical analysis. In the present research, to determine the main effects and interac-
tion of the three independent parameters, solution pH (A), temperature (B) and dosage of resin (C), on the
adsorption of Ce(III) and La(III) by XAD7-DEHPA resin, a CCD was used in RSM. To study the parameters, 20
experiments with 6 central points were designed and performed. The factors and levels used are listed in Table 3.

The experiments were performed at an initial concentration of 200 mg L™! of a solution of Ce(I1I) and La(III)
ions with a volume of 20 ml of a solution of metal ions for a time of 180 min. The values of experimental variables
and responses for the percentage of cerium and lanthanum adsorption are presented in Table 4.

The predicted responses for the percentage of Ce(III) and La(III) adsorption by XAD7-DEHPA were
calculated by the quadratic model. The equations proposed for Ce(III) and La(III) are obtained by the software

as follows:
Sqrt (%AD Ce) = +7.93 + 0.3351 A
+ 0.0694B +1.76 C + 0.0053 AB
— 0.0621 AC — 0.0038 BC (5)
+ 0.0132 A% + 0.0197 B? — 0.3204 C?
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Figure 7. SEM micrographs of the XAD-7-DEHPA after adsorption Ce(III) and La(III).
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Figure 8. (a-e) Elemental mapping of O, C, P, Ce(III) and La(III) elements in the XAD7-DEHPA after
adsorption of Ce(IIT) and La(III).

Sqrt (%AD La) = +6.27 4+ 0.4201 A + 0.0918 B
+1.48 C + 0.0012 AB — 0.0855AC

—0.0112 BC — 0.0149 A2
+ 0.0012 B> — 0.1789 C?

(6)

While Y represents the percentage of adsorption, in the above equations A (pH), B (temperature) and C
(dosage of resin) are independent single variables and AB (pH-temperature interaction), AC (pH-dosage of resin
interaction) and BC (temperature-dosage of resin interaction) are reciprocal variables. The quadratic sentences of
the equation include A? (pH square effect), B> (temperature Square effect) and C? (dosage of resin Square effect).

The coeflicients of parameters A, B, and C and the interaction between parameters AB, AC, BC, A%, B? and
C? indicate the importance of each of these variables and their interaction with the value of the response (Y).
According to the coefficients, three linear effects of factors C (dosage of resin), A (pH) and B (temperature) have
the greatest effect on the responses, respectively.
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Figure 9. EDX spectrum of XAD7-DEHPA after adsorption of Ce(III) and La(III).

Resin BET Surface area (m%/g) BJH Adsorption average pore volume(cm® g™!) Adsorption pore diameter (A)
Amberlite XAD-7 450 1.14 85.63
Amberlite XAD7-DEHPA 58.44 0.49 137.08

Table 1. Results of BET analysis for XAD-7 resin after impregnation with DEHPA.

Resin %AD Ce(III) | %AD La(III)
Amberlite XAD-7 20.68 11.31
Amberlite XAD-7 + DEHPA 94.83 60.91

Table 2. Evaluation of the role of DEHPA extractant on the adsorption process.

Levels
Variable Units Symbols —a=-2 | -1 0 +1 +o =42
pH A 2 3 4 5 6
Temperature °C B 15 25 35 45 55
Dosage resin g C 0.05 0.2 0.35 0.5 0.65

Table 3. Range of design variables in the central composite design (o = axial points).

In discussing model adequacy, Fig. 10 shows the deviation of the experimental data from the predicted
data, these figures show that the data are around the 45° line with good dispersion. Given the proximity of the
experimental data to the line drawn, it can be concluded that the quadratic equation presented well describes
the adsorption process of cerium and lanthanum by the XAD7-DEHPA resin.

Analysis of variance allows the evaluation of the fit of the model with the obtained statistical results. Analysis
of variance performed to find the effect of parameters on the percentage of Ce(III) and La(III) ions adsorption
by XAD7-DEHPA resin is shown in Table 5.

The Mean squares are the result of dividing the total squares by the degree of freedom. The ratio of the mean
squares of the results to the mean squares of the errors represents the F-value index, which indicates the effect
of each variable as well as their interaction effects on the response. Its large size indicates the high impact of
the variable on the response. The p-value index is used to determine the significant threshold of the variables.
Due to the 95% confidence interval, the significance of the variables per p-value is 0.05. The F-value 274.53 and
4169.21for Ce(III) and La(III) along with low probability values (P <0.0001) demonstrating that the proposed
models are significant®®?’.

R?(coefficient of determination) is the model determination coefficient, which indicates the extent to which
the results of the proposed model are consistent with the data obtained from the results. Increasing the number
of independent variables as well as increasing the degree of freedom increases the coefficient R?, therefore, for
reference, another coefficient is defined as the adjusted coefficient R?,4 (Adjusted R?). The proximity of this
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Levels of actual variables Ce(111) La(III)

