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ABSTRACT

In this work, the synthesis of CuFe2O4 magnetic nanoparticles was carried using

gelatin as a novel technique and tested for Eu(III) adsorption from aqueous

solutions. The synthesized magnetic nanoparticles were characterized using

different spectroscopic tools such as TEM, XRD, and FTIR. The parameters

affecting the Eu(III) adsorption were also discussed. The batch technique results

indicated that Eu(III) recovery from an aqueous solution onto CuFe2O4 magnetic

nanoparticles increased with the increasing pH. It reached a maximum Eu(III)

adsorption value at pH 5. The kinetic study indicated that the adsorption of

Eu(III) process was fitted well to the pseudo-second-order kinetic model. In

contrast, the isotherm study revealed that the Eu(III) adsorption process obeyed

the Langmuir isotherm model. The calculated maximum adsorption capacity,

qmax, was found to be & 60.82 mg/g. Thermodynamic parameters were com-

puted, which suggested that the reaction is spontaneous. The regeneration test

reveals that CuFe2O4 nanoparticles with 0.1 M HNO3 could desorb Eu(III) and

that the high adsorption potential for five regeneration cycles can be maintained.

The applicability of CuFe2O4 nanoparticles for removing Eu(III) and Cs(I) from

simulated wastewater was attained with percent removal of 98.3 and 86%,

respectively.

1 Introduction

The preconcentration of radionuclides coming from

liquid effluents of some industries and laborites to

the aquatic system causes toxicity problems to the

living organisms in the environment. The accumula-

tions of such radionuclides in the aquatic system may

also be harmful to human causing health hazards.

The release of such toxic pollutants in the aquatic

system may be decreased by different recovery

methods [1, 2].

Due to its importance europium has various uses

and technological applications. Europium is used in

printing notes in euro banknotes due to its red glow
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under ultraviolet. Europium has low-energy lights

that provide more natural light, and europium is

used to manufacture control rods used in nuclear

reactors due to its higher neutron-absorbing prop-

erty. The higher consumption of europium in the

industry could increase its release in the living

ecosystem [3].

Among different chemical separation techniques

examined for dynamic removal of europium from

industrial effluents such as precipitation, membrane

filtration, and adsorption technique, it was found that

the adsorption technique is more effective due to its

low-cost little by-product in addition to the ease of

operation [4].

Different adsorptive materials were used for the

adsorption of the trivalent lanthanides/actinides,

such as carbon charcoal [5, 6], iron oxide [7–9], and

clay minerals [10, 11].

Due to their great surface area, besides high

adsorption capacities, it was found that nanomateri-

als played an important role in the environmental

remediation, including the removal of aqueous pol-

lutants, the adsorption of europium from aqueous

solutions was provided by [12, 13]. The limitation of

such adsorption materials on the practical scale is the

difficulty of their separation from aqueous solutions

whereas; NMPs nonmagnetic particles can be easily

separated from such solutions by applying an exter-

nal magnetic field giving good separation with high-

adsorption capacities [14, 15].

In this concern, this work aims to prepare magnetic

nanoparticles, namely CuFe2O4 nanoparticles, using

a sol–gel method. The characterization of the syn-

thesized nano-adsorbent was done by means of

available spectroscopic tools such as SEM, scanning

electron microscope in addition to (FT-IR) Fourier

transform infrared and (XRD) X-ray diffraction and

(TEM) to determine the exact surface morphology

and the predicated structure, respectively. The pre-

pared Nano-adsorbent was tested for the adsorption

of Eu(III) ions from an aqueous medium. The various

parameters affecting Eu(III) adsorption using CuFe2-
O4 Nano adsorbent, such as pH, contact time, initial

metal concentration, and temperature, were also

provided.

2 Experimental

2.1 Preparation of adsorbent

The synthesis of magnetic ferrites nano-adsorbent

was carried out using a sol–gel method through

gelatin. Equimolar amounts of the copper nitrate and

iron nitrate were mixing in 100 mL solution using

deionized water. The gelatin solution was prepared

by dissolving 10 g of gelatin in deionized water with

continuous stirring with gentle warm-up until a clear

solution was provided. Then add the gelatin solution

dropwise to the 100 mL nitrate solution of Cu

(NO3)2�3H2O and Fe (NO3)3�9H2O with vigorous

stirring at 80 �C a dry gel of magnetic CuFe2O4 fer-

rites was obtained. By adding the formed gel in a

suitable crucible and the ignition at 500 �C for 2 h to

remove the combined gelatin using a muffle furnace

the magnetic CuFe2O4 ferrites nanoparticles were

formed.

