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Abstract
The present work deals with the preparation of Cerium oxide Titanium Ferrite (CTF) nanocomposite using a simple sol-
vothermal method. The synthesized CTF nanocomposites were characterized using FT-IR, XRD, BET surface area, VSM 
and TEM. The adsorption action of CTF nanocomposite towards U(VI) was optimized using batch experiments by varying 
solution pH, initial concentration, sorbent dosage and rate of adsorption. The loaded uranium was efficiently desorbed 
using 0.1 M  HNO3. The Kinetic studies indicated that the adsorption process follows pseudo-second-order equation. 
Freundlich and Halsey adsorption isotherm was modeled, it proves the multilayers adsorption process. The calculated 
thermodynamic parameters show that the adsorption process of U(VI) onto CTF nanocomposite was spontaneous and 
endothermic in nature. The fabricated nanocomposite was applied successfully for removal of uranium species from 
waste solutions. The obtained results indicated that CTF nanocomposite was a promising and excellent adsorbent for 
uranium ions removal in comparison with other reported ones. Moreover, the process was very simple, fast and easily 
reusable several times.
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1 Introduction

Uranium is a radioactive metal that is found in a variety 
of rocks, soils and aqueous sources. It is released into 
environment naturally or as contaminant through mining 
processing, fuel manufactures and other related industrial 
activities [1, 2]. In some contaminated regions waste dis-
posal sites can attain as high as several tens of mg/L which 
eventually may found their way into soil, drinking water 
and human beings [3]. It leads to dangerous pollution 
and severe effect to human health [4–6], including, kid-
ney tubular cells damage, liver disease and thyroid. Also, it 
affects bone development and maintenance, especially in 
children [7]. Due to uranium radioactivity may cause dam-
age of DNA and can lead to several types of cancer [7, 8]. 

Over the past decades, several traditional methods have 
been developed to remove uranium ions from aqueous 
waste solutions such as membrane dialysis, precipitation, 
ion exchange, solid phase extraction and solvent extrac-
tion [9–14]. In this context, adsorption procedures have 
been found to offer much greater extraction capacity and 
efficiency.

Nanomaterials continue to attract much interest 
because of their properties differ greatly from those 
of atoms and molecules as well as from those of bulk 
Materials [15]. Using of nanoparticles (NPs) as adsor-
bents have been extensively studied because of their 
unique chemical and physical properties such as high 
surface area and chemical activity, compared to classical 
adsorbent materials [16]. Synthesis of nanometer scale 
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mixed oxide particles, such as spinel ferrite, magnetite, 
titanium-based various binary and ternary mixed oxides 
have been reported for their remarkable magnetic and 
conducting properties [17–20]. The use of iron oxide NPs 
has found many applications in a variety of fields. Both 
forms of magnetic iron oxide NPs,  Fe2O3 and  Fe3O4, have 
superparamagnetic properties, enabling them to behave 
as a giant paramagnetic atom with a fast response to 
the external magnetic field. Magnetic NPs are suitable 
sorbents due to their good dispersion in solution, their 
high specific surface area and their ability to controlled 
and separated with an external magnetic field [16, 17]. 
Also,  TiO2 exhibits very favorable sorption properties 
through inner- sphere complex formation [21, 22].The 
incorporation of titanium and cerium ions with ferrites 
NPs leads to an increase of coercivity due to the coupling 
of the spins between titanium and cerium ions on hand 
and iron ions on other [23, 24]. This behavior makes the 
NPs to be more efficient and attractive in separation of 
impurities from different effluents.

Lichao Tan et al. [25] suggested cobalt ferrite/multi-
walled carbon nanotubes magnetic hybrids for removal 
U(VI) from wastewater. They pointed out that the maxi-
mum capacity for U(VI) was 212.7 mg/g under optimum 
conditions. Magnetic nanocomposite  (Fe3O4@C@Ni–Al 
LDH) of U(VI) adsorption capacity of 174.1 mg g−1 was 
reported by Zhang et al. [26]. Fan et al. [27] investigated 
removal of U(VI) from aqueous solutions by magnetic 
composite of  Fe3O4@SiO2, showing maximum adsorp-
tion capacity of uranyl ions of 52 mg g−1. Other reported 
modified magnetic nanoparticles showed moderate 
sorption capacities for uranyl ions and radioactive spe-
cies [28–31].

