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Abstract Ferrite coated apatite magnetic nano-material

was synthesized by a co-precipitation method and applied in

removal of Eu(III) ions from aqueous solutions. The sample

was firstly characterized using Fourier transform infrared

spectroscopy, thermogravimetric analyses, deferential

thermal analysis, X-ray powder diffraction, surface area by

nitrogen adsorption and scanning electron microscopy. The

results of physicochemical properties indicated that the

synthesized magnetic nano-adsorbent had a crystalline

structure and possessed a surface area amounted to

85.11 m2 g-1. Further, it was found to have high thermal

resistance up to 600 �C and mean particle size of about

63 nm. The kinetic of Eu(III) sorption indicated that equi-

librium state was attained within 12 h with using 5 mg as an

appropriate nano-adsorbent weight. The sorption process

was pH and ionic strength dependent. The maximum

adsorbed amount of Eu(III) was attained at pH 2.5 with

value reached to 157.14 mg g-1. Desorption of Eu(III)

from loaded samples was studied using various eluents and

maximum recovery was obtained using FeCl3 solution.

Keywords HAP � Fe3O4 � Magnetic nanoparticles �
Eu(III) ions � Adsorption

Introduction

The environmental behavior of lanthanide and actinide ions

has attracted a wide attention because they are the main

constituents of long-lived radioactive wastes. In addition,

sorption and transport behavior of long-life radionuclides

on hydrological environment are an important issue in

performance and safety assessment of nuclear waste

repositories [1, 2]. Among lanthanides, europium is a tri-

valent element could be considered as a chemical homo-

logue to trivalent lanthanides. Also, it has a sorption

behavior similar to that of the trivalent actinides at natural

water–solid interface [3]. Removal of lanthanides from

waste solutions can be achieved by several processes such

as chemical reduction [4], solvent extraction [5], ion

exchange [6] or adsorption [7, 8]. Among them, sorption

technique seems to be a promising approach could offer a

number of benefits such as reducing solvent usage, disposal

costs and extraction time.

Nowadays, the technologies based on magnetic separa-

tion are an efficient, fast and economical method for

environmental purification. Hence, many research efforts

are directed to combine magnetic separation with adsorp-

tive removal in purification processes [9–11]. It was

selectively applied in industrial, biological, and environ-

mental processes [12–14]. Biologically, magnetic nano-

particles have promising applications in cell separation and

drug delivery. In addition, they were effectively used as a

contrast agent for magnetic resonance imaging and a heat

mediator for hyperthermia [15–17].

Hydroxyapatites were widely applied in environmental

purification purposes and exhibited a remarkable ability to

absorb heavy metal ions, such as Cd2? [18, 19], Co2? [20],

Pb2? [21, 22], Zn2? [21, 23] and Cu2? [21, 24]. Also,

magnetic iron oxides could be used as a support material in
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preparation of many composite adsorbents because it can

be easily manipulated by an external magnetic field [25].

Recently, several studies was carried out on surface mod-

ification of Fe3O4 nanoparticles to effectively applied in

removal of different heavy metals [26–28]. In this concern,

Feng et al. [29] synthesized magnetic hydroxyapatite

nanoparticles for removal of Cd2? and Zn2? from aqueous

solution. Further, Dong et al. [30] combined HAP with

Fe3O4 to produce composite absorbent for removal of

heavy metals from aqueous solutions. The removal of

Eu(III) from aqueous solution using Fe3O4 coated HAP as

adsorbents have never been reported in the literature.

Therefore, this study aims to prepare ferrite nanoparticles

coated with calcium hydroxyapatites and assess its poten-

tial application in removal of 152?154Eu isotopes from

aqueous solution.

Experimental

Synthesis of sorbent

All chemicals used throughout this study were of analytical

grade, and used as received without further purification.

Iron ferrite (Fe3O4) was prepared using a co-precipitation

method. A solution of 1 M FeCl3 was stirred and purged

with N2 at 25 ± 1 �C. To this solution, an equal volume of

0.5 M FeSO4�7H2O solution was added slowly under

continuous stirring and nitrogen flow to have Fe(II):Fe(III)

molar ratio 2:1. The mixture was stirred and purged with

N2 for 30 min at 25 ± 1 �C and then NH4OH solution

(25 %) was added until pH attended 11. Then, a black

precipitate was formed and let to settle down. The pre-

cipitate was separated by filtration, washed several times

with distilled water and finally heated at 80 �C for 1 h till

pH attained a constant around *7.