2.2 Materials

A standard stock solution of europium with a con-

centration of 1000 mg/L was obtained by dissolving

appreciate weighting amount of europium oxide,

Eu2O3 in the deionized water in 100 mL conical flask.

Other working europium solutions of concentration

varied from 10 to 100 mg/L were obtained by

appreciates dilutions of the original stock solution.

The pH of the aqueous solution was measured and

adjusted using a dilute concentration of sodium

hydroxide and hydrochloric acid before mixing with

the nano adsorbent using a water bath thermostatic

shaker. All other chemicals used in this work are of

analytical grade otherwise stated.

2.3 Analysis

In this work, an atomic absorption spectrometer of

type (Thermo-electron (S4) model) was used in the

estimation of the concentration of Eu(III) ions in the

aqueous solutions. A pH meter (Hanna type) of the

united glass electrode was used in the batch experi-

ments to adjust the pH of the aqueous phase. The

expected structure and the surface morphology of the

prepared nano-adsorbent was confirmed using FT-IR

of type (IR Prestige-21, Shimadzu, Japan) and (XRD)

X-ray diffractometer, respectively.
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2.4 Batch adsorption experiment

The sorption of Eu(III) ions by the CuFe2O4

nanoparticles was investigated in aqueous solutions

at pH 5 and 25–55 �C. In general, 0.02 g CuFe2O4

(magnetic nano-adsorbent) was added to 15 mL of

europium(III) solution. After agitation at 250 rpm by

shaker, the magnetic nano-adsorbent was removed

by a magnet from the solution. The solution pH was

adjusted by 0.1 M HNO3 or 0.1 M NaOH, and the

Eu(III) ions were determined using Thermo-electron

(S4) model, an atomic absorption spectrometer.

All measurements were repeated three times and

average estimates were utilized in the graph. The

sorption capacity qe (mg/g) and percentage removal

of Eu(III) from the solution (% Removal) were com-

puted using Eqs. (1) and (2):

qe ¼ C0 � Ceð Þ V
M

ð1Þ

%Removal ¼ C0 � Ce

C0
� 100 ð2Þ

where, C0 (mg/L) donates the initial Eu(III) concen-

tration, whereas Ce (mg/L) refers to the concentration

of Eu(III) in the solution at equilibrium. V (mL) is the

volume of the solution, W (g) is the mass of CuFe2O4.

The investigational data were throughout the kinetic

and isotherm theoretical models. The best-fit model

demonstrates the most credible sorption mechanism.

To further confirm the correlation between theo-

retical data (derived from the isotherm and kinetic

models) and experimental data, the non-linear

regression Root Mean Square Error (RMSE), the Sum

of Error Squares (SSE), and Chi-Squares (X2) be cal-

culated to estimate the degree to which a fitted iso-

therm and kinetic models matched with experimental

data according to Eqs. (3), (4) and (5) [16]:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

n� 2

X

n

1

qe;exp � qe;m
� �2

s

ð3Þ

SSE ¼ 1

n

X1
n¼1

qe;exp � qe;m
� �2 ð4Þ

X2 ¼
X

n

1

qe;exp � qe;m
� �2

qe;m
ð5Þ

where n represents the number of data points in each

treatment period, qe,exp and qe,m are the experimental

and calculated values of Eu(III) ions absorbed per

unit mass of CuFe2O4 nanoparticles. The smaller

value of RMSE, SSE, and X2 means the better fitting of

the curve [17].

2.5 Desorption investigation

After the adsorption process, 3 g/L of loaded sam-

ples with Eu(III) were placed in contact with 0.01 M

acid or base solutions as elution agents (H2SO4, HCl,

HNO3, NaOH) and shaken at 25 �C for 240 (min). A

magnet was used to isolate the liquid phase from the

solutions, which was then analyzed. In the regener-

ation process, the desorbing agent that achieved the

highest percent of Eu(III) desorption from the loaded

samples under investigation can be used. After the

desorption process, CuFe2O4 nanoparticles was

washed with deionized water several times and dried

in an oven, then was used for the next adsorption–

desorption cycle experiment. The desorption process

was calculated using Eq. (6):

Desorption % ¼ Amount of desorbed ions

Amount of adsorbed ions
� 100

ð6Þ

3 Results and discussion

3.1 Characterization

The surface morphology of synthesized as-prepared

CuFe2O4 nanostructures has been examined using

SEM by a scanning electron microscope (SEM), and

(Fig. 1a) shows a typical micrograph of the sample

under low magnification. The product is predomi-

nantly nanorods with a diameter of*10 nm. One can

note the high tendency of the fine crystallites to form

mini- or macro-agglomerates with irregular shapes

and sizes. The agglomeration phenomenon was also

viewed as small particles aggregated in order to

achieve a lower free energy state [18].