In our previous work we reported the synthesis of 
 TiO2–CeO2–Fe2O3 nanoparticles (NPs) using co-precipita-
tion method for using in U(VI) removal from aqueous solu-
tions [32]. Herein, we extended our study for preparation 
of an efficient magnetic nanocomposite  (CeO2–TiFe2O4) 
using simple and fast solvothermal method in order to use 
for removal of uranium ions from waste samples solutions. 
The prepared CTF nanocomposites were characterized 
by X-ray diffraction (XRD), scanning electron microscope 
(SEM), transmission electron microscope (TEM), Brauner 
Emette Teller surface area (BET), Fourier Transform Infra-
Red spectroscopy (FTIR) and vibrating sample magnetom-
eter (VSM). The optimum parameters that influence the 
adsorption of U(VI) by CTF NPs, including pH, contact time, 
adsorbent dosage, U(VI) initial concentration and temper-
ature were discussed. Isotherm models were proposed to 
explain the sorption characteristics of nanoadsorbents. 
Kinetic and thermodynamic parameters of the adsorp-
tion process were also calculated to discuss the adsorp-
tion process.

2  Experimental

2.1  Materials

All chemicals and reagents were of an analytical grade. 
 TiCl4 (≥ 99%, Merck Co.Ltd., France),  CeCl3.7H2O (Sigma 
Chemical Co. Ltd., USA),  FeSO4.7H2O, (> 98%, Nice Chemi-
cals Pvt. Ltd. India) ethanol (absolute, (Sigma Aldrich Co. 
Ltd., USA) were used without further purification. Ura-
nium (IV) stock solution (1000 mg L−1) was prepared by 
dissolving 2.11 g of  UO2(NO3)2·6H2O (Sigma-Aldrich, Ger-
many) in 1 L of 0.05 M  HNO3.

2.2  Synthesis of  CeO2–TiFe2O4 nanoadsorbent

CeO2–TiFe2O4 NPs were prepared by using solvothermal 
method. Stoichiometric amounts of 2 M  FeSO4·7H2O, 
0.5 M  TiCl4 and  CeCl3·7H2O were dissolved in a mixture 
of 60 mL of ethylene glycol and 40 mL of de-ionized 
water while stirring for 30 min then sonicated using an 
ultrasonic processor for 15 min. To the latter, ammonia 
solution was added drop wisely, sonicated for 15 min, 
then heated to 180 °C for 24 h in a Teflon-lined autoclave. 
After cooling down to room temperature, the precipi-
tate was centrifuged, collected and washed repeatedly 
with de-ionized water and ethanol then dried for 12 h 
at 60 °C.

2.3  Characterization

XRD characterization of the prepared nancomposite was 
carried out using (X, PERT—PRO—PANalytical—Nether-
land) with CuKα radiation operating at 40 kV and 30 mA. 
FT-IR measurements were made with JASCO FTIR 460 plus 
spectrometer over wavenumber range of 4000–400 cm−1. 
The spectra of magnetic nanomaterials were taken as KBr 
pellets.

The size and morphology of the nanocompsites before 
and after sorption were examined by high resolution 
transmission electron microscopy (A JEOL-2100) and 
scanning electron microscopy equipped with EDX (ESEM 
model Philips XL 30).

The surface area and pore volume of magnetic nanoad-
sorbents were measured by performing  N2 adsorption 
and desorption using surface area and porosity analyzer 
(AUTOSORB-1, Model No = AS1 MPV6-11, USA) and the sur-
face area was calculated by Brunauer–Emmett–Teller (BET) 
equation as well. However, pore size distributions were cal-
culated from the adsorption branch of the  N2 adsorption/
desorption isotherms using the Barret–Joyner–Halenda 
(BJH) method. Magnetic characteristics of the prepared 
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nanocomposites were measured by vibrating sample 
magnetometer (VSM).

2.4  Batch adsorption experiments

To achieve adsorption equilibrium, an amount of the 
adsorbent (0.005 g) was added into U(VI) solution in poly-
ethylene tube. The pH was adjusted to the desired value by 
0.1 M  HNO3 and NaOH solutions. The mixture was shaken 
for 2 h in a temperature controlled water bath shaker. After 
equilibrium, the supernatant liquids were centrifuged. The 
residual U(VI) concentration in supernatant was spectro-
photometerically determined using arsenazo-III at wave-
length 655 nm [33]. The effects of pH, contact time, initial 
concentrations and temperature on adsorption of uranium 
(VI) were investigated to obtain the maximum efficiency.