A solution of 0.5 M Ca(NO3)2 was stirred and purged

with N2 at 25 ± 1 �C. An equal volume of 0.387 M

(NH4)2HPO4 was added slowly to this solution under con-

tinuous stirring and N2 flow. The molar ratio of Ca/P was

kept at 1.67 and the mixture was stirred and purged with N2

at 25 ± 1 �C for 30 min. To ferrite suspension, the previ-

ously prepared mixture was added slowly under continuous

stirring and nitrogen flow for 30 min. Thereafter, NH4OH

solution (25 %) was added until pH value reached to about

11. The resulting precipitate was separated by filtration,

washed several times with bidistilled water until pH became

7 and finally dried at room temperature for 48 h.

Radioactive tracer

Radioactive isotopes of 152?154Eu were prepared by neu-

tron irradiation using the Egyptian Second Research

Reactor at Inshas, Egypt. A weight of 1 mg (Eu2O3) was

wrapped in a thin aluminum foil and irradiated using

1014 ns-1 cm-1 neutron flux. After cooling, the sample

was dissolved in 1 M HCl, evaporated to dryness and

redissolved in double distilled water. The activity of the

prepared isotopes was c-counted using NaI scintillation

counter connected to nuclear single channel (Spectech ST

360, USA).

Characterization

The synthesized particles were characterized using the

following techniques. Fourier transform infrared (FT-IR)

spectra were recorded with Nicolet is10 spectrometer from

Meslo, USA. Thermal analysis was carried out using

Shimadzu TGA/DTA-50 system. Thermogravimetric

analysis/deferential thermal analysis (TGA/DTA) mea-

surements were done up to a temperature of 600 �C, with a

heating rate of 10 �C min-1 in a nitrogen atmosphere, and

using a-Al2O3 as a reference. X-ray analysis was per-

formed with X’Pert diffractometer system of PW1710

model, from Philips, Almelo, Netherlands. The specific

surface area and porosity of the samples were determined

by the standard adsorption of N2 at 77 K, using a sorp-

tometer of the type NOVA 1000e model Quantachrome,

USA. The morphology of prepared particles was observed

using Jeol scanning electron microscope JSM-6510A

model, Japan.

Sorption experiment

The variation in the amount adsorbed with time was studied

by shaking 5 mg sample with 5 ml of 200 ppm Eu(III) in a

thermostatic shaker at 25 ± 1 �C. After equilibrium, the

adsorbent was separated by centrifuge and the supernatant

was subjected to radiometrical assay. To clarify the effect of

sample weight, different sample weights ranged from 0.001

to 0.025 g were used with 200 ppm Eu(III) solution. The

mixtures were shaken at room temperature for 48 h, sepa-

rated and analyzed to determine the amount adsorbed from

europium ions. In addition, the effect of pH was studied

within the pH range of 0.5–4. The initial metal concentra-

tion was 200 mg l-1, while the initial pH values were

adjusted by adding NaOH or HCl solutions. After 48 h of

contact, the suspensions were separated and analyzed for

final pH value and the activity of europium.

The amount adsorbed (qe) in mg g-1 was measured by

repeated equilibration with 200 ppm europium chloride

solutions spiked with 152?154Eu at an initial pH of 2.5, in a

thermostat shaker adjusted at 25 ± 1 �C. The V/m ratio

was 1,000 ml g-1 and each equilibration was continued

for 48 h. The equilibration was repeated until no further

uptake of Eu(III) took place. Certain volumes of
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supernatant were withdrawn, counted for c-activity and

replaced with an equal volume of the original solution. The

amount adsorbed was calculated using the equation:

qe ¼ Co � Ce½ � � V=m ð1Þ

where Co and Ce are the initial and final Eu(III) concen-

tration in solution (mg l-1), V is the volume of solution

(ml) and m is the weight of the sample (g).

Desorption study was performed by equilibrating 10 ml

of 200 mg l-1 Eu(III) solution with 0.1 g sample in a set of

glass bottles. Subsequently, the suspension was centrifuged

and supernatants were separated and assayed. The solid

residues were thoroughly treated with 10 ml of six differ-

ent leaching solutions in six sealed glass bottles and were

shaken for 24 h. The eluent were 0.05 M HCl, H2O, 0.1 M

NaOH, 0.1 M CaCl2, 0.1 M FeCl2 and 0.1 M FeCl3 solu-

tions. Finally, the suspensions were centrifuged and the

activity of metal ion, desorbed in solution, was analyzed.