Figure 1b shows the XRD micrographs of the syn-

thesized nano-adsorbent, CuFe2O4. The graph indi-

cates that the presence of diffraction patterns peaks

characterized for the formation of CuFe2O4 which is

in agreement with (101, 112, 200, 202, 211, 220, 230,

400 and 422) JCPDS database. The estimated crystal

size of CuFe2O4 was calculated using Scherrer0s

equation given by Eq. (7):

d ¼ 0:9k
bcosh

ð7Þ

19250 J Mater Sci: Mater Electron (2021) 32:19248–19263



where, d donates the estimated crystal size, b refers to

the full width at half maximum, whereas, k expresses

the wavelength of the incident X-ray, and h is known

as Bragg angle. It was found that the mean crystal

size for as prepared CuFe2O4 nano-adsorbent to be

about & 10 nm [19].

Figure 1c gives TEM micrograph for the synthe-

sized CuFe2O4 particles, it also shows the uniform

shape of the powder with a good distribution of the

particles. It was found that the estimated mean

crystal size of CuFe2O4 particles from TEM micro-

graph was in the range of about & 6–12 nm which is

in agreement with that obtained by XRD results and

confirmed by SEM. From the results obtained of SEM,

TEM, and XRD, it was concluded that CuFe2O4 par-

ticles were prepared in a nano-size scale. Further

characterizations were done using FT-IR spectrum in

order to know the exact function groups that exist in

the CuFe2O4 particles, (Fig. 1d) shows the FT-IR

spectrum with two absorption bands at 400 cm-1 and

600 cm-1 that characterize to ferrites and metal ion

oxygen vibration interactions in the octahedral and

tetrahedral shapes [20]. In addition to the appearance

of two absorption bands at 3200 cm-1 and 3600 cm-1

may be attributed to the presence (O–H) [21].

Fig. 1 a The SEM images, b XRD, c TEM and d FTIR of CuFe2O4

J Mater Sci: Mater Electron (2021) 32:19248–19263 19251



3.2 Batch adsorption studies

3.2.1 Effect of solution pH

The pH of the solution is an important parameter in

the sorption process. The effect of pH on the removal

of Eu(III) onto the prepared CuFe2O4 is showed in

Fig. 2a. When the pH of the aqueous solution

increased from pH 2 into pH 7 the removal percent

of Eu(III) ions increased sharply from 20% up to 90%,

respectively. While the further increase in pH, the

removal percent increased slightly and attained the

maximum value 99% at pH equals * 11. Figure 2b

shows that the predominant species below pH 6 are

Eu3? about 95%, whereas at pH * 7 it was found

that 32% are Eu3? and EuCO3? in addition to other

species * 18% Eu(OH)2? and * 10% Eu(OH)2?

further increase of pH till * 8 the predominant ion

species were found to be * 58% EuCO3? and * 20%

Eu(OH)2?. With a further increase in the pH till * 9

and * 9.5, the predominant species were found to be

Eu(CO3)
2- and Eu(CO3)3

3-, respectively [22].

Therefore, the high values of the removal percent

with the increase in pH could be explained by a low

pH. There are electrostatic interactions between

hydrogen ions and metal ions, and these effects are

diminished at higher pH values [23].

3.2.2 Effect of adsorbent dosage

Figure 3 shows the effect of CuFe2O4 nanoparticles

dosage (0.5–3.5 g/L) on removing Eu(III) ions. As can

be seen from Fig. 3, when the initial concentration of

the Eu(III) ions solution is 75 mg/L and volume is

15 mL, with the increase of the dosage of CuFe2O4

nanoparticles from 0.75 to 3 g/L, the removal percent

(% R) of Eu(III) ions using CuFe2O4 nanoparticles

increased to 85.7% and the uptake (qe) decreased. The

removal percent (% R) Eu(III) ions increased to 100%

with an increase in CuFe2O4 nanoparticles dosage

from 3 to 5.25 g/L, and the uptake (qe) decreased

more. The rise in Eu(III) ions with increasing dosage

of CuFe2O4 nanoparticles can be attributed to the

increase in the adsorption sites available on the sur-

face of the CuFe2O4 nanoparticles [24, 25].

