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xperimental studies on
uranium(VI) adsorption using phosphine oxide-
coated magnetic nanoadsorbent

Zeinab F. Akl

In this study, novel Cyanex-923-coated magnetite nanoparticles (Fe3O4@Cyanex-923) were prepared,

comprehensively characterized, and employed for uranium(VI) ion adsorption from aqueous solutions.

FTIR and TGA data confirmed that Fe3O4 has successfully gained Cyanex-923 surface functionality.

Particle size and morphological studies via DLS, HR-TEM, and SEM showed uniform-dispersed quasi-

spherical nanoparticles with a mean diameter of ca. 44 nm. Magnetism measurement data revealed the

superparamagnetic properties of the Fe3O4@Cyanex-923 nanoadsorbent. The effect of different

experimental settings on the adsorption efficiency was studied to determine the best operational

conditions. The experimental results were analyzed using Langmuir, Freundlich, and Temkin isotherms;

where the adsorption data obeyed the Langmuir model showing a theoretical adsorption capacity of

429.185 mg g�1 at 298 K. Kinetics data analysis revealed a fast adsorption process that could reach

equilibrium within 60 min and is well-fitted to the pseudo-2nd-order model. Temperature affected the

adsorption process and the thermodynamic data indicated that uranium(VI) adsorption was spontaneous

and exothermic. Fe3O4@Cyanex-923 nanoparticles displayed a good regeneration behavior over three

sequential adsorption–desorption cycles. The Fe3O4@Cyanex-923 nanoadsorbent showed a high

uranium adsorption capacity, fast equilibration time, economic nature, good reusability, and easy

separation; making it a promising candidate for uranium(VI) removal from nuclear waste streams.
1. Introduction

The magnetic separation technique is one of the most recog-
nized and widely used methods for water and wastewater
treatment.1 The process involves contaminant attachment onto
a magnetic material's surface followed by separation of the
contaminant-laden material via an externally employed
magnetic force.2 Magnetic adsorbents have continuously
received growing attention due to their numerous advantages
including fabrication simplicity, cost-adequateness, high
adsorption capacities, rapidness, and convenience.2 Their facile
and economic separation from the aqueous solutions via
applying a magnetic eld makes them feasible materials for
efficient and sustainable adsorption processes.3 Thus, the
utilization of magnetic adsorbents can lead to a simple,
environmentally-friendly, time-saving, and cost-effective
adsorption process as it evades the ltration and centrifuga-
tion steps while the magnetic adsorbent can be easily collected
and reused.4

Among magnetic iron oxides, magnetite (Fe3O4) is widely
investigated for the environmental remediation as well as other
numerous applications including biomedicine, sensors,
. Box 11762, Cairo, Egypt. E-mail:

the Royal Society of Chemistry
catalysis, energy storage devices, and magnetic resonance
imaging.5 Owing to their inexpensive production strategy,
availability, physiochemical properties, nontoxic character, ease
of modication, biocompatibility, ecological suitability,
stability, superparamagnetism, recoverability, and recyclability;
Fe3O4-based adsorbents have a considerable potential for
removing a wide range of organic and inorganic contaminants
from water streams.6 The nanoscale dimension of Fe3O4 can be
developed leading to an enhanced performance under various
environmental circumstances.7 The high surface area of Fe3O4

nanoparticles along with their susceptibility to the magnetic
elds; have made them attractive materials for efficient removal
of water impurities.4

Uranium is the most common naturally occurring radionu-
clide that possesses different forms and oxidation states.8

Excessive uranium quantities are discharged to the environ-
ment from many anthropogenic activities e.g., mining, milling,
spent fuel reprocessing, improper nuclear waste management,
nuclear testing, nuclear accidents, and phosphate fertilizers
industry.8 Such activities increase the potential of uranium
contamination in natural waters (ground and surface water)
that may be adsorbed and concentrated by plants and conse-
quently reach the food chain.8 Accordingly, uranium would
hand over to humans and could nally accumulate in various
organs to cause acute or chronic health problems; such as
RSC Adv., 2021, 11, 39233–39244 | 39233
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tubular necrosis, skin corrosion, leukemia, bone cancer, kidney
failure, liver or brain damage, and even death.9 As a result,
uranium removal from water streams has become one of the
main environmental remediation issues nowadays.

Various technologies have been applied to remove uranium
from contaminated water, nevertheless; adsorption is consid-
ered an effective method that has gained wide interest among
the nuclear industry scientists. Over the last decades, devel-
oping efficient uranium adsorbents has been a research focus.
Numerous organic and inorganic materials have been devel-
oped and assessed for their affinity towards uranium such as
amidoxime-based,10 carbon-based,11 biochar-based,12,13 metal
organic frameworks-based,14 covalent organic frameworks-
based composites15,16 and nanocomposites.17 Among them,
nanometric scale adsorbents are of particular concern due to
their inimitable properties, as they have high specic surface
area, elevated reactivity, high adsorption efficiency and
capacity, fast adsorption rate, and acceptable reusability. In this
context, diverse nanomaterials have been developed to remove
uranium from aqueous media, including carbon nanotubes,18

graphene nanocomposites,19 nanoscale zero-valent iron,20 and
functionalized Fe3O4 nanoparticles.21