The removal efficiency (%) and the adsorption capacity 
(mg g−1) of U(VI) were determined using.

Equations (1) and (2), respectively:

where R is the removal efficiency,  Co,  Ce is the initial and 
equilibrium U(VI) concentration (mg L−1), respectively,  qe 
is adsorption capacity, V is the volume of uranium solution 
(L) and W is the weight of CTF nanoadsorbent (g).

2.5  Desorption and regeneration

Firstly, Uranium(VI) loaded CTF nancomposite was washed 
several times with de-ionized water then 0.1 mol L−1  HNO3 
was used as eluting agent to desorb U(VI). The adsorbents 
were separated from the solution by centrifugation, then 
the CTF nancomposites were dried and reused in adsorp-
tion experiments. The above procedure was repeated six 
times to test the reusability of the magnetic nanoadsor-
bents until U(VI) were not detected in the rinsing solution. 
The desorption efficiencies were calculated from the con-
centration of adsorbed U(VI) onto CTF nanoadsorbent and 
the final U(VI) concentration in the desorption medium.

3  Results and discussions

3.1  Characterization of nanoadsorbent

A typical X-ray diffraction pattern of the prepared CTF 
nanocomposite is shown in Fig. 1. As can be seen, the 
major characteristic peaks of  TiFe2O4 were found at 

(1)R =
C0 − Ce

C0
× 100%

(2)qe =

(

C0 − Ce

)

V

W

2θ = 18.102, 25.535, 32.522, 36.550, 37.345, 41.03, 45.9, 
48.791, 59.8, 65.5, 69.3 and 76.7, references code (04-
008-6392). On the other hand the cubic  CeO2 peaks were 
identified at 2θ = 28.550, 33.077, 47.490 and 56.328 cor-
responding to references code (00-04-0593). Additional 
peaks observed at 2θ = 54.02 and 72.2 are due to  Fe2O3. 
According to the above mentioned XRD results, we can 
conclude that the structure of the nanocomposite is 
 CeO2–TiFe2O4.

FT-IR spectrum of CTF nanocomposite before and after 
loading by uranium species were presented in Fig. 2. The 
two broad bands observed at 3431 cm−1 and 1631 cm−1 
were due to the O–H stretching vibrations, however, the 
small peaks observed at 2924 and 1451 cm−1 were due to 
C–H stretching vibration and C–H bending, respectively, 
they were attributed to presence of ethylene glycol on 
the surface of CTF nanocomposite [34, 35]. The band at 
1120 cm−1 was due to presence of  CeO2 [36]. While the 
absorption band located at 589 cm−1 was assigned to the 
stretching vibration band of Fe–O bond. As a consequence 

Fig. 1  XRD patterns of synthesized CTF nanocomposite

Fig. 2  FT-IR of CTF nanoparticles (A) before U(VI) adsorption (black 
line) and (B) after U(VI) adsorption (red line)
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of uranium adsorption onto nanocomposite surface, a new 
band was appeared at 880 cm−1 which may be attributed 
to antisymmetric stretching vibration of O=U=O bands, 
confirming a successful U(VI) sorption as uranyl ions 
or uranyl complexes [37].The lack of the strong peak at 
1380 and 1530 cm−1 for CTF nanoadsorbent after load-
ing with U(VI) clearly indicates that no nitrate ions as 
counter ions or chelating agent was co-sorbed with U(VI) 
[38]. In such case, the U(VI) ions were probably sorbed in 
hydroxide complex form or positive charge species by 
cation-exchange mode [38]. Also, the nanocomposite 
charateristic bands were slightly shifted and become less 
intense after uranium adsorption onto CTF nanocompos-
ite, Fig. 2b. After adsorption process, the formed uranium 
layers on the surface of the nanoadsorbent reduces the 
intensities of the characteristic bands of CTF nanocompos-
ite as well as causing a shift of their positions. The bands 
of Fe–O,  CeO2, C–H and O–H were shifted from 589, 1120, 
1451, 1631 cm−1 to be 566, 1057, 1438 and 1629 cm−1, 
respectively, after uranium loading on to CTF nanoadsor-
bent. The shift of bands due to adsorption of uranium was 
also reported by others [14, 39].

