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Uranium (U(VI)) is radioactive and the primary rawmaterial in the production of nuclear energy. Hence the re-
search associatedwith uranium removal gained a lot of importance because to reduce the threat of uranium con-
tamination to ecology and its environment surroundings. Thus, economically aswell as environmentally friendly
sorbents with a good sorption capacity have to be acquired for the removal of U(VI) pollutants from the aqueous
and polluted sea samples. In this study magnetic- Momordica charantia leaf powder impregnated into chitosan
(m-MCLPICS) was prepared through the impregnation method. After preparation the adsorbent undergone
through various characterizations such as BET, XRD, FTIR, SEM with elemental mapping, and VSM analysis. The
specific surface area (93.12 m2/g), pore size (0.212 cm3/g) and pore volume (15.35 nm) of m-MCLPICS was ob-
tained from the BET analysis. A pH value of 5 and 0.5 g of adsorbent dose were selected as an optimum values for
U(VI) removal. Kinetic data follows the pseudo-second-order model, and the equilibrium data fitted well with
the Langmuir isotherm model. ΔG° (−1.6999, −2.4994, −3.5476 and −4.5147 kJ/mol), ΔH0 (25.1 kJ/mol) and
ΔS0 (0.089 kJ/mol K) indicates that the U(VI) sorption process is feasible, spontaneous and endothermic.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Water is a basic requirement for the entire organism in this world.
Most of the industries are being set up near water bodies. As a result
water pollution is a major environmental issue at the moment. The
main source of nuclear energy is uranium (U(VI)) and it has been intro-
duced into nature through nuclear operations, such as nuclear power
stations, nuclear fuel production, nuclear testing, and nuclear mishaps
[1]. Uranium is mainly found in two oxidation stages in the earth's
crust, i.e. U(IV) and U(VI) [2]. U(VI) seems to be extremely water-
soluble and can quickly develop complexes with carbonate in ground-
water and U(IV) is precipitated into UO2(s) [3]. U(VI) toxicology can
cause significant damage in humans such as hepatitis, corrosion of the
skin, damage to the histopathological system, irreversible renal injuries,
urinary tract disorders, DNA damage, and some types of cancer [4,5].
Therefore, the removal of U(VI) from aqueous and real polluted solu-
tions has been extensively investigated using a variety of adsorbents.
l_ju@163.com (L.-J. Kong).
Up to now, a variety ofmethods, such as complexation [6], reduction
[7], solid phase extraction [8], ion-exchange [9], solvent extraction [10],
membrane processes [11], and adsorption [12] have been used to re-
move uranium from the contaminated water sources. Among these
methods, adsorption is considered to be a suitable and promising
method to remove toxic contaminants from wastewater owning to its
operation, high efficiency and cost-effectiveness [13]. Adsorption can
be considered as a most popular method for the removal of organic
and inorganic pollutants from aqueous solutions [14–34]. Adsorbent
prepared from natural polymer and biopolymer is attractive because
of their minimal effort and simple access. Hence chitosan can be consid-
ered as a perfect adsorbent due to bottomless free amino and hydroxyl
bunches on its spine. Chitosan and its derivate formshas potential appli-
cations in the fields of biotechnology, biomedicine and cosmetics be-
cause of their unique properties such as hydrophilicity,
biocompatibility, biodegradability and anti-bacterial property. Various
adsorbents such as graphene oxide nanosheets [35], activated carbon
[36], Graphene Oxide/Chitosan Aerogel [37], Crystalline Tin Oxide
Nanoparticles [38], Calcined and Acid Activated Kaolin [39], Magnetic
Chitosan Resins [40], natural and modified diatomite [41], CTPP beads
[42], ion-imprinted magnetic chitosan resins [43], Aloe vera wastes
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[44], and chitin/chitosan-bearing materials [45] was utilized for the re-
moval of U(VI) from aqueous media. Adsorbent preparation is simple
and inexpensive in impregnation method. At the same time the combi-
nation of chitosanwithmagnetic leaf powder gained a lot of importance
due to their easy preparation and good biocompatibility. In thiswayfirst
we prepared magnetic-leaf powder. After that we impregnated the
magnetic leaf powder into the chitosan polymer to prepare a novel sor-
bentmaterial with high sorption capacity. We got the fruitful results on
pollutant wastewater.