Run A B C Experimental | Predicted | Experimental | Predicted
1 5 25 0.5 94.83 91.50 60.90 61.01
2 5 45 0.2 41.61 40.43 27.34 27.15
3 3 45 0.2 31.87 30.84 17.80 17.93
4 4 35 0.35 | 62.28 62.88 39.24 39.32
5 5 25 0.2 39.69 38.46 25.47 24.99
6 4 15 0.35 | 60.32 61.94 37.15 37.14
7 4 35 0.35 |62.23 62.88 39.15 39.32
8 5 45 0.5 98.46 94.99 64.29 63.58
9 4 35 0.35 | 62.18 62.94 39.14 39.32
10 3 45 0.5 86.79 84.45 5291 53.76
11 2 35 0.35 | 52.08 53.48 29.12 28.84
12 4 35 0.05 9.40 9.79 6.7 6.74
13 4 55 0.35 | 64.14 66.38 41.45 41.71
14 4 35 0.35 |62.23 62.88 39.22 39.32
15 3 25 0.2 29.88 29.35 15.72 15.92
16 4 35 0.65 |99.75 116.87 72.33 72.49
17 6 35 0.35 | 72.37 74.87 49.11 49.71
18 4 35 0.35 |62.31 62.88 39.17 39.32
19 3 25 0.5 84.69 82.25 50.99 51.03
20 4 35 0.35 | 61.98 62.94 39.46 39.32

Table 4. Central composite design experiments and experimental results with predicted values.
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Figure 10. Plots of correlation between actual and predicted values for the percentage of adsorption of Ce(III)

and La(III) ions using XAD7-DEHPA.
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coefficient to the number one indicates the high accuracy of the model, so considering the value of R?,4, which
is equal to 0.9923 and 0.9997 for Ce(III) and La(III), respectively, indicates that the proposed model has high
accuracy and the model can establish a good correlation between variables and responses’®.

Adequate precision (Adeq precision) determines the accuracy and precision of the model and should have a

value of more than 4. Given values greater than 4 Adeq precision (for Ce(III) (67.1130) and La(III) (259.8866)),
the obtained models have good accuracy. The distribution of data relative to the mean is shown using the
coeflicient of variation(C.V %) and the accuracy of the model is expressed in values less than 10. The results in

Table 6 confirm this®.
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Ce(IIl) Adsortion (%)

Ce(I1I)

Model 54.37 9 6.04 274.53 | <0.0001¢
Residual error 0.2200 10 0.0220

Lack-of-fit 0.2198 5 0.0440 786.11 | <0.0001¢
Pure error 0.0003 5 0.0001

Total 54.59 19

R? 0.9960

Adjusted R? 0.9923

La(IIT)

Model 38.71 9 4.30 4169.21 | <0.0001¢®
Residual error 0.0103 10 0.0010

Lack-of-fit 0.0097 5 0.0019 15.06 0.0049+)
Pure error 0.0006 5 0.0001

Total 38.72 19

R? 0.9997

Adjusted R* 0.9995

Table 5. Analysis of variance for the response surface quadratic models.
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Figure 11. 3D response surface plots for the interactive effect of Dosage of resin (g) and pH on the percentage
adsorption of (a) Ce(III) and (b) La(III) by XAD7-DEHPA (initial metal ions concentration 200 mg L™,
temperature =35 °C and time 180 min).

Investigating three-dimensional response surface plot. Three-dimensional response surface plots
are used to understand the main and interaction effects of two parameters in the adsorption process. Three-
dimensional surface plots show the simultaneous effect of two variables on the response while keeping the other
variable constant***!. Three-dimensional surface plots of the effect of the interaction of variables (dosage, pH
and temperature) on the percentage of Ce(III) and La(III) removal are given in Figs. 11, 12 and 13. Figure 11a,b
represent the 3D surface plot for the interaction effect of the Dosage of resin and pH on the Dosage of resin of
Ce(III) and La(III) ions. Due to the steep slope of the dosage of resin increasing the dosage of resin from 0.05 g to
0.65 g with increasing pH increases the percentage of removal of Ce(III) and La(IIl)ions. Increasing the dosage
of the resin increases the active binding site for ion adsorption*. In addition, the adsorption percentage is more
sensitive to the dosage of resin and due to the low slope of the line related to the pH parameter, this parameter
has less effect on the dosage of resin than the dosage of resin.

The interaction of temperature and dosage of resin simultaneously on the adsorption of Ce(III) and La(III)
ions is seen in Fig. 12a,b. It is obvious that the adsorption percentage of Ce(III) and La(III) increases with increas-
ing temperature and Dosage of resin, but the effect of dosage of resin on the adsorption percentage is much higher
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Ce(III)
A 1.80 1 1.80 81.67 <0.0001
B 0.07 1 0.07 3.51 0.09
C 49.55 1 49.55 2252.08 <0.0001
AB 0.0002 1 0.0002 0.01 0.92
AC 0.03 1 0.03 1.40 0.26
BC 0.0001 1 0.0001 0.0054 0.94
A? 0.0044 1 0.0044 0.2 0.66
B? 0.0097 1 0.0097 0.44 0.52
C? 2.58 1 2.58 117.32 <0.0001
La(III)

2.82 1 2.82 2737.25 <0.0001
B 0.13 1 0.13 130.77 <0.0001

34.84 1 34.84 33,770.51 <0.0001
AB 0.00001 1 0.00001 0.01 0.92
AC 0.05 1 0.05 56.69 <0.0001
BC 0.001 1 0.001 0.97 0.34
A? 0.0056 1 0.0056 5.41 0.04
B? 0.00001 1 0.00001 0.03 0.85
C? 0.8 1 0.8 779.66 <0.0001

Table 6. Regression coeflicients and their significances in the quadratic polynomial regression equations for
percentage extraction of Ce(III)and percentage extraction of La(III).