The size, distribution and morphology of the prepared 
nanoparticles (NPs) were examined by, TEM, HRTEM and 

EDX techniques as shown in Fig. 3. The TEM images show 
that CTF NPs are polydispersed with particle size ranged 
from 1.91 to 19 nm. The measured inter-planar spacing 
and the lattice d-spacing of  CeO2–TiFe2O4 were 0.12 nm 
and 1.1 nm, respectively. The agglomeration of the nano-
particles can be well observed, pertaining to the high sur-
face energy and magnetic interactions between them [40].

Fig. 3  TEM images of CTF nanoparticles

Fig. 4  EDX spectrum analysis of  CeO2–TiFe2O4 nanocomposite 
loaded by U(VI)
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The presence of uranium in the loaded  CeO2–TiFe2O4 
nanoadsorbent was confirmed from (EDX) measurement, 
Fig. 4. It shows distinct signals at 3.3 and 3.4 keV corre-
sponding to uranium species, it was sufficient for provid-
ing a qualitative idea of the homogeneous distribution of 
U ions at the surface of the sorbent, the percentage (in 
mass) of U was 30.72 and 26.78%, respectively.

BET surface area measurements are performed and 
summarized in Table 1. The surface area, pore volume, 
and pore size of  CeO2–TiFe2O4 are 72.459 m2/g, 0.118 cc/g, 
and 1.925 nm, respectively. Also, BET results confirmed the 
formation of nano-scale size  CeO2–TiFe2O4 particles. The 
obtained parameters assured the good adsorption behav-
ior of the CTF nanocomposite.

3.2  Magnetic properties

Chemical composition of magnetic materials, cation dis-
tribution and average size have a significant role in the 
determination of the magnetic properties of the NPs and 
the possible applications [41]. The magnetic properties 
of CTF NPs are investigated at the ambient temperature 
under an applied field using the VSM technique. Figure 5 
shows the hysteresis loops of the CTF nanocomposite. It 
exhibited superparamagnetic behavior with a high mag-
netic saturation  MS value of 24.193 emu/g at room tem-
perature. The magnetic properties of CTF NPs were found 
good in comparison with that of  TiO2–CeO2–Fe2O3 NPs 
previously reported by us [32], where the saturation mag-
netization of the latter was 0.32096 emu/g. The hysteresis 

loop of  TiO2–CeO2–Fe2O3 showed paramagnetic behav-
ior. In addition, it was observed that the magnetization of 
 TiO2-CeO2–Fe2O3 is not saturated, as it is probably due to 
the coexistence of paramagnetic atoms in the particles. On 
the other side  CeO2–TiFe2O4 nanoparticles exhibited good 
magnetic properties  (MS 24.193 emu/g).The hysteresis 
loop of  CeO2–TiFe2O4 confirmed its ferromagnetic behav-
ior as the magnetization reached saturation. Furthermore, 
the calculated normalized remanence values  (Mr) and the 
coercivity  (Hc) were 2.367 and 97.961 G, respectively. These 
results indicate that  CeO2–TiFe2O4 NPs possesses a high 
magnetic responsively and can be easily separated during 
the sorption experiments.

3.3  Adsorption process

3.3.1  Effect of initial pH

A series of experiments were performed to investigate 
the effect of solution pH on uranium uptake by CTF NPs. 
The obtained results in Fig. 6 showed that the adsorption 
capacity of uranium increased from 17.08 to 79 mg g−1 
as the pH increased from 2.00 to 6.00. By increasing the 
pH more than 6.00, the adsorption capacity was slightly 
decreased to reach 71.6 mg g−1 at pH 12.00. The lower 
adsorption capacity at low acidic conditions is due to 

Table 1  Physical parameters of CTF nanoadsorbent

Particles size (nm) Surface area  (m2/g) Pore volume 
(CC/g)

Pore radius (nm) Magnetization 
(emu/g)

Remenance 
(emu/g)

Coercivity (Hci) (G)

1.9-19 72.459 0.118 1.925 24.193 2.3677 97.96

Fig. 5  VSM hysteresis loops of  CeO2–TiFe2O4 nanohybrid oxide pH
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Fig. 6  Effect of initial pH on adsorption capacity of  CeO2–TiFe2O4 
(amount of adsorbent 0.005 g, U(VI)initial = 20 mg L−1, shaking time 
120 min at 25 °C)
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competition of  H+ for binding sites of CTF nanocomposite 
with  UO2