Here we report the preparation, characterization and application of
m-MCLPICS as adsorbent for removingU(VI) fromaqueous and real pol-
luted water samples. U(VI) removal was achieved with appropriate pH
(pH 5 for aqueous and 1.2, 3.3 and 8.1 with real polluted samples) and
dose values (dose 0.5 g). Pseudo-first-order, and pseudo- second-
order, models were applied to investigate the kinetics mechanism of
m-MCLPICS towards U(VI) ions. Equilibrium experiments (Langmuir,
Freundlich, and D-R isotherm models) were performed with tempera-
ture dependence to evaluate sorption efficiency toward uranium ions.
Thermodynamic study was also performed to evaluate sorption effi-
ciency of U(VI) onto m-MCLPICS.

2. Materials and methods

2.1. Materials

Chitosan obtained from Sigma–Aldrich with deacetylation degree of
75–85%. Glacial acetic acid, sodium hydroxide sodium (NaOH, S.L.,
Spain), sulfuric acid (H2SO4, Sigma–Aldrich, Germany), FeCl3.2H2O,
FeCl3.6H2O (Sigma–Aldrich, Germany) and U(VI) (UO2(NO3)2.6H2O
98%, Sigma–Aldrich, Germany) were used without further purification.
Uranium stock solutionwas prepared by dissolving uranyl nitrate hexa-
hydrate (UO2(NO3)2.6H2O) in double distilled water.

2.2. Preparation of m-MCLPICS

m-MCLPICS was prepared by impregnation method. 2 g of
FeCl3.2H2O and 2 g of FeCl3·6H2O were dissolved 50 mL of distilled
water and the solutionwas stirring continuously tomake the clear solu-
tion. Momordica charantia leaves were took from the Guangzhou uni-
versity surroundings. The leaves were washed, dried and made into
fine powder. 0.2 g of NaOH was dissolved in 25 mL of water and it
was added to the solution. The solution was turned into black color im-
mediately. It was vigorously stirred for 30 min. Then the magnetic
leaves powder was washed thoroughly with distilled water and dried
in an oven at 50 °C for 7 h.

Two grams of chitosan powder was dissolved in 100 mL of glacial
acetic acid solution. The solution was kept at constant stirring for 3 h
to make the clear chitosan solution. To the chitosan solution the mag-
netic leaf powder was added and stirred for 4 h. With the help of
micro-pipette the solution was dropped into the beaker containing 0.1
N NaOH solution. After falling into the NaOH solution the material was
formed into solid material. Then the material was separated from the
NaOH solution and washed thoroughly with distilled water. Finally it
was dried at 50 C temperature for 12 h and it was named as m-
MCLPICS for further representation.

2.3. Batch sorption experiments

Removal of U(VI) onto m-MCLPICS was carried out in 50.0 mL poly-
ethylene tubes. pH of the solution was adjusted by adding negligible
volume of 0.1N NaOH or HCl. pH experiments were done by varying
the pH from 2 to 10 with 40 mg/L concentration at room temperatures.
Adsorbent dose experiments varied from 0.1 to 0.7 g with the 40 mg/L
initial U(VI) concentration. The agitation experiments confirmed that
200 min shaking time was enough to achieve sorption equilibrium. Ki-
netic studies were performed at different time intervals (0–420 min).
The initial U(VI) concentration was 20–80 mg/L. Isotherm studies
were performed at different temperatures (298, 308, 318 and 323 K).
These samples were placed in a shaker and stirred up at 90 min. After
certain time the samples were taken out from the shaker, filtered and
the U(VI) concentration was analyzed . Every assessment was repeated
two times and its average value has been given. The adsorbed quantity
of U(VI) at equilibrium was achieved by the following equation:

qe ¼
Ci−Ceð ÞV

M
ð1Þ

where, qe (mg/g) was the adsorption capacity at equilibrium, Ci and Ce
were initial and equilibrium level of U(VI) (mg/L), M (g) was the adsor-
bent dose, and V (L) was solution volume.

2.4. Characterization of adsorbent

From BET and D-R equations the specific surface area and pore vol-
ume of the adsorbent was calculated. In order to study the overall
pore volumes, which correspond to the sum of micropores and
mesopores, N2 adsorbed at relative pressure (P/Po = 0.98) was used.
XRD with Cu Kα radiation (λ = 1.5418 Å) operated at 2000 W power
and a scanning rate of 10°/min in the 2θ range from10 to 90. To evaluate
the functional groups, the adsorbent was characterized by FTIR studies
with Nicolet IS10, Thermo Scientific, USA. 10 mg sample was blended
with 100 mg of KBr and ground into a pellet for IR spectral studies. A
plain KBr pellet was taken to measure the background absorbance. Sur-
face morphology and elemental compositions of samples were mea-
sured using a JEOL JSM-7001F Japan, scanning electron microscope
(SEM). Magnetic nature of the adsorbent was performed with a vibrat-
ing sample magnetometer (VSM, LakeShore-7404).

