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In the Magnetically Assisted Chemical Separation (MACS) pro-
cess, tiny ferromagnetic particles coated with solvent extractant 
are used to selectively separate radionuclides and hazardous 
metals from aqueous waste streams. The contaminant-loaded 
particles are then recovered from the waste solutions using a 
magnetic field. In the present study, Cyanex272 or C272 (bis 
(2,4,4-trimethylpentyl) phosphinic acid) coated magnetic par-
ticles are being evaluated for the possible application in the 
extraction of Uranium (VI) from nuclear waste streams. The 
uptake behaviour of U(VI) from nitric acid solutions was inves-
tigated by batch studies.
Adsorption of uranium (VI) from aqueous solution onto adsor-
bent was investigated in a batch system. Adsorption isotherm 
and adsorption kinetic studies of uranium (VI) onto nanoparti-
cles coated Cyanex272 were carried out in a batch system. The 
factors influencing uranium (VI) adsorption were investigated 
and described in detail, as a function of the parameters such 
as initial pH value, contact time, adsorbent mass, and initial 
uranium (VI) concentration. Magnetically Assisted Chemical 
Separation (MACS) process adsorbent showed best results for 
the fast adsorption of U (VI) from aqueous solution at aqueous 
phase acidity value of 0.5 molar. In addition, more than 80% 
of U (VI) was removed within the first 2 hours, and the time 
required to achieve the adsorption equilibrium was only 140 
minutes. Langmuir and Frendlich adsorption models were used 
for the mathematical description of the adsorption equilibrium. 
Equilibrium data agreed very well with the Langmuir model, 
with a maximum adsorption capacity of 48 mg.g-1. Adsorption 
kinetics data were tested using pseudo-first-order, pseudo-sec-
ond-order and intra-particle diffusion models. Kinetic studies 
showed that the adsorption followed a pseudo-second-order 
kinetic model, indicating that the chemical adsorption was the 
rate-limiting step.
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1.Introduction
Ion exchange and solvent extraction are two pri-

mary technologies currently being employed for 
the separation of transuranics and hazardous met-
al ions from waste solutions. These are complex 
processes that in some cases require expensive, 
bulky equipment and large chemical inventories. 
Further, they generate significant amounts of sec-
ondary waste. On the other hand, the Magnetically 
Assisted Chemical Separation (MACS) process 
provides a cost-effective way of removing trans-
uranics from nuclear wastes [1,2].

The MACS process was developed at Argonne 
National Laboratory as a compact, simple pro-
cess for selectively separating transuranics and 
fission product radionuclides from radioactive 
liquid waste streams. It employs small ferromag-
netic composite particles coated with a selective 
solvent extractant or ion exchange material. The 
coated particles are mixed with the waste solution 
in situ or in a reactor vessel. The hazardous metals 
are selectively extracted onto the particle surface 
because of the chelating or exchange properties 
of the particle coating. The particles are removed 
by magnetic filtration or simply recovered with a 
magnet. The clean water can be reused by the fa-
cility or sent to sewerage. The target metals can 
be concentrated into a small volume by stripping 
the metals of the surface using an appropriate 
stripping agent. The concentrated product can be 
disposed properly, reused by the facility, or sent 
for resale and the MACS particles can be reused. 
There is an ongoing effort to evaluate the MACS 
process for the recovery of hazardous metals from 
industrial wastes for waste minimization and recy-
cling efforts.

Uranium find extensive application as nuclear 
fuel in power plants and their main sources are 
soil, rocks, plants, sand and water [3]. Nuclear 
power is derived from uranium, which has no sig-
nificant commercial use other than as a fuel for 
electricity generation.

In view of the extensive usage of uranium for 
various industrial purposes and potential risks 
presented by radionuclides for humans and the en-
vironment, precise determination of these metals 
in environmental, metallurgical, and geological 
materials is of greatest importance prior to pol-
lution control measures or its use as alloys or in 
understanding the correlation between diseases 
of animals and aquatic organisms and soil chem-
istry. The most used methods for separation and 

preconcentration of uranium include precipita-
tion, co-precipitation, solvent extraction, mem-
brane dialysis, chromatographic extraction, ion 
exchange, flotation and adsorption [4–11]. Most 
of these methods suffer from technical, econom-
ic and health problems related to selectivity, long 
time of extraction and large quantity of hazardous 
materials used.