During the last decades, bare and coated Fe3O4 nano-
particles have been widely investigated for uranium entrap-
ment.22–25 Utilization of Fe3O4 nanoparticles for uranium
remediation conforms to the environmental and human safety
considerations; as they can be easily and remotely controlled
and separated and consequently reduces the radiation expo-
sure.6 Fe3O4 nanoparticles can be readily coated with a variety of
functional groups, where their affinity towards uranium can be
enhanced by their surface modication with materials having
a good binding capability for uranium.24 Up to now, several
studies have investigated the removal of uranium by Fe3O4

nanoparticles coated with various organic and inorganic
materials.22–28

Organophosphorus compounds have good affinity and
selectivity for actinides and were extensively tested for uranium
extraction from nuclear waste streams.29,30 In particular, tri-
alkylphosphine oxides are cost-effective neutral extractant with
demonstrated high extraction capacity and high stability in
strong acidic media, which makes them are excellent ligands to
functionalize various adsorbents for uranium capture.31,32

Cyanex-923 is a promising phosphine oxide extractant which
revealed high radiation stability, good hydrolysis resistance,
poor water solubility, and non-corrosive nature;33,34 thus, it
could be a potential candidate to be impregnated onto the
Fe3O4 surface for the efficient uranium adsorption.

Although coating of Fe3O4 nanoparticles is a well-established
method to enhance their adsorption efficiency, there is no work
carried out on coating the surface of Fe3O4 nanoparticles by
Cyanex-923, to the author's knowledge. While plentiful studies
have been reported on uranium(VI) adsorption via various
adsorbents, the feasibility of uranium(VI) adsorption on Fe3-
O4@Cyanex-923 nanoadsorbent has not been tested yet. Thus,
motivated by combining the features of simple magnetic sepa-
ration and efficient uranium extraction; this work reports
Cyanex-923 utilization for coating the Fe3O4 nanoparticles in
39234 | RSC Adv., 2021, 11, 39233–39244
order to design a novel uranium(VI) nanoadsorbent. Uranium
remediation from water systems was investigated in relation to
the medium acidity, Fe3O4@Cyanex-923 dose, initial concen-
tration, and temperature. Besides, the adsorption isotherms,
kinetics, and thermodynamics studies were conducted.

2. Experimental
2.1. Reagents

The reagents used throughout the experimental work were of
analytical grade. Ferrous chloride, ferric chloride, and arsenazo-
III were obtained from Sigma-Aldrich (Saint Louis, USA). Nitric
acid, sodium hydroxide, ammonia solution, sodium carbonate,
oleic acid, and ethanol were obtained from Merck (Darmstadt,
Germany). Cyanex-923 was provided by Solvay/Cytec (Ontario,
Canada). Uranium nitrate hexahydrate was used to prepare the
working uranium(VI) solutions.

2.2. Fe3O4@Cyanex-923 preparation

Fe3O4 nanoparticles were rst prepared according to the liter-
ature35 by mixing acidied ferric and ferrous chloride solutions
in a 2 : 1 molar ratio, under vigorous stirring and nitrogen
purging. Then, the pH was increased to 9 and the reaction was
kept at 80 �C for 60 min using oleic acid as dispersant.35 The
produced Fe3O4 nanoparticles were separated by a magnet and
washed with excessive ethanol.

Cyanex-923 coated Fe3O4 nanoparticles were obtained by
dispersing a known weight of the prepared Fe3O4 nanoparticles
in Cyanex-923 ethanolic solution (0.150 mol L�1, 50 mL) fol-
lowed by overnight shaking at room temperature. Then, the
product was collected using an external magnet, washed with
ethanol, and vacuum-dried to a xed weight.

2.3. Fe3O4@Cyanex-923 characterization techniques

Fourier transmission infrared spectroscopy (FTIR, Nicolet iS10
FTIR spectrophotometer, Thermo Scientic, Japan) was used for
detecting the functional groups of Fe3O4@Cyanex-923. Dynamic
light scattering (DLS) analysis was utilized to determine the
particles diameter of Fe3O4@Cyanex-923 using PSS-NICOMP
particle sizer (380ZLS, 40 mW, nominal wavelength 632.8 nm,
PSS-NICOMP, Santa Barbara, CA, USA). The morphology of
Fe3O4@Cyanex-923 was investigated by a high-resolution
transmission electron microscope (HR-TEM, JEM 2100, JEOL,
Japan) and scanning electron microscope (SEM, 6510 LA, JEOL,
Japan). A thermogravimetric analyzer (TGA, Shimadzu TGA-50,
Japan) was used to investigate the thermal stability of Fe3-
O4@Cyanex-923 within the temperature range 25–750 �C, at
heating and nitrogen ow rates of 10 �C min�1 and 20
mL min�1, respectively.

2.4. Fe3O4@Cyanex-923 adsorption performance

In a typical batch experiment, 30 mg of Fe3O4@Cyanex-923 was
placed in a conical ask containing uranium(VI) solution
adjusted at pH 5 by a calibrated combination glass electrode
(Sentek, UK). Aer shaking at 25 �C for 60 min, Fe3O4@Cyanex-
923 was magnetically separated and the residual uranium
© 2021 The Author(s). Published by the Royal Society of Chemistry
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concentration wasmeasured by a UV-Visible spectrophotometer
(Thermo evolution 300, UK).

The adsorption efficiency of uranium(VI) on Fe3O4@Cyanex-
923 (EA%) was determined from the difference of the starting
and equilibrium uranium(VI) concentrations according to the
following equation:

EA% ¼ ðCo � CeÞ
Co

� 100 (1)

where, Co and Ce represent uranium starting and equilibrium
concentrations (mg L�1), respectively.