2.5. Reusability test

0.5 grams ofm-MCLPICSwas applied to a plastic centrifuge tube that
contained U(VI) solution (30 mL, 20 mg/L), and the reusability was
measured at the desired pH. The suspensions were filtered after six
hours of shaking, and themetal ion contentwasmeasured in the filtrate
in order to achieve the adsorption efficiency of the sorbent. In order to
remove non-adsorbedmetal ions, themetal loadedm-MCLPICSwas col-
lected and washed three times carefully with distilled water. After that
them-MCLPICSwas agitated for 4 hwith 10mLwith 0.01mol/L of EDTA
solution. In the aqueous solution, the final concentration of U(VI) was
estimated by AES. The U(VI) desorption ratio was calculated from the
m-MCLPICS. The adsorption-desorption process was performed seven
times with the same affinity adsorbent in order to test the reusability
of the sorbent. By using the following equation the performance of the
U(VI) desorption was assessed.

Desorption efficiency ¼ Amount of U VIð Þ desorbed
Amount of U VIð Þ adsorbed� 100 ð2Þ

3. Results and discussion

3.1. BET analysis

BJH adsorption/desorption method was applied to find out the sur-
face area, pore volume and diameter of MCLP, m-MCLP and m-
MCLPICS. The specific surface areas of MCLP, m-MCLP and m-MCLPICS
were 46.09, 69.06 and 93.12 m2/g. The pore size of MCLP, m-MCLP
and m-MCLPICS were 0.151, 0.183 and 0.212 cm3/g. Whereas the pore
volume of MCLP, m-MCLP and m-MCLPICS were 8.41, 11.09 and
15.35 nm in size. Surface area of the material was increased with mod-
ification. In addition to this the pore volume and diameter will also in-
crease. The increase in surface area pore, volume and diameter reveals
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the successful functionalization was done on the surface of the
materials.

3.2. XRD analysis

Crystal/amorphous nature of the material has been identified from
the XRD analysis. Fig. 1 (from 1A–D) represents the XRD analysis of
MCLP, m-MCLP, m-MCLPICS and U(VI) loaded m-MCLPICS. In MCLP
spectrum we found two broad and strong peaks. In m-MCLP spectrum
the intensity of the two amorphous peaks (belongs to the MCLP) were
decreased and the 4 well resolved new peaks were identified. The
new peaks in m-MCLP represents the nature of the material with crys-
tallinity. Whereas in m-MCLPICS the peaks were present and it repre-
sents the impregnation was done properly without changing the
nature of the material. After U(VI) sorption, the intensity and the crys-
tallinity was decreased. Hence we may expect that m-MCLPICS has un-
dergone U(VI) sorption successfully.

3.3. FTIR analysis

FTIR spectra of theMCLP, m-MCLP, m-MCLPICS and U(VI) loadedm-
MCLPICS were shown in Fig. 2A-D. Broad band appears 3446 cm−1, re-
veals the stretching vibration of\\OH and\\NH groups. The two peaks
at 2933 cm−1 and 1797 cm−1 represents the aliphatic C\\H stretching
vibration in the \\CH2 group and C_O respectively. The peak at
1642 cm−1 shows the presence of free amine. Whereas the peak at
1612 cm−1 represents the bending vibrations of \\NH group. The
band at 1065 cm−1 is attributed to the combined effects of C\\N
stretching vibration of primary amines and the C\\O stretching vibra-
tion from the primary alcohol. The two peaks at 896 and 798 cm−1 re-
fers the N\\H deformational vibrations in the secondary amine.
Fig. 1. XRD analysis of (A) MCLP; (B) m-MCLP; (C) m
In m-MCLP the peak at 3433 cm−1 attributed to the overlapped
stretching vibrations of -OH and NH functional groups present in the
chitosan. Peak at 2927 cm−1 corresponded to stretching vibrations of
O\\H/N\\H and C\\H. 1650 cm−1 correspond to the bending N\\H in
amide groups. The band at 1041 cm−1 is assigned to the\\CO stretching
vibration of\\C\\OH. The band at 570 cm−1 is attributed to Fe\\O
stretching vibration.

m-MCLPICS has the broad and strong band at 3452 cm−1 is assigned
to the amino (\\NH2) and hydroxyl (\\OH) stretching vibrations. The
sharp peak at 2926 cm−1 is due to C\\H anti symmetric stretching vi-
bration and peaks at 1648 and 1599 cm−1 (C_O stretching vibration
of amide and the bending vibration of\\NH2 groups), 1072 cm−1 (skel-
etal vibration involving the C\\O stretching). A band at 1060 cm−1 is at-
tributed to the C\\O\\C of carbohydrate structure. A new peak
appeared at 580 cm−1, corresponds to the Fe-O group, indicating that
m-MCLP was successfully impregnated into the chitosan.