2+ ions. However, the adsorption capacity reaches 
maximum at pH 6. At such pH the NPs surface became 
negatively charged due to deprotonation reaction [42] and 
the electrostatic attraction increased between uranium 
species and negative charge on nanoparticles surface 
which led to an increase of U(VI) adsorption capacity. The 
distribution of uranium chemical species is represented 
in scheme S1 [43]. It is obvious that uranyl ions may pre-
sent as positively charged cationic species, such as  UO2

2+ 
monomer, [(UO2)2(OH)2]2+ dimer and [(UO2)3(OH)5]+ 
trimer [44, 45]. Multi-nuclear hydroxide complexes such 
as [(UO2)3(OH) 5] + are the predominate species at pH 6 and 
no insoluble species were observed. These species may be 
more favored by the sorbent, since the maximum sorp-
tion of U(VI) in many different sorbents occurred at pH 6–8 
[46, 47]. The deprotonated sites of CTF nanoadsorbent are 
more available to retain uranium ions and surface compl-
exation between uranium species and CTF nanoparticles 
is facilitated. At pH > 6.00 uranium ions exist in an anionic 
forms such as  UO2(CO3)3

4−,  (UO2)2CO3(OH)3
−,  UO2(OH)3

− etc. 
[48], these anions have a relatively low adsorption affin-
ity. Thus, pH 6.00 was chosen as optimum for adsorption 
process.

3.3.2  Effect of CTF composite dose

The dependence of U(VI) removal on amount of adsor-
bent was studied at pH 6 using 20 mL of 20 mg L−1 U(VI) 
solution at 25 °C for 120 min. The results given in Fig. 7, 
demonstrate that the sorption efficiency of uranium ions 
increases rapidly with increasing sorbent mass from 1 mg 
to 5 mg. This is due to large number of active centers on 
the surface [49].

3.3.3  Effect of contact time and adsorption dynamics

The contact time effect on U(VI) uptake capacity of CTF 
nanocomposite was studied using different U(VI) initial 
concentration (20, 50 and 70 mg L−1). The obtained results 
in Fig. 8, showed that the maximum amount of U(VI) was 
adsorbed at 120 min for the three tested concentrations. 
The maximum adsorption capacity  (qe) was 79, 178 and 
245 mg g−1, corresponding to U(VI) initial concentration 
of 20, 50 and 70 mg L−1, respectively. There is almost no 
further increase of adsorption beyond 120 min and the 
initial concentration did not show any significant effect 
on the time to reach equilibrium. It proves that the U(VI) 
adsorption capacity increases with its initial concentra-
tion increasing. It provides higher driving force that facili-
tates diffusion of ions from the bulk solution to active 
sites assembly. Thus the initial U(VI) concentration plays 
an important role in determining the maximum uptake 
capacity of the CTF for U(VI) [50].

Adsorption kinetics is one of the most attractive char-
acteristics to be responsible for the efficiency of adsorp-
tion. It is useful for adsorption studies to predict the rate of 
adsorption and provide valuable data for understanding 
the mechanism of sorption and the reaction pathways. 
Actually, most adsorption reactions take place through 
external film diffusion, intra-particle diffusion and inter-
action between adsorbate and active sites. Sorption of 
uranium by the CTF NPs as a function of time was illus-
trated in Fig. 8. It showed clearly a fast increase in uptake 
of uranium ions by CTF NPs in the first 2 h of the adsorp-
tion then remains constant The obtained data were mod-
eled using pseudo-first-order, pseudo-second-order and 
intra-particle diffusion.

Fig. 7  Effect of adsorbent amount on U(VI) uptake by CTF nanopar-
ticles (pH 6.00; amount of adsorbent dose 0.001–0.1  g; [U(VI)]initial 
20 mg L−1; shaking time 120 min)
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Fig. 8  Effect of contact time on uranium(VI) adsorption using dif-
ferent initial uranium concentration (pH 6.0; temperature 25  °C; 
amount of CTF NPs 0.005 g)
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The pseudo-first- order was calculated according to 
equation (S1) in Supporting Information (SI). The obtained 
results of pseudo-first-order adsorption featured in Fig. 9a, 
indicate that the data did not fit well. The values of  K1 
along with the corresponding correlation coefficient at dif-
ferent concentrations are presented in Table 2. As shown, 
the calculated values of  qe does not agree with the experi-
mental ones besides its low related coefficients  R2. These 
results indicate that the adsorption mechanism of uranium 

ions on CTF does not follow a pseudo-first-order kinetic 
model well.