Metals are extensively used in several industries, 
including mining, metallurgical, electronic,

electroplating and metal finishing. Uranium con-
tamination of the environment from the mining 
and milling operations and nuclear waste disposal 
poses great threat to the environment. Contami-
nation of groundwater resources by working and 
out of commission uranium mining operations is 
a well-known environmental problem. The harm-
ful effects to the environment arises not only from 
the radioactive emissions from uranium series ra-
dionuclides, but also from the chemical toxicity of 
uranium  [12, 13]. The United States Environment 
protection Agency (USEPA) has set the realistic 
regulation level of 30 µg/L as the maximum con-
taminant level (MCL) for uranium [14]. The threat 
that the nuclear industry poses to the environment, 
especially from the leaching of U (VI) from urani-
um mine tailings to the groundwater is now viewed 
seriously. New stringent regulations have prompt-
ed the development of various technologies for its 
removal from wastewater produced from nuclear 
industries and mining activities. In oxidizing envi-
ronments uranium occurs in the valence state +VI 
as the uranyl cation, UO2

2+. 
Adsorption using magnetic nanoparticles coated 

with a polymer is an important area of research. 
Grafting of new functional groups and chemical 
coated increases its adsorption capacity and selec-
tivity towards metal ions in solution through the 
formation of different chelates [15]. A number of 
adsorbent materials are being investigated for the 
removal of U (VI) ions from aqueous solutions. 
They include Cyanex272, Cyanex932, chitosan, 
modified chitosan resins, cross linked poly 2,2-bi-
sacrylamido acetic acid, phytic acid modified 
polyacrylamide–bentonite composite, chemically 
modified polyurethane foam and polymer graft-
ed lignocelluloses [16-19]. The metal uptake by 
magnetic nanoparticles coated with Cyanex272 is 
primarily attributed to the phosphor and hydrox-
yl groups present in the polymer chain, which can 
interact with various metallic species through ion 
exchange and/or chelation mechanism.
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Mechanisms responsible for Cyanex, although 
understood to a limited extent, may be one or 
combination of ion exchange, complexation, co-
ordination, adsorption, electrostatic interaction, 
chelation and microprecipitation [20]. However, 
nanoparticles have several drawbacks. Nanoparti-
cles are basically small particles, with low density, 
poor mechanical strength and little rigidity [21].

Magnetic nanoparticles are currently being wide-
ly studied and application of magnetic nanopar-
ticle technology for remediating environmental 
problems has received attention in recent years 
[22-26]. It is believed that magnetic nanoparticles 
(Fe3O4) show the finite-size effect and high ratio 
of surface-to-volume, resulting in a higher adsorp-
tion capacity [27].  Magnetic nano-carriers can be 
easily manipulated by an external magnetic field 
and hence should be suitable as the support of ad-
sorbents. The super paramagnetic Fe3O4 nanopar-
ticles coated with polymers are usually composed 
of the magnetic cores to ensure a strong magnetic 
response and a polymeric shell to provide favour-
able functional groups and features. A composite 
of Cyanex272 with magnetic Fe3O4 nanoparticles 
would result in an adsorbent with high binding ca-
pacity of metals [28].

In this work has combined magnetic nanopar-
ticles into Cyanex272. The sorption process was 
studied with regard to the effects of aqueous phase 
acidity, initial uranium concentration, contact time, 
and dose of adsorbent. Equilibrium isotherms will 
be determined using Langmuir and Freundlich 
equations. The kinetics of the adsorption process 
will be analysed using pseudo-first-order, pseudo 
second-order and intra-particle diffusion models.

2. Materials and methods 
2.1. Materials 
Cyanex272, Iron (III) chloride hexahydrate (Fe-

Cl3·6H2O), iron (II) chloride tetrahydrate (Fe-
Cl2·4H2O), sodium hydroxide (NaOH), hydro-
chloric acid (HCl, 35wt.%), nitric acid (HNO3, 
63wt.%), polyethylene glycol-6000 (PEG-6000) 
and UO2.(NO3)2·6H2O (ACS grade) were pur-
chased from Merck, Germany. pH of the work-
ing solutions was regulated by addition of HNO3 
or NaOH solution. All the reagents used were of 
analytical-reagent grade and used as received. Ul-
trapure deionized water was obtained using the 
ELGA LabWater (UK) water purification system 
in our laboratory and was used to prepare all the 
solutions.