The shift in the peak (U(VI) loadedm-MCLPICS) at 3452 to 3422 cm
−1 (\\OH stretching vibration). The peak at 2920 cm−1 was attributed
to\\CH stretching vibration in\\CH and\\CH2. The peaks at 1655 and
1599 cm−1 are related to the C_O stretching vibration of amide and the
bending vibration of\\NH2 groups. These peaks shifting and the change
in the intensity of the characteristic peaks may have been because the
amino and hydroxyl groups are the major functional groups involved
in U(VI) removal.

3.4. SEM with elemental mapping

SEM analysis of MCLP, m-MCLP, m-MCLPICS and U(VI) loaded m-
MCLPICS were shown in Fig. 3A-D. MCLP (Fig. 3A) having smooth sur-
face. An irregular rough surface was found in m-MCLP (Fig. 3B). As
shown in Fig. 3C, before sorption process the sorbent has the smooth
-MCLPICS; and (D) U(VI) loaded m-MCLPICS.
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Fig. 2. FTIR spectral analysis of (A) MCLP; (B) m-MCLP; (C) m-MCLPICS; and (D) U(VI) loaded m-MCLPICS.
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surface with plates and nearly regular surface. After sorption all the U
(VI) ions were deposited on the adsorbent surface (Fig. 3D), a granular
substance adhering to the surface of the entity was observed. After U
(VI) sorption (Fig. 3D) the surface of the m-MCLPICS was totally
changed. Elemental mapping of MCLP, m-MCLP, m-MCLPICS and U(VI)
loaded m-MCLPICS were shown in Fig. 4. Pure MC exhibited the pres-
ence of C, N, O, and S elements on it. And m-MCLP having the C, N, O,
S, and Fe groups in it. In m- MCLP a new Fe elemental group was ob-
served. This represents that the magnetization was successfully done.
Before sorption m-MCLPICS having the C, N, O, S, and Fe groups in it.
After U(VI) sorption U was also found along with the C, N, O, and S
groups. Hence U(VI) sorption was done successfully with m-MCLPICS.

3.5. Magnetic analysis

Magnetic property of m-MCLP, m-MCLPICS and U(VI) loaded m-
MCLPICS was done with VSM analysis and the results were kept in
Fig. 5. m-MCLP is having the highest 36.64 emu/g value. And m-
MCLPICS (30.12.34 emu/g) possess the lower value than the mag-
netic algae powder. Loss of magnetization in m-MCLPICS was due
to the impregnation. U(VI) loaded m-MCLPICS has the less magneti-
zation value compared with the m-MCLPICS (25.24 emu/g). This is
because the U(VI) ions have been completely interacted with surface
active sites.

3.6. Effect of pH

In the adsorption process, pH is a critical control parameter. pH
has an influence on the surface of the adsorbent as well as the
speciation of the adsorbate and its mechanism was shown in
Fig. 6A-C. The initial U(VI) concentration was taken as 40 mg/L for
pH experiments. Fig. 6C represents the effect of pH ranging from 1
to 10 for the removal of U(VI) onto m-MCLPICS. At lower pH the U
(VI) removal percentage is low. UO2

2+ ions are the dominate species
in the system when pHwas below 4.0. And most of the adsorbent ac-
tive sites are protonated, leading to the relatively low amounts of U
(VI) removal below pH 4.0. H+ ion concentration is very high (at
low pH levels) and may leads to form another kind of interaction
(ion exchange mechanism)) in acidic conditions. The removal per-
centage of U(VI) onto m-MCLPICS increases with the increasing pH
from 2 to 5. The involvement of functional groups in the mechanism
of U(VI) sorption system bym-MCLPICSwas elucidatedwell with ion
exchange, electrostatic attraction, and complexation/coordination.
Nitrogen and oxygen are having lone pair of electrons. They can
form the complex with the metal U(VI) through an electron pair
sharing. The main reason for this one is surface complexation. An-
other reason is electrostatic attraction was occurred between the
negative charge m-MCLPICS and positive charge UO2

2+. During the
mechanism the carboxyl group was deprotonated and the m-
MCLPICS surface became negative. Hence automatically the negative
surface can attract the positive U(VI) ions through electrostatic at-
traction forces. During the electrostatic attraction the U(VI) removal
percentage was less. Whereas the removal percentage of U(VI) onto
m-MCLPICS decreases when pH N 5. This was affected by the depro-
tonation mechanism and the potent electrostatic repulsion occurred
between the negatively charged m-MCLPICS and negatively charged
hydroxyl uranyl. Thus all the U(VI) adsorption studies were carried
out at pH 5.0.