Ce(II) Adsorption(%0)
La(IIl) Adsorption(%0)
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Figure 12. 3D response surface plots for the interactive effect of Dosage of resin (g) and temperature (°C) on
the percentage adsorption of Ce(I1I) and La(III) by XAD7-DEHPA (initial metal ions concentration 200 mg L',
pH=4 and time 180 min).

than solution temperature. Therefore, the dosage of resin has a greater effect on the adsorption percentage of
Ce(III) and La(III) than the other two parameters.

3D surface plots of the interaction effect of pH and temperature on the adsorption percentage of Ce(III)
and La(IIT)are given in Fig. 13a,b. According to Fig. 13a,b although increasing both temperature and pH
variables increase the percentage of adsorption, due to the higher slope of the line related to the pH parameter
than temperature, the effect of this parameter on the percentage of adsorption is greater. It is also known that
increasing the pH from 2 to 6 increases the adsorption of Ce(III) and La(III) because, at low acidic pHs, H*
competes with cationic metal ions and the resin bonding sites are occupied by H* and cationic metal ions in
solution are less close to the resin due to the repulsive force. At higher pHs, the H* concentration decreases and
the resin surface becomes more negatively charged, resulting in an increase in metal ion adsorption®.
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Figure 13. 3D response surface plots for the interactive effect of pH and temperature (°C) on the percentage

adsorption of Ce(III) and La(Ill) by XAD7-DEHPA (initial metal ions concentration 200 mg L™}, dosage of
resin=0.35 g and time 180 min).

Validation of the experimental model. The main purpose of this study was to find the optimal condi-
tions for maximum adsorption of Ce(III) and La(III)using XAD7-DEHPA resin with less time and cost. Experi-
mental response and predicted response by Design-Expert software are reported in Table 7. By comparing the
predicted value with the actual value obtained from the experiment, it is concluded that there is a good agree-
ment between the two responses, and the error value is only about 5%, which once again confirms the validity
of the quadratic model. The results of this table show the accuracy of the prediction of the experimental points
of the model.

Kinetic studies. Investigation of the adsorption process kinetics provides information about the kinetic
parameters, the adsorption mechanism, and the step or steps that control the rate of a chemical reaction. For
this purpose, the kinetic data of Ce(III) and La(III) adsorption by XAD7-DEHPA resin were modeled using
three kinetic models, pseudo-first-order (PFO), pseudo-second-order (PSO) and intra-particle diffusion (IPD)
model. Kinetic Studies were performed using the solutions with a volume of 20 mL readied at an initial concen-
tration of 200 mg L™ of Ce(III) and La(III) ions were contacted with 0.35 g of the resin at various times. The

linear equations of kinetic models, PFO, PSO and IPD are as follows, respectively***
kqt

L —qt) =1 — 7
og(qe — qt) = logge — =~ (7)

t 1 " 1 ;
S T 3
@ kg g ®
qr = kiat"? + ¢ )

where g, (mg g™') and q, (mg g™!) are the equilibrium adsorption capacity and adsorption capacity at time
t respectively. k; (min™') is the PFO rate constant, k, (g(mg min)™") is the PSO rate constant, moreover, K4
(mg g™' min~""2) and C are the rates constant of IPD and Intra-particle penetration constant respectively.

Adsorption kinetics experiments were designed and performed in the initial concentration of 200 mg L™
solutions of La(IIT) and Ce(III) ions, the temperature of 25 °C, dosage of resin 0.35 g, pH=6 in the range time
of 5 to 240 min. The kinetic parameters of the quasi-first-order model, the second-order quasi-order model and
the intra-particle diffusion model have been calculated using experimental data in terms of time and recorded
in Table 8.

Comparing the coefficient of determination R* (0.99), it is concluded that the process of adsorption of La(III)
and Ce(III) by XAD7-DEHPA conforms to the quasi-first-order model which indicates that the chemical reaction
is the determining factor of the reaction rate. According to the quasi-first-order model, the number of vacant
adsorption sites (adsorption driving force) is proportional to the intensity of occupancy of the adsorption
vacancies linearly.

Adsorption isotherm studies. Adsorption isotherm models are an important factor in the design of
adsorption systems, which are used to describe the adsorbent surface properties, provide a perspective on how
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Metalion | pH | Temperature (°C) | Dosage of resin (g) | Predicted %AD | Actual % AD | Error %
Ce(III) 4.76 |25 0.577 100 98.64 1.36
La(III) 67.8 65.32 3.65

Table 7. Results of the verification experiments of the reduced model for the maximum percentage of
adsorption of Ce(III) and La(III).

Pseudo-first-order Pseudo-second-order Intra partical diffusion
K, Kiq
Metal ions qe (mgg™) K’ (min?) R? q. (mgg™) (gmg' min™') |R? (mg g min""?)| C R?
Ce(IIT) 8.18 0.011 0.99 30.21 0.00005 0.67 0.61 -1.92 0.97
La(III) 5.19 0.008 0.99 25.12 0.00004 0.53 0.41 -1.30 0.95

Table 8. Kinetic Parameters for adsorption of La(III) and Ce(III) by XAD7-DEHPA.

the adsorption process, and describe experimental data. They are also used to better predict the relationship
between the concentration of target species and the adsorbent surface.