2.2. Reagent
Cyanex272 was kindly supplied by Cytec, Hol-

land. The active component is bis (2,4,4-trimethyl-
pentyl) phosphinic acid (M.W 290; density 0.95g.
cm-3) having the following structure [29]:

2.3. Syntesis of Magnetite (Fe3O4) nanopar-
ticles and PEG-functionalized magnetite 
nanoparticles

The magnetic Nanoparticles (MNPs) were syn-
thesized in aqueous solution using a modified 
version of the co-precipitation method. De-ion-
ized water was de-aerated by sparging with ni-
trogen for 15 min. 4.4 gr of FeCl3·6H2O and 1.98 
gr of FeCl2·4H2O were dissolved in 60 mL of the 
de-aerated water while the solution was continu-
ously sparged with nitrogen (Airgas) to agitate the 
mixture and to prevent the oxidation of Fe2+ ions. 
After the complete dissolution of the iron com-
pounds, sparging was maintained for an additional 
30 minutes. The solution was then ultra-sonicat-
ed while the space above the solution was con-
tinuously purged with nitrogen. The mixture was 
stirred at 70 °C until PEG 6000 added, then heated 
to 265 °C, and refluxed for 30 min. The product 
was black. The black powder was collected with a 
permanent magnet, then redispersed in ethanol by 
supersonic for 15 min. The washing process was 
repeated three times. At last, the powder was dried 
at 40 °C in vacuum.

2.4. Characterization of Magnetic Nanoparti-
cles Coated cyanex272:

The newly formed cyanex272-magnetic nanopar-
ticles beads obtained were confirmed by a Per-
kin-Elmer FT-IR System Model GX 55974 spec-
trometer. 

cyanex272 (1.0 g) were added to 0.1 M hydro-
chloric acid (20 ml); the mixture was left to stand 
for 16 hours in a tightly closed bottle. The mix-
ture was filtered, and the filtrate (5 ml) was titrated 
with a 0.1 M sodium hydroxide. 

Then the samples were dried in vacuum at room 
temperature for 24 hours. After the process, the 
mixture was filtered, washed with distilled water 
and dried in vacuum at room temperature for 24 
hours. 
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2.5. Batch experiments
Aliquot portions of uranium were placed in 25 

mL high-density polypropylene bottles after the 
adjustment of pH to the desired value with dilute 
sodium hydroxide or nitric acid. MNPs adsorbent 
(5 g.L-1) was added to each of the test solutions, and 
the sample bottles were then placed in a thermo-
stated shaker (Infors AG, Aquatron). At different 
time intervals, the supernatant solutions were fil-
tered, and the concentrations of uranium were de-
termined by Inductively Coupled Plasma-Atomic 
Emission Spectroscopy (ICP–AES), spectrometer 
model 5500 Perkin-Elmer. The amount of uranium 
ion adsorbed was expressed in terms of the distri-
bution coefficient. For isotherm studies, a series of 
test tubes were used. Each test tube was filled with 
25 mL of each ion solution of varying concentra-
tions and a known dose of adsorbent (5 g.L-1) was 
added into each test tube and agitated for a specific 
period. The metal ion concentration retained in the 
adsorbent (mg.g-1) was calculated by:

qe = (Ci – Ce) × V/m                                      (1)
                         
Where C0 and Ce are the initial and equilibrium 

concentrations of the ion(s) (mg.L-1), respective-
ly, V is the volume of the aqueous solutions (mL), 
and m is the weight of the sorbent used (g). To 
evaluate the nature of adsorption, the experimental 
data were analyzed with the Freundlich and Lang-
muir models.

3. Results and Discussion
3.1. Physicochemical characterization

3.1.1. X-ray power diffraction
Fig. 1. shows the XRD pattern of the sample, 

which is quite identical to pure magnetite and 
matched well with that of it, indicating that the 
sample has a cubic crystal system. Also, we can 
see that no characteristic peaks of impurities were 
observed.

The mean particle diameters were also calculated 
from the XRD pattern according to the line width 
of the plane refraction peak using Scherrer Eq. (2):

Dc = Kλ/(b.cos⁡θ )                                        (2)

The equation uses the reference peak width at an-
gle y, where λ is the X-ray wave length, b is the 
width of the XRD peak at half height and K is a 
shape factor, about 0.89 for magnetite.

The crystal structures of as-synthesized MNPs 
and MNPs-PEG were characterized by XRD and 
the results are presented in Fig. 1. and 2. The XRD 
patterns show the characteristic peaks for Fe3O4 at 
30.1 (220), 35.5 (311), 43.1 (400), 53.4 (422), 57.0 

(511) and 62.6 (440), which are in agreement with 
the database in JCPDS file (PCPDFWIN v.2.02, 
PDF No. 85-1436). The diffraction peaks reveal 
that the MNPs are pure Fe3O4 with a spinel struc-
ture (Fig. 1). Also Fig. 2. shows XRD result of 
MNPs-PEG and that their size is 19 nm.