Fig. 3.Morphological analysis (SEM) of (A) MCLP, (B) m-MCLP, (C) m-MCLPICS, and (D) U(VI) loaded m-MCLPICS.
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Fig. 5. Magnetization measurement of m-MCLP, m-MCLPICS and U(VI) loaded m-MCLPICS.
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3.7. Effect of adsorbent dose

Dose is the crucial parameter in adsorption system. Removal of
U(VI) onto m-MCLPICS was done with different dose values to at-
tain an adequate relationship among the sorbent dosage as well as
the sorption efficiency. In this study adsorbent was varied between
0.1 and 0.7 g by maintain all other parameters constant (pH 5, ini-
tial U(VI) concentration 40 mg/L, equilibrium time 120 min). As
shown in Fig. 6D, with an increase in the sorbent dosage, U(VI) re-
moval efficiency increases. It can be attributed that the adsorbing
material has more active sites and more functional groups accessi-
ble on the surface. The removal efficiency almost reached a maxi-
mum when the dosage was increased to 0.5 g/L and remained
stable with further increases in a sorbent dose. The sorption capac-
ity for the m-MCLPICS is almost unchanged as the dosage increases
further. Therefore, the above results show that the 0.5 g of sorbent
dose can be considered an ideal value for the removal of U(VI)
from water.
3.8. Effect of contact time

To know the removal efficiency of the adsorbent, experiments
were explored with the different contact time (0–420 min) at
pH 5.0 with the initial U(VI) concentration of 20–80 mg/g. Rate-
controlling steps (mass transport or chemical reaction) can be ob-
tained from the contact time studies. Contact time studies were
shown in Fig 6E. It is evident that at the first 30 min the adsorp-
tion rate increases quickly and appears to be stable. That is be-
cause more active sites are available at the starting of the
adsorption process and, after a while, the adsorbent sites are pro-
gressively occupied by an adsorbent which really accelerates the
adsorption process. The equilibrium was achieved within 90 min.
The amount of adsorbed U(VI) did not show any changes after
equilibrium period. On the basis of above results, 90 min of con-
tact time have been considered as an optimum time for further
U(VI) sorption experiments.
3.9. Kinetic experiments

Pseudo-first-order [46] (Eq. (2)), and pseudo-second-order [47]
(Eq. (3)) were utilized to investigate the kinetic data of the reaction.

qt ¼ qe1 1− exp −k1tð Þð Þ ð3Þ

qt ¼
q2e2k2t

1þ qe2k2t
ð4Þ

where qe (mg/g) and qt (mg/g) are the amounts of U(VI) sorbed at
equilibrium and at time t. K1, and K2 represents the rate constants for
first-order, and second-order kinetic process. The kinetic parameters
(K1, K2 and R2) obtained by non-linear regressionmethod are tabulated
in Table 1. The non-linear sorption kinetic curves for U(VI) are shown in
Fig. 6F-I. The relatively low values of R2 indicate that the pseudo-first-
order kinetic model is not fit for analyzing the adsorption process.
Low values of R2 demonstrate that the kinetic model of the pseudo-
first order is unsuitable for adsorptive analysis. Pseudo-second-order
R2 values are higher than pseudo-first-order kinetic values. This will
also suggests that the pseudo-second-order is the best fit to the experi-
mental data and the chemisorption can be considered as the dominant
mechanism in this study. Hence rate-controlling step (chemisorption)
might involve in the valence forces through sharing of electrons be-
tween adsorbent and U(VI) ions [48].