3.2.3 Effect of contact time

The effect of the contact time on the sorption of

europium ions from the aqueous solution was

investigated in the time range (5–240 min) (Fig. 4).

From the results of contact time, it was concluded

that the adsorption capacity, qe of europium ions

Fig. 2 a Effect of pH on the adsorption of Eu(III). Experimental

conditions: [adsorbent dosage = 3 g/L; (Co) = 75 mg/L;

(T) = 25 �C]. b Relative species distribution of Eu(III) in

0.01 M NaClO4 solution

Fig. 3 Effect of CuFe2O4 nanoparticles dosage on Eu(III) ions

adsorption. Experimental conditions: [adsorbent

dosage = 0.75–5.25 g/L; pH 5; (Co) = 75 mg/L; (T) = 25 �C]
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increased from 10 mg/g up to 45 mg/g with the

increase in contact time from 5 to 60 min, while the

further increase in the contact time there no effect the

capacity of adsorption. The equilibrium was reached

at 60 min. The higher adsorption capacity at lower

contact time may be interpreted by the availability of

non-occupied adsorption sites, which decreases with

further contact by forming a monolayer on the

adsorbent surface [25].

3.2.3.1 Kinetic investigations The experimental data

were analyzed using the well-known kinetic models

such as intraparticle diffusion and pseudo first order

and pseudo second order kinetic models to interpret

the removal of europium ions by the synthesized

CuFe2O4 adsorbent beside the rate-determining step

of the adsorption process. Consider full surface cov-

erage of the adsorbent with the europium ions, and

under the ideal conditions, the pseudo first order

kinetic model could be given using Eq. (8): [26];

log qe � qtð Þ ¼ log qe � K1
t

2:303

� �

ð8Þ

where, qe (mg/g) and qt (mg/g) represent the quan-

tity of Eu(III) ions transferred to the CuFe2O4 surface

at the equilibrium and at any time, t (min), respec-

tively. K1 (L/min) refers to the energy of the

adsorption rate constant.

The relation between the log (qe - qt) and the time

(t) is represented in (Fig. 5a), and from the slop and

the intercept of the straight lines, the values of K1 and

qe were calculated. Comparing the experimental and

theoretical values of the adsorption capacity qe (mg/

g) in addition to the value of correlation coefficient,

R2, it was concluded that the adsorption of europium

ions by the synthesized CuFe2O4 is not fitted to the

pseudo first-order kinetic model (Table 1). The

pseudo-second order kinetic model [27] could be

expressed using Eq. (9):

t

qt
¼ 1

K2q2e
þ t

qe
ð9Þ

where, qe (mg/g) and qt (mg/g) represent the

adsorbed Eu(III) ions amounts at the equilibrium and

at any time, t (min), respectively. K2 (g/mg/min)

referees to second order rate constant. The relation

between the t/qt and the time (t) is represented in

(Fig. 5b), and from the slop and the intercept of the

straight lines, the values of K2 and qe were calculated.

The experimental value of qe (48 mg/g) is in agree-

ment with the obtained theoretical value of qe
(50 mg/g) beside the value of R2 (0.998). It was con-

cluded that the adsorption of europium ions obeys

the second order kinetics model [28] (Table 1).

Further information about the mechanism of the

adsorption of europium ions by MNPs, CuFe2O4. The

intra-particle diffusion should be applied to the

experimental data was given by weber and Morris

1963 [29, 30], the intra-particle diffusion is provided

by Eq. (10):

qt ¼ Kdiff t
0:5 þ C ð10Þ

where, Kdiff (mg/g min1/2) donates the rate constant

of the intra-particle diffusion, C refers to the inter-

cept, which represents the mass transfer residence

belongs to the boundary layer thickness. The greater

the value of the intercept C means that the surface

coverage becomes more thickness and participating

in the rate-determining step [31, 32].

Plotting of qe and t0.5 in (Fig. 5c) and the intercept

and the slope of the linear part give the value of

C and Kdiff, respectively (Table 1). The beginning part

of the nonlinear curve represents the sorption

boundary effect, while the second part provides the

slow adsorption step or rate-controlling step.

Whereas the plateau represents the equilibrium that

occurred at the surface boundary, the intraparticle

diffusion not the only rate step determining the

mechanism of the adsorption of europium ions by

CuFe2O4 nano-particles [33, 34].