The uranium(VI) quantity adsorbed through Fe3O4@Cyanex-
923 unit weight (qe, mg g�1) was determined from the subse-
quent expression:26

qe ¼ ðCo � CeÞ � V

W
(2)

where, V represents the solution volume (L) and W represents
Fe3O4@Cyanex-923 weight (g).

To evaluate the pH effect on uranium adsorption, the
adsorption experiments were carried out while varying the
solution pH from 2 to 9. Briey, aliquots of pH-adjusted ura-
nium(VI) solutions with identical concentrations were added to
a constant weight of Fe3O4@Cyanex-923 and stirred at 25 �C for
a xed time. Finally, the uranium content remaining in the
solution was spectrophotometrically measured.

The adsorption behavior of bare Fe3O4 nanoparticles towards
uranium(VI) was also investigated under the same conditions.
2.5. Adsorption kinetics

To investigate the contact time effect on uranium(VI) adsorption,
the adsorbent (30 mg) was shaken with a series of uranium(VI)
solutions of identical concentration and pH for different time
intervals (0–200 min), then the uranium content in each solution
was analyzed aer separating the nanoadsorbent magnetically.

The experimental results were treated by the pseudo-1st-
order and pseudo-2nd-order kinetics models given by the
following formulas, respectively:17

logðqe � qtÞ ¼ log qe � k1

2:303
t (3)

t

qt
¼ 1

k2qe2
þ 1

qe
t (4)

where qe and qt represent uranium(VI) quantities (mg g�1)
adsorbed at equilibrium and time t (min), respectively. While k1
and k2 are the pseudo-1st-order (min�1) and pseudo-2nd-order
(g mg�1 min�1) rate constants, respectively.

The chi-square test (c2) was further used to validate the
kinetic models tting to the experimental data and was deter-
mined as follows:36

c2 ¼
X�

qexp � qcal
�2

qcal
(5)

where qexp and qcal are quantities of adsorbed uranium(VI) at
equilibrium (mg g�1), experimentally determined and theoret-
ically computed, respectively.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Moreover, the pseudo-2nd-order tting data was used to
compute the initial adsorption rate (h, mg g�1 min�1) as
follows:35

h ¼ k2qe
2 (6)
2.6. Adsorption isotherms

Isotherms investigations were conducted by equilibrating the
magnetic nanoadsorbent with uranium(VI) solutions of different
concentrations (25–200 mg L�1) while maintaining the experi-
mental settings xed and then treated as previously described.

The experimental results were analyzed by three adsorption
isotherm models; namely Langmuir, Freundlich, and Temkin.
The Langmuir isotherm model is expressed as:27

Ce

qe
¼ Ce

qmax

þ 1

qmax KL

(7)

where Ce and qe are as described earlier, qmax (mg g�1) repre-
sents the maximal single-layer coverage capacity, and KL is
Langmuir parameter (L mg�1). The linear plot of Ce/qe vs. Ce has
intercept and slope values equal to 1/qmaxKL and 1/qmax,
respectively.

The essential characteristics of Langmuir model are
described through a non-dimensional parameter known as
separation factor (RL) that explains the favorability of the
adsorption process and can be calculated from the subsequent
formula:36

RL ¼ 1

1þ KLCo

(8)

Freundlich isotherm model is given by the following
equation:28

log qe ¼ log kF þ 1

n
log Ce (9)

where, KF is Freundlich constant (mg g�1) and n is an empirical
parameter indicating the adsorption favorability (L g�1), and
their values are obtainable from plotting log qe vs. log Ce.

Temkin isotherm model is expressed as:37

qe ¼ B ln AT + B ln Ce (10)

where, B is constant related to the adsorption heat (J mol�1) and

is expressed as B ¼ RT
bT

, bT is Temkin constant, T is the absolute

temperature (K), R is the gas constant (8.314 J mol�1 K�1), and
AT is Temkin equilibrium binding constant (L g�1). Temkin
constants can be calculated from plotting qe vs. ln Ce.
2.7. Adsorption thermodynamics

The variation of energy during the adsorption process was
investigated through calculating the thermodynamic parame-
ters. The linear regression plotting of ln Kc vs. 1/T according to
eqn (11) enables the calculation of enthalpy (DH�) and entropy
RSC Adv., 2021, 11, 39233–39244 | 39235
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(DS�) from the plot slope and the intercept, respectively. The
Gibbs free energy (DG�) can be calculated using eqn (12):28,36

ln Kc ¼ DS
�

R
� DH

�

RT
(11)

DG� ¼ RT ln Kc (12)

where, R is the gas constant (8.314 J mol�1 K�1), T is the abso-
lute temperature (K), and Kc is the adsorption equilibrium

constant expressed as Kc ¼ qe
Ce

.