3.10. Isotherms

Adsorption isotherm experiments were carried out to know the na-
ture of the adsorption process and its mechanism. Langmuir [49],
Freundlich [50] and D-R isotherm [51] models were applied (Fig. 6J)
to know the equilibrium data. The three isotherm models were repre-
sented by the following equations.

qe ¼
qmKLCe

1þ KLCe
ð5Þ

qe ¼ K f C
1=n
e ð6Þ
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qe ¼ qm exp −Kε2
� � ð7Þ

where ε ¼ RT ln 1þ 1
Ce

� �
ð8Þ
Fig. 6. (A) & (B)Mechanism of pHwith U(VI) ions; (C) Effect of pH (Amount of Solution: 50mL
dose (Amount of Solution: 50 mL, U(VI) concentration: 40mg/L, Contact time: 90min, Temper
20–80 mg/L, Temperature: 303 K, pH: 5.0, Amount of dose: 0.5 g); (F-I) kinetic evaluation plot
Contact time: 90 min, Temperature: 303 K, pH 5.0, Amount of dose: 0.5 g); (J) Isothermal stu
Temperature: 303K, pH: 5.0, Amount of dose: 0.5 g); (K) temperature effect (Amount of Solut
pH: 5.0, Amount of dose: 0.5 g); and (L) Thermodynamics of U(VI) onto m-MCLPICS, (M) De
(VI) onto m-MCLPICS.
where qm (mg/g) is the amount of U(VI) adsorbed onto a unit mass of
adsorbent, qm (mg/g) is the maximum sorption capacity of the adsor-
bent, KL and Kf (L/mg) are constants off Langmuir and Freundlich, Ce
(mg/L) is the equilibriumconcentration of adsorbate, n is the Freundlich
exponent, ɛ is the Polanyi potential, R is the ideal gas constant (8.314 J/
mol K) and T is the absolute temperature in Kelvin. Langmuir Model
, U(VI) concentration: 40mg/L, Contact time: 90min, Temperature: 303 K); (D) adsorbent
ature: 303 K, pH: 5.0); (E) contact time (Amount of Solution: 50 mL, U(VI) concentration:
s (20, 40, 60 and 80 mg/L) (Amount of Solution: 50 mL, U(VI) concentration: 20–80 mg/L,
dy (Amount of Solution: 50 mL, U(VI) concentration: 0–350 mg/L, Contact time: 90 min,
ion: 50 mL, U(VI) concentration: 20–80 mg/L, Contact time: 90 min, Temperature: 323 K,
sorption of U(VI) ions with different eluents and (N) Adsorption-Desorption cycles of U
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(R2 = 0.999) provided the best isothermal data for U(VI) adsorption
withm-MCLPICS. The highest sorption capacity (qm) and Langmuir con-
stants of m-MCLPICS was calculated to be 250.7 mg/g at 323 K. The
intention of thiswork is to improve them-MCLPICS adsorption capacity.
This implies that the functional groups of m-MCLPICS were uniformly
occupied by the U(VI) and the monolayer or homogeneous adsorption
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was the main mechanism in Langmuir isotherm. Freundlich model uti-
lized to know theheterogeneous sorption system. R2 andKF valueswere
comparedwith the Langmuir isotherm and the Freundlich isotherm has
the lowest values than the Langmuir isotherm. This indicates that the
Freundlich isotherm is not suitable for U(VI) sorption.

Affinity of the adsorbate towards adsorbent was studied with the
help of dimensionless separation factor RL and it was represented by



Table 1
Kinetic parameter evaluation of U(VI) onto m-MCLPICS.

Adsorbent U(VI) concentration qe,exp
(mg/g)

Pseudo-first-order model Pseudo-second-order model

qe,cal
(mg/g)

k1 (L/min) R2 qe,cal
(mg/g)

k2
(g/mg·min)

R2

m- MCLPICS 20 60.2 51.2 0.1183 0.9784 59.06 0.0035 0.9967
40 79.1 68.7 0.1127 0.9714 79.8 0.0026 0.9949
60 120.4 101.1 0.1134 0.9874 118.9 0.0016 0.9983
80 151.4 140.1 0.1183 0.9795 149.5 0.0014 0.9956

Table 2
Isotherm evaluation of U(VI) onto m-MCLPICS.

Isotherm Parameters Values

Langmuir qm (mg/g) 250.7
KL (L/mg) 0.036
R2 0.9923
χ2 34.5

Freundlich Kf (mg/g) 52.6
n 3.747
R2 0.9752
χ2 107.6

Dubinin-Radushkevich Qm (mg/g) 216.1
K 0.0271
R2 0.5736
χ2 816.5
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the following equation.

RL ¼ 1
1þ b C0ð Þ ð9Þ

RL value indicates the adsorption process to be irreversible (RL= 0),
favorable (0 b RL b 1), linear (RL = 1) or unfavorable (RL N 1). In this
study m-MCLPICS having the 0.125 RL value and it suggest that the U
(VI) sorption was favorable.