In order to study pseudo-second-order adsorption (see 
equation S2) a plot of t/qt versus t is plotted in Fig. 9b. 
The obtained straight line and the perfect regression 
analysis  R2 = 0.999 prove that the pseudo-second-order 
kinetic model can be applied to predict the adsorption 
kinetic, and the process of uranium sorption on CTF NPs 
is well described by pseudo second order kinetic model, 
Table 2. It implies that the dominant mechanism for U(VI) 

Fig. 9  Adsorption kinetics models for U(VI) adsorption onto CTF nanocomposite, a Pseudo-first-order model plot. b Pseudo-second-order 
model plot. c Intra-particle diffusion model plot. Conditions (pH 6.0; temperature 25 °C; amount of CTF NPs 0.005 g)

Table 2  Parameters of various kinetics models fitted to experimental data

C0 (mg  L−1) Pseudo first order Pseudo second order Intraparticle diffusion

qe (mg g−1) K1  (min−1) R2 qe (mg g−1) K2 (g mg−1  min−1) R2 C (mg g−1) Ki R2

20 17.67 0.0249 0.834 80.65 0.00365 0.9997 63.471 1.098 0.888
50 28.99 0.0192 0.632 181.82 0.00123 0.9995 137.60 2.767 0.862
70 28.41 0.0123 0.889 250 0.00184 0.9999 210.71 2.421 0.879
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adsorption on CTF NPs is chemisorption or strong surface 
complexation rather than mass transport [51].

To identify the mechanism involved in the adsorp-
tion by the intra-particle diffusion technique (see equa-
tion S3) a plot of  t1/2 versus  qt was represented in Fig. 9c. 
The values of  Ki (the intra-particle diffusion rate constant 
mg g−1 min−1/2) and C adsorption constant (thickness of 
the boundary layer) are calculated from intercept and 
slope regression analysis [52–56]. The results in Table 2 
show that the experimental data does not follow the intra-
particle diffusion model, i.e. the intra-particle diffusion is 
not rate limiting step.

3.3.4  Adsorption isotherm

In this study, several isotherm models were selected to fit 
the obtained experimental data regarding to the adsorp-
tion of uranium onto CTF NPs. They are namely Langmuir, 
Freundlich, Temkin, Dubinin Radushkevich (D–R) and Hal-
sey models.

Langmuir isotherm model was described by equation 
S4. The plot of  Ce/qe versus  Ce at different temperatures 
was shown in Fig. 10a. The values of  Qm and  KL can be 
estimated from the slopes and intercepts of the straight 
lines, Table 3. Adsorption of U/CTF NPs exhibited maxi-
mum sorption capacity of 476.2 mg of U(VI)/g of sorbent 
at pH 6 from aqueous solutions. The sorption capacity of 
CTF nanoparticles was found greater than that obtained 
by  TiO2–CeO2–Fe2O3 nanoparticles previously reported by 
us [32]. Table 4 showed comparison of CTF nanoparticles 
sorption capacity with other reported ones. It indicated 
that CTF nanoparticles are an excellent adsorbent for ura-
nium ions.

The essential features of the Langmuir isotherm model 
expressed in terms of a dimensionless constant separation 
factor or equilibrium parameter  RL [57], which is defined 
by equation S5. In this study, the values of  RL lie between 
0.041 and 0.446 for all concentration and temperature 
ranges. This indicates the suitability of the CTF as an adsor-
bent for adsorption of uranium ions from aqueous solution 
under the conditions used in this study.

The Freundlich model is expressed by equation S6. The 
linear plot of  lnqe versus  lnCe is presented in Fig. 10B.

It was reported that the freundlich isotherm constant 
can be used to explore the favorability of adsorption pro-
cess. When value of n within 1 < n < 10, it gives an indica-
tion of the favorability of adsorption. In our work it was 
found that the values of n are situated in this range Table 3, 
implies stronger interaction between sorbent and ura-
nium ions demonstrating that the adsorption process is 
favorable.