2.8. Regeneration and reusability studies

Regeneration experiments were performed in batch mode for
three consecutive cycles. Initially, the magnetic nanoadsorbent
was added to uranium solution of 50 mg L�1 adjusted at pH 5
and then the solution was agitated at room temperature. When
the adsorption equilibrium was attained the magnetic nano-
adsorbent was magnetically isolated, washed with deionized
water to remove the unbounded uranium, and dried to a xed
weight. Then, this nanoadsorbent was treated with various
desorption agents (0.5 mol L�1 Na2CO3 and 0.01 mol L�1 HNO3)
at room temperature for 120 min under shaking conditions.
Aerward, the concentration of uranium released into the
solution was determined spectrophotometrically. To assess the
reusability of the magnetic nanoadsorbent, the described
adsorption–desorption cycle was conducted three times using
the same nanoadsorbent. The desorption efficiency (ED%) was
determined according to the below formula:38

ED% ¼ quantity of desorbed uranium

quantity of adsorbed uranium
� 100 (13)

3. Results and discussions
3.1. Fe3O4@Cyanex-923 nanoadsorbent characterization

The size distribution and average particle size of Fe3O4@-
Cyanex-923 nanoadsorbent were determined by DLS analysis as
displayed in Fig. 1(a). From the DLS graph, it can be noticed that
Fe3O4@Cyanex-923 nanoparticles have a size distribution range
Fig. 1 (a) DLS, (b) HR-TEM, and (c) SEM micrographs of Fe3O4@Cyanex

39236 | RSC Adv., 2021, 11, 39233–39244
of 15–95 nm with a mean particle size of 44.6 nm, as calculated
by a Gaussian t. The calculated polydispersity index (PI) of
Fe3O4@Cyanex-923 nanoparticles is 0.199, which indicate
a high homogeneity in the particles population.

TEM analysis was conducted to further investigate the
particles size, structure, and surface morphology of Fe3O4@-
Cyanex-923. As is indicated from Fig. 1(b), Fe3O4@Cyanex-923
nanoparticles have a quasi-spherical structure of an average
diameter of �34.4 nm. The observed partial agglomeration in
Fig. 1(b) could be due to the drying process and the tendency of
the nanoparticles to aggregate that result from their large
surface-to-volume ratio.39 As can be noted, the average diameter
observed by TEM measurement is relatively smaller than that
obtained by DLS analysis. This is due to the fact that DLS
calculates the particles diameter in liquid media, thus the
hydrodynamic size measurements are usually greater than the
actual nanoparticles size. This originates from the presence of
extra solvent layers associated with the nanoparticles surface.40

The surface morphology of Fe3O4@Cyanex-923 nanoadsorbent
was further observed by SEM. The micrograph of Fe3O4@-
Cyanex-923, Fig. 1(c), shows nearly homogeneous grains with
a smooth surface where most of the nanoparticles are quasi-
spherical in shape.

The functional groups of Fe3O4@Cyanex-923 were identied
by FTIR spectroscopy as shown in Fig. 2(a). The signals at
454 cm�1 and 588 cm�1 correspond to the characteristic Fe–O
vibrations of the Fe3O4 core.41 The signals at 1150 cm�1,
1289 cm�1, and 1460 cm�1 arise from P]O, O–P–O, and P–C
stretching vibrations, respectively.42 The signals at 1378 cm�1

and 2954 cm�1 represent the –CH3 symmetric and dissym-
metric stretching frequency, whereas the signals at 2854 cm�1

and 2924 cm�1 represent –CH2 symmetric and dissymmetric
stretching vibrations, respectively.43 These results indicate that
Cyanex-923 was successfully coated onto the Fe3O4 surface. The
appearance of a broad peak around 3400 cm�1 could result
from the water molecules adsorbed from the atmospheric
moisture.

To investigate the thermal stability and quantify the surface
coating of the Fe3O4 nanoparticles, TGA was performed and
represented in Fig. 2(b). The TGA curve of Fe3O4@Cyanex-923
shows two-step degradation with a total mass loss of 35.5%,
-923 nanoadsorbent.

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04515f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 2

/2
2/

20
26

 8
:4

2:
37

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
which indicates that the magnetic content of Fe3O4@Cyanex-
923 could be up to 64.5%. Fig. 2(b) reveals an initial 2.5% weight
loss observed in the temperature range 88–180 �C which could
be attributed to the loss of the adsorbed water. This is followed
by a second 33% weight loss starts from 180 to 386 �C which is
attributed to the decomposition of Cyanex-923 molecules onto
the surface of Fe3O4 nanoparticles. No mass loss appears at T >
400 �C, as the Fe3O4 residue is stable beyond 400 �C. TGA results
conrm the successful coating of Cyanex-923 on Fe3O4 surface,
since the TGA of bare Fe3O4 nanoparticle shows only 6% weight
loss at 160 �C due to dehydration.44

Magnetization is a promising feature of Fe3O4-based adsor-
bents that allows for their facile separation from the treated
solution. Thus, the magnetic properties of Fe3O4@Cyanex-923
were examined and the magnetic hysteresis loop was repre-
sented in Fig. 2(c). The nonlinear variation in magnetization as
a function of the magnetic eld (S shape) reveals that Fe3-
O4@Cyanex-923 nanoparticles are constituted by a single
magnetic domain with negligible coercivity or remanence. This
indicates the superparamagnetic character of Fe3O4@Cyanex-
923. The relatively high value of the saturation magnetization
(Ms) of Fe3O4@Cyanex-923 nanoadsorbent (64.5 emu g�1) is
good enough to enable its easy separation and recovery from the
aqueous solutions by the conventional magnets.45 Compared to
bare Fe3O4 nanoparticles (Ms �72 emu g�1),35 Fe3O4@Cyanex-
923 shows a relatively lower Ms value. This is caused by the
decrease of Fe3O4 fraction aer Cyanex-923 coating and the
surface spin effect on Fe3O4 nanoparticles that subsequently
decrease the Ms value.41
Fig. 2 (a) FTIR spectrum, (b) TGA curve, and (c) magnetization curve of