Fig. 4 Effect of contact time on adsorption of Eu(III).

Experimental conditions: [pH 5; adsorbent dosage = 3 g/L;

(Co) = 75 mg/L; (T) = 25 �C]
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3.2.4 Effect of initial europium(III) ion concentration

The Influence of initial Eu(III) concentration on its

sorption from the aqueous solution by CuFe2O4 was

investigated in the concentration range 50–200 mg/L

(Fig. 6). It was noticed that the sorption capacity of

Eu(III) increased from 30 mg/L into 55 mg/L when

the initial Eu(III) concentration, Co increased from 50

to 120 mg/L, respectively. It was noticed that no

change in adsorption capacity increased in the con-

centration of Eu(III) up to 200 mg/L, i.e., the satura-

tion of active sorption sites. It is concluded that the

Fig. 5 a Pseudo-first-order, b Pseudo-second-order and c intra-particle diffusion plot for sorption kinetics of europium(III)

19254 J Mater Sci: Mater Electron (2021) 32:19248–19263



sorption process depends on the initial Eu(III) con-

centration, and it chooses the [Eu(III)] = 75 mg/L

throughout the rest of the batch experiments.

3.2.4.1 Isotherm study The analysis of the experi-

mental data of europium ions adsorption by CuFe2O4

at equilibrium was described by commonly used two

parameters isotherm models such as Langmuir, Fre-

undlich, and Dubinin–Radushkevich; the nonlinear

fitting of the tested models is shown Fig. 4 (Fig. 7a–c)

at different temperatures 25 �C, 45 �C, and 65 �C,
respectively.

Langmuir isotherm The Langmuir model provided

the assumption of forming a homogeneous mono-

layer at the adsorbent surface [35]. The Langmuir

model was applied to the adsorption equilibrium for

CuFe2O4, using Eq. (11):

Ce

qe
¼ 1

bqmax

þ Ce

qmax

ð11Þ

where Ce (mg/L) refers to the concentration of Eu(III)

ions at equilibrium, whereas the qe (mg/g) is the

amount of Eu(III) ions adsorbed by CuFe2O4

nanoparticles, b donates the Longmuir constant refers

to the energy of adsorption of Eu(III) ions adsorbed

by CuFe2O4 nanoparticles, and qmax is the maximum

adsorption capacity (amount of adsorbate adsorbed

per unit mass of the adsorbent to complete mono-

layer coverage (mg/g)). The plots of Ce/qe against Ce

give a linear relationship, and the values of the R2,

Table 2 indicates that the adsorption of Eu(III) ions

adsorbed by CuFe2O4 nanoparticles was fitted to the

Langmuir isotherm model, Fig. 8a. The maximum

adsorption capacity of CuFe2O4 nanoparticles for

Eu(III) was 60.82 mg/g.

The Langmuir dimensionless equilibrium parame-

ter RL provides information about the affinity of the

sorbate towards the adsorbent that was calculated

using Eq. (12) [36]:

RL ¼ 1

1þ bC0
ð12Þ

where b refers to the Langmuir constant and Co

describes the maximum initial concentration of

europium(III) ions. The values of RL suggest the

nature of the adsorption process; it was found that

the value of RL Table 2 less than 1 and more 0, indi-

cating the adsorption of Eu(III) ions by CuFe2O4 is a

favorable process [37].

Freundlich isotherm The linear form of the Fre-

undlich isotherm model is given by relation (6). This

model provides information about the interaction

between the adsorbate and the adsorbent molecules

in the case of heterogeneous surfaces. The model also

describes the exponential decrease in the energy of

Table 1 Kinetic constants for adsorption of europium(III) onto

CuFe2O4

Model Parameter Value

qe,exp (mg/g) 48

Pseudo-first-order model K1 (1/min) 0.05

qe,com (mg/g) 42.85

R2 0.984

RMSE 1.704

SSE 2.377

X2 0.060

Pseudo-Second-order model K2 (mg/mg min) 0.001864

H0 (mg/g min) 5.050505

qe,com (mg/g) 50.056

R2 0.998

RMSE 2.601

SSE 5.5382

X2 0.1380

Intraparticle parameters Kdiff (mg/g min1/2) 3.618

C 19.711

R2 0.974

RMSE 14.204

SSE 165.07

X2 3.329

Fig. 6 Effect of initial concentration of europium(III).