In this study, equilibrium data were fitted using Langmuir, Freundlich and Tomkin models. The non-linear
equations of the Langmuir, Freundlich and Tomkin adsorption isotherms are as follows, respectively:

4= QmaxKLCe (10)
T A+KC)
1
ge = KsC/ (11)
RT
qe = 711’1(KTC3) (12)

br

According to Eq. (12), q. (mg g™!), c. (mg L") determine the equilibrium concentration of the adsorbent and
the amount of equilibrium adsorption, respectively. Maximum monolayer adsorption and adsorption energy are
related to Langmuir constant q,,, (mg g™!) and K; (L mg™), respectively. The value of the parameter K; (L mg™)
indicates the amount of adsorption between the absorbed and the adsorbent. In Eq. (13), K¢ (mg g™*) shows
for Friendlich constant and is associated with the amount of adsorption capacity, and (n) is the dimensionless
Friendlich constant that is related to bond strength. The Friendlich parameter n indicates the amount of
adsorption force between the adsorbent and the absorbed and has a value between zero and one, and with
increasing n the adsorbent forces will be stronger. In Eq. (14), k and by are the Temkin isotherm constants,
which are the heat of adsorption and the maximum bond energy, respectively. R is the universal constant of gases
(8.314 in terms of ] mol~! k™!) and T is the absolute temperature based on Kelvin*®’,

In order to determine the adsorption isotherm of Ce(III) and La(III) by XAD7-DEHPA, a 20 mL solution
containing Ce(III) and La(III) ions in different concentrations of 50 to 250 for 180 min at 25 °C was contacted
with 0.35 g of resin. According to the data presented in Table 9, the correlation coefficient of the Langmuir
model for Ce(III) and La(1II) ions is (R*=0.99), which is higher than the correlation coefficients of the other two
models, which Indicates greater agreement of the data with the Langmuir model and single-layer adsorption.
Acceptance of this isotherm as an adsorption model for both ions means the uniform distribution of the metal
ions extracted on the surface of the resin grains and also the formation of a monolayer coating of ions on the
surface of the impregnated resin. The maximum adsorption capacity for Ce(III) and La(III) metals is 8.28 mg g™
and 5.52 mg g™/, respectively. In Table 10, the comparison of the maximum absorption capacity of cerium and
Lanthanum in the present study with previous researches works results has been shown. According to these
results, the values obtained in this study are within the range obtained by other researchers for the absorption
of cerium and lanthanum.

Sorption mechanism for SIR, Amberlite XAD-7 containing DEHPA. In order to explain the bind-
ing mechanism of cerium (III) by various adsorbents or ion exchange materials, it is necessary to understand
the solution chemistry of trivalent cerium. The distribution of Ce(III) species is dependent on both the total
concentration of Ce(III) and pH of the equilibrium solution. According to Borai and coworkers, cerium exists
in four main forms in aqueous solution. The reactions between these species and the reaction are shown in Egs.
(13)-(15)%. Knowledge of speciation is vitally important to determine solubility in environmental waters and
the interactions of a species with SIR or ion exchange materials. Speciation of cerium (III) in aqueous solution at
a specific total concentration of it is highly dependent on the solution pH. This could be interpretated based on
the following three equations that demonstrate the successive hydrolysis of Ce(III) in solution:
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Isotherm equation Parameters Ce(III) | La(III)
qn (mgg™) 8.28 5.52
Langmuir isotherm K. (Lmg™) 2.04 3.31
R? 0.99 0.99
Kf(mgg " )(L mgh)™ 1.86 1.74
Freundlich isotherm | n 5.77 9.84
R? 0.86 0.89
K; (Lmg™) 155.37 | 5681.34
Temkin isotherm by (J mol™) 2683.09 | 5787.37
R? 0.93 0.91

Table 9. Isotherm constants for adsorption of Ce(III) and La(III) by XAD7-DEHPA.

Maximum capacity (mg g™')
Adsorbent Ce(III) La(I1I) References
calix[4]arene-semicarbazone-merrifield’s peptide resin 1.44 1.87 48
Phosphonic acid, Amberlit XAD-4- (o vanillinsemicarbazone) 0.24 0.23 »
Polyethylenimine methylene phosphonic acid Merrifield resin - 1.21 50
calix[4]arene-o-vanillinsemicarbazone-merrifield resin 2.82 1.74 51
Cyanex- 272- Amberlite XAD-7 11.87 6.32 2
Aliquat-336-Amberlite XAD-4 - 0.47 1
cal@x[4] resorcinarene octa-o-methoxy resorcin[4]arene Amberlite XAD-4 polymeric chelating 8.64 .46 5
resin
Amberlite-XAD-16-octa carboxymethyl-c-methyl 11.63 10.41 5
azocalix[4]pyrrole-Amberlite XAD-2 8.98 11.05 %
Corrent work, DEHPA-Amberlite XAD-7 8.28 5.52

Table 10. Comparison of the adsorption capacity of cerium and lanthanum with different adsorbents.

ce’t (aq) + OH™ (aq) < Ce(OH)2* (aq) (13)
Ce(OH)2* (aq) + OH™ (aq) < Ce(OH)>*(aq) (14)
Ce(OH)** (aq) + OH™ (aq) <> Ce(OH); (15)

The obtained results showed that by further addition of OH~ (with rising pH) the trivalent Ce ions (Ce**)
shift to monovalent ions (Ce(OH)2") and Ce(III) precipitates out of solution after pH 7 as a cloudy white gellike
precipitate, which is presumably Ce(OH);(s)**’.