The Halsey adsorption isotherm was given by equation 
S7 and the isotherm parameters were obtained from the 
plot of ln  qe versus ln (1/Ce), Table 3. Definitely, the fitting 
of the experimental data to this equation attest to the het-
eroporous nature of the adsorbent, Fig. 10c.

The Temkin isotherm was expressed by equation S8. 
The calculated isotherm parameters are listed in Table 3 
and illustrated in Fig. 10d. The linear plot of  qe versus 
 lnCe, Fig. 10d, yields the constant  bT from 0.023 to 0.029 
suggesting chemisorption and physisorption involved in 
the adsorption of the U(VI) ions. On the other hand, the 
greater values of  AT indicate greater affinity toward the 
adsorbate [58].

The simple linear form of D–R isotherm is represented 
in equation S9. The plot between ln  qe and ε2 (Fig. 10e) 
yields the constant K which is used to calculate the mean 
free energy E of sorption per molecule of the sorbate when 
it is transferred to the surface of the solid from infinity in 
the solution (see equations S10 and S11) [59].

The estimated values of E lie between 7.2 and 
7.6 kJ mol−1 indicating the physisorption mechanisms. 
Based on the data given in Table 3, the Freundlich and 
Halsey models appear to be the best fitting models for 
uranium adsorption depending on correlation coefficient 
 R2 where it is very high than Langmuir, Temkin and D–R 
models.

3.3.5  Effect of temperature and adsorption 
thermodynamics

The adsorption experiments at different temperatures 
were performed to evaluate the influence of temperature 
(25–55 °C), Fig. 11. The results showed that the adsorption 
of uranium ions is favored by an increase in temperature. 
The temperature dependence of the adsorption process is 
associated with changes in several thermodynamic param-
eters such as enthalpy (ΔH) and entropy (ΔS) of adsorp-
tion, which are calculated from the slope and intercept 
of the linear variation of  lnKd versus 1/T, Fig. 12, using the 
following equation:

where  Kd is the distribution coefficient (mL/g), T is abso-
lute temperature (K), and R is the ideal gas constant 
(8.314 kJ mol−1 K−1). The standard free energy values (ΔG) 
are calculated from:

  
The obtained thermodynamic parameters from Eqs. (3) 

and (4) are presented in Table 5. The positive value of ΔH° 
confirms the endothermic nature of adsorption.

(3)ln Kd = −
ΔH

◦

RT
+

ΔS
◦

R

(4)ΔG◦

= ΔH◦

−TΔS◦
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Fig. 10  Adsorption isotherms for U(VI) adsorption onto CTF nanocomposite, a Langmuir isotherm plot, b Freundlich isotherm plot, c Halsey 
isotherm plot, d Temkin isotherm plot, e D–R isotherm plot. Conditions (pH 6.00; temperature 25–55 °C; amount of CTF NPs 0.005 g)
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The positive value of ΔS° shows the increase of 
randomness at the solid–liquid interface during the 
adsorption of U(VI) onto CTF NPs. The positive entropy 
(ΔS°) favors complexation and stability of sorption [60]. 
Positive change in entropy favors a slower sorption of 
U(VI) onto active sites of the adsorbent. This result is in 
agreement with the fact that uranium sorption attains 
an equilibrium within 120 min. Also, it is compatible 
with the results of the kinetic studies. Where the adsorp-
tion process was described by pseudo second order 
kinetic model which implies that the dominate mecha-
nism is surface complexation or chemisorption.

According to Table 5, all values of ΔG° are negative, 
which indicate the feasibility of the adsorption process 

and the spontaneous nature of adsorption. With an 
increase of temperature, the values of ΔG° are more 
negative, which suggests that the equilibrium capac-
ity increases. From the above results, the performance 
of U(VI) sorption on the as-prepared adsorbent is more 
favorable at higher temperatures.

3.3.6  Desorption and regeneration

Regeneration of CTF NPs was investigated to evaluate its 
potential application in the removal and recovery of ura-
nium species. The data illustrated in Fig. 13, implies that 
the adsorbed ions can be desorbed from spent adsor-
bent in an acid medium. Hence, desorption study was 
conducted using  HNO3 solution having concentration 
range between 0.01 and 1 M. The desorption efficiency 
of  HNO3 concentrations of 0.01, 0.05, 0.1, 0.5 and 1 M was 
found 92.18%, 93.54%, 98.96%, 98.92%, 98.64%, respec-
tively. Therefore, 0.1 M  HNO3 was determined as optimum 
desorptive concentration. To assess the reusability of the 
adsorbent, the adsorption–desorption experiments with 
0.1 M  HNO3 was repeated six cycles. The adsorption effi-
ciency of the CTF NPs decreased from 98.96% in the first 
cycle to 89.8% in the six cycles (Fig. 14). These entire make 
the CTF NPs to be used as a good and efficient adsorbent 
in waste management of radioactive species. 