Experimental conditions: [adsorbent dosage = 3 g/L; pH 5;

(Co) = 50–200 mg/L; (T) = 25 �C]
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adsorption with the number of possible active

adsorption sites [38]. The Freundlich model is given

by Eq. (13):

log qe ¼ logKF þ
1

n
logCe ð13Þ

where KF refers to the Freundlich capacity and

n donates the indicative constant of the intensity the

adsorption intensity. (Fig. 8b) shows the linear rela-

tion fitting between log qe against log Ce. The relation

provides the applicability of the Freundlich model to

this adsorbate–adsorbent system (Eu(III)–CuFe2O4

system). The n values were estimated by the slopes of

the straight lines in (Fig. 8b) the n equals 4.93 pro-

vides that the CuFe2O4 is more efficient for the

adsorption of europium ions from the aqueous

solution based on the values of n, which lie between 1

and 10, so that this type of adsorption is a favorable

process [39]. The Freundlich adsorption capacities, KF

Fig. 7 a Sorption equilibrium isotherms for Eu(III) ions removal

onto CuFe2O4 at temperature 25 �C, nonlinear fitting to Langmuir,

Freundlich, and Dubinin–Radushkevich isotherm models.

b Sorption equilibrium isotherms for Eu(III) ions removal onto

CuFe2O4 at temperature 45 �C, nonlinear fitting to Langmuir,

Freundlich, and Dubinin–Radushkevich isotherm models.

c Sorption equilibrium isotherms for Eu(III) ions removal onto

CuFe2O4 at temperature 65 �C, nonlinear fitting to Langmuir,

Freundlich, and Dubinin–Radushkevich isotherm models

19256 J Mater Sci: Mater Electron (2021) 32:19248–19263



are estimated from the intercept of the straight lines

of (Fig. 8b) and listed in Table 2.

Dubinin and Radushkevich isotherm To investigate

the type of adsorption mechanism physical or

chemical the data of adsorption should be analyzed

by the Dubinin and Radushkevich isotherm model or

the D–R model is given using Eq. (14):

ln qe ¼ ln qm � be2 ð14Þ

where qe, (mg/g) is the amount of ions transferred to

the adsorbent at equilibrium, qm (mg/g) represents

the maximum capacity. In contrast, b (mol2/kJ2)

represents the energy of adsorption and e refers to

Polanyi potential that can be calculated using

Eq. (15):

e ¼ RT ln 1þ 1

Ce

� �

ð15Þ

where, R (8.314 kJ/mol/K) is the universal gas con-

stant, T (K) represents the temperature in kelvin. Ce

(mg/g) is the ion concentration at equilibrium. The

following relation gives the free energy of adsorption,

E, during the transfer of one mol of Eu(III) ions to the

surface of the CuFe2O4 adsorbent and can be calcu-

lated using Eq. (16):

E ¼ 2bð Þ�1=2 ð16Þ

The illustrated data in (Fig. 8c) are fitted to the D–R

isotherm model, and the values of E presented in

(Table 2) suggesting that the adsorption of europium

ions proceed via an ion-exchange mechanism with

chemisorption process, since the value of E lies

between 8 and 16 kJ/mol [16].

3.2.5 Effect of interfering ions

The effect of common interfering ions on Eu(III)

adsorption onto CuFe2O4 nanoparticles was investi-

gated. For this object, Eu(III) with the same interfer-

ing ions concentration was shaken under optimum

conditions with 3 g/L CuFe2O4 nanoparticles. The

amount of adsorbed Eu(III) ions was decided and

presented in Table 3. It was observed that the uptake

of Eu(III) was reduced by all cations that present in

wastewater, such as Ca?, Na?, K?, and Mg2?. This is

because cations may compete for sorption with metal

ions [40].

The effect of interfering anions such as phosphate,

carbonate, chloride, oxalate, nitrate, and sulfate was

also studied. It was observed that all studied anions

increased the uptake of Eu(III) except chloride. Thus,

Table 2 Isotherm constants

for adsorption of europium(III)

onto CuFe2O4 at different

temperatures

Isotherms models Parameter 25 �C 45 �C 65 �C

Langmuir qmax (mg/g) 60.82 67.94 74.62

b (L/g) 0.417 0.619 0.642

RL 0.0228 0.0155 0.0150

R2 0.997 0.998 0.998

RMSE 1.032 2.5949 2.2051

SSE 0.7612 4.809 3.4733

X2 0.014 0.08003 0.0542

Freundlich KF (mg/g) 28.31 31.78 34.03

n 4.93 4.44 4.16

R2 0.978 0.970 0.973

RMSE 9.62 16.05 19.30

SSE 66.18 184.19 266.18

X2 1.12 2.7062 3.64

Dubinin-Radushkevich qm (mg/g) 0.4128 0.470 0.5197

b (mol2/kJ2) 0.00646 0.00529 0.0044

E (kJ/mol) 8.7976 9.722 10.66

0.944 0.920

R2 0.978 0.944 0.920

RMSE 1.549 3.18 4.469

SSE 1.715 7.23 14.26

X2 0.0319 0.1218 0.223
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some anions may form complexes with metal ions

that influence the adsorption process.