From the comparison experimental results reported in Table 2 to evaluate the effect of the impregnation
process, and occurring remarkable enhance in adsorption with XAD7-DEHPA in comparison with XAD-7, can
be result that DEHPA reagent is main responsible for adsorption of Ce(III) and La(III) ions on the adsorbent
and Amberlite resin mainly acts as solid support in adsorbent structure.

The chemical formula for DEHPA is (CgH,,0),PO,H and the proposed structure is shown in Fig. 14. DEHPA
contains a hydrogen ion in oxygen-hydrogen bound in its structure as shown in Fig. 14. This hydrogen ion could
potentially be exchanged for a monovalent Ce(OH)2* ion as it has a single positive charge. The cerium divalent
species (Ce(OH)*) could potentially be exchanged for two hydrogen ions as it has two positive charges and so
on trivalent Ce®* species could potentially be exchanged for three hydrogen ions. Therefore, monovalent ions
sorption, as it requires one DEHPA active site to bond with, will be much easier than divalent and trivalent ions
which requires two and three DEHPA active sites to bond with, respectively. From the speciation of cerium (III)
ions, at upper pHs, the cerium ions are often present in solution as monovalent ions (Ce(OH)2"). According to
Fig. 13a,b increasing pH variable increase the percentage of adsorption, which can be attributed to the presence
of monovalent cations at high pHs in solution. At lower pHs, the predominant presence of trivalent cations in
solution decreases the absorption percentage. Testing for the increasing of H* ions in the aqueous solution after
exposure to an SIR could check the proposed mechanism.

At alkaline pHs the sorption efficiency of cerium ions was significantly lower. One potential reason for this
is that there is a higher concentration of the non-ionic species (Ce(OH);) at alkaline pHs. As this species carries
no charge, the SIR will not be able to remove it through ion exchange.

These evidences show that the main adsorption mechanism in the Ce(III) ions removal by Amberlite XAD7-
DEHPA resin is ion exchange and the extractant DEHPA acts as a cation exchanger agent. Similar results have

Scientific Reports |

(2023) 13:9959 |

https://doi.org/10.1038/s41598-023-37136-7 nature portfolio




www.nature.com/scientificreports/

CHs — CH.
CHs (CHz)3—— CH——CH, —O 0
P
CH3—— (CH3)3 —— CH——CH; —O O-—-H

CH; — CH2

Figure 14. Molecular structure of DEHPA extractant.
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Figure 15. Adsorption-desorption efficiency of XAD7-DEHPA resin in 3 consecutive cycles using HCL
0.1 mol L%

been obtained from other studies for the metallic ions, lanthanum (IIT) and cerium (III), recovery using a mixture
of 2-ethylhexylphosphonicmono-2-ethylhexyl ester and di-2-ethylhexyl phosphoric acid (DEHPA)®. Moreover,
the coordination effect between Ce and P=0 ligands in DEHPA was verified using the *'P NMR spectra of the
organo-Ce complexes by Zhang et al.*s.

Considering the similar results of pH effect on lanthanum adsorption, a similar mechanism can be true for
lanthanum and similar inferences can be made as the results of Zhang et al. work also confirm this®®.

Desorption and regeneration studies. The literature review indicates that SIRs are efficiently employed
for the extraction of metal ions with well stability during several adsorption-desorption cycles®. In present work
also, the used Amberlite XAD-7 resin impregnated via D2EHPA extractant was recovered 3 times and showed
high stability during 3 adsorption—-desorption cycles.

The results obtained from three processes of adsorption and desorption of Ce(IIT) and La(III) by
XAD7-DEHPA can be seen in Figs. 15 and 16, respectively. These results show that the resins used for 3 cycles
have a recycling percentage higher than 95% and can be used in several adsorption and desorption cycles without
a significant reduction in adsorption. In addition, with increasing the concentration of nitric acid from 0.1 to
2 mol L™, the desorption of Ce(III) and La(III) ions increases slightly.

Conclusions

In this study, the adsorption process of cerium and lanthanum ions from aqueous solutions was investigated using
Amberlite XAD-7 resin in a batch system. The structure and shape of the resin before and after impregnation
by the extraction were well determined by FT-IR, BET, SEM-EDX analysis. The RSM was used to optimize the
variables affecting the adsorption process of Ce(III) and La(III). The obtained results showed that the optimal
values of the effective variables are equal to the dosage of resin 0.577 g, pH=4.76 and temperature of 25 °C
in order to obtain the maximum removal of 98.64% Ce(III) and 65.32 La(III) by XAD-7-DEHPA. Langmuir,
Freundlich, and Temkin isotherm models were used to describe the equilibrium data, and the best fit was
performed with the Langmuir model (R*,,=0.999, R1,,=0.998). The maximum adsorption capacity of resin
for cerium and lanthanum was 11.17 and 6.48 mg g™’ respectively. The kinetic study was performed using PFO,
the PSO and IPD models. According to the results, kinetic data for Ce and La adsorption were fitted well to a
pseudo-second-order rate equation (R, =0.966, R%,)=0.985). Adsorption-desorption studies during three
cycles of use and recycling showed that this impregnated resin is economical and very effective in removing the
two elements Ce(IIT) and La(III).