In addition to the two isotherms D–R isotherm model was also ap-
plied to know the nature of sorption processes. The mean free energy
of the U(VI) sorption can be determined by the following equation:

E ¼ 1ffiffiffiffiffiffiffi
2K

p ð10Þ

Free energy values describe the type of sorption mechanism. If E
values existed 1–8 kJ/mol the sorption procedure can be considered as
a physisorption processes and the E value lies between 8 and 16 kJ/
mol, the sorption procedure is ion exchange. In this study the free en-
ergy values were calculated to be 2.012 to 3.012 kJ/mol, respectively.
Hence the results indicates that the U(VI) removal in the present
study is a physisorption process. The different isotherm parameters
along with R2 and χ2 values are given in Table 2.

3.11. Effect of temperature with thermodynamic study

Toxic contaminants were released into the environment at various
temperatures. Thus in the sorption process the temperature effect is
an important parameter. Temperature strongly suggests whether the
reaction is endothermic or exothermic during adsorption process. Tem-
perature effects have been investigated under optimized conditions. U
(VI) sorption is an endothermic because the sorption capacity increases
as the temperature increases (Fig. 6K). The active sites have been acti-
vated with increasing temperatures and their number will increase.
Moreover, they can generate sufficient energy to interact with surface
sites. Increased temperature can also increases the U(VI) mobility.
Thus, U(VI) can bind easily at higher temperatures with the m-
MCLPIC. From Fig. 6K, it can be seen that the removal of U(VI) onto m-
MCLPICShas the lowest sorption value at 298K and the highest sorption
value at 323 K, whichmeans that highest temperature is favorable for U
(VI) removal.

Thermodynamic parameters namely, Gibbs free energy (ΔG°), en-
thalpy (ΔH0) and entropy (ΔS0) values were obtained from the follow-
ing equations:

Kc ¼ CAe

Ce
ð11Þ

ΔG ° ¼ −RT lnKc ð12Þ

ΔG ° ¼ ΔH °−TΔS ° ð13Þ
lnKc ¼ −

ΔH °
RT

þ ΔS °
R

ð14Þ
where, CAe is the amount of U(VI) adsorbed on the solid phase at equi-
librium, Ce is the equilibrium (final) concentration of U(VI), where, R is
the universal gas constant (8.314 × 10−3 kJ/mol K), and T is the temper-
ature (K). Thermodynamic parameters namely ΔG° and ΔH° can be uti-
lized as a primary source to know the sorption procedure. ΔH0 and ΔS0

valueswere obtained from the plot of ln Kc versus 1/T (Fig. 6L).ΔG° sug-
gests the feasibility of the system and the spontaneous existence of the
adsorption at different temperatures. The negative values (−1.6999,
−2.4994, −3.5476 and −4.5147 kJ/mol) of ΔG° showed that the ad-
sorption of U(VI) onto m-MCLPICS was spontaneous system at the
three experimental temperatures. Increased values ΔG° with tempera-
ture increases indicate the spontaneous adsorption of U(VI). The posi-
tive ΔH° value (25.1 kJ/mol) showed that the adsorption of U(VI) onto
m-MCLPICS is an exothermic process. Whereas the positive ΔS0 value
(0.089 kJ/mol K) revealing that the enhanced randomness at the solid-
solution system. Based on the above results thermodynamics of U(VI)
onto m-MCLPICS was feasible, spontaneous and endothermic process.
3.12. Reusability

Desorption is a key mechanism from which the spent adsorbent is
recovered and the targeted component will be eliminated. Desorption
and reusability of m-MCLPICS onto U(VI) ions was explored in this re-
gard and the findings were shown at Fig. 6M & N. A potential adsorbent
must have a high adsorption capacity and a strong reuse property,
which decreases wastewater treatment costs significantly. Throughout
this study U(VI) desorption was examined with H2O, NaOH, HCl and
HNO3 as a desorbing agents. The adsorbent was recycled multiple
times in order to make the process inexpensive and feasible. With HCl,
the maximum U(VI) desorption percentage was achieved. This can be
because there is a repulsion in acidic pH between protonated amine
groups with metallic ions that increases the process of desorption.
From Fig. 6 M we can see that U(VI) ions were desorbed with the four
consecutive desorption cycles with HCl solution as a desorbent agent.
In contrast with the other desorbent agents, m-MCLPICS demonstrated
a lower desorption using H2O.
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3.13. Effect of agitation speed

The U(VI) sorption ontom-MCLPICSwas studied as a function of ag-
itation time by varying in the range of 0–300 rpm and the obtained re-
sults were shown in Fig. 7A. The results show that, due to the presence
of active vacant locations on the adsorbent surface, U(VI) increase as
time increases. The removal rate of U(VI) is poor when the agitation
rate is low. The inefficient dispersion of adsorbent into metal solution,
leading to a decrease in U(VI) absorption, is possibly due to low speeds.
U(VI) ions can be removed effectively by raising the agitation rate, lead-
ing to higher removal rates. It is possible to decrease the sorbent poten-
tial at a higher speed due to improper interaction between U(VI) ions
and binding sites of the sorbent. Therefore, the agitation speed of
200 rpm was used for further studies.