3.2.6 Thermodynamic parameters

The effect of temperature on the adsorption capacity,

qe (mg/g) of europium ions the CuFe2O4 using nano-

particles with changing the initial metal concentra-

tion was investigated in the temperature range (25–

65 �C). It was found by increasing the temperature

from 25 to 65 �C, the adsorption capacity, qe (mg/g)

of europium ions increased from 60.82 to 74.62 mg/g

(Fig. 9a). Thermodynamics parameters were esti-

mated from the Vant Hoff equation that can be cal-

culated using Eq. (17): [25]

lnKd ¼
DSo

R
� DHo

RT
ð17Þ

Fig. 8 a Langmuir plots, b Freundlich plots and c D–R plots for europium(III) adsorption

Table 3 Effect of common interfering ions on sorption of Eu(III)

using CuFe2O4 nanoparticles

Cations Uptake qe (mg/g) Anions Uptake qe (mg/g)

Pb2? 60.82 PO4
3- 79.5

Ca2? 56 CO3
2- 72.4

Na? 56.3 C2O4
2- 70.2

K? 58.5 Cl- 55

Mg2? 53.4 NO3
- 61.3

– – SO4
2- 62.8
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where, R (8.314 J/mol K) donates the general gas

constant, T (Ko) refers to the absolute temperature; Kd

(L/g) represents the distribution coefficient.

The standard entropy change (DHo) and the stan-

dard entropy change (DSo) are estimated using the

slope and intercept of the plot of ln Kd versus (1/T)

shown in (Fig. 9b), and the standard Gibbs free

energy change (DGo) can be calculated using Eq. (18):

DGo ¼ DHo � TDSo ð18Þ

The values of DHo (kJ/mol), DSo (J/mol/K), DGo

(kJ/mol), and Kd are shown in Table 4. The negative

sign of (DHo) provided that the adsorption of

europium ions in this work is an endothermic process

[41], and (DSo) has a positive sign indicating that the

randomness of the investigated system. The negative

sign of (DGo) indicated that the adsorption of euro-

pium ions is a spontaneous process and thermody-

namically favorable [42].

3.3 Mechanism of CuFe2O4 nanoparticles
adsorption

The adsorption process mechanism is a significant

factor in understanding both the retention process

and the material characteristics that enable the

potential applications to design a new adsorbent.

Electrostatic interaction is presented by ion exchange

or Fe3–xO4 structures among the positively charged

loaded on metal ions and the negative charged loa-

ded on CuFe2O4 nanoparticles.

n CFO-OH-ð Þ þMmþ $ CFO-Oð ÞnM m�nð Þ þ nHþ

n CFO-Fe-O-ð Þ þMmþ $ CFO-Fe-O-ð ÞnM m�nð Þ

where CFO is the CuFe2O4 nanoparticles, Mm? rep-

resents the metal ions, and OH– and Fe–O– represent

the anionic surface groups of CuFe2O4 nanoparticles.

The CuFe2O4 surface of nanoparticles is charged

negatively when the number of protons decreases.

Consequently, Eu(III) positive metal ion species is

adsorbed by chemisorption or electrostatic attraction

to the CuFe2O4 surface of nanoparticles [5].

3.4 Desorption and reusability studies

One of the main factors in applying adsorbents is

their capacity for regeneration and reusability in

another cycle. 0.01 M of nitric acid shows higher

desorption efficiency than other elution agents.

Therefore, nitric acid was chosen as a desorbing

agent for CuFe2O4 nanoparticles then the different

concentrations of nitric acid (0.01–0.1 M) were used

Fig. 9 a The effect of temperature on europium(III) uptake.