Scientific Reports |

(2023)13:9959 | https://doi.org/10.1038/s41598-023-37136-7 nature portfolio



www.nature.com/scientificreports/

Adsorption (%)

99.20%
98.79%

97.50%

u Ce(IIT)
= La(IIl)

97.03%

1 2 3
Cycle number

Figure 16. Adsorption-desorption efficiency of XAD7-DEHPA resin in 3 consecutive cycles using HCI 2 mol

L.

Da

ta availability

The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.

Received: 29 March 2023; Accepted: 16 June 2023
Published online: 20 June 2023

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Yuan, H. et al. Extraction and back-extraction behaviors of 14 rare earth elements from sulfuric acid medium by TODGA. J. Rare
Earths 36, 642-647 (2018).

Jiang, Z. et al. Adsorption of sulfonamides on polyamide microplastics in an aqueous solution: behavior, structural effects, and its
mechanism. Chem. Eng. J. 454, 140452 (2023).

. Anastopoulos, I, Bhatnagar, A. & Lima, E. C. Adsorption of rare earth metals: A review of recent literature. J. Mol. Liq. 221, 954-962

(2016).

. Wu, K. et al. Adsorption of aqueous Cu (II) and Ag (I) by silica anchored Schiff base decorated polyamidoamine dendrimers:

Behavior and mechanism. Chin. Chem. Lett. 33, 2721-2725 (2022).

. Soleymani, F, Khani, M., Pahlevanzadeh, H. & Amini, Y. Intensification of strontium (II) ion biosorption on Sargassum sp via

response surface methodology. Sci. Rep. 13, 5403 (2023).

. Chen, Q, Ma, X, Zhang, X,, Liu, Y. & Yu, M. Extraction of rare earth ions from phosphate leach solution using emulsion liquid

membrane in concentrated nitric acid medium. J. Rare Earths 36, 1190-1197 (2018).

. Zhong, J. et al. Design and syntheses of functionalized copper-based MOFs and its adsorption behavior for Pb (II). Chin. Chem.

Lett. 33, 973-978 (2022).

. Ghorbanpour Khamseh, A. A., Amini, Y., Shademan, M. M. & Ghazanfari, V. Intensification of thorium biosorption onto proto-

nated orange peel using the response surface methodology. Chemical Product and Process Modeling (2023).

. Safarbali, R., Yaftian, M. R. & Zamani, A. Solvent extraction-separation of La (III), Eu (III) and Er (III) ions from aqueous chloride

medium using carbamoyl-carboxylic acid extractants. J. Rare Earths 34, 91-98 (2016).

Khamseh, A. A. G., Ghorbanian, S. A., Amini, Y. & Shadman, M. M. Investigation of kinetic, isotherm and adsorption efficacy of
thorium by orange peel immobilized on calcium alginate. Sci. Rep. 13, 8393 (2023).

Zhao, X, Jiang, X., Peng, D., Teng, J. & Yu, ]. Behavior and mechanism of graphene oxide-tris (4-aminophenyl) amine composites
in adsorption of rare earth elements. J. Rare Earths 39, 90-97 (2021).

Daryayehsalameh, B., Nabavi, M. & Vaferi, B. Modeling of CO2 capture ability of [Bmim][BF4] ionic liquid using connectionist
smart paradigms. Environ. Technol. Innov. 22, 101484 (2021).

Khera, R. A. et al. Kinetics and equilibrium studies of copper, zinc, and nickel ions adsorptive removal on to archontophoenix
alexandrae: conditions optimization by rsm. Desalin. Water Treat. 201, 289-300 (2020).

Kabay, N., Cortina, J. L., Trochimczuk, A. & Streat, M. Solvent-impregnated resins (SIRs)-methods of preparation and their
applications. React. Funct. Polym. 70, 484-496 (2010).

El-Sofany, E. Removal of lanthanum and gadolinium from nitrate medium using Aliquat-336 impregnated onto Amberlite XAD-4.
J. Hazard. Mater. 153, 948-954 (2008).

Sert, $ et al. Investigation of sorption behaviors of La, Pr, Nd, Sm, Eu and Gd on D2EHPA-impregnated XAD7 resin in nitric acid
medium. Sep. Sci. Technol. 56, 26-35 (2021).

Muraviev, D., Ghantous, L. & Valiente, M. Stabilization of solvent-impregnated resin capacities by different techniques. React.
Funct. Polym. 38, 259-268 (1998).

Kumari, A. et al. Extraction of rare earth metals (REMs) from chloride medium by organo-metallic complexation using D2EHPA.
Sep. Purif. Technol. 227, 115680 (2019).

Butnariu, M. ef al. Remediation of rare earth element pollutants by sorption process using organic natural sorbents. Int. J. Environ.
Res. Public Health 12, 11278-11287 (2015).

Torkaman, R., Safdari, J., Torab-Mostaedi, M. & Moosavian, M. A kinetic study on solvent extraction of samarium from nitrate
solution with D2EHPA and Cyanex 301 by the single drop technique. Hydrometallurgy 150, 123-129 (2014).

Chen, Z., Xu, J., Sang, F. & Wang, Y. Efficient extraction and stripping of Nd (III), Eu (III) and Er (III) by membrane dispersion
micro-extractors. J. Rare Earths 36, 851-856 (2018).