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.2. pH effect on the adsorption performance of
Fe3O4@Cyanex-923

Typically, the adsorbent performance is affected by the solution
pH, as it affects the ionization degree of the adsorbent binding
sites as well as the adsorbate solubility and speciation.
Accordingly, the pH effect on the adsorption capacity of the
prepared magnetic nanoadsorbent was investigated to deter-
mine the usable working range. Fig. 3(a) shows that the
adsorption capacity of Fe3O4@Cyanex-923 increases with the
pH increase to reach its utmost value at pH �5 and then levels
off. This behavior is similar to that reported for silica coated
with alkylphosphine oxides,32 as higher uranium(VI) adsorption
was attained at pH 5. At low pH values, the predominant
uranium species is UO2

2+ which competes with the abundant H+

and H3O
+ ions for the binding sites on the Fe3O4@Cyanex-923

surface,46 and consequently the adsorption is unfavorable at
low pH. Additionally, the pH affects the entire surface charge of
Fe3O4@Cyanex-923 and the protonation of oxygen atoms in the
P]O group at acidic media negatively affects the uranium(VI)
adsorption due to the strong electrostatic repulsion. By
increasing the pH, the surface becomes less positively charged
and a greater number of binding sites becomes available for the
adsorption of uranium ions. Additionally, the decrease of H+

and H3O
+ ions with the pH increase is favorable for uranium

binding. Under weak acid conditions other positively charged
uranium species dominate including UO2(OH)+, (UO2)2(OH)2

2+

and (UO2)3(OH)5
+ that could facilitate the electrostatic interac-

tion with the Fe3O4@Cyanex-923 surface.47 The observed
decline in the adsorption efficiency over pH 5 results from the
uranium hydrolysis and formation of precipitate (UO3$2H2O)
Fe3O4@Cyanex-923 nanoadsorbent.

RSC Adv., 2021, 11, 39233–39244 | 39237
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Fig. 3 Effect of (a) pH and (b) sorbent dose on uranium adsorption.
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starting at pH �5.5, thus decreases the overall uranium(VI)
concentration.28 As the pH moves beyond neutral, anionic
uranium species such as UO2(OH)3

�, (UO2(OH)4)
2�,

(UO2)3(OH)8
2�, and (UO2(OH)5)

3� dominate and their electro-
static repulsive interactions with the negatively charged surface
of Fe3O4@Cyanex-923 cause a sharp decrease in the adsorption
capacity.

The results of uranium adsorption on the bare magnetite
nanoparticles demonstrate that the adsorption efficiency is
dependent on the solution pH as shown in Fig. 3(a). This can be
attributed to the inuence of the medium acidity on the func-
tional groups at the Fe3O4 surface. Fe3O4 is an amphoteric solid
that is capable to develop charges via the protonation and
deprotonation of –FeOH sites on its surface with the pH change
as follows.47,48

–FeOH + H+ 5 –FeOH2
+ (14)
39238 | RSC Adv., 2021, 11, 39233–39244
–FeOH2
+ � H2O 5 –Fe+ (15)

–FeOH2
+ 5 –FeOH + H+ (16)

–FeOH 5 –FeO� + H+ (17)

At low pHs, the H+ ions exist in excess that causes the
protonation of the –OH on the surface of Fe3O4 and accordingly
the –FeOH2

+ content increase, resulting in electrostatic repul-
sion with positively charged uranium(VI) ions.47 With the pH
increase, more adsorption sites on the Fe3O4 surface turn into
the more reactive deprotonated and negatively charged forms,
thereby leading to a higher uptake of uranium(VI) ions.48 With
further pH value increase, the anionic uranium species are
formed that do not tend to bind to the negatively charged Fe3O4

surface.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Effect of contact time on uranium adsorption, (b) pseudo-1st-order, and (c) pseudo-2nd-order kinetics models fitting curves.
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3.3. Dosage effect on the adsorption performance of
Fe3O4@Cyanex-923

To maximize the interaction between uranium(VI) ions and the
active sites of magnetic nanoadsorbent, the nanoadsorbent
mass was varied from 1 to 50 mg while maintaining all other
factors xed. The corresponding adsorption efficiency was
determined and presented in Fig. 3(b). As can be noticed the
adsorption efficiency of Fe3O4@Cyanex-923 and bare Fe3O4

nanoparticles rst increases with the adsorbent dose increment
reaching its maximum at 30 mg. Further increase of nano-
adsorbent dose doesn't cause a signicant increase of the
adsorption efficiency. Initially, the higher nanoadsorbent dose
© 2021 The Author(s). Published by the Royal Society of Chemistry
provides a larger surface area and more adsorption sites for
uranium(VI) ions till a plateau is reached. At this point, the
uranium(VI) quantity adsorbed per nanoadsorbent unit weight
keeps constant where more unoccupied active sites would no
longer contribute to the adsorption process.49 Considering
factors of adsorption efficiency and economic cost, 30 mg was
considered as the optimal dose in next experiments.