3.14. Real Sample analysis

Experimental results shows that m-MCLPICS exhibited the
highest sorption capacity to remove U(VI) from aqueous
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environment and the equilibrium reached within a short time. To
evaluate the adsorption capacity of m-MCLPICS, the experiments
were carried out for the removal of U(VI) from real polluted waste-
water and the results were shown in Fig 7B & C. U(VI) contaminated
wastewater was taken from uranium mines in South China. Before
starting the experiments the polluted water concentration and pH
were measured. Batch sorption experiments were performed with
the polluted water. The concentration of uranium ions in it is 5.1,
1.79 and 0.54 g/L with the pH of 1.2, 3.3 and 8.1. It is well known
that polluted water is a complex of different ions. The U(VI) removal
percentage decreased in real polluted samples due to the competi-
tion of other ions with the active surface sites. Competition from
other ions in will also leads to decrease U(VI) binding. For the
three U(VI) concentrations the removal percentage of U(VI) in-
creases with increasing the pH and dose. This is because the active
sites have been increased with increasing the dose value. It is
worth considering that m-MCLPICS has selectivity for U(VI), which
might be worth further investigation in the field of advancement
and separation of U from polluted water.
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Table 3
Comparison of m-MCLPICS with other adsorbents.

Adsorbents Experimental conditions qmax (mg/g) Reference

Amine modified silica gel pH = 4.0, T = 302 K 35.86 [52]
SA@SiO2 pH = 4.0, T = 298 K 44.5 [53]
Polymer supported primary amines pH = 8.0, T = 296.15 K 14.80 [54]
TMP-g-AO pH = 8.2 ± 0.1, T = 298.15 K 35.37 [55]
RGO pH = 4.0, T = 293 K 47 [56]
Sulfonated GO pH = 2.0, T = 293 K 45.05 [57]
GO/PPy
Polyacrylamide-bentonite composite

pH = 5.0, T = 298 K
pH = 5.0, T = 298 K

147.06
52. 1

[58]
[59]

m-MCLPICS pH = 5.0 T = 303 K 250.7 Present study
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3.15. Comparison study of m-MCLPICS

Sorption capacity of the adsorbent can be considered as a key point
in practical point of view. m-MCLPICS sorption capacity was compared
with other sorbents [52–59] and summarized in Table 3. m-MCLPICS
has the maximum sorption capacity than the majority of other adsor-
bents reported in the literature. The superiority of sorption capacity
for the current experiment was due to the introduction of lot of func-
tional groups in the chitosan back bone structure.Modification of adsor-
bents may provide some specific extra functional groups and they can
be contributed for the enhancement of U(VI) sorption. Thus it can con-
clude that m-MCLPICS has great tendency to remove U(VI) from aque-
ous as well as polluted samples.

4. Conclusions

In this work, m-MCLPICS was prepared, characterized and used
under various conditions to remove U(VI) contaminants from the aque-
ous and polluted sea samples. BET, XRD, FTIR, SEM and VSM analysis
was done to know the surface properties, crystalline, functional groups,
surface morphology with elemental mapping, andmagnetization of the
adsorbent. The maximum (96%) removal percentage of U(VI) onto m-
MCLPICS was obtained at pH 5. Adsorbent dose results indicate that
the 0.5 g of sorbent dose is an optimal value for U(VI) removal.
Pseudo-first-order, and pseudo- second-order, models were applied to
explore the kineticmechanismofm-MCLPICS towardsU(VI) ions. Lang-
muir, Freundlich, and D-Rmodels have been used to know the isotherm
data. Itwas found that the kinetic data follows the pseudo-second-order
model, and the equilibrium data fittedwell with the Langmuir isotherm
model. U(VI) removal of was favorable at higher temperatures and the
maximum sorption capacity 250.7 mg/g was attained at 303 K. There-
fore this study can also be regarded as novel, simple and inexpensive
procedure for synthesizing them-MCLPICS as an adsorbent through im-
pregnation method with highest sorption performances of U(VI) from
aqueous and sea samples.
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