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Abstract
Zinc ferrite nanoparticles (ZnFe2O4) has been prepared by sol–gel combustion method. Different techniques as SEM, FTIR
and EDX techniques were used to characterize the obtained material. The adsorption factors have been optimized. The
adsorption capacity of uranium attained 350 mg/g that accords with Langmuir isotherm (357 mg/g). The adsorption process is
following pseudo second order reaction. The uranium stripping efficiency from the load Zinc ferrite nanoparticles fulfilled
99.8% at 1 hr. equilibrium time and a phase ratio (S/A) of 0.1 g/10 ml of 1 mol/l H2SO4.
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1. Introduction
Zinc ferrite, a thermally and chemically stable breast cancer cells [27]. Bhukal investigated the various
semiconductor material in the range of nanometer scale, material substitutions in the Cu–Zn-mixed ferrite to degrade
shows unexpected behavior both in physical and chemical methyl orange [28]. Hochepied and his co-worker
properties [1]. Zinc ferrite is an appropriate choice for many elaborately studied the ferromagnetic resonance of nonapplications such as photocatalysts [2], gas sensors [3], stoichiometric zinc ferrite and cobalt-dopedzinc-ferrite
magnetic resonance imaging [4], actuators [5], pigments [6], nanoparticles [29]. Zhang and Raju separately studied the
and temperature stabilizer over a high-frequency range [7]. effect of transition metal substitution in the mixed ferrite
Moreover, one of the promising steps to improve the ferrite microstructure and reported the improved magnetic behavior
properties are a substitution of other elements (i.e., cobalt, of the spinel ferrites [30,31]. Azadmanjiri investigated the
magnesium, bismuth, copper, etc.) placed in tetrahedral and electromagnetic properties of Ni–Zn ferrites prepared by
octahedral sites. Ferrites magnetic properties vary according sol–gel combustion method Azadmanjiri investigated the
to the substituted magnetic or non-magnetic materials in its electromagnetic properties of Ni–Zn ferrites prepared by
structure. Magnetic spinel ferrites have attracted the sol–gel combustion method [32]. Sundararajan and his coresearchers due to their extended applications in the ﬁelds workers investigated the photocatalytic degradation of
like magnetic recording, microwave absorbers, water rhodamine B employing zinc-doped cobalt nanoferrites [33].
splitting, and biomedical ﬁelds [8–11]. In medical ﬁeld, it is Fauziatul Fajaroh et. al. synthesized the ZnFe2O4
used as magnetic ﬂuid hyperthermia for cancer therapy [12]. nanoparticles by coprecipitation using a PEG (polyethylene
Cobalt-substituted zinc ferrites are popularly known as glycol) 6000 as a template. It was followed by the
magnetic ceramics. It was adapted in many research ﬁelds performance test of these materials as adsorbents for
due to its low core loss, high electrical resistivity, and malachite green which is one of the dyestuffs often used in
magnetic softness [13, 14]. Plenty of synthesis techniques industry [34]. One of the adsorbent extraction processes after
are available to synthesize ferrite nanoparticles such as the adsorption process takes place easily when magnetic
chemical reduction, sol–gel, combustion, co-precipitation, adsorbents are used, is magnetite nanoparticles. Another
ball milling, micro-emulsion, electro-spinning, polyol route, advantage of this nano-scale material is its large surface
dip coating, and hydrothermal method. Among them, co- area, so the adsorption capacity is also significant. However,
precipitation is very economic and less toxic compared to this material has one drawback that is easily oxidized,
other techniques [15–24]. Kumar et al. recently investigated especially at high temperatures [35]. Therefore, the
the dielectric properties of transition metal-doped spinel development of magnetic adsorbents that have high stability
ferrites [25]. Hanini et al. synthesized 11 nm sized zinc- is still needed. One of them is the development of zinc
ferrite nanoparticles for magnetic hyperthermia therapy ferrite nanoparticles (ZnFe2O4) which can be used as an
applications [26]. Sawant et al. analyzed the comparative adsorbent. The ZnFe2O4 nanoparticles are one of the spinel
study of drug-delivery potentials of surface-functionalized ferrites which have better chemical and thermal stability
cobalt and zinc-ferrite nanohybrids for curcumin into MCF-7 [36]. The ZnFe2O4 nanoparticles can be synthesized by a
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hydrothermal method [37], solvothermal [38], and sol-gel
[39]. Zaghloul E., et., al., prepared ZnFe2O4 nanoparticles
by sol-gel method and used it for the Removing of 2,4Dichlorophenoxyacetic Acid (2,4-D) from Polluted Water
[40]
This paper aims to remove uranium from aqueous
solutions. The effects of different parameters such as, pH,
dose, contact time, initial concentration on the adsorption
efficiency were assessed. The obtained zinc ferrite
nanoparticles displayed good activity for removing uranium.
2. Experimental
2.1. Chemicals and reagents
The standard uranium sulfate solution was prepared by
dissolving an appropriate amount of uranyl sulfate trihydrate
UO2SO4.3H2O from Ibilabs, Florida, USA. delivered from
Sigma Aldrich, Germany. Arsenazo III, ascorbic acid,
ammonia solution, ferric nitrate, were obtained from
Sigma/Aldrich. Thiourea and zinc nitrate obtained from
CarloErba., HCl 37%, HNO3, NaCl and H2SO4 98% was
obtained from Fisher.
2.3. Uranium Adsorption Equilibrium Studies from
sulfate Solution
The zinc ferrite nanoparticles adsorbent was used for
uranium extraction from sulfate solution by batch
experiment. In this manner, a fixed weight of zinc ferrite
nanoparticles (0.1g) contacted with (10 mL) uranium
synthetic solution for known period at ambient temperature.
Uranium concentration was measured before and after
experiment. The adsorption efficiency was calculated
according to relation (1):