Experimental conditions: [pH 5; adsorbent dosage = 3 g/L;

(Co) = 75 mg/L; (T) = 25–65 �C]. b Vant’s Hoff plots of

europium(III) adsorption

Table 4 Thermodynamic parameters of europium(III) adsorption

onto CuFe2O4 at a different temperature

Temperature

K

Kd

L/g

DG0

kJ/mol

DH0

kJ/mol

DS0

J/mol/K

298 0.1661 - 4.5004

318 0.0934 - 6.3411 21.388 87.1981

338 0.0604 - 7.9802
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as elution agents. 0.1 M of nitric acid demonstrates

the highest desorption efficiency with CuFe2O4

nanoparticles at approximately 87% (Table 5).

To determine the reusability of CuFe2O4 nanopar-

ticles, Eu(III)’s adsorption capacity has been studied

after regeneration (Fig. 10). The removal efficiency of

Eu(III) is shown to be almost unchanged after the

fifth regeneration.

3.5 Application study

A simulated wastewater solution containing euro-

pium ions was prepared by dissolving an appropriate

amount of analytical grade chemical reagents in

double-distilled water. The potential removal of

Eu(III) from wastewater onto the synthesized MNPs,

CuFe2O4 nanoparticles was achieved under opti-

mized experimental conditions such as pH, mass,

contact time [43]. The chemical composition of the

prepared wastewater solution used in the application

study is given in Table 6. The results obtained euro-

pium and cesium ions could be removed effectively

from the simulated prepared wastewater, using the

new synthesized MNPs CuFe2O4 nanoparticles with

a percent removal of 98.3 and 86%, Eu(III) and

Cs(I) ions, respectively. The application study con-

cluded that the synthesized MNPs, CuFe2O4

nanoparticles consider an effective and potential

adsorbent for the adsorption of europium ions from

wastewater solution.

3.6 Comparative study

The efficiency of CuFe2O4 nanoparticles was com-

pared to other adsorbents for Eu(III) adsorption.

Table 7 shows the adsorption capacity values for

many adsorbents. The CuFe2O4 nanoparticles were

the third best adsorption capacity for Eu(III) among

the seven indicated adsorbents, with a maximum

adsorption capacity of 60.82 mg/g. These findings

suggest that in addition to the low material costs, the

removal capacity of Eu(III) is high, making it a viable

and potential alternative because the majority of

materials which have been produced and able to

remove Eu(III) need more refined preparation tech-

niques, thus raising operational costs.

4 Conclusion

The synthesis of magnetic CuFe2O4 nanoparticles was

carried utilizing the sol–gel method. The characteri-

zation of the synthesized adsorbent was done by

TEM, XRD, and FTIR proved that CuFe2O4 was pre-

pared in a Nano size structure. The optimum condi-

tions for the adsorption of Eu(III) by CuFe2O4 was

found to be at a contact time of 60 min, the adsorbent

weight of 3 g/L, and pH 5 at 25 ± 1 �C. The maxi-

mum adsorption capacity of europium from aqueous

by CuFe2O4 is 60.82 mg/g. The isotherm investiga-

tion indicated that Eu(III)’s adsorption by CuFe2O4

proceeds via the chemisorption process. The kinetic

study provided that Eu(III) ’s adsorption by CuFe2O4

was fitted to the pseudo-second-order kinetic model

and intraparticle diffusion. The thermodynamic

investigations indicated that the adsorption of Eu(III)

Table 5 desorption of Eu(III)

using different desorbing

agents

No The elution agents investigated, (0.01 M) Desorption (%) [HNO3], M Desorption, %

1 HNO3 23.43 0.010 23.43

2 H2SO4 15.62 0.025 45.31

3 HCl 11.71 0.050 65.01

4 NaOH 4.68 0.100 87.1

Bold indicates the higher value of desorption prcentage

Fig. 10 Variation of Eu(III) removal efficiency onto CuFe2O4

nanoparticles as a function of regeneration cycle number.

Desorption conditions: [0.1 M HNO3; (T) = 25 �C]
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by CuFe2O4 is an endothermic process. The effect of

interfering ions was studied. It was observed that all

studied anions increased the uptake of Eu(III) except

chloride and all studied cations decreased the uptake

of Eu(III). 0.1 M of nitric acid is an effective desorbing

agent for Eu(III) desorption from CuFe2O4 nanopar-

ticles and makes it ready for the next adsorption

cycle. Europium and cesium ions removal from

simulated wastewater solution was achieved with

percent removal of Eu(III) and Cs(I) of 98.3 and 86%,

respectively. Finally, the CuFe2O4 nanoparticles have

shown to be a promising alternative adsorbent to

adsorb and separate Eu(III) ions from wastewater.
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