3.1.2. FT-TR spectra of Fe3O4 nanoparticles 
with PEG

The presence of PEG layer on nanoparticle sur-
face was more characterized by FT-IR spectrosco-
py as shown in Fig. 3. FT-IR spectra of PEG-6000 
and unmodified nanoparticles are demonstrated in 
Fig. 3a and c for comparison. The -C-O-C-  ether 

Fig. 1. the XRD pattern of pure nanoparticles (b) and pure synthesized magnetic nano particles
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stretch band and the vibration band (antisym-
metric stretch) are appeared in PEG spectrum at 
1101.1 cm−1 and 1349.4 cm−1, respectively (Gupta 
and Wells, 2004). Besides, the absorption bands of 
1281.3 cm−1 and 1468.8 cm−1 attribute to the vi-
bration of -CH2 (Hu et al., 2008) and that around 
953.2 cm−1 corresponds to -CH out-of-plane bend-
ing vibration. The transmittance band at 578.1 
cm−1 of Fig. 3c is the stretching mode of Fe-O in 
Fe3O4 (Ahmadi et al., 2011). The broad peak near 
3450 cm−1 in both spectra of PEG and iron oxide 
belongs to attached hydroxyl groups (Gupta and 
Wells, 2004). The PEG modified nanoparticle 
spectrum in Fig. 3b comprises the main absorbance 
of ether stretch band at the 1104.6 cm−1 and -CH2 
vibrational band at 1260.8 cm−1 and 1411.5 cm−1. 
This spectrum verifies that PEG can be found on 
the surface of synthesized nanoparticles. However, 
the characteristic absorbance peaks show a small 
shift to lower frequencies due to changing the 
environment of PEG added layer [30]. Effective 
chemical bonding likely leads to such a phenom-
enon [31, 32]. Similarly, shift of Fe-O vibration 
of coated nanoparticles to 598.2 cm−1 suggests the 

new band formation between iron oxide surface 
and PEG coating [33].

3.1.3. FT-TR spectra of Fe3O4 nanoparticles 
coated Cyanex272

The FT-IR spectra of Cyanex 272 and its sodium 
salt synthesized in laboratory were analysed and 
compared (Fig. 4 and 5). The FT-IR spectra of Cy-
anex 272 show bands corresponding to vibrations 
of phosphinic moiety: the P=O stretching bands at 
1170 cm-1 and the P–OH band at 1048 cm−1. The 
O–H moiety gives the broad bands at 3351, 2699 
and 2294 cm−1 corresponding to the bonded O–H 
vibrations and the broad band at 1695 cm−1 rep-
resenting O–H deformation vibrations. The spec-
trum also shows a strong band at 960 cm−1 which 
is assigned to the P–O–H group.

3.2. Effect of HNO3 concentration Variation 
on the uptake of U (VI) with Cyanex272-coated 
magnetic particles

The HNO3 concentration variations effect on the 
adsorption of uranium (VI) onto Cyanex272 coat-
ed magnetic nanoparticles was investigated using 
50 mg.L-1 of uranium (VI) concentration for an 

Fig. 2. the XRD pattern of nanoparticles with coated PEG (below) and coated PEG synthesized magnetic nanoparticles 

Fig. 3. FTIR spectrum of (a) PEG-10000, (b) PEG-coated and (c) bare iron oxide nanoparticles.
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aqueous phase acidity range of 0.1 to 5 molar at 
25◦C for 180 min. The results are shown in Fig. 6. 
The uranium (VI) removal efficiency was strong-
ly depended on pH of the solution. The removal 
efficiency decreased with increasing HNO3 con-
centration to a maximum value (0.5 M) and then 
declines slowly. The efficiency remains up to 87% 
with further increase up to 0.5 M. Hence it has a 
good adsorption capability in the range of 0.1 to 
0.5. The removal efficiency of U (VI) decreases 
remarkably with increasing HNO3 concentration.

UO2
2+ + 2(HA)2(org) → UO2(HA2)2(org) + 2H+ (aq)           (3)

Where HA is Cyanex272.
In strong acidic solutions (less than 0.5M), more 

protons will be able to protonate amine groups to 
form –NH3

+ groups on the Cyanex272 surface, re-
ducing the number of binding sites for the adsorp-

tion of UO2
2+ due to electrostatic repulsion, as a re-

sult, the removal efficiency of uranium decreases 
a little in strong acidic solutions (less than 0.5M). 
The hydrolysis of uranyl ions plays important role 
in determining the equilibrium between uranium 
(VI) in solution and on adsorbent. The products 
of hydrolysis includes UO2(OH)+, (UO2)2(OH)2

2+, 
(UO2)3(OH)5

3+, (UO2)2(OH)2, which results in 
decline of adsorption removal efficiency of ura-
nium (VI). It can be explained that pH plays an 
important role in dissociating proton of functional 
groups, resulting in more negatively charged func-
tional groups, and the capacity of combination be-
tween functional groups and U (VI) can also be en-
hanced. However, when the aqueous phase acidity 
is higher than a certain value, (greater than 0.5 M) 
OH− itself has a tendency to combine with U (VI), 
and it competes with functional groups on the ad-
sorbent for metal ions, leading to the decrease of 
the adsorption capacity [34]. The optimal HNO3 

Fig. 4. FT-IR spectra of the organic phase of Cyanex 272.