C − Ce
U adsorption efficiency % = o
 100
Co

….….
(1)
Where Co and Ce are the initial and equilibrium uranium
concentration in solution (mg/L), respectively. Calculation
of uranium adsorption quantity qe (mg/g) has been carried at
the equilibrium time according to relation 2

2.2. Preparation of of zinc ferrite nanoparticles
Zinc ferrite powders (ZnFe2O4) were prepared by sol–gel
combustion method. Analytical grades of Fe(NO3)3.9H2O,
Zn(NO3)2.4H2O and Thiourea (CS (NH2) were used as raw
materials. Appropriate amount of nitrates and thiourea (fuel)
was first dissolved into deionized water to form a mixed
solution with molar ratio of nitrates to thiourea 1:2. pH value
of the solution was adjusted to about 9.5 using ammonia
solution, then, solution poured into a dish and heated at 70100 ◦C under constant stirring to transform into a dried gel.
Water removal from the dried gel is a major problem in the
sol–gel method, dried gel burnt in a self-propagating
combustion way to form loose powder, that performed by
heating at 350°C in the oven the transparent solution turned
to viscous brown gel followed by foaming of the gel, the
combustion reaction was completed within a few seconds
and loose powder was formed. The powder crushed and
ground thoroughly. The puffy, porous brown powder was
calcined at the temperature of 800 0C for 4 h with a heating
rate of 10 C/min [41].

qe = (C o − Ce ) 

V
………… (2)
m

Where V is the volume of solution (L), m is the weight of
the resin (g). The distribution coefficient (Kd) of uranium
between the aqueous bulk phase and the solid phase was
calculated from the following relation (3):