Results and discussion

Characterization

FT-IR

Infrared spectra of the prepared adsorbent are shown in

Fig. 1. The plot exhibited a broad absorption band around

3,400 cm-1 may be due to presence of structural hydroxyl

groups. The bands revealed at 1,634 and 634 cm-1 are

characteristic to Fe3O4 [31]. The peaks exhibited at

1,000–1,100 and 560–610 cm-1 could be attributed to the

presence of PO4
3- group [32]. The bands observed at 1,092

and 1,034 cm-1 are due to the stretching vibration of

phosphate (PO4
3-, P–O) groups while the bands detected at

601 and 563 cm-1 may be ascribed to the bending vibra-

tion of phosphate (PO4
3-, O–P–O). These bands are

characteristic to hydroxyapatite structure. The broad band

detected between 3,460 and 3,400 cm-1 are indicative to

the existence of the bending mode of absorbed water in the

sample [33].

Thermal analysis

The thermograms of the synthesized particles are shown in

Fig. 2. The TG exhibited a decrease in sample weight with

rising temperature up to *120 �C. This weight loss was

accompanied with an endothermic peak revealed at 78 �C.

This endothermic peak implied the dehydration of surface

water molecules. With rising temperature up to 260 �C, the

sample approximately showed a thermal stability with no

DTA peaks. A further decrease in sample weight was

observed with increasing temperature up to 330 �C. This

loss was accompanied with an endothermic peak at 274 �C.

This could be attributed to the dehydration of water mol-

ecules impeded in internal structure. At high temperature

up to 600 �C, the sample showed a continuous stability

with no weight loss.

X-ray analysis

Figure 3 shows the X-ray powder diffraction pattern of:

(a) sample as prepared and (b) sample calcinated at 250 �C.

The diffractograms clarified that the sample is predomi-

nantly hydroxyapatites and are consistent with JCDP data

of ASTM card No. 9-432 for HAP and ASTM card No.

19-629 of Fe3O4. The plots authenticate that sample cal-

cination at 250 �C improved the peaks sharpness and hence

the structure crystallinity. This improvement in properties

could be ascribed to the dehydration of water molecules

from the internal structure.

Surface area measurement

The values of specific surface area (SBET) and porosity are

given in Table 1. The BET surface area was 85.11 m2 g-1.

This value is higher than that reported by other investiga-

tors for different HAP samples [34–36].

Fig. 1 FT-IR spectrum of the synthesized magnetic nano-adsorbent Fig. 2 TG–DTA of the synthesized magnetic nano-adsorbent
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Scanning electron microscope (SEM)

The morphology of the prepared magnetic particles at

different magnification powers is shown in Fig. 4. The

pictures showed that the synthesized adsorbent had irreg-

ular spherical shape with average diameter of about 63 nm.

Also, they had a rough surface and porous structure.

Sorption study

Contact time

The change in the amount adsorbed of Eu(III) with time

was studied using batch technique and data are given in

Fig. 5. Data illustrated that the removal of Eu(III) by

magnetic nano-adsorbent took place in two steps: a rela-

tively fast step, followed by a slow one extended until the

equilibrium was reached. The time necessary to reach the

equilibrium was about 12 h. Though there, a slight increase

of adsorption quantity after 24 h was detected. Therefore,

48 h was considered as a time of contact in the rest of

experiment. The maximum adsorbed amount of europium

ions was determined experimentally through successive

sorption and the values are listed in Table 2. The revealed

data clarified that the prepared magnetic nano-adsorbent

exhibited a higher sorption capacity compared with other

materials.

Effect of sample weight

The relationship between sample weight and the amount of

Eu(III) adsorbed using the prepared magnetic nano-sample

is shown in Fig. 6. It was observed that, the amount

adsorbed increased with increasing the weight of nano-

sample up to 0.01 g while at higher amounts, qe values

remained constant. Closer inspection to data clarified that,

the amount adsorbed attained the value of 155.14 mg g-1

with 5 mg of sample weight while it attained

198.42 mg g-1 at 10 mg sample. Therefore, the increase in

qe values from 155.14 to 198.42 mg g-1 was not consisted

with the increase in sample weight from 5 to 10 mg. So, it

was supposed to consider 5 mg as a sample weight in the

rest of experiments.

Effect of pH value

Sorption of europium by prepared magnetic nano-adsor-

bent was studied at different pH value ranged from 0.5 to 4

and the results are show in Fig. 7. It is clear that, the

amount adsorbed of Eu(III) increased with increasing pH

value up to 2.5. At high pH value, qe value decreased with

the increase in pH value up to 4.5 after which qe attained a

constant value. This behavior could be attributed to

changing the speciation products and the involved sorption

mechanism at the solid–liquid interface with changing the

pH value. Further, the values of final pH increased with

increasing the initial pH values up to 3.7. After which the

final pH value remain constant. This behavior could be

assigned the buffering properties of HAP [18]. The buf-

fering characteristics of HAP were a result of acid–base

interactions due to the exchange with Eu(III).