Fig.5. FT-IR spectra of the nanoparticles coated Cyanex272
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concentration of 0.5 M was selected for further 
study in the other experiments.

3.3. Effect of Contact Time on the uptake of U 
(VI) with Cyanex272-coated magnetic particles

Equilibrium time is another important parameter 
to uranium (VI) adsorption. Under the conditions 
of 5 mg.L-1 dose of adsorbent, 0.5 M HNO3, room 
temperature and 50 mg/L uranium (VI), the ad-
sorption experiments were carried out for contact 
time varied from 20 to 180 minutes (20, 40, 60, 80, 
100, 120, 140, 160, 180). The results are shown in 
Fig. 7.

The adsorption capacity of uranium (VI) onto 
Cyanex272-Magnetic Nano Particles (C272-
MNPs) increases with an increase of contact 

time, and reaches adsorption equilibrium within 
140 minutes. Adsorption kinetics of uranium (VI) 
consisted of two phases: first rapid phase where 
adsorption was fast and contributes significantly 
to equilibrium uptake, and a slower second phase 
whose contribution to the total metal adsorption 
was rather small. The maximum removal capaci-
ty was achieved at around 140 min, with removal 
percentage of 87%. After 140 minutes, the change 
of adsorption capacities for uranium (VI) did not 
show noteworthy effects. As a result, the adsorp-
tion equilibrium time considered as 140 minutes. 
The C272-MNPs adsorbent showed best adsorp-
tion of U (VI) in the time range. Such a fast ad-
sorption rate could be attributed to the functional 
groups on adsorbent. Some literatures for exam-

Fig. 6. Effect of the HNO3 concentration variations on the adsorption of uranium (VI) ([UO2
2+] = 50 mg/L, adsorbents = 

5mg, and T=25°C).

Fig. 7. Effect of contact time on the adsorption of uranium (VI) ([UO2
2+] = 50 mg/L, 5 mg.L-1 dose of adsorbent, 0.5 M 

HNO3, and T=25°C).
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ple;  [35-39], have reported Uranium (VI) adsorp-
tion on the cross-linked chitosan took about 180 
min to reach the maximum adsorption. In a review 
by [40] the removal of some metal ion such as Hg, 
Cu, Ni, Zn, Pb and Mn by chitin and chitosan-de-
rivatives showed a similar trend of maximum ad-
sorption time of 120-180 min. From the Fig. 7. it 
shows that the rate of U (VI) adsorption becomes 
slower at later stages. It may be attributing to the 
great decrease of the bonding sites on the surface 
of C272-MNPs and the aggregation between par-
ticulates and saturation of adsorbent.

3.4. Effect of Adsorbents Dose on the uptake 
of U (VI) with Cyanex272-coated magnetic par-
ticles

The effect of adsorbents concentration on the ad-
sorption removal efficiency was studied by con-
tacting a variety of adsorbent dose (1, 2, 3, 4, 5 
and 6 mg.L-1) at a constant temperature (25°C) 
and 0.5 M HNO3 using 50 mg.L-1 of uranium (VI) 
concentration for 140 min. The results are shown 
in Fig. 8. The removal efficiency of uranium (VI) 
increased with increasing adsorbents concentra-
tion in the aqueous solution. The adsorption sur-
face area gets larges with increasing of the mass 
of the adsorbents. C272-MNPs adsorbent showed 
greatest results, even at the lowest concentration 
(1 mg.L-1), the removal efficiency was more than 
55%. The efficiency increases up to 87% when the 
concentration of the adsorbent is 5 mg.L-1.

3.5. Effect of Uranium (VI) Concentration on 
the uptake of U (VI) with Cyanex272-coated 
magnetic particles

The effect of uranium (VI) concentration on the 

adsorption removal efficiency was studied by con-
tacting a fixed dose of adsorbent (5 mg.L-1) for 140 
minutes at a fixed temperature (25°C) and 0.5 M 
HNO3 using a variety of uranium (VI) concentra-
tions (10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 
120, 130 and 140 mg.L-1). The results are shown 
in Fig. 9 and 10. 