Torkaman, R., Moosavian, M., Safdari, ]. & Torab-Mostaedi, M. Synergistic extraction of gadolinium from nitrate media by mix-
tures of bis (2, 4, 4-trimethylpentyl) dithiophosphinic acid and di-(2-ethylhexyl) phosphoric acid. Ann. Nucl. Energy 62, 284-290
(2013).

Hadjittofi, L., Charalambous, S. & Pashalidis, I. Removal of trivalent samarium from aqueous solutions by activated biochar derived
from cactus fibres. J. Rare Earths 34, 99-104 (2016).

Scientific Reports |

(2023) 13:9959

| https://doi.org/10.1038/s41598-023-37136-7 nature portfolio



www.nature.com/scientificreports/

24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
. Mondal, S. et al. Recovery of rare earth elements from coal fly ash using TEHDGA impregnated resin. Hydrometallurgy 185, 93-101

35.
36.
37.
38.

39.

40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.

55.

56.
57.

58.

Das, D., Varshini, C. J. S. & Das, N. Recovery of lanthanum (III) from aqueous solution using biosorbents of plant and animal
origin: Batch and column studies. Miner. Eng. 69, 40-56 (2014).

Bezerra, M. A,, Santelli, R. E., Oliveira, E. P, Villar, L. S. & Escaleira, L. A. Response surface methodology (RSM) as a tool for
optimization in analytical chemistry. Talanta 76, 965-977 (2008).

Hashemipour, N. et al. Experimental and simulation investigation on separation of binary hydrocarbon mixture by thermogravi-
tational column. J. Mol. Liq. 268, 791-806 (2018).

process optimisation and equilibrium study. Khani, M. Biosorption of strontium by Padina sp. algae biomass. Int. J. Environ.
Technol. Manage. 16, 290-311 (2013).

Hassan Khani, M., Reza Keshtkar, A., Meysami, B., Firouz Zarea, M. & Jalali, R. Biosorption of uranium from aqueous solutions
by nonliving biomass of marinealgae Cystoseira indica. Electronic Journal of Biotechnology 9, 0-0 (2006).

Xue, B. et al. An AuNPs/mesoporous NiO/nickel foam nanocomposite as a miniaturized electrode for heavy metal detection in
groundwater. Engineering (2022).

Dominguez, J. R., Gonzalez, T., Palo, P. & Cuerda-Correa, E. M. Removal of common pharmaceuticals present in surface waters
by Amberlite XAD-7 acrylic-ester-resin: Influence of pH and presence of other drugs. Desalination 269, 231-238 (2011).

Igbal, M., Igbal, N., Bhatti, I. A., Ahmad, N. & Zahid, M. Response surface methodology application in optimization of cadmium
adsorption by shoe waste: A good option of waste mitigation by waste. Ecol. Eng. 88, 265-275 (2016).

Ferreira, S. L. C. et al. Statistical designs and response surface techniques for the optimization of chromatographic systems. J.
Chromatogr. A 1158, 2-14 (2007).

Kegl, T. et al. Adsorption of rare earth metals from wastewater by nanomaterials: A review. J. Hazard. Mater. 386, 121632 (2020).

(2019).

Davidescu, C. M. et al. Use of di-(2-ethylhexyl) phosphoric acid (DEHPA) impregnated XAD7 copolymer resin for the removal
of chromium (III) from water. Rev. Chim 62, 712-717 (2011).

Myers, R. H., Montgomery, D. C. & Anderson-Cook, C. M. Response surface methodology: process and product optimization using
designed experiments (John, New York, 2016).

Ravikumar, K., Krishnan, S., Ramalingam, S. & Balu, K. Optimization of process variables by the application of response surface
methodology for dye removal using a novel adsorbent. Dyes Pigm. 72, 66-74 (2007).

Hadavifar, M., Zinatizadeh, A. A., Younesi, H. & Galehdar, M. Fenton and photo-Fenton treatment of distillery effluent and opti-
mization of treatment conditions with response surface methodology. Asia Pac. J. Chem. Eng. 5, 454-464 (2010).

Ahmadi, M., Vahabzadeh, F, Bonakdarpour, B., Mofarrah, E. & Mehranian, M. Application of the central composite design and
response surface methodology to the advanced treatment of olive oil processing wastewater using Fenton’s peroxidation. J. Hazard.
Mater. 123, 187-195 (2005).

Liu, D. et al. Adsorption behavior of heavy metal ions from aqueous solution by soy protein hollow microspheres. Ind. Eng. Chem.
Res. 52, 11036-11044 (2013).

Amini, Y. et al. Optimization of liquid-liquid extraction of calcium with a serpentine microfluidic device. Int. Commun. Heat Mass
Transf. 140, 106551 (2023).

Shokry, H. & Hamad, H. Effect of superparamagnetic nanoparticles on the physicochemical properties of nano hydroxyapatite for
groundwater treatment: Adsorption mechanism of Fe (II) and Mn (II). RSC Adv. 6, 82244-82259 (2016).

Wazne, M., Meng, X., Korfiatis, G. P. & Christodoulatos, C. Carbonate effects on hexavalent uranium removal from water by
nanocrystalline titanium dioxide. /. Hazard. Mater. 136, 47-52 (2006).

Sakti, S. C. W, Narita, Y., Sasaki, T. & Tanaka, S. A novel pyridinium functionalized magnetic chitosan with pH-independent and
rapid adsorption kinetics for magnetic separation of Cr (VI). J. Environ. Chem. Eng. 3, 1953-1961 (2015).