3.4. Adsorption kinetics

When optimizing the adsorption systems design, particularly
for industrial applications, it is of paramount importance to
explore the adsorption kinetics. Thus, the adsorption efficiency
RSC Adv., 2021, 11, 39233–39244 | 39239
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Table 1 Kinetic parameters of pseudo-1st-order and pseudo-2nd-order models

Adsorbent
qe,exp
(mg g�1)

Pseudo rst-order Pseudo second-order

h
(mg g�1 min�1)

qe,cal
(mg g�1)

k1
(min�1) R2 c2

qe,cal
(mg g�1)

k2 � 10�3

(g mg�1 min�1) R2 c2

Fe3O4@Cyanex-923 99.862 127.938 0.052 0.974 8.453 108.695 0.719 0.997 0.949 8.503
Fe3O4 nanoparticles 13.601 13.365 0.025 0.996 0.063 16.666 1.534 0.981 0.691 0.427

Fig. 5 (a) Effect of initial uranium concentration on the adsorption capacity, (b) Langmuir, (c) Freundlich, and (d) Temkin isotherms fitting curves.
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was monitored over time to examine how the contact time
affects the adsorption process. Fig. 4(a) reveals that the
adsorption efficiency of uranium(VI) rst increases sharply with
contact time by virtue of the presence of availably abundant
adsorption sites at the magnetic nanoadsorbent surface. This
behavior indicates the increase of driving force for mass
transfer and thus further uranium(VI) ions reach the surface of
the magnetic nanoadsorbent within a short time. Aerward, the
adsorption efficiency continues to increase at a slower rate, and
eventually reaches equilibrium and then remains steady for the
rest of the time as the vacant binding sites on the magnetic
nanoadsorbent surface are almost consumed.

As can be noticed from Fig. 4(a), Fe3O4@Cyanex-923 shows
a faster equilibrium time (60 min) compared to bare Fe3O4 (180
min). The fast equilibrium state achieved by Fe3O4@Cyanex-923
is caused by the strong chelation of uranium ions with phos-
phine oxide functional groups. Additionally, the adsorbent
nanoscale structure gives a share in the fast diffusion. Accord-
ing to the kinetic results, Fe3O4@Cyanex-923 could have real-
39240 | RSC Adv., 2021, 11, 39233–39244
world applications potential for uranium removal from sizable
amounts of water.

To describe the rate-controlling step of uranium(VI) adsorp-
tion on the prepared nanoadsorbent, the pseudo-1st-order and
pseudo-2nd-order models were employed and the correspond-
ing tting curves were illustrated in Fig. 4(b) and (c), respec-
tively. The related kinetic parameters calculated from these
models were summarized in Table 1. According to the results,
the pseudo-2nd-order model reveals a better regression analysis
for Fe3O4@Cyanex-923 experimental data (R2 ¼ 0.997), thus the
uranium(VI) adsorption process on Fe3O4@Cyanex-923 obeys
the pseudo-2nd-order kinetic equation. Additionally, the
adsorption capacity obtained from the pseudo-2nd-order model
(108.695 mg g�1) is nearer to the experimental value (99.862 mg
g�1) compared to that obtained from the pseudo-1st-order
model (127.938 mg g�1). The lower c2 value obtained for the
pseudo-2nd-order model further validates that this model is
ideal for explaining the uranium(VI) adsorption behavior on
Fe3O4@Cyanex-923. These results indicate that the dominant
interaction of uranium(VI) ions with the active sites on the
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04515f


Table 2 Isotherm parameters of Langmuir, Freundlich, and Temkin models

Adsorption isotherm

Fitting parameters at 25 �C, pH 5

Fe3O4@Cyanex-923 Fe3O4 nanoparticles

Langmuir R2 ¼ 0.997 R2 ¼ 0.927
qmax ¼ 429.185 (mg g�1) qmax ¼ 29.850 (mg g�1)
KL ¼ 0.099 (L mg�1) KL ¼ 0.041 (L mg�1)

Freundlich R2 ¼ 0.958 R2 ¼ 0.994
KF ¼ 57.003 (mg g�1) KF ¼ 4.611 (mg g�1)
n ¼ 2.402 (L mg�1) n ¼ 2.792 (L mg�1)
1/n ¼ 0.416 1/n ¼ 0.358

Temkin R2 ¼ 0.988 R2 ¼ 0.805
AT ¼ 2.559 (L g�1) AT ¼ 1.496 (L g�1)
B ¼ 52.849 (J mol�1) B ¼ 4.590 (J mol�1)

Fig. 6 van't Hoff plot for uranium(VI) adsorption.
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Fe3O4@Cyanex-923 surface is a chemical one,50 where the
adsorption rate is governed by chemical chelation via sharing or
exchanging electrons at the solid/solution interface.

Contradictory, data in Table 1 points out that adsorption
kinetics of uranium(VI) on bare Fe3O4 nanoparticles could be
better explained by the pseudo-1st-order model. It can be noted
that qe value of uranium adsorption on bare Fe3O4 calculated by
the pseudo-1st-order model is more consistent with the exper-
imental value. Moreover, pseudo-1st-order model reveals
a better tting with higher correlation coefficient (R2) than the
pseudo-2nd-order.
3.5. Adsorption isotherms

Fig. 5(a) displays how the adsorption capacity of Fe3O4@Cyanex-
923 and bare Fe3O4 is affected by the variation of uranium(VI)
initial concentration. It can be noticed that, at a constant
adsorbent dose, the adsorption capacity increases upon
increasing the uranium concentration in the solution. At higher
initial concentrations, the driving force needed to defeat the
ions mass-transfer resistance increase, resulting in a better
interaction between uranium(VI) ions and the active sites of the
nanoadsorbent,51 which eventually leads to higher uranium(VI)
uptake for a given magnetic nanoadsorbent mass.
© 2021 The Author(s). Published by the Royal Society of Chemistry
To understand the adsorption mechanism and predict the
maximum adsorption capacity; the isotherm studies were
carried out using Langmuir, Freundlich, and Temkin equa-
tions; and the obtained results were represented in Fig. 5(b), (c),
and (d), respectively. The corresponding tting parameters were
tabulated in Table 2.