3.3.7  Application

The fabricated nanocomposite was used for removal of 
U(VI) from waste solutions derived from routine opera-
tions of uranium concentrate purification at Nuclear Mate-
rial Authority (NMA), Anshas, Egypt. Figure 14 indicated 
the successful removing of uranium species from derived 
wastes of different concentration.

Table 3  Parameters of various isothermal models fitted to experi-
mental data

Isotherm 
models

Parameters 25 °C 35 °C 45 °C 55 °C

Langmuir Qm 476.2 500.0 555.5 555.5
KL 0.071 0.076 0.090 0.115
R2 0.919 0.927 0.961 0.974

Freundlich K 72.48 76.17 82.27 88.27
n 2.391 2.336 2.207 2.107
R2 0.974 0.989 0.997 0.996

Halsey K 3 × 10−5 4 × 10−5 5 × 10−5 7 × 10−5

n 2.391 2.332 2.207 2.107
R2 0.974 0.989 0.997 0.996

Temkin bT 0.029 0.028 0.025 0.023
AT 1.303 1.583 1.656 0.554
R2 0.824 0.882 0.923 0.949

Dubini–Radush-
kevish

qmax 394.5 424.9 489.4 560.4
E 7.293 7.495 3.471 7.600
R2 0.897 0.924 0.955 0.978

Table 4  Comparison of CTF 
nanoadsorbent capacity 
towards U(VI) with the other 
reported ones

Adsorbent material Initial pH Contact time 
(min)

Temperature 
(°C)

Adsorption 
capacity(mg/g)

References

CoFe2O4/MWCNTs 6 – – 212.7 [25]
Fe3O4/GO 5.5 – 20 69.5 [61]
Fe3O4@SiO2 5 – 25 105.5 [62]
Magnetite 5 – 27 27 [18]
Iron oxyhydroxide 6 – – 278 [31]
MnO2-Fe3O4-rGO 6 – 55 108.7 [19]
Cerium vanadate 1–6 – – 18.73 [63]
Si-6G PAMAM 4.5 – 25 303 [14]
CoFe2O4 6 180 25 170.07 [20]
CTF NPs 6 120 25 476.2 This work
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4  Conclusion

A synthesized magnetic CTF nanocomposite was suc-
cessfully applied as a novel and effective sorbent for the 
removal of U(VI) from aqueous solutions either at low or 
high levels of uranium concentrations. The sorption abil-
ity of U(VI) on fabricated NPs was strongly dependent on 

pH values. The sorption process was fast and 120 min was 
enough to achieve the sorption equilibration. The sorp-
tion isotherms of U(VI) on the prepared nanocomposite 
were described well by Frendlich and Halsey models and 
kinetically fitted with a pseudo-second-order model. The 
calculated thermodynamic parameters demonstrated that 
the endothermic heat of adsorption, and it was sponta-
neous. Easily desorbing of the adsorbed U(VI) from the 
synthesized nanocomposite several times makes the 
magnetic CTF nanocomposite act as a perfect adsorbent 
to remove uranium ions from solution at low and high 
concentrations.
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Fig. 11  Adsorption isotherm of U(VI)/CTF NPs at different tempera-
tures (pH 6.0; temperature 25–55 °C; amount of CTF NPs 0.005 g)
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Table 5  Thermodynamic parameters for U(VI) adsorption onto CTF 
nanoadsorbent

ΔH° (KJ 
 mol−1)

ΔS° (J mol−1 
 K−1)

ΔG° (KJ  mol−1)

298 K 308 K 318 K 328 K

9.708 92.708 − 27.630 − 28.557 − 29.485 − 30.412
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Fig. 13  Recycled efficiency of CTF nanoadsorbent in removal of 
U(VI)
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Fig. 14  CTF nanocomposite adsorption capacity towards U(VI) of 
waste solutions sample with different concentrations of U(VI) (2.5, 
16, 23, 37 mg L−1)
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