Kd =

Co − C e V

Ce
m

……………

(3)
2.4. Uranium Analysis
Uranium analysis was determined spectrophotometerically
using Arzenazo III at 655 nm [42]. In the meantime, this
analysis was confirmed by the oxidemetric volumetric
determination of uranium using ammonium metavanadate.
This procedure is based on the titration of U+4 with
ammonium vanadate NH4VO3; namely:
U+4 + 2NH4VO3 + 4H+ = UO2+2 + 2VO+2 + 2NH4+ + 2 H2O
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Fig (1): flow chart for zinc ferrite nanoparticles preparation
3. Results and Discussion
3.1 Uranium adsorption from sulfate solution using
uranium synthetic solution of 500 mg/L at room temperature
zinc ferrite nanoparticles sorbent
for 3 hrs. The studied pH was ranged from 1.0 to 5.0. The
The factors that affect the uranium sorption efficiency achieved data was presented in Fig. 2. From the obtained
from sulfate solution using solid-liquid batch technique were results, it could be concluded that the maximum uranium
studied. The relevant factors include pH, Contact Time, adsorption was achieved at pH between 3.0 and 4.0 was 95
temperature, ZF dose and Initial Uranium Concentration.
% adsorption efficiency. This is due to the anion complexes
3.1.1. Effect of pH
of uranium (UO2 (SO4)22-). Accordingly, pH 3.0-4.0 was the
The effect of pH on uranium adsorption from zinc ferrite best range and consequently, pH 4.0 was selected for the
nanoparticles adsorbent from sulfate solution was studied by subsequent experiments.
contacting (0.1g) of zinc ferrite nanoparticles with (10 mL)
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3.1.4. Effect of dose ratio (S/L)
The effect of dose concentration has been studied by
decreasing the ZF dose from 0.1 to 0.01 g whereas the liquid
volume has been stabilized at 10 ml. The other conditions
kept at uranium initial concentration of 500 mg/L, pH of 4.0
at ambient temperature for 3 hrs. The result of uranium
equilibrium exchange capacity for the zinc ferrite
nanoparticles was graphically plotted in figure (5). The
results revealed that uranium adsorption efficiency increases
gradually by increasing zinc ferrite nanoparticles dose from
0.01 to 0.1 g and stabilized at 0.07 g/10 ml. As a result, zinc
ferrite nanoparticles /aqueous ratio of 0.07/10 were the more
favorable ratio for the zinc ferrite nanoparticles.
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Fig (4): Effect of temperature on uranium adsorption
efficiency
(dose ratio = 0.1 g, / 10 ml, pH 4, U conc.= 500 mg/L,
contact time, 3 hrs.)
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Fig (2): adsorption capacity of U(VI) as a function of
equilibrium pH using ZF sorbent
(C0: 500 mg/ L; ZF weight = 0.1 g, contact time: 3 hr;
T:25 ± 1 oC)
3.1.2. Effect of Equilibrium Time
The adsorption efficiency of Uranium on ZF was
examined at different time intervals 0.5–5 hrs and the other
conditions were pH 4 ± 0.1, initial uranium concentration of
500 mg/L, dose ratio (0.1g)/ 10 ml uranium solution at room
temperature. The results were plotted in Figure 3. It was
detected that the uranium adsorption efficiency attained
about 82% at 1 hr. By increasing the contact time from 1 to
2 hrs, the adsorption efficiency attained about 93.3%. Then