Langmuir isotherm assumes single-layered chemisorption
onto the adsorbent surface that has similar binding positions
and equivalent adsorption energies with no steric hindrance. In
contrast, Freundlich isotherm assumes a multiple-layered
adsorption at heterogonous surfaces where there are interac-
tions between adsorbed molecules.28 Fitting the experimental
results of uranium adsorption on Fe3O4@Cyanex-923 to the
Langmuir and Freundlich models gave R2 values of 0.997 and
0.958, respectively. It can be noted that Freundlich model
showed a lower R2 value compared to the Langmuir model,
suggesting that Langmuir model is better tted with the Fe3-
O4@Cyanex-923 adsorption data and a homogenous single-
layered adsorption dominates the process. On the contrary,
the tting coefficient for bare magnetite nanoparticles is greater
for Freundlich isotherm than Langmuir isotherm, suggesting
the suitability of Freundlich model to the adsorption data of
brae Fe3O4 and the existence of heterogeneous adsorption sites.

The maximum single-layer adsorption capacity of ura-
nium(VI) on Fe3O4@Cyanex-923 and bare Fe3O4 nanoparticles
was calculated by Langmuir isotherm as 429.185 and 29.850 mg
g�1, respectively. The results clearly indicate the higher affinity
of Fe3O4@Cyanex-923 towards uranium(VI) ions, hence it could
be considered as a promising material for uranium(VI) adsorp-
tion from aqueous solutions. The RL values were less than unity
for both Fe3O4@Cyanex-923 and bare Fe3O4 (0.048–0.993),
indicating that the adsorption process is suitable for both
magnetic nanoadsorbents.

The higher value of Freundlich constant for Fe3O4@Cyanex-
923 (KF ¼ 57.003 L g�1) compared to bare Fe3O4 (KF ¼ 4.611 L
g�1) indicates the higher adsorption capacity of Fe3O4@Cyanex-
923 that results from the strong affinity of Fe3O4@Cyanex-923 to
uranium(VI) ions.52 The n values of Fe3O4@Cyanex-923 and bare
Fe3O4 lies between 1 and 10, indicating a favorable adsorption
process. The n value is slightly higher for bare Fe3O4
RSC Adv., 2021, 11, 39233–39244 | 39241
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Table 3 Thermodynamic parameters for uranium(VI) ions adsorption

DH� (kJ mol�1)
DS�

(kJ mol�1 K�1) Temp. (K)
DG�

(kJ mol�1)

Fe3O4@Cyanex-923 �64.381 0.189 298 �8.296
308 �5.457
318 �3.870
328 �2.576

Fe3O4 nanoparticles �20.061 0.147 298 �1.256
308 �0.782
318 �0.233
328 �0.075
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nanoparticles, denoting the increased heterogeneity of the
adsorption.53

Temkin isotherm is another model that assumes the
dependence of the adsorption free energy on the adsorbent
surface coverage, as the adsorption heat linearly decreases
because of the adsorbent–adsorbate interactions. The plot of
Temkin isotherm tted quite well to the experimental data
obtained for Fe3O4@Cyanex-923 (R2 ¼ 0.988) which further
elucidates the chemisorption adsorption process.36 The poor-t
of the uranium(VI) adsorption data on bare Fe3O4 nanoparticles
to Temkin model indicates the unsuitability of this model to
describe the uranium(VI) interaction with bare Fe3O4. The B
value calculated for Fe3O4@Cyanex-923 is 52.849 J mol�1 which
conrmed that the uranium(VI) adsorption process onto Fe3-
O4@Cyanex-923 is a chemisorption one.54 The positive value of
B made it clear that the adsorption is exothermic for Fe3O4@-
Cyanex-923 supporting the obtained thermodynamics results.55
Fig. 7 Effect of desorption agents on the desorption efficiency of U(VI)
from Fe3O4@Cyanex-923 and bare Fe3O4 for three continues cycles.
3.6. Adsorption thermodynamics

To foresee the effect of the uranium(VI) adsorption on the
solution temprature, adsorption experiments were carried out
under a temperature range of 298 to 328 K. The results revealed
that the adsorption capacity of Fe3O4@Cyanex-923 and bare
Fe3O4 nanoparticles gradually decreases upon increasing the
temperature; signifying the exothermic nature of the adsorption
process. Such behavior is attributed to the equilibrium shi
toward desorption accompanied by weaker uranium–adsorbent
interactions resulted from the increased molecular mobility
and lower chemical affinity when the temperature is raised.