Effect of ionic strength

The Effect of ionic strength, adjusted with NaCl salt, on

Eu(III) sorption onto prepared magnetic nano-adsorbent is

presented in Fig. 8. Data clarified that qe of Eu(III)

decreased with increasing ionic strength molarity. This was

because the movement of Eu(III), from bulk solution

towards adsorbent surface, was retarded with presence of

increased concentration of Na(I) ions that formed a positive

layer on the surface of applied nano-adsorbent. Also,

Na(I) could competes with Eu(III) for the available active

Fig. 3 X-ray diffraction patterns of the synthesized magnetic nano-

adsorbent: a sample as prepared, b sample calcinated at 250 �C

Table 1 The textural properties of the synthesized magnetic nano-

adsorbent

Samples Surface area parameter Reference

SBET

(m2 g-1)

VP

(cm3 g-1)

DP

(nm)

Mag nano

sorbent

85.11 0.099 23.26 This work

HAP 51.8 – – [34]

HAP 67 – – [20]

HAP 48 – 141.3 [35]

HAP 43.75 – – [36]
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sites on adsorbent surface. It worse to note that the high

ionic charge of Eu(III) ions compared with that of

Na(I) ions, depressed the competition action of Na(I) ions

therefore, the overall qe values were slightly decreased

with presence of increased concentration of NaCl as a

background electrolyte.

Desorption study

The results of desorption study are shown in Fig. 9. The

data illustrated that Eu(III) was hardly eluted from the

Fig. 4 SEM micrograph of the synthesized magnetic nano-adsorbent at zoom: a 300, b 1000, c 2300 and d 5000
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Time, h

Fig. 5 Variation of Eu(III) adsorbed onto synthesized magnetic

nano-adsorbent with time

Table 2 The sorption capacity of the synthesized magnetic nano-

adsorbent

Sample qe (mg g-1) References

Mag nano sorbent 157.14 This work

GMZ bentonite 40.5 [37]

Activated carbon 18.41 [38]

CA 9.35 [39]

CA/AAm 19.08 [39]

CA/PEG 27.40 [39]
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magnetic nano-adsorbent using distilled water, 0.1 M

CaCl2 and NaOH. On other hand, it was easily desorbed

using 0.05 M HCl, 0.1 M FeCl2 and FeCl3 solutions. The

desorption percentages of Eu(III) eluted from the applied

magnetic nano-adsorbent were 71.75, 86.13, 98.99, 2, 3

and 1.3 % by using 0.05 M HCl, 0.1 M FeCl2, FeCl3,

0.1 M NaOH, 0.1 M CaCl2 and H2O, respectively. A

similar result was reported for Zn(II) desorption from

loaded CaHAP [23].

The high desorption yield reveled with FeCl3 could be

ascribed to the chemical properties of Fe(III) ions com-

pared with Eu(III) ions. Both ions have a comparable ionic

radius (rEu(III) = 0.95 Å, rFe(III) = 0.64 Å) while Fe(III)

ions have a high surface electronegativity amounted to

1.8 Pauling compared with that of Eu(III) that attain the

value 1.2 Pauling. This difference in electronegativity

enabled Fe(III) ions to effectively replace Eu(III) from the

active site present on the surface of magnetic nano-adsor-

bent. In addition, the low ionic radius of Fe(III) ions

facilitates such proposed replacement. Based on these data,

the adsorbed Eu(III) ions can be effectively recovered from

the synthesized adsorbent using FeCl3. Further, the results

highlight the promising application of this nano-material in

separation and recovery of lanthanide elements from their

aqueous solutions.

Conclusions

In this study, a magnetic nano-adsorbent composed from

iron ferrite core and hydroxyapatite shell was successfully

synthesized. The prepared nano-material had a high ther-

mal stability and possessed a crystalline structure. The

sorption of Eu(III) was highly attained from acid solution

and slightly affected by the value of ionic strength. The

elution of Eu(III) loaded in presented sample was highly

recovered using the eluent, HCl, FeCl2, FeCl3. The results

highlight the promising application of this material in
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Fig. 6 Variation of Eu(III) adsorbed onto synthesized magnetic
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separation and recovery of lanthanide elements from their

aqueous solutions.
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