it attained 95% at 3hrs Therefore, 3 hrs. value was selected
as the suitable equilibrium time.
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Fig (3): adsorption Eff. of U(VI) as a function of time.
(C0: 500 mg L-1; ZF weight = 0.1 g; T:25 ± 1 oC, pH: 4)
3.1.3. Effect of adsorption temperature
The influence of adsorption temperature explored by
contacting fixed portions 0.1g of zinc ferrite nanoparticles
with 10 ml of 500 mg/L uranium. The other factors were
fixed at a contact time of 3hrs, and solution pH of 4.0.
Several studies were carried out at a series of temperatures
from 25 to 65 °C. The results plotted in Figure 4 showed
that, the uranium adsorption efficiency slightly increases
with increasing temperature. The increase of uranium
sorption at higher temperature may be due to the increase in
the activation of the sorbent surface. As the adsorption
efficiency was not distinguished, there is no need to control
or alter the temperature.
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Fig (5): Effect of adsorbent dose upon uranium adsorption
efficiency onto ZF (aq. Vol. =10 ml, pH=4, time 3 hr, Co
=500 ppm, 25 0C on uranium adsorption efficiency (ZF
weight = 0.1 g, volume = 10 ml, pH 4, U conc.= 500 mg/L,
contact time, 3 hrs.)
3.1.4. Effect of Initial Uranium Concentration
To inspect the effect of initial uranium concentration upon
its adsorption efficiency onto ZF, a series of experiments
were performed by contacting a fixed weight (0.1 g) of the
studied ZF with 10 ml of mg/L uranium stock solution at
pH 4 for 3hrs at room temperature (˜25ºC). The studied
initial uranium concentrations ranged from 500 up to 5000
mg/L. The obtained results were plotted in Figure 6. From
the obtained data, it was found that, the adsorption efficiency
is inversely proportional to its initial concentration. In
contrast, the adsorption capacity is directly proportional to
initial uranium concentration till stabilization after 4500
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Fig (6): Effect of initial uranium concentrations
on uranium adsorption efficiency and uranium uptake (aq.
Solution vol. = 10 ml, pH=4, time 3 hr, ZF wt. = 0.07 g, at
25 0C, pH=4, 3 hrs, 25 0C)
3.1.4.1. Adsorption Isotherm
A number of common adsorption isotherm models were
considered to fit the attained isotherm data under the
equilibrium adsorption of the ZF. Examples of these models
are Langmuir and Freundlich.
A- Langmuir Isotherm
Langmuir model suppose that, the adsorption occurs
uniformly on the active sites of the sorbent, and once an
asorbate occupies a site, no further sorption can take place at
this site [43-45].
Langmuir model is given by the following equation:
Ce Ce
1
(4)
=
+
qe q max KLq max
Where KL is a constant of the adsorption equilibrium
(L/mg), qmax is the saturated monolayer adsorption capacity
(mg/g) while qe and Ce are the uranium uptake capacity
(mg/g) of adsorbent and the residual uranium concentration
(mg/L) at equilibrium respectively. A linearized plot of
Ce/qe against Ce gives qmax and KL as shown in Figure 7.
The Langmuir parameters are given in Table 1. Langmuir
model is thus suitable for the description of the adsorption
equilibrium of uranium onto material composite.
10
y = 0.0028x + 0.7504
R² = 0.9854
8