Generally, the thermodynamic parameters offer in-depth
data concerning the spontaneity and feasibility of the adsorp-
tion process. Thus, the van't Hoff plot, Fig. 6, was used to
calculate the thermodynamic parameters of uranium adsorp-
tion on Fe3O4@Cyanex-923 and bare Fe3O4 nanoparticles and
the data was listed in Table 3. It is clear that low temperature is
favorable for uranium adsorption on Fe3O4@Cyanex-923 and
bare Fe3O4, as interpreted from the decrease of DG� values with
temperature increasing. It is noticed that the Kc values decrease
with the temperature rise, signifying an exothermic process.54

The negative DG� values indicate the spontaneity and feasibility
of uranium adsorption on Fe3O4@Cyanex-923 and bare Fe3O4

under the studied temperatures.54 The negative DH� values
39242 | RSC Adv., 2021, 11, 39233–39244
further affirm the exothermic character of the adsorption
process. DS� positive values suggest the increase of randomness
at the solid/solution interface resulting from the decrease in
molecular orderliness during the adsorption process.28
3.7. Desorption and reusability

Generally, the adsorbent regeneration and recycling are desir-
able to attain a feasible and economic adsorption process.
Thus, to investigate the reusability of the magnetic nano-
adsorbent, Fe3O4@Cyanex-923 and bare Fe3O4 were subjected
to repetitive adsorption and desorption experiments in three
consecutive cycles. Both nitric acid and sodium carbonate were
tested for their effectiveness as eluent reagents. The results
illustrated in Fig. 7 clearly show that uranium ions could be
desorbed from Fe3O4@Cyanex-923 and bare Fe3O4 by
0.01 mol L�1 HNO3 and 0.5 mol L�1 Na2CO3 solution. A
desorption efficiency of 95–90% and 98–95.5% was obtained
over 3 cycles by HNO3 and Na2CO3, respectively, for Fe3O4@-
Cyanex-923. On the other hand, a lower desorption efficiency
was observed for bare Fe3O4 nanoparticles (88–71 and 95–85%
for HNO3 and Na2CO3, respectively).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of uranium adsorption performance of Fe3O4@Cyanex-923 with other magnetic adsorbents

Adsorbent pH Temperature �C qmax (mg g�1) Time Ref.

Fe3O4 nanoparticles 7.0 25 5.5 4–6 h 22
Fe3O4@GO 5.5 25 69.5 4 h 23
Amidoxime modied Fe3O4@SiO2 5.0 25 105 24 h 24
PAAM-FeS/Fe3O4 5.0 20 311 1 h 25
Magnetic oxine 7 25 125 4 h 26
Fe3O4@C@Ni-Al LDH 6 25 227 3 h 27
Fe3O4@MS 5.5 25 242.5 5 h 28
Fe3O4@TiO2 6.0 25 118.8 4 h 56
Fe3O4@SiO2 6.0 25 52 57
Fe3O4@C-KO 6.0 25 38.7 2 h 58
Fe3O4@C@ASA 4 25 46.2 4 h 59
Fe3O4@PAM 5 20 220.9 NA 60
Fe3O4@phosphoramide 6 25 95.2 1.25 61
Magnetic schiff base 6 25 94.3 6 h 62
Fe3O4@Cyanex-923 5 25 429.1 1 h This work
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It can be indicated from the results that higher recovery of
U(VI) species from the loaded Fe3O4@Cyanex-923 and bare
Fe3O4 could be obtained using 0.5 mol L�1 Na2CO3 solution.

3.8. Comparison of Fe3O4@Cyanex-923 performance with
other magnetic adsorbents

The literature reveals that a number of reagents were immobi-
lized onto Fe3O4 core and used for uranium removal from
different matrices. Table 4 shows the adsorption behavior of
Fe3O4@Cyanex-923 towards uranium compared to the previ-
ously reported magnetic adsorbents22–28,56–62 in terms of
adsorption capacity, experimental conditions, and equilibrium
time. It can be noted that the qmax value of Fe3O4@Cyanex-923 is
excellent compared to the listed magnetic adsorbents. The high
adsorption capacity of Fe3O4@Cyanex-923 mainly results from
the phosphine oxide groups distributed on the surface of Fe3O4

nanoparticles, thus uranium ions could have access to the
adsorption sites easily during the adsorption process. It can be
observed that Fe3O4@Cyanex-923 reveals the advantage of lower
equilibration time which is essential in large volume samples
and at an industrial scale. Table 4 suggests that Fe3O4@Cyanex-
923 has a great potential as a uranium(VI) adsorbent.

4. Conclusions

The results of this work demonstrated that Fe3O4@Cyanex-923
nanoadsorbent is especially conceived for efficient removal of
uranium(VI) ions from aqueous solutions. The optimal condi-
tions for uranium(VI) adsorption were as follows: adsorption
temperature ¼ 25 �C, adsorption time ¼ 60 min, Fe3O4@-
Cyanex-923 weight ¼ 30 mg, and solution pH value ¼ 5. Treat-
ing the experimental data with various kinetics and isotherms
models indicated that the adsorption of uranium on Fe3O4@-
Cyanex-923 is a monolayer chemisorption process that is well-
correlated to pseudo-2nd-order and Langmuir equations. Fe3-
O4@Cyanex-923 can be as easily separated by applying an
external magnetic eld and aer three cycles the adsorption
and desorption capacities of the magnetic adsorbent were still
© 2021 The Author(s). Published by the Royal Society of Chemistry
high. Fe3O4@Cyanex-923 adsorption capacity for uranium(VI)
almost matched or exceeded that of reported magnetic adsor-
bents in the literature. Compared to bare Fe3O4 nanoparticles,
the adsorption capacity and stability of Fe3O4@Cyanex-923 were
greatly enhanced upon modication.
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