Javadian, H., Vahedian, P. & Toosi, M. Adsorption characteristics of Ni (II) from aqueous solution and industrial wastewater onto
Polyaniline/HMS nanocomposite powder. Appl. Surf. Sci. 284, 13-22 (2013).

Munagapati, V. S. & Kim, D.-S. Equilibrium isotherms, kinetics, and thermodynamics studies for congo red adsorption using
calcium alginate beads impregnated with nano-goethite. Ecotoxicol. Environ. Saf. 141, 226-234 (2017).

Javadian, H., Angaji, M. T. & Naushad, M. Synthesis and characterization of polyaniline/y-alumina nanocomposite: A comparative
study for the adsorption of three different anionic dyes. J. Ind. Eng. Chem. 20, 3890-3900 (2014).

Jain, V., Handa, A., Pandya, R., Shrivastav, P. & Agrawal, Y. Polymer supported calix [4] arene-semicarbazone derivative for separa-
tion and preconcentration of La (III), Ce (III), Th (IV) and U (VI). React. Funct. Polym. 51, 101-110 (2002).

Juang, R.-S. & Chen, M.-L. Competitive sorption of metal ions from binary sulfate solutions with solvent-impregnated resins.
React. Funct. Polym. 34, 93-102 (1997).

Nishihama, S., Kohata, K. & Yoshizuka, K. Separation of lanthanum and cerium using a coated solvent-impregnated resin. Sep.
Purif. Technol. 118, 511-518 (2013).

Inan, S. et al. Extraction and separation studies of rare earth elements using Cyanex 272 impregnated Amberlite XAD-7 resin.
Hydrometallurgy 181, 156-163 (2018).

Yarahmadi, A., Khani, M. H., Nasiri Zarandi, M. & Amini, Y. Ce (III) and La (III) ions adsorption through Amberlite XAD-7 resin
impregnated via CYANEX-272 extractant. Sci. Rep. 13, 6930 (2023).

Jain, V., Pandya, R., Pillai, S., Agrawal, Y. & Kanaiya, P. Solid-phase extractive preconcentration and separation of lanthanum (III)
and cerium (IIT) using a polymer-supported chelating calix [4] arene resin. J. Anal. Chem. 62, 104-112 (2007).

Lili, Z. & Ji, C. Adsorption of Ce (IV) in nitric acid medium by imidazolium anion exchange resin. J. Rare Earths 29, 969-973
(2011).

Gupte, H. S., Bhatt, K. D,, Jain, V. K., Vyas, D. J. & Makwana, B. A. Azo resorcin [4] calixpyrrole grafted Amberlite XAD-2 polymer:
An efficient solid phase extractant for separation and preconcentration of La (III) and Ce (III) from natural geological samples. J.
Incl. Phenom. Macrocycl. Chem. 81, 409-422 (2015).

Borai, E. H,, El-Din, A. M. S., El-Sofany, E. A., Sakr, A. A. & El-Sayed, G. O. Electrochemical generation of hydrogen peroxide for
oxidation and separation of trivalent cerium in acidic medium. Curr. Top. Electrochem. 18, 33-43 (2014).

Scholes, E, Soste, C., Hughes, A., Hardin, S. & Curtis, P. The role of hydrogen peroxide in the deposition of cerium-based conver-
sion coatings. Appl. Surf. Sci. 253, 1770-1780 (2006).

Zhang, F, Wu, W,, Bian, X. & Zeng, W. Synergistic extraction and separation of lanthanum (III) and cerium (III) using a mixture
of 2-ethylhexylphosphonic mono-2-ethylhexyl ester and di-2-ethylhexyl phosphoric acid in the presence of two complexing agents
containing lactic acid and citric acid. Hydrometallurgy 149, 238-243 (2014).

Author contributions

A.Y.: wrote the main manuscript, prepared figures and tables, Experimental Mohammad Hassan Khani:wrote the
main manuscript, prepared figures and tables, Experimental Masoud Nasiri Zarandi:wrote the main manuscript,
prepared figures and tables Younes amini:wrote the main manuscript, prepared figures and tables, reviewed the
manuscriptAli Yadollahi: wrote the main manuscript, reviewed the manuscript.

Scientific Reports |

(2023)13:9959 | https://doi.org/10.1038/s41598-023-37136-7 nature portfolio



www.nature.com/scientificreports/

Funding
This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-
profit sectors.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.H.K. or Y.a.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023)13:9959 | https://doi.org/10.1038/s41598-023-37136-7 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ce(III) and La(III) ions adsorption using Amberlite XAD-7 resin impregnated with DEHPA extractant: response surface methodology, isotherm and kinetic study
	Experimental
	Materials. 
	Instrumentation and characterization of SIR. 
	Impregnation procedure. 
	Central composite design. 
	Batch adsorption. 
	Desorption studies. 

	Results and discussion
	Characteristics of DEHPA-impregnated XAD-7 resin. 
	FTIR. 
	SEM–EDX. 
	BET surface area. 

	Preliminary Investigation of the Impregnation of Resin. 
	Modeling and statistical analysis. 
	Investigating three-dimensional response surface plot. 
	Validation of the experimental model. 
	Kinetic studies. 
	Adsorption isotherm studies. 
	Sorption mechanism for SIR, Amberlite XAD-7 containing DEHPA. 
	Desorption and regeneration studies. 

	Conclusions
	References