Ce/qe

0

40

The essential characteristics of the Langmuir isotherm can
be expressed in terms of a dimensionless constant separation
factor, RL, which is used to predict if an adsorption system is
favorable or not. The separation factor, RL, is given by the
following Eq. (5):

Where C0 is the initial uranium (VI) concentration (mg/L)
and KL is the Langmuir adsorption constant (L/mg). The
calculated RL value for uranium (VI) concentration of 500
mg U/L is 2.18x10-5 which was in the range of 0.0 to 1.0 and
indicates that the adsorption of uranium (VI) on ZF material
is favorable.
B- Freundlich Isotherm
The Freundlich model stated that the ratio of solute
adsorbed to the solute concentration is a function of the
solution. The empirical model was shown to be consistent
with exponential distribution of active centers, characteristic
of heterogeneous surfaces [42-45]. The amount of solute
adsorbed at equilibrium, qe, is related to the concentration of
solute in the solution, Ce, by the following:

q e =K FC1/n
e

(6)

This expression can be linearized to give:

logq e =logK F +

1
logCe
n

(7)
Where KF and n are the Freundlich constants, which
represent adsorption capacity and adsorption intensity,
respectively. A plot of (logqe) versus (logCe) results in a
straight line with a slope of (1/n) and intercept of (log K F) as
seen in Figure (8). Freundlich constants are given in Table 1.
3
y = 0.3515x + 1.3416
R² = 0.9582
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mg/L where at this point experimental adsorption capacity
about 350 mg uranium/g ZF.
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Fig (7): Langmuir isotherm plot for adsorption of uranium
onto ZF
Langmuir model is thus suitable for the description of the
adsorption equilibrium of uranium onto material composite.
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Fig (8): Freundlich isotherm plot for adsorption of
uranium onto ZF
Table (1): Langmuir and Freundlich parameters for
uranium adsorption onto ZF
Langmuir model
Freundlich model
parameters
parameters
qmax,
K
f
K L,
R2
n
R2
(mg/g)
(mg/g)
357
1.08
0.9854
22
2.844
0.9582
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 K 1  ………. (8)
Log (qe − qt) = Logqe − 
t
 2.303 

log(qe-qt)

Where qt and qe are the amounts of uranium adsorbed
(mg/g) at time, t (min) and equilibrium time (3 hrs),
respectively and K1 is the pseudo first order Lagergren
adsorption rate constant (min -1). The K1values could be
obtained by plotting log (qe – qt) versus t for adsorption of
uranium at different temperatures as shown in Figure 9. The
values of K1 indicate that the rate of the process increases
with temperature. The first order mechanism suffered from
inadequacies when applied to uranium adsorption on the ZF.
The experimental qe values differed from the corresponding
theoretical values. Thus, the interaction of uranium with the
ZF does not follow the first order kinetics.
2.4
1.6
0.8
0
-0.8
y = -0.3747x + 1.226
-1.6
R² = 0.7022
-2.4
-3.2
0
2
4
6

Fig (9): Lagergren plots for the adsorption of uranium
(ZF weight = 0.1 g, volume= 10 ml, pH 4, U Conc. = 500
mg/L)
In order to ensure the description of the kinetics, second
order kinetic equation was applied which can be represented
by the following linear equation [47]:

1
t
1
=
+   t ……….. (9)
2
qt K 2 qe
 qe 
Where K2 is the second order rate constant (g. mg-1 min1). The kinetic plots of t/qt versus t for uranium are shown in
Figure 10. The plots show straight lines with good linearity
temperatures. For the pseudo second order kinetic model, the
correlation coefficients are closer to unity. The calculated
equilibrium adsorption capacity (qe) is matches with the
experimental data. The K2 values show the applicability of
the above equation for the ZF. Therefore, the adsorption
reaction is following the pseudo second order sorption more
favorable as the predominant mechanism.
0.3
0.25
0.2 y = 0.0599x - 0.0389
R² = 0.9498
0.15
0.1
0.05
0
2
4
6
-0.05 0
Time, min
-0.1

t/qt

By comparing the isotherms applied with the experimental
results, Langmuir gave the best fit, while Freundlich
isotherm did not fit well.
3.1.6. Adsorption Kinetics and Mechanism
The data obtained from batch experiments which were
performed at different temperatures (25–65) 0C were
evaluated by using the simple Lagergren equation [46] to
determine the rate of the sorptive interactions assuming
pseudo first order kinetics. Thus, the Langmuir model is
given by the relation (8):

Fig (10): Pseudo second-order plots for the
adsorption of uranium
(ZF weight = 0.1 g, volume = 10 ml, pH 4, U Conc. = 500
mg/L)

Time, min

Table (2): Data of kinetic parameters for uranium adsorption onto ZNF
Lagergren pseudo ﬁrst-order
pseudo second-order

Temp,
o
C

25

K1
(min -1)

qecal
(mg/ g)

1.45

16.8

qeexp
(mg/ g)
350

R2

K2
(min -1)

qecal
(mg/ g)

qeexp
(mg/ g)

R2

0.7022

0.00389

257

350

0.9498

3.1.5. Characterization of Zinc Ferrite Nanoparticles
3.1.5.1. Fourier Transform Infrared (FTIR)
The FTIR study of synthesized nano crystal zinc ferrite
nanoparticle was performed using Frontier FTIR (Bruker
Optics). The FTIR spectra as shown in Fig. 11 confirm the
formation of spinel structure. The FTIR spectra of spinel
ferrites show two high frequency absorption bands 447and
559cm-1 due to tetrahedral and octahedral M-O stretching
vibration respectively. The presence of humidity in prepared
samples is shown in FTIR spectra. The bond around 16 29
cm-1 and 34 34cm-1 are due to moisture (O-H group) in

samples [48]. This results also in agreement with the results
obtained by Sivakumar et. al., [49].
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B