The removal efficiency of uranium (VI) de-
creased from 87 to 60% with increasing uranium 
(VI) concentration in the aqueous solution. This 
phenomenon can be explained since adding more 
mass of uranium into the system will increasing 
the initial uranium (VI) concentration in the aque-
ous solution, but the amount of the adsorbent re-
mains the same. The adsorption capacity Q, was 
calculated based on the difference of uranium con-
centration before and after adsorption. The adsorp-
tion capacity of adsorbents for uranium increased 
with increase of uranium concentration, as the 
amount of the adsorbent remains unchanged. This 
result is similar to that reported by Kutahyal and 
Eral, (2004)  [41] in their study on selective ad-
sorption of uranium from aqueous solutions using 
activated carbon prepared from charcoal by chem-
ical activation. From the Fig. 9., it can be deduced 
that the maximum adsorption capacity for U (VI) 
was about 48 mg per gram adsorbent at uranium 
concentration. This gives a removal efficiency of 
87%.

Hudson and Matejka [42] applied polymeric mi-
crospheres for heavy metal adsorption, and found 
that the adsorption capacities were just between 
14.4 and 24.6 mg/g Erdal et al. [43] used polyeth-
yleneglycol-methacrylate (PEGMA)-co-vinylim-
idazole (VI) microspheres as adsorbents and found 
that its adsorption capacity was only 25 mg/g for 

Fig. 8. The adsorption removal efficiency for variable dose of adsorbent, uranium (VI) ([UO2
2+] at 50 mg/L, at 0.5 M 

HNO3 and T=25°C, 140 min).
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heavy metals. Compared with the data mentioned 
above, the C272-MNPs performs better in the 
treatment of U (VI) in solution. It can be further 
indicated that the C272-MNPs has a good poten-
tial as adsorbent for the treatment of other metals.

4. Kinetic studies
The mechanism of adsorption depends on the 

physical and/or chemical characteristics of the ad-
sorbent as well as on the mass transport process. 
In order to determine the mechanism of U (VI) ad-
sorbed onto C272-MNPs, several commonly used 
adsorption kinetic models were employed to dis-
cuss the controlling mechanism [44-46].

Several kinetic models such as pseudo-first-or-

der, pseudosecond- order and intra-particle dif-
fusion model have been applied to find out the 
adsorption mechanism. The equation of the two 
kinetic models is expressed as follows.

The pseudo first-order model of Lagergren is 
based on the assumption that the rate of change 
of adsorbed solute with time is proportional to the 
difference in equilibrium adsorption capacity and 
the adsorbed amount [44, 47]. The pseudo first-or-
der equation is expressed as follows [48]:

dqt/dt = K(qe – qt)                                         (4)

When the boundary conditions qt = 0 at t = 0, Eq. 
(4) can be integrated into the following equation 

Fig. 10. The adsorption removal efficiency under variable uranium (VI) concentration adsorbents; 10 mg adsorbent 
amount, 0.5M HNO3, and T = 25°C).

Fig. 9. The adsorption capacity under variable uranium (VI) concentration; 5 mg adsorbent amount, 0.5 M HNO3, and 
T=25°C, 140 min).
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[49]:

log (qe – qt) = log qe – (K/2.303) t                 (5)

Where qe and qt are the adsorption capacity per 
unit weight of adsorbent at equilibrium and at time 
t (h), respectively (mg.g-1), and K is the pseudo 
first-order rate constant (h-1). The linearized form 
of the pseudo-first order model for the sorption 
of U (VI) ions onto C272-MNPs is given in Fig. 
11. The linear plot of log(qe - qt) against time ‘t’ 
demonstrates the applicability of the above equa-
tion for U (VI) ions sorption onto C272-MNPs. 
The rate constant K = 0.0393 h-1 was calculated 
from the slope of the straight line with a correla-
tion factor of 0.8824. It is found that a correlation 
coefficient value is low, showing the bad quality of 
linearization. Additionally, the qe value acquired 
by this method is contrasted with the experimen-
tal value. So the reaction cannot be classified as 
first-order. One suggestion for the differences in 
experimental and theoretical qe values is that there 
is a time lag, possibly due to a boundary layer or 
external resistance controlling at the beginning of 
the sorption. This time lag is also difficult to quan-
tify. For this reason, it is necessary to use a trial 
and error method in order to obtain the equilibrium 
uptake [50].

The pseudo second-order model is based on the 
assumption that the rate-limiting step involves 
chemisorption [44, 48]. The equation is represent-
ed as follows [51]:

dqt/dt  = K (qe – qt)
2                                      (6)

When the initial conditions qt = 0 at t = 0, after in-
tegration, the linear form of the pseudo-second-or-
der equation is given [51]:

t/qt = 1/(K.qe2) + t/qe                                   (7)

Where K is the second-order adsorption rate con-
stant (g.mg-1.h-1), and qe is the adsorption capaci-
ty calculated by the pseudo-second order kinetic 
model (mg.g-1). The rate constant was calculated 
from the slope of the straight line (Fig. 12). The 
rate constant was calculated from the slope of 
the straight line (Fig. 12). The rate constant K = 
0.0007 h-1.mg-1 was calculated from the slope of 
the straight line with a correlation factor of 0.991. 