A

B

Fig (12): SEM analysis of zinc ferrite nanoparticles
before (a) and after (B) U loading
The SEM images of the Zn-ferrite sample as shown in
Figure (12) indicated that the morphology of particles were
almost spherical, regular in shape and dispersed uniformly,
but agglomerated to some extent due to the interaction
between the magnetic nanoparticles, whereas the gel exhibits
a relatively porous network. This results in agreement with
that revealed by Sivakumar et. al.,[49].

A

Fig (11): FT-IR spectrum of zinc ferrite nanoparticles (A)
before and (B) after uranium adsorption
3.1.5.2. SEM Analysis:

A

Fig (13): EDX analysis of zinc ferrite nanoparticles before
(a) and after (b) U adsorption
Table (3): Quantification results of EDX analysis of zinc ferrite nanoparticles before and after U adsorption
Before adsorption
After adsorption
Element
Wt. %
Element
Wt. %
S
5.11
S
1.75
Ca
3.65
Ca
2.22
Fe
44.39
Fe
17.22
Ni
4.11
Ni
3.27
Zn
42.74
Zn
11.38
U
64.17
Total
100
100
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Elution Eff., %

3.2. Uranium Elution
In order to achieve good metal elution form the nano
composite, a number of stripping testes were carried out to
elute the uranium ion from the loaded zinc ferrite
nanoparticles after sorption process by using different
solutions such as HCl, H2SO4, HNO3 and NaCl, to obtain
the maximum stripping percent. Metal stripping experiments
were performed using batch method at room temperature.
The stripping experiments were carried out by shaking 0.1g
loaded ZF and 10 ml of 1 molar for eluting reagent for 1
hour at 250 rpm. The result of uranium stripping from the
composite material by using different solution was
graphically plotted in figure (14). From the obtained result, it
is clearly obvious that, H2SO4 is the best eluent with 99.8 %
stripping efficiency.
100
Elution Eff.,…

sample may be due to the competition between uranium and
ions present in the waste sample.
Table (4) Chemical composition of the studied
nuclear waste mixture
Element
Conc., mg/l

80

U

148

Ca

212

Fe

53

Mg

118

Zn

15

Ni

45

La

86

60
40
20
0
NaCl

HCl

H2SO4

HNO3

Eluent type
Fig (14): effect of different eluents on recovery of uranium
Case Study
The studied optimum conditions have been applied to real
technological sample (nuclear waste mixture from the
Nuclear Materials Authority) assay 148 ppm uranium and its
chemical composition are shown in table 3. By applying the
obtained conditions, we found that the adsorption capacity
was found to be 93.4% of the theoretical capacity that was
realized under the working conditions. The decrease in the
ZF capacity after contacting with the nuclear waste mixture

4. Conclusion
The batch tests which were performed to optimize the
uranium adsorption by ZF indicate that 350 mg U/g ZF
maximum saturation capacity was attained by adjusting the
pH at 4 for 3 hrs. contact time and with ZF to Liquor ratio of
0.07/10 at ambient temperature.
The adsorption reaction was found to be more favorably to
be pseudo-second order adsorption (Lagergren equation),
this is due to that the predominate mechanism and the values
of K2 “second order rate constant” indicate that the rate of
the process decreases with increasing temperature. Langmuir
isotherm model is suitable for the description of the
adsorption equilibrium of uranium onto ZF. Uranium elusion
has been achieved with 99.8 elusion efficiency by using 1 M
H2SO4. A case study has been applied for a technological
sample from Egyptian nuclear materials authority and
achieved 93.3% uranium adsorption efficiency.
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