Besides, the calculated qt values agreed very well 
with the experimental data. Thus experiment re-
sults supports the assumption behind the model 
that the rate limiting step in adsorption of U (VI) 
is chemisorption involving valence forces through 
the sharing or exchange of electrons between ad-
sorbent and metal ions. Some studies on the kinet-
ics of U (VI) adsorption onto various adsorbents 
have also reported higher correlations for pseu-
do-second order model [52, 53]. Also it was found 
that the kinetics of adsorption from a solution onto 
an adsorbent theoretically, and the adsorption pro-
cess obeyed first-order kinetics at high initial con-
centration of solution while it obeyed pseudo-sec-
ond-order kinetics at lower initial concentration of 
solution [54, 55].

The intra-particle diffusion model is used to ex-
plain diffusion mechanism of adsorption process 
[56]. The intra-particle diffusion model can be de-
scribed as follows [57]:

qt = Kid (t)
0.5 + C                                         (8)

Where Kid is the intra-particle diffusion rate con-
stant (mg.g-1.h-0.5) and C is the intercept. The value 
of C relates to the thickness of the boundary lay-
er. The larger C implies the greater effect of the 
boundary layer. According to Eq. (8), if adsorption 
mechanism follows the intra-particle diffusion 
model, the plot of qt against t0.5 should show lin-
ear relationship. Slope Kid and intercept C will be 
obtained by linear fitting analysis. The plot of qt 
versus t0.5 is given in Fig. 13. The value of rate 
constant of Morris–Weber transport, Kid, calculat-
ed from the slope of the linear plot are shown in 
Fig. 13. The rate constant Kid = 1.781 mg.g-1.h-0.5 

was calculated from the slope of the straight line 
with a correlation factor of 0.9881. As can be seen, 
the adsorption process was controlled by pseu-
do-second-order equation and the intra-particle 
diffusion model. The correlation coefficient of the 
intra-particle diffusion equation is lower than the 
pseudo-second-order equation. It could be inter-
preted as follows: firstly, the removal of U (VI) 
from aqueous solution cannot be neglected relative 
to the amount of U (VI) in the solution; second-
ly, the intra-particle diffusivity relies on the solid 
phase concentration in a large degree [58, 59]. Due 
to the two reasons, the correlation coefficient of 
the intra-particle diffusion equation is not suitable.
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Fig. 11. the first order kinetic plot of U (VI) adsorption on C272-MNPs (the initial concentration, HNO3 concentration, 
volume of solution and amount of adsorbent was 50 mg.L-1, 0.5 M, 25 ml and 5 g.L-1 respectively).

Fig. 12. the Pseudo second order kinetic plot of U (VI) adsorption on C272-MNPs (the initial concentration, HNO3 con-
centration, volume of solution and amount of adsorbent was 50 mg.L-1, 0.5 M, 25 ml and 5 g.L-1 respectively).

Fig. 13. Intraparticle plot of U (VI) adsorption on C272-MNPs (the initial concentration, HNO3 concentration, volume of 
solution and amount of adsorbent was 50 mg.L-1, 0.5 M, 25 ml and 5 g.L-1 respectively).
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5. Adsorption Isotherms
The adsorption isotherm is fundamental informa-

tion, which specifies how the adsorbent molecules 
distribute between the liquid and the solid phase 
when the adsorption process reaches an equilibri-
um state. Using the data from the adsorption ex-
periments conducted in a series of U (VI) solutions 
with different initial concentrations, the adsorption 
capacity and adsorption behavior of U (VI) were 
analyzed by adsorption isotherm. Fig. 14. shows 
the adsorption isotherm of uranium (VI) on the 
C272-MNPs. 

The Langmuir and Freundlich models are usually 
used to describe equilibrium adsorption isotherms. 

The amount of adsorption at equilibrium time t, qe 
(mg/g), was calculated as mentioned previously. 
The Langmuir isotherm considers the adsorbent 
surface as homogeneous and all adsorption sites 
equivalent. There is no interaction between ad-
sorbed molecules and at the maximum adsorption, 
only a monolayer of adsorbate is formed on the 
surface of the adsorbent. The Eq. (9) represents the 
Langmuir isotherm:

Ce/qe = 1/(Q0.b) + Ce/Q0                              (9)

Where b is a constant of adsorption equilibrium 
(L.mg-1), and Q0 is the saturated monolayer ad-
sorption capacity (mg.g-1). A linearized plot of Ce/
qe against Ce gives a Q0 and b. The plot of specific 
sorption, Ce/qe, against the equilibrium concentra-
tion, Ce for C272-MNPs is shown in Fig. 14.

An alternate isotherm based on adsorption on a 
heterogeneous surface developed by Herbert F. 
Freundlich is Freundlich isotherm (Mellash and 
Chegrouche, 1997). In 1909, Freundlich gave an 
empirical expression representing the variation 
of isothermal adsorption of gas, adsorbed by unit 

mass of solid adsorbent with pressure. The empir-
ical Freundlich equation based on adsorption on 
a heterogeneous surface (Eq. 10) is given as fol-
lows: (Mellash and Chegrouche 1997):

qe = KF × Ce
1/n                                           (10)

This expression can be linearized to give (Eq. 
11), which is:

Fig. 14. Adsorption isotherm of uranium (VI) on C272-MNP, plotted according to the linearized Langmuir equation.

Fig. 15. Adsorption isotherm of uranium (VI) on C272-MNP, plotted according to Freundlich equation.
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ln qe = ln KF + ln Ce                                    (11)

Where KF and n are Freundlich constants, which 
represent adsorption capacity and adsorption in-
tensity, respectively. KF and n was determined 
from a linear plot of ln qe against ln Ce (Fig. 15). 
The calculated results of the Langmuir and Freun-
dlich isotherm constants are given in Table 1.

It is found that the adsorption of uranium (VI) on 

the C272-MNPs correlated well (R > 0.97) with 
the Langmuir equation as compared the Freun-
dlich equation under the concentration range stud-
ied. The Langmuir isotherm considers the adsor-
bent surface as homogeneous and all adsorption 
sites equivalent. There is no interaction between 
adsorbed molecules and at the maximum adsorp-
tion, only a monolayer of adsorbate is formed on 
the surface of the adsorbent. Langmuir model is 
suitable for adsorption equilibrium of uranium 
(VI) onto C272-MNPs with a maximum adsorp-
tion capacity of 48 mg/g at 25°C.

The essential characteristics of the Langmuir iso-
therm can be expressed in terms of dimensionless 
constant separation factor, RL which is used to pre-
dict if an adsorption system is preferable or not. 
The separation factor, RL is given by (Bhatnagar 
and Jain, 2005) (Eq. 12):

RL = 1/(1 +(b.C0))                                        (12)

Where C0 is the initial uranium (VI) concentra-
tion (mg.L-1) and b is the Langmuir adsorption 
constant (L.mg-1).

Based on the effect of separation factor on iso-
therm shape, the RL values are in the range of   0 
< RL < 1. The calculated RL values, ranging from 
0.0521 to 0.1250 for different initial U (VI) con-
centrations, indicated that adsorption of U (VI) by 
C272-MNPs was favorable [58-61].

6. Conclusion
In this work, C272-MNPs was synthesized and 

characterized as a new adsorbent for U (VI) ad-

Table 1      Langmuir, Freundlich isotherm model constants and correlation coefficients.

Table 2  RL values based on the Langmuir equation.

Freundlich model

KF (mg/g) n R2

12.67 2.84 0.752

 Langmuir model

Q0 (mg/g) b (L/mg) R2

48.32 0.14 0.977

Initial uranium (VI) 
concentration (mg/L)

RL Value

50 0.1250

60 0.1064

70 0.0926

80 0.0820

90 0.0735

100 0.0667

110 0.0610

120 0.0562

130 0.0521
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sorption from aqueous solution. The adsorbent 
was prepared on the surface of Cyanex272-coated 
magnetic nanoparticles. The batch adsorption ex-
periments have proven that the removal efficiency 
of U (VI) adsorbed by C272-MNPs was enhanced 
on the surface of Cyanex272-coated magnetic 
nanoparticles. The C272-MNPs was shown to be 
efficient adsorbent for the adsorption of U (VI) 
from aqueous solution at HNO3 concentration val-
ues from 0.1 to 5 M HNO3, with maximum adsorp-
tion removal efficiency at 0.5 M. In addition, more 
than 85% of U (VI) ions were removed by 5 mg of 
C272 -MNPs within the first 2 hours, and the time 
required to achieve the adsorption equilibrium was 
only 140 minutes. 

Magnetic nanoparticles were synthesized rapid-
ly. The application of magnetic nanoparticles in 
extraction processes allows fast and cost effective 
extraction from the reaction mixture without fil-
tration or centrifugation, therefore representing a 
gentle, versatile, scalable, and easy to automate 
separation process.

The adsorption dynamic results showed that the 
adsorption process obeys a Langmuir adsorption 
isotherm. C272-MNPs adsorbent is not only effec-
tive sorbent of uranium, but also it is cost effective 
and environmentally friendly. The usage of mag-
netic nanoparticles reduces the energy